Detailed structure of '*'Sn populated in the S-decay of isomerically-purified *'In
states
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The excited structure of the single-hole nucleus **'Sn populated by the 8~ decay of 3'In was
investigated in detail at the ISOLDE facility at CERN. This new experiment took advantage of
isomeric purification capabilities provided by resonant ionization, making it possible to indepen-
dently study the decay of each isomer for the first time. The position of the first-excited vhi; /o
neutron-hole state was confirmed via an independent mass spectroscopy experiment performed at
the IGISOL facility at the University of Jyviskyld. The level scheme of **!Sn was notably expanded
with the addition of 31 new v-ray transitions and 22 new excited levels. The y-emitting excited levels
above the neutron separation energy in '*'Sn were investigated, revealing a large number of states,
which in some cases decay by transitions to other neutron-unbound states. Our analysis showed



the dependence between the population of these states in *'Sn and the -decaying **'In state feed-
ing them. Profiting from the isomer selectivity, it was possible to estimate the direct g-feeding to
the 3/2% ground and 11/2~ isomeric states, disentangling the contributions from the three indium
parent states. This made possible to resolve the discrepancies in logft for first-forbidden transi-
tions observed in previous studies, and to determine the 3-delayed neutron decay probability (P)
values of each indium isomers independently. The first measurement of sub-nanosecond lifetimes
in "*'Sn was performed in this work. A short T;,» = 18(4) ps value was measured for the 1/27
neutron single-hole 332-keV state, which indicates an enhanced [-forbidden M1 behaviour for the

—1

VSS;/IQ — 1/3d3/2

transition. The measured half-lives of high-energy states populated in the 8 decay

of the (21/27) second isomeric state (**'™?In) provided valuable information on transition rates,
supporting the interpretation of these levels as core-excited states analogous to those observed in

the doubly-magic 132Sn.

I. INTRODUCTION

The investigation of nuclear structure around '32Sn is
crucial for the understanding of the evolution of single-
particle states in neutron-rich nuclei in the vicinity of nu-
clear shell closures. The isotope 132Sn with Z = 50 and
N = 82 is one of the best examples of a doubly-magic nu-
cleus [1—4], and is the heaviest radioactive doubly-magic
nucleus for which spectroscopic information is available
not only for 32Sn but also for its one-particle and one-
hole neighbors. This is of importance since it makes it
possible to experimentally access single-particle states
around the Z = 50 and N = 82 shell closures [5—8].
Particle-hole excitations also play an important role in
13281 and neighboring nuclei, since they provide insight
into the subtle interplay between single-particle degrees
of freedom and collective behavior [9-11] and may pro-
vide indications on the robustness of the underlying shell
closures.

Exotic nuclei in the '32Sn region also have an im-
pact on the r-process nucleosynthesis path, since the
crossing of the N = 82 shell closure defines the neutron
capture waiting points and shapes the second peak in
the chart of natural abundances of chemical elements
[12-15]. Nuclear masses, neutron separation energies,
[-delayed neutron emission, and neutron capture rates
are not only important for the competition of neutron
captures and 3 decays [16], but also to predict nuclear
properties far from stability, which are then employed in
r-process calculations spanning regions that are exper-
imentally out of reach. In addition to the decay rates
and reaction properties, the level structures of nuclei in
the region play a role on the predicted neutron-capture
cross sections [17].

The nucleus '3'Sn, with Z = 50 and N = 81, one
neutron fewer than the doubly-magic '32Sn, is the sub-
ject of this work. It is especially relevant to identify the
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single-neutron hole states in '3?Sn, which are basic em-
pirical ingredients for the nuclear shell model [18, 19].
While most single-particle and single-hole states for
both protons and neutrons have been gradually found
in experiment [2, 58, 20-23], the precise position of
the single-hole Vh1_11/2 state remains to be firmly estab-
lished. The low energy of this state with respect to the
vdy /12 ground state (g.s.) is the main cause of the ex-
istence of S-decaying isomers in the N = 81 isotones.
Both low-lying d /12 and hl_ll/2 neutron states have been
experimentally identified across the radioactive odd-A
tin isotopes [24] together with their influence on the
quadrupole moments. Excited states at high excitation
energies in 'Sn, may also provide important informa-
tion about core excitations, and how they couple to a
single neutron-hole to test the stability of the neutron
shell closure [25]. They may also help identify single-
particle states via feeding transitions.

The 3 decay of '31In to excited states in '3'Sn is im-
portant for the overall understanding of the $-decay pro-
cess in the neutron-rich region around N = 82, where
the quenching of Gamow-Teller (GT) transition strength
and the role of first-forbidden (FF) transitions is still
controversial [26-28|, and may impact neutron produc-
tion in astrophysical scenarios [16].

B-decay is a very powerful tool to exploit the popu-
lation of a large range of excited states driven by the
selection rules. In case of 3'In, where three long-lived
[-decaying states are present, states with varying an-
gular momenta in '3!'Sn are populated. Furthermore,
the feeding of high-lying states in the § decay of 3'In
triggers the possibility of competing decay modes, in-
cluding the emission of one neutron, but also the ~ de-
excitation. Apart from its interest from the point of
view of nuclear structure [29-32|, and the dependence
on (-feeding states, the role of v emission from neutron-
unbound states has significant impact on neutron emis-
sion probabilities close to the driplines [17], which affects
the r-process nucleosynthesis.

In this paper we present a detailed investigation of the
structure of '*!Sn studied via the 3 decay of '*'In at the
ISOLDE facility at CERN and via mass measurements
at the Ion Guide Isotope Separator On-Line (IGISOL)
facility at the Accelerator Laboratory of the University
of Jyvéskyld. Three 5-decaying indium states are known
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in 131In. The J™ = 9/2F g.s. 1319In is dominated by the
TGq, /12 proton-hole configuration. The low-lying isomer

131miTy is found at 376(3) keV [33], with J™ = 1/27, and
can be related to the 7rp1_/12 proton hole configuration. A

higher-lying isomer, 13'™2In, is found at 3750(90) keV
[33], or 3771(15) keV [34], for which a high angular mo-
mentum of J™ = (21/2%1) is assumed. It can be iden-
tified as a member of the core-excited g, /12Vh1_11/2 frr2
1-particle 2-hole (1p2h) configuration [27].

Profiting from isomerically enhanced ion beams pro-
vided by the ISOLDE Resonance lonization Laser Ion
Source (RILIS) [35], the contributions from the decay
from the three indium parent states have been isolated
and the direct S-feeding to the 3/2% ground and 11/2~
isomeric states in 13'Sn measured. The discrepancies in
the FF transition strengths reported in previous works
[27, 28] have been solved. The '3!Sn level scheme has
been extended, and emission of «-rays above the neutron
separation energy identified.

Furthermore, we provide excited level lifetime mea-
surements in *!'Sn to derive electromagnetic transition
probabilities, for which the information is scarce. Tran-
sition rates shed light on the structure of excited states
and probe nuclear models beyond what can be reached
by spectroscopic information alone, since they are sen-
sitive to the nuclear wave functions.

This paper is organized as follows. Information from
literature about the excited structure of 3'Sn is sum-
marized in Section II. The experimental methods and
results for the IGISOL mass measurements are pre-
sented in Section III. Details about the experimental
methods of the ISOLDE decay measurement are given
in Section IV, while results on the excited structure of
1318 populated in B-decay are presented in Sections V.
Excited-state lifetimes are addressed in Section VI. The
results are then discussed in Section VII and conclusions
are drawn in Section VIII.

II. PRIOR KNOWLEDGE OF THE
STRUCTURE OF !315n

The population of excited levels in '3!Sn through the
B decay of 'In was observed for the first time at
OSIRIS by De Geer et al. [36], where the Vg;/l2 and

V8;/12 neutron-hole states in 31Sn were identified. Fur-

ther studies performed at OSIRIS [27, 37] expanded the
13181 level scheme notably, including the observation of
the Vdg/12 state, and also the presence of a large num-
ber of core-excited states located around 4 MeV exci-
tation energy. Levels populated in the 5 decay of the
high-spin '312In isomer were also identified, showing
a strong resemblance to the decay of '32In. The pop-
ulated states de-excite in cascades with two or more y
rays down to the 11/2~ isomeric state of 3!Sn, which
is associated to the Vhl_ll/2 configuration. No transition

connecting the levels populated in the decay of '3'™2In

with those assigned to the decay of either the g.s. and/or
first isomeric-state was observed, as expected from the
large angular momentum difference between the '3!™2In
and the others.

While spin and parities of the lowest-lying 5-decaying
3/2% g.s. and 11/2 isomeric state in 3'Sn have been
measured by collinear laser spectroscopy [24], the energy
of the 11/2~ state has not been precisely measured yet.
The large spin difference with the 3/2% g.s. would re-
quire a slow M4 ~ transition, which is not uncommon
across the nuclear chart, but in this case the (g-decay
branch is dominant. In Ref. [27], the position of the
state was determined by measuring the Qg energy dif-
ferences in the 3 decay of the *!Sn isomers, yielding
69(14) keV. A more precise value of 65.1(5) keV was
also proposed by Fogelberg et al. [27] based on the as-
signment of a 2369-keV M2 ~ transition connecting the
2434-keV vg. /12 level to the Vh;11/2 isomer. This assign-
ment has never been confirmed by ~+ coincidences, and
still remains as a tentative value awaiting experimental
confirmation.

Recently, the results of another S-decay study of 3'In
performed at TRIUMF have been reported [28]. Ex-
panded knowledge about excited states in '*!Sn, spe-
cially on the high-spin excited levels populated in the de-
cay of 1312In was provided. In addition, new measure-
ments for the lifetimes of the indium S-decaying states
were obtained, as well as a new half-life value for the
316(5) ns (23/27) isomer in 31Sn.

The '3!Sn structure was also investigated at Argonne
National Laboratory, where the excited levels were pop-
ulated in the spontaneous fission of 24¥Cm [38]. The
study led to a better understanding of the yrast exci-
tations in '3!'Sn, providing also a rather complete in-
terpretation of the high-spin states, in terms of 1p2h
configurations.

Neutron transfer *Sn(d,p)'31Sn reactions [39] helped
identifying the four lowest-lying neutron single-hole
states in 3'Sn. Recently, neutron transfer reactions
in inverse kinematics have been reported [10], includ-
ing transfer on the 7~ isomer state in 13°Sn, leading to
the population of high-lying 1p2h states in 31Sn.

III. MASS MEASUREMENTS OF '3'™gp

The excitation energy of the 31"Sn isomeric state
was measured at the IGISOL facility at the University
of Jyviskyld, Finland [41, 42]. Both the ground and
isomeric states, were produced in proton-induced fission
of a 15-mg/cm?-thick "**U target using a 25-MeV pro-
ton beam with an average current of 1 pA. First, the
fission products were stopped in a gas cell filled with
helium at about 300 mbar. Then, they were extracted
and guided through a sextupole ion guide [13]. Subse-
quently, a 30 kV acceleration potential was applied. The
continuous beam was separated with respect to their
mass-to-charge ratio A/q = 131 by a 55° dipole mag-



net and injected into the helium buffer gas-filled radio-
frequency quadrupole cooler-buncher [14]. From there,
the bunched beam was transported to the JYFLTRAP
double Penning trap mass spectrometer [415].

In the first trap, the ions were cooled, purified and
centered using a mass-selective buffer gas cooling tech-
nique [46]. This step resulted in removing the major-
ity of isobaric contaminants. Then, the remaining ions
were transferred to the second trap via a 1.5-mm di-
ameter diaphragm and, after about 600 us, they were
transferred back to the first trap for additional cool-
ing. Finally, the singly-charged ions were sent again
to the second trap. There the cyclotron frequency
v. = ¢qB/(2rm) in the magnetic field B was deter-
mined using the phase-imaging ion-cyclotron-resonance
(PI-ICR) technique [47-49)].
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FIG. 1. Projection of the cyclotron motion of the *3'9Sn™
and 3'™Sn* jons and their isobaric contaminant '3!Sb*
onto the position-sensitive detector after a phase accumu-
lation time of t4cc = 575 ms. The position of the center spot
is indicated by the + symbol. The average excitation radius
is indicated with the dashed circle.

In the PI-ICR method, the cyclotron frequency is
measured based on the phase difference between the cy-
clotron and magnetron motions of the ion after a phase
accumulation time t,... In this work, four different ¢,..
values 485, 548, 575 and 713.2 ms, were applied. The
final measurement was done with t,.. = 575 ms as it
allowed us to resolve two long-lived states in '3'Sn, as
well as the 131Sb isobaric contaminant (see Fig. 1). The
magnetic field B was determined by measuring the cy-
clotron frequency v, 45 of the 319Sn g.s.

From the frequency ratio between the singly-charged
ions of the ground and isomeric states, © = V¢ gs/Ve.m,
the excitation energy of 13'™Sn, E,, can be calculated as
E, = (r—1)[Mys—m.]c?, where My, = 130.917053(4) u
is the mass of the 131Sn g.s. taken from the Atomic Mass
Evaluation 2020 [50], m, is the mass of a free electron
and c is the speed of light in vacuum.

Ground state and isomer measurements (~29 and
~10 min, respectively) were alternated to account for
the fluctuations of the magnetic field. Due to limited
statistics, the count rate was restricted to one detected
ion per bunch to account for possible ion-ion interac-
tions. This corresponds to up to three ions in a bunch
considering a detector efficiency of about 30%. The sys-
tematic effects due to the temporal magnetic field fluctu-
ation (6B/B = 2.01(25) x 1072 min~! x§t, with &t be-
ing the time between the measurements), the magnetron
phase advancement, and the angle error were included
into the final uncertainty [51].

The frequency ratio measured in this work,
r = 1.000000525(15), corresponds to an excitation en-
ergy E, = 64.0(20) keV of the 131™Sn 11/2~ isomeric
state. This result provides the first direct measurement
of the 11/2~ state excitation energy, and is consistent
with the literature [27] and with the results from ~-ray
spectroscopy discussed later in this paper.

IV. [B-DECAY SPECTROSCOPY
MEASUREMENT AT ISOLDE

The excited structures in 31Sn were populated via the
B decay of the three 13In S-decaying states. The exper-
iment was carried out at the ISOLDE facility at CERN
where indium isotopes were produced by the bombard-
ment of a UC, target equipped with a neutron con-
verter by 1.4-GeV protons from the CERN Proton Syn-
chrotron Booster (PSB). Indium atoms thermally dif-
fused out of the target and were ionized using RILIS
[35]. The use of narrowband lasers granted isomeric se-
lectivity by exploiting of the difference in the hyperfine
splitting of the isomeric and ground states [52]. Three
different laser configurations were employed for the mea-
surements. In two of them a narrowband mode was used
with a wavelength that enhanced the ionization of the
1319Tn (9/271), and ¥1!n (1/27) B-decaying states, re-
spectively, achieving a strong separation. The third con-
figuration was a broadband wavelength mode where all
three isomers were ionized at the same time, with an en-
hanced ionization efficiency. Fig. 2 illustrates the high
selectivity achieved in the experiment.

The indium ions were extracted by a 30 kV electro-
static potential, and then mass selected [53] and trans-
ported to the center of our detector setup at the ISOLDE
Decay Station (IDS) [54], where they were implanted on
a movable aluminized mylar tape inside a T-shaped vac-
uum chamber. Four clover-type HPGe detectors were
set up in a compact arrangement around the implan-
tation point for y-ray spectroscopy. The energy cali-
bration was performed using standard sources and ex-
tended to 7.6 MeV by using neutron-capture v-ray lines
induced in ®°Fe and "2Ge by neutrons emitted from the
target area during irradiation. Two LaBrs(Ce) detec-
tors, along with an ultrafast 3-mm thick NE111A plas-
tic scintillator used as a [ detector were also employed
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FIG. 2. Measured [-gated ~-ray energy spectra for the 3
decay of ®!In in three different ionization configurations.
(Top) RILIS lasers were set in narrowband mode, with the
optimal wavelength for the ionization of the '39In isomer.
(Center) Narrowband mode with the optimal wavelength for
the ionization of the *'”!In isomer. (Bottom) RILIS lasers
were set in broadband mode, where maximum ionization effi-
ciency was achieved, the strongest 7 lines from 3'2In were
observed. A set of the most relevant «-rays emitted in the
decay of the 13'9In, 3™y and '3!™2In isomer states are
marked.

for lifetime measurements of excited states using the
Advanced Time-Delayed Svyv(t) (fast timing) technique
[55-57]. More details about the experiment can be found
in [4, 7, 29, 58,

The v rays emitted in the S decay from the three
1319,131m1,131m2Ty Jopg-_lived states can be unambigu-
ously identified in our spectra by their distinctive time
distribution, with half-lives of the order of 300 ms. The
distinction is favoured by the large difference between
the short lifetime of the indium isomers in comparison
with the longer half-lives of the daughter '3'Sn nucleus,
56.0(5) and 58.4(5) s for the 3/27 and 11/2~ states,
respectively [60].

V. EXCITED STRUCTURE OF 3'5n

The identification of new transitions in 'Sn was per-
formed via the analysis of the singles, v-v and S-gated
spectra measured with different isomeric beam composi-
tion provided by the RILIS ionization schemes discussed
above. Fig. 3 shows three spectra obtained for the de-
cay of the 'In beam corresponding to the narrowband
(9/27), narrowband (1/27), and broadband laser con-
figurations. The assignment of y-ray transitions to the
decay of the individual indium S-decaying states is done
by comparing of the relative peak intensities for each
resonant ionization configuration.

A. Beta decay of *In

The ~-ray spectra measured in our experiment shows
high-energy transitions up to 7 MeV, see Fig. 4. These
lines appear in the 5-gated spectra, with a time distribu-
tion compatible with the decay of indium. The v tran-
sitions observed in the decay of '319In g.s. are listed in
Table I. High-energy ~y rays are reported in Ref. [28], but
without assignment to the decay of any specific isomer.
Thanks to the isomer selectivity provided by RILIS, we
were able to confirm that almost all of them exclusively
belong to the decay of the '39In, in spite of having
the smallest 5-decay energy window. The assignment is
supported by their observed enhanced intensity in the
narrowband (9/2") spectra, while they are missing in
the narrowband (1/27) data. This result discards their
assignment to the '31™!In decay, but also to '312In,
whose contribution is similar in both narrowband modes
(See Fig. 2). In addition, no v coincidences have been
observed, inhibiting their assignment to the 3'™2In de-
cay, where decay by several v transitions should be ex-
pected given the high spin of the (21/2%) parent state
and the low spin of low-lying '31Sn states.

It should be mentioned that a certain inconsistency
has emerged between the energies of the high-energy -
rays reported in Ref. [28] and those measured in this
work. Only a few ~-rays observed in our spectra were
identified with those reported in [28], displaying a sys-
tematic difference in energy of around ~4 keV. In the
present work, the energy calibration up to 7.6 MeV was
cross-checked using neutron-capture y-rays observed in
the same data during measurement.

The location of the high-energy ~ rays in the level
scheme is uncertain. The absence of 4 coincidences in-
dicates that the levels de-populated by these transitions
are directly fed in 8 decay. Those levels would de-excite
to either the 3/2% g.s., or the 11/27 B-decaying iso-
mers in 3'Sn. The -decay selection rules for "allowed"
decays from the 9/2% g.s., constrains the population of
states in the daughter nucleus to 7/2%, 9/2+4 and 11/2%.
Out of those possibilities, only the levels with J™ = 7/2F
would have a preferred decay branch to the 3/2% g.s. by
an E2 v transition, whereas the 9/2% and 11/27 levels
would decay predominantly to the 11/27 isomer by E1
transitions. Taking this into consideration, one can as-
sume that most of the transitions feed the 11/27 isomer,
but the lack of confirmation by v coincidences does not
allow us to rule out either of the two possibilities. We
have included the high-energy « rays in the level-scheme
(see Figure 5) de-exciting levels whose energy has been
labeled as E,+Y, where Y stands for either 0 or 65.4 keV
(the energy of the 11/27 isomer), but not necessarily the
same for all levels.

The direct feeding of 'Sn and '3°Sn ground states,
was estimated from the balance between the y-ray feed-
ing, and the total decay intensity of each tin isotope.
In the case of 39In decay, it is possible to populate
both -decaying states in '3!Sn, as well as the 0 and
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FIG. 3. Separated S-gated y-ray spectra recorded for the decay of *'9In (Top), *'"™!'In (Middle), and "*'™2?In (Bottom).
The three spectra have been generated from a linear combination of the spectra recorded with the three different RILIS laser
configurations. The coefficients of the combination were selected in order to isolate the contributions of the decay from each
B-decaying state. A set of the most relevant y-rays emitted in the decay of the 3'9In, ¥'™!In and '3'™2In isomer states are
marked with the red squares, blue triangles, and green circles, respectively. Single-escape and full-escape peaks are labeled
with SE and FE respectively, along with their associated «-ray energy.
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FIG. 4. [B-gated high-energy spectrum measured in broad-
band RILIS mode for the *'In decay. All of the v-lines were
assigned to the decay of *319In.

(77) B-decaying states in *°Sn (see Fig. 5). The total
number of decays for each branch was derived from the
v-ray intensities. However, previous studies on '3'Sn did
not disentangle the decay of the two -decaying states.
Hence, the absolute intensities for the v rays from *!Sn
3/2T and 11/2~ states, have been obtained from our
data. In particular, the absolute intensity for 131Sn 3/2+
decay was taken from our '*'™!In decay data, while the
intensities from 13'Sn 11/2~ have been measured from
the 132In (77) decay. For the S-n branch, the absolute
~-ray intensities for both the 0% and 7~ states have been
taken from Ref. [61].

Our analysis yields a negligible population of the
1318n 3/2F and the 13%Sn 0T levels, as expected due to
the spin difference from the 319In (9/2%) initial state.
The 11/27 level receives 25(6)% of the total feeding,
in contrast to the 5(*:>)% B feeding reported in Ref.
[28]. The reason is that an important part of the 11/2~
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FIG. 5. Level scheme of *!Sn and '*°Sn observed following the 8 decay of the *'9In (9/2%) B-decaying state. Levels and
transitions previously identified are colored in black, while those newly identified in this work are highlighted in red. The states
populated in '3°Sn via S-delayed neutron emission are depicted at the right-hand side.

state feeding was erroneously assigned to ground-state
feeding in the 8 decay of 131™1In in Ref. [25], (see sec-
tion V B), resulting in a reduced apparent feeding to the
11/27 state. Our new value for the 8 feeding yields a
logft of 5.49(11) for the first-forbidden vhyy 5 — mgg/2
transition, which is now compatible with the two other
FF transitions measured in the 3'!In decay.

We have investigated the population of the excited
levels in '¥°Sn via S-delayed neutron emission from
131Tn. Compared to earlier works, owing to isomer selec-
tivity, in our study it was possible to obtain S-n branches
for each isomer separately. Based on the estimated
ground-state feedings discussed above, we have calcu-

lated a P, = 2.4(6)% value for the 3'9In decay. The
~-ray intensities in '3°Sn populated by the S-delayed
neutron branch are compiled in Table II for the three
[-decaying 3'In isomers.

B. Beta decay of 3'"!'In

The v transitions observed in 3!™!In are listed in
Table I, and the extended level scheme is shown in Fig. 6.
Estimation of the direct g.s. feeding in both 8 and fn
branches was done using the measured ~-ray intensities
from the B-decay of '3'Sn and '3°Sn daughters. The



apparent 3 feeding of the 31Sn 3/2% g.s. was estimated
to be 54(7)%, while that of the 332-keV (1/27) level
yielded 42(7)%. These results differ from those reported
in Refs.[27, 28] because in previous works an important
fraction of the vhy;/ — mgg o transition intensity in
1319Tn decay was misassigned to the g.s. feeding in the
BlmlTy 3 decay. This limitation was overcome in the
present work thanks to the RILIS isomer selectivity.

Two similar logft values of 5.37(6) and 5.41(8) were
calculated for the 3/2%, and (1/2%) states, respectively.
These values are consistent with the expected FF char-
acter of the transitions. An apparent direct § feed-
ing to the (5/27) Vdg/12 and 3/27 v(dh™2)f3/5 single-
particle/hole states at 1665 and 3438 keV is also ob-
served. In addition, directly fed higher-lying levels are
observed, including two newly proposed at 4713 and
5140 keV. It is worth noting that the state at 4045(4)
keV identified as 1/27 in Refs. [2, 39], which can be
expected to be populated by an allowed 8-decay branch
has not been observed, see Fig. 3.

The ~-ray intensities observed from the S-n branch
are presented Tab. II. In the decay of 3'™!In, the most
intense vy ray from the S5-n branch observed was at 1221
keV, which corresponds to the decay of the first excited
(2%) state in 13°Sn. In addition, the population of the
levels at 1995 (47), 2028 (2%) and 2492 keV (37,4T)
is confirmed by 77 coincidences of the 1271-keV ~-ray
with the 1221-keV transition. Population to higher-spin
levels in '°Sn has not been observed in this case. Taking
into account the measured g.s. feeding, the [-delayed
one neutron emission probability was estimated to be
P, = 1.2(6)%.

C. Beta decay of *'"?In

A complete isomeric separation was not possible for
the 131m2[n (21/2%) B-decaying state but, given the
large difference between the parent spin and those of
the other two [-decaying states, it was possible to un-
ambiguously identify transitions via v+ coincidences and
the comparison of the relative intensities between the
different laser configurations. The 8 decay populates
states high-spin states and, therefore, their de-excitation
occurs mostly by cascades of two or more vy rays towards
the 11/27 isomer in 3'Sn. Given the large spin differ-
ence, it is very unlikely to populate the same states as in
the decay of the other two 3-decaying '3!In states, with
the exception of the 11/27 level. The level scheme is
shown in Figure 7, while the corresponding v-ray tran-
sitions energies and intensities are listed in Table I.

Due to the large number of low-energy «-rays, internal
conversion has a non-negligible influence on transition
intensities and, thus, the apparent -feedings. The total
conversion coefficients were calculated using Brice [62]
assuming the most likely multipolarities.

The 131m2In (21/2%) B decay largely feed states with

dominant 1p2h neutron configurations, which corre-
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FIG. 6. Level scheme of 31Sn observed in the S-decay of
131mi1y (1/27). The two new levels and 4 new v transitions
identified in this work for this decay are highlighted in red.
The $-n branch populating excited states in *°Sn is shown
on the right-hand side.

spond to the core excited states in 132Sn populated from
132In |4] with an extra coupling to a Vhl_ll/2 neutron
hole. All of the previously observed positive and neg-
ative parity states are confirmed, with the exception of
the (13/27) level at 4285 keV observed in Ref. [10], in
a transfer reaction on the (77) isomeric component of a
13081 beam. The 4671- and 4941-keV states are the most
strongly (-fed among those observed in transfer reac-
tion. New levels and ~-decay branches are observed for
the first time following the 3 decay (see Fig. 7), including
those feeding the isomeric (23/27) 4671-keV state [25].
Intensities are listed in Tab. II. The population
of levels in '¥°Sn via S-delayed neutron emission is
also possible in the decay of '31™2In, as indicated
by the observation of + rays from high-spin states
in 9Sn. The P,, values can be extracted from the
decay activities from the 131™1Sn 11/27 and 39m1Sn
(77) isomeric states. By comparing the relative y-ray
intensities P,, = 7(4)% is derived. No direct or indirecct
population of the 13'Sn 3/2% state and the 3°Sn 0%
state was assumed, based on the high (21/2%) spin
of 131™2Tn. A more precise value can be obtained if
direct 3 feeding of the 131Sn 11/2~ and the 3°Sn (77)
isomeric states is assumed to be negligible. In this case
the 1312In intensity can be obtained directly from the
intensity of the ~ rays belonging to ¥!Sn. Using this
approach, P, = 8.9(8)% is calculated, in agreement
with the 7(4)% derived from the daughter activities.
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TABLE I: Observed excited states in *'Sn and ~-ray intensities measured in the decay of the three *'In B-decaying states.
See text for details.

E; (keV) JT Ef (keV) J7  E, (keV) 1% (%) [PYIn] I (%) [P*T'In] IS (%) [7™In]

0 3/27
65.4(7) 11/2°

331.6(3) (1/2%) 0.0 3/2%  331.6(3) - 100 -

1654.7(4)  (5/2%) 0.0 3/2%  1654.7(4) 2.4(4) 3.7(4) -

2434.1(5) (7/2%) 0.0 3/2%  2434.1(5) 100 - -

65.4(7)  11/27 2368.7(5) 0.20(4) - -

1654.7(6) (5/2%) 779.6(4) 2.2(4) - -

3438.4(4)  (3/27) 331.6(3) (1/2%) 3106.8(4) - 0.20(4) -

0.0 3/2%  3439.0(13) - 0.06(2) -

3910.0(3)  (1/2,3/2) 331.6(3) (1/2%) 3578.4(3) - 0.65(8) -

0.0 3/2%  3910.6(8 - 0.16(4) -

3989.6(5) (7/21) 0.0 3/2%  3989.6
1654.7(6) (5/27) 2335.9

(

( 3.7(6) - -
6 (
2434.1(5) (7/2%) 1555.4(
) (
(
(
(

)
)

) 0.12(3) - -

( ) 0.15(4) - -
(15/27)  65.4(7 )
)
)
)

4168.1(9) 11/27 41027 - - 11(2)
4259.1(9) 0.0 3/2F 42591 0.15(4) - -
4311.6(8)  (15/2%7) 65.4(7) 11/2° 42456 - - 3.2(6)
4339.3(7)  (17/2%)  65.4(7) 11/27 4273.3 - - 100




E; (keV) JT Ef (keV) J7  E, (keV) 12 (%) [P*YIn] I (%) [P*''In] IS (%) ['™In]
4168.1(9) (15/27) 171.2(3) - - 1.2(3)¢
4352.4(10) 0.0 3/2%  4352.4(10)  0.06(3) - -
4404.5(5)  (7/2%) 0.0 3/2%  4404.6(7) 0.15(4) - -
1654.7(6) (5/2%7) 2750.6(7) 0.08(2) - -
2434.1(5) (7/2%) 1969.4(7) 0.08(2) - -
4429.6(3) (1/2,3/2) 0.0 3/2%  4429.8(3) - 1.2(2) -
331.6(3) (1/2%) 4097.9(4) - 0.8(1) -
4486.8(6) (7/21) 0.0 3/2%  4486.7(6) 3.6(7) - -
1654.7(6) (5/2%) 2833.8(6) 0.19(4) -
2434.1(5) (7/2%) 2053.0(5) 0.10(2) -
4487.2(15)  (15/27)  65.4(7)  11/27 4421.5(13) - 0.5(2)
4512.6(7)  (19/27) 65.4(7) 11/27 4446.8(5) 2.7(5)
4168.1(9) (15/27) 344.4(2) 6.6(8)
4339.3(7) (17/2%7) 173.4(2) 42(5)
4576.3(9)  (17/27) 4168.1(9) (15/27) 408.2(4) 0.36(11)
4623.9(7)  (19/2%) 4339.3(7) (17/2%) 284.6(2) 43(5)
4641.1(7)  (17/27)  65.4(7) 11/27  4574.7(6) 4(1)®
4168.1(9) (15/27) 473.4(2) 1.8(3)
4311.6(8) (15/2%) 329.6(3) 3.6(10)?
4339.3(7) (17/27) 302.0(3) 0.7(2)¢
4487.2(15) (15/27) 153.3(5) 0.7(4)%
4671.2(7)  (23/27) 4512.6(7) (19/27) 158.7(2) - 28(3)
4712.6(5)  (1/2,3/2) 0.0 3/2%  4712.6(5) 0.11(3)* -
4770.7(7)  (21/27) 4512.6(7) (19/27) 258.2(2) - 3.2(4)
4671.2(7) (23/27)  99.7(3) - 1.9(2)
4771.1(7) 0.0 3/2%  4770.9(7) 0.28(6) -
1654.7(6) (5/2%) 3116.8(7) 0.12(3) -
4774.7(8)  (25/27) 4671.2(7) (23/27) 103.6(2) - 2.4(3)
4810.3(8) 4512.6(7) (19/27) 297.8(3) 1.0(2)
4900.7(8) 4512.6(7) (19/27) 388.2(3) 1.7(2)
4941.2(8) 4671.2(7) (23/27) 270.2(2) 14(2)
4770.7(7) (21/27) 168.3(3) <2¢
5055.8(7)  (21/2%) 4623.9(7) (19/2%) 432.0(3) 0.8(2)
4512.6(7) (19/27) 543.3(3) 0.82(14)
5058.3(7) 4512.6(7) (19/27) 545.9(3) 1.0(2)
4770.7(7) (21/27) 287.4(5) - 0.7(4)%
5110.3(9) 2434.1(5) (7/2) 2676.2(8) 0.08(4) -
5120.0(8) 4623.9(7) (19/27) 496.2(3) - - 1.2(2)
5139.9(4) (1/2,3/2) 0.0 3/2%  5139.9(4) - 0.21(4)¢ -
5214.3(6) 0.0 3/27  5214.0(8) 0.19(5) - -
1654.7(6) (5/2%7) 3560.0(7) 0.12(3) -
5286.6(8) 4770.7(7) (21/27) 515.9(4) - 4.5(10)
5297.9(8) 4623.9(7) (19/2%7) 674.0(2) 1.4(2)
5393.4(8) 4671.2(7) (17/27) 722.2(3) - 0.64(10)
5412.7(10) 0.0 3/2%  5412.7(10)  0.07(3) -
2434.1(5) (7/27) 2978.4(5) <0.1 -
5594.7(12) 1654.7(6) (5/2%) 3940.1(11)  0.12(3)“ -
5595.0(7) 4671.2(7) (23/27) 923.9(3) - 1.3(2)
4774.7(8) (25/27) 820.4(3) 0.66(10)
4941.2(8) 653.6(2) 1.17(15)
5608.9(7) 4512.6(7) (19/27) 1096.3(3) 0.96(14)
5644.5(7) 4671.2(7) (23/27) 973.8(2) 1.3(2)
5268.6(6) 357.2(3) - 1.1(2)
5646.6(11) 0.0 3/2%  5646.5(11)  0.07(2)° -
1654.7(6) (5/2%) 3993.5(7)  0.004(2)¢ -
5739.6(8) 4774.7(8) (25/27) 964.8(2) - 2.7(3)
6175.2(8) 4512.6(7) (19/27) 1662.4(3) - 0.5(2)¢
6193.6(8)+Y Y 6193.6(8)  0.026(6)°
6246.0(8) 4623.9(7) (19/27) 1622.0(2) - 3.0(4)
6321.7(9)+Y Y 6321.7(9)  0.041(10)° -
6332.1(8) 4512.6(7) (19/27) 1819.3(3) - 0.6(2)%

10
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E; (keV) JT Ef (keV) J7  E, (keV) 12 (%) [P*YIn] I (%) [P*''In] IS (%) [°'™In]
6345.8(7)+Y Y 6345.8(7)  0.12(2)° - -
6457.0(7)+Y Y 6457.0(8)  0.065(14)° - -
6557.3(7)+Y Y 6557.3(7)  0.12(2)° - -

6559.2(8) 5297.9(8) 1261.2(4) - - 0.48(9)
6591.2(8)+Y Y 6591.2(8)  0.024(7)° - -
6694.1(8)+Y Y 6694.1(8)  0.035(8)° - -

6709.4(8) 4623.9(7) (19/2%) 2085.3(4) - - 1.5(2)

6720.0(7)  (21/2%) 4339.3(7) (17/27) 2380.4(3) - - 17(2)

4512.6(7) (19/27) 2207.4(3) - - 2.4(3)
4623.9(7) (19/2%) 2095.9(2) - - 32(4)
4641.1(7) (17/2%) 2078.3(3) - - 10.0(12)
4770.7(7) (21/27) 1949.7(4) - - 0.7(3)
4900.7(8) 1818.5(6) - - 1.0(4)
4941.2(8) 1778.6(3) - - 2.9(4)
5286.6(6) 1432.9(3) - - 1.5(2)
5297.9(8) 1422.3(4) - - 0.6(2)
5608.9(7) 1111.3(3) - - 0.9(2)
6743.3(8)+Y Y 6743.3(8)  0.08(2)° - -
6800.0(8)+Y Y 6800.0(8)  0.058(14)¢ - -
6806.0(11)+Y Y 6806.0(11)  0.028(9)¢ - -

6923.0(8) 4623.9(7) (19/2%) 2298.8(3) - - 0.44(7)

6936.5(11) 65.4(7) 11/27 6870.2(8)  0.068(14)° - -
2434.1(5) (7/27) 4503.2(8)  0.07(4)? - -

6955.5(9) 4623.9(7) (19/27) 2331.4(5) - - 0.73(13)
7003.3(10)+Y Y 7003.3(10)  0.023(8)¢ - -

7053.2(8)  (21/2%) 4623.9(7) (19/27) 2429.4(3) - - 4.0(7)4

4671.2(7) (23/27) 2381.2(8) - - 0.3(2)¢
7090.9(11)+Y Y 7090.9(11)  0.028(10)° - -

“ Relative ~y intensities normalized to 100 units for the 2434-keV 7/27 —3/27 transition.
For intensity per 100 decays of the parent *'9In multiply by 0.65(11).

® Relative  intensities normalized to 100 units for the 332-keV 1/2% —3/2~ transition.
For intensity per 100 decays of the parent *'™'In multiply by 0.42(12).

© Relative +y intensities normalized to 100 units for the 4273-keV 17/2% —11/2~ transition.
For intensity per 100 decays of the parent 3'™2In multiply by 0.75(6).

4 Intensity derived from 7+ coincidences.

¢ Intensity derived from B-gated spectrum.

D. Half-lives of the '*'In f-decaying states. tial behaviour [59]. In Fig. 8, the decay curves of the
most intense  rays considered in this analysis for each
[-decaying state are depicted. The time distribution for
each selected v-ray transition was fitted independently.

New lifetime values for the three 8-decaying states in
1311y were obtained from the weighted average of the re-
sults of the individual fits to the time distributions. Note
that only statistical uncertainties are included. The re-
sults are compiled in Table III, and compared to those
existing in the literature [28, 60, 63]. The agreement is
very good, although our results have much higher statis-
tical precision. Our results yield a slightly longer half-life
for the 31™2In state than for the '3™!In one.

The lifetimes of all three '3'In S-decaying states have
been measured by analyzing the time distribution of
events with respect to the time of proton impact on
the production target. For this analysis we have used
the events recorded in the HPGe clover detectors with
no extra condition. The contribution of the Comp-
ton background under full-energy peaks has been sub-
tracted. The events have been selected by using the nar-
rowband RILIS data set when available, and by choosing
the strongest v rays emitted after the decay of each of
the three states. The choice of v rays in itself grants
a high selectivity of the isomer under study, since we
do not observe states in 3'Sn populated in the decay
of more than one long-lived state, neither directly nor
indirectly, see Table I.

VI. LIFETIMES OF EXCITED STATES IN '31SN

The time distributions were fitted to a single exponen-
tial plus a constant component. To account for dead-
time effects due to the high count rate at the beginning
of the decay window, the lower end of the fit range was
probed with a x? test to verify the expected exponen-

The information available prior to this work regard-
ing the lifetimes of the excited levels in 3'Sn was
scarce, since only a value of T4/, = 316(5) ns for the
high-spin (23/27) 4671-keV isomer has been reported
[25, 28]. Lifetimes of excited states down to the 10 ps
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TABLE II. Observed excited states in *°Sn and ~-ray intensities measured in the decay of the three 3'In S-decaying states.

See text for details

E; (keV) JT ; (keV) I E, (keV) I (%) [P 'In] 12 (%) [*"9In] IS (%) [*7"%In]
0 0+
1221.4(6) (2%) 0 0t 1221.6(6) 3.0(2) 0.89(13) -
1994.8(12) (47)  1221.4(6) (2%) 773.5(6) 006(3) 0.17(3) -
2028.3(5) (41) 0 0% 2028.3(6) 0.12(3) - -
1221.4(6) (2%) 807.0(6) 0.08(2) - -
2084.6(15) (57) 1994.8(12) (4%) 90.0(12) - 0.057(12) -
2256.1(13) (61) 1994.8(12) (4T) 261.0(12) - 0.023(8) -
2338.5(7) (8%) 1946.88(10) (77) 391.4(6) - - 11.7(13)
2434.9(13) (107)  2338.5(7) (8%) 96.4(8) - - 6.2(7)
2492.5(10) (37,47) 1221.4(6) 2% 1271.0(5) 0.04(2) - -

@5:¢ Relative intensity normalization employed (Same than in Tab. I)
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FIG. 8. Time distribution analysis of the 319In, 131! In and
131m21y Jifetimes. Time distributions relative to the arrival of
the last proton pulse and exponential decay fit curves. The
step-like structure is due to the pulsed structure of protons
impinging on the production target. The vertical dot-dashed
line represents the starting point of the fitting range. This
value was probed to avoid influence of dead-time.

TABLE III. Measured half-life values for the three *'In -
decaying states. It should be noticed that the values quoted
in the last column, correspond with measurements without
isomer selectivity.

Tyi/2 ms This Fogelberg Dunlop Other
State work et al. [27] et al. [28]  values
319In - 261.8(8) 280(30)  265(8) 261(3) [63]

278(7) [64]
13imiry 335.7(12) 350(50)  328(15)

131m21,  343(4)  320(60)  323(55)

range have been investigated in this work by means of
the Advanced Time-Delayed (ATD) fast-timing method

[55-57]. The measurements were performed in triple-
coincidences with the time differences taken between the
fast 8 and LaBrs(Ce) detectors together with an addi-
tional -ray energy gate on the HPGe detectors. The
use of two LaBrz(Ce) detectors made it possible to per-
form two independent measurements for the same life-
time, one per each $-LaBrs(Ce) combination. In addi-
tion, yy(t) time differences between the two LaBrs(Ce)
detectors were used when possible. The analysis proce-
dure is similar to that described in Refs. [4, 7, 59].

A. The l-forbidden v3s;,, — v2d,,, M1 transition

1/2 3/2

Lifetimes of single-particle states are important for
the shell-model interpretation of the nuclear structure.
In our study, the lifetime of the 332-keV (1/27) level
in '¥1Sn provides a direct measurement of the electro-
magnetic transition strength between the V38;/12 and the

v3dy /12 single-particle states. In the extreme shell model,

the magnetic dipole transition between them would be a
strictly I-forbidden transition due to the Al = 2 change
required [05]. The breaking of the Al = 0 rule is not un-
common along the nuclear chart, being understood as a
phenomena arising from configuration mixing [66, 67].
The 332-keV level is populated in the decay of the
131mlly (1/27) isomer. However, it is almost entirely fed
by direct 8 feeding and thus the analysis was performed
using [7(t) fast-timing events. The S-gated y-ray spec-
tra registered in both LaBr3(Ce) and HPGe detectors,
employing for the broadband laser configuration are de-
picted in Figure 9. The 2434-keV transition was em-
ployed as a reference for the prompt time response. The
assumption of the prompt behaviour of this transition is

consistent with the assumed E2 vg; /12 — d3 /2 single-

particle transition, leading to a low collective B(E2)
value of around 1 W.u., which translates into a lifetime
of ~0.2 ps for this level, below the sensitivity of the tech-
nique. Since the transition is only observed in the decay
of 13191In, it was verified that the time response of the
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FIG. 9. (Top) B-gated gamma-ray spectra for the LaBrs(Ce)
and HPGe detectors. The inset shows the fast-timing 8~(t)
distributions for the 332- (red) and 2434-keV (blue) transi-
tions for a specific combination using a LaBrs(Ce) detector.
The corresponding contribution from the Compton back-
ground has been estimated and subtracted. The lifetime of
the 332-keV (1/27) state was derived by the centroid shift
method using the 2434-keV transition as a prompt reference.
(Bottom) Calibrated Full Energy Peak (FEP) prompt curve,
derived from calibration sources. The inset depicts the com-
parison between the shift of the two distributions (AC) and
the shift in the FEP curve (AFEP) between the 2434- and
332-keV energies.

detector is the same for the 1319In and '3"'In decays.
The centroid shift analysis for one of the 8-LaBrs(Ce)
combinations is illustrated in Figure 9. The contribu-
tion of the Compton background has been subtracted
from the peak time distribution.

We have adopted the weighted average of four in-
dependent measurements, T = 21(5), 27(5), 39(8) and
19(8) ps. We use the external uncertainty, that takes
into account the value dispersion and, for further safety
margin, we impose a coverage of 1.4 standard deviation
(o) to account for the 1.4 o difference between the maxi-
mum and minimum values. A final value of 7 = 26(6) ps
(T1/2 = 18(4) ps) for the 332-keV state was obtained,
from which the reduced transition probabilities for the
332-keV transition was derived. Assuming a pure M1
character, the half-life yields a B(M1) = 0.059(12) u%
(0.033(7) W.u.). On the other hand, by assuming a pure
E2 multipolarity a very unrealistic B(E2) = 8(2)x10?
e?fm?* (195(42). W.u.) value is obtained. These values
should be understood as upper limits, since the M1/E2
mixing ratio for the 332-keV transition is unknown but,
in view of the B(E2) rate, the E2 branch should be neg-
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FIG. 10. Time-delayed distributions between the two
LaBrs(Ce) detectors for yy(t) events. The spectra were con-
structed by selecting the feeding 159-keV ~v-ray that feeds
the level in one detector, and the 173-keV peak in the other
one. Depending on the selected  line in the START and
STOP detectors, either the delayed or the anti-delayed dis-
tributions were derived. The lifetime was obtained by a 2
fit of the whole time distribution to a Gaussian convoluted
with an exponential function.

ligible.

B. Lifetimes of core-excited states

In the 312In isomer decay, only core-excited levels
with high spin are directly populated, due to the high
(21/27) spin of the S-decaying state. The large differ-
ence in angular momentum between these states and the
11/2~ isomer in 13!Sn favors de-exciting y-ray cascades.
This situation is favorable for studying level lifetimes via
the ATD B~~(t) and v7(t) methods. Lifetimes of several
high-energy states have been measured in this work.

The state at 4513-keV is proposed to have (19/27)
spin-parity, being a member of the (v f7/2h;12/2) con-
figuration [38]. The half-life has been obtained from
~v7(t) events measured between the two LaBrz(Ce) de-
tectors by selecting the 159- and 173-keV transitions,
see Fig. 10. This procedure was employed instead of the
B~ (t) method to avoid the contribution from the 4671-
keV long-lived isomer. Two time distributions were ob-
tained, corresponding respectively to the delayed combi-
nation, where the feeder v ray was selected in the start
detector, and to the antidelayed, where the selection of
the y-rays was reversed. We adopt the final value of
T1/2 = 0.62(2) ns for this level from the weighted aver-
age of the values obtained from the fit of the two time
distributions.

The analysis for the lifetime of the 4624-keV level is
displayed in Fig. 11. The time-distributions employed
for the analysis were built using triple Svy7y(t) events,
selecting the 285-keV ~-ray in the LaBrs(Ce) and gating
on the 2085- or the 4274-keV in the HP Ge detectors. The
statistics of both combinations was summed in order to
generate the time spectra employed in our analysis. In
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FIG. 11. Time-delayed Syv(t) spectra between the 8 and the
LaBrs(Ce) detectors selected by the 284-keV transition. An
extra condition was required in the 2085- and 4274-keV ~-
lines in the HPGe detectors. The lifetime was obtained from
a x2 fit of the whole distribution to a Gaussian-convoluted
exponential function plus a constant to account for the ran-
dom background using the procedure described in [59].

both scintillators, an asymmetry to the right-side can be
observed, which indicates a lifetime of the order of tens
of ps. A half-life of 79(6) ps was derived from the fit to
a Gaussian-convoluted exponential function.

The lifetime analysis have been extended to the re-
maining observed levels that were populated with suf-
ficient statistics. A new Ty, = 316(2) ns value have
been obtained for the 4671-keV (23/27) level, in agree-
ment with previous measurements [28, 37], and a new
long half-live value of Ty /o =24(3) ns for the 4775-keV
level has been measured from 8v(t) events between the
£ and the LaBr;(Ce) detectors. In addition, a short life-
time of T/, = 30(15) ps for the 4771-keV state, and an
upper limit of Ty, =< 17 ps for the 4941-keV state.
A total of 7 new lifetimes measurements and one upper
limit have been determined in this work.

VII. DISCUSSION

A. Position of the uhl_ll/z

single-hole state

In this work we have performed a direct mass mea-
surement (Section III) to determine the isomer energy,
yielding a value of E, = 64.0(20) keV, in agreement with
the previous proposal of 65.1(5) keV [27]. Additionally
we have employed a similar procedure to reference [27] to
determine the Vhl_ll/2 single-hole state energy using the
information from [-decay. The 2369-keV ~-transition
is enhanced in the narrow band 9/2% laser configura-
tion and thus its assignment to the B-decay of 9In is
confirmed. The 2434.1-keV level de-excites both to the
ground state and to the 11/27 level. This yields and
excitation energy of 65.4(7) keV for the isomeric 11/2~
state. This is in good agreement with the value ob-
tained from the Penning-trap mass measurement, 64(2)
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keV (see Section I1T). We take this value as the firm en-
ergy of the Z/hl_ll/2 state in 31Sn. We observe a level at

6936-keV tentatively decaying to both the 11/27 state
and to the 2434-keV (7/27) level, which supports the as-
signment, although the confirmation via 7y coincidences
is not possible due to the weak intensity of the transi-
tions.

B. (-decay of *'In — 13'Sn

The wave-functions of nuclei neighbouring '32Sn are
dominated by single-hole configurations. The investiga-
tion of the B-decay of 3!In (17 hole), to 13'Sn (1v hole),
is an excellent tool for accessing the single-particle de-
cay strength in the region, assess the competition of GT
and FF transitions and investigate the coupling to core-
excited states. The different particle configurations that
give rise to the three 3-decaying states of '3'In, along
with the most-likely single-particle S-decay transitions,
are represented in Fig. 12.
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FIG. 12. Shell-model configurations of the three parent

1311 states, and possible S-decay routes. See text for details.

1. B-decay of *'91In

The (9/2%) g.s. of 13In is associated the 7rg;/12 pro-
ton hole configuration. Therefore the most favorable
p-decay path for this state is the allowed GT vgr/; —
Tgg 2 transition. Such a GT transition is responsible for
the strong feeding to the 2434-keV (7/2%) state in 131Sn,
which is dominated by the vg_ /12 configuration. The next



strongest transition would be the FF vhyi,5 — mgg/2
transition, where the 11/27 isomer in '3'Sn is directly
populated. Apart from these two levels, the observa-
tion of direct population of the remaining single-particle
states is expected to be minimal, owing to the higher de-
gree of forbiddenness.

Besides these single-particle levels at low energy, the
large Q= 9240(4) keV, makes it possible to populate
high-energy states above 4 MeV, which originate from
the coupling of a neutron hole with !32Sn core exci-
tations. All of the high-lying states are located at an
energy about 1 to 2 MeV above the neutron separa-
tion energy, and up to 7.1 MeV excitation, neverthe-
less, they decay via v-ray emission. In this energy win-
dow only the 07 and 27 states in '3°Sn are available
for decaying via neutron emission, and indeed a size-
able (-delayed neutron emission probability has been
observed. Above the aforementioned energy, there is a
large set of medium spin states in '3°Sn, starting with
the (77) isomer. These levels provide a possible path
for neutron decay without a large spin difference. Con-
sidering the higher spin of the states populated in this
decay (7/2—11/2), the competition from the y-ray emis-
sion branch may be helped by the large centrifugal bar-
rier that hinders population of the 0™ and 27 states via
neutron emission.

2. B-decay of **'™'In

The (1/27) isomer in '3'In is associated with the
7rp1_/12 single-hole configuration. The [-decay of this iso-
mer leads to two FF transitions, the vs; /5 — mp; /o and
the vds/, — 7mp1j2. Therefore, the 1/2% first-excited
and the 3/2% g.s. of 31Sn are expected to be predom-
inantly populated in the decay of 3'™!In, as observed
in our experiment.

The direct [ population of the remaining single-
particle levels would require forbidden transitions of sec-
ond or higher order, and thus they are hindered. How-
ever, the large Qg = 9240(4) keV [68] opens up the possi-
bility of feeding levels at high excitation energy, such as
core-excited states, for which a low angular momentum
of J = 1/2, 3/2 and negative parity would be expected
for allowed $-decay transitions. A few of these levels are
observed in the decay. We also propose a couple of ten-
tative states with weak (8 feeding based on ground-state
transitions, see Fig. 6.

3. B-decay of 31™2In

The [-decay scheme of 31"2In (21/2F) shows a
strong similarity to the '3?In decay scheme [1, 27,
In a simple interpretation, the 131™2In (21/2+) state is
built by coupling the neutron hole to the 13?In g.s., with

a wgg/Ql/fUQ configuration, leading to 7T99/2Vf7/2h11/2
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According to this schematic interpretation, the 8 decay
could be factorized into two contributions: the '32In de-
cay and the uhn /2 neutron hole decay. However, once
the allowed GT, and the FF transitions for the neutrons
in the hyy/9 orbital are considered, only the population
of very high-energy 2p3h states in 3'Sn would be possi-
ble, feeding core-excited configurations with two nucle-
ons above the neutron and proton shell gaps. Thus, the
decay is dominated by the GT and FF transitions from
the Wg;/éyf7/2 component, the analogous to the '32In
$ decay. This similarity is reinforced by the (21/2%)
spin of the isomer, which leads to the feeding of high-
spin levels in '3'Sn that require at least one hole in the
vhiy/2 orbital. Another factor that strengthens this re-
semblance is the difference in spin and parities between
the parent indium state and the final tin state in both
cases, 31m2In (21/2%) — 131Sn 11/2= (AJ = 5 and
A7 = yes), and 32In (77) — 132Sn 07 (AJ = 7 and
Am = yes). In view of the analogy the particle-hole con-
figurations of the '3'Sn states populated in the 13'™2In
B decay would be the same as those in 32Sn populated
from 32In [1], but coupled to Vhl_ll/2. Their decay paths

to the 11/2~ state are also similar to those required in
the '32In decay to reach the '32Sn g.s.

The negative-parity states in the range of 4-5 MeV
have been interpreted as members of the (v f7/2h;12/2)
multiplet in previous studies, [27, 28, 38, 70]. The rela-
tively strong feeding of the (23/27) 4671-keV member,
logft = 5.8, can be understood as the FF vhy1/5 — 7gg /2
transition. The positive-parity states in this energy
range have been identified with the (v f7 /5 d3/2h11/2) con-
figuration. Feeding to the levels of this multiplet should
be highly suppressed due to the second degree of for-
biddenness required for the vds;; — mgg/o transition.
The identification of new ~-rays feeding these levels in
this work, indicates a negligible direct 5-feeding compat-
ible with 0, solving the problem of the apparent direct
B-feeding reported in Refs [27, 28]. The high-energy
positive-parity levels at 6720 and 7054 are assigned to
the uf7/gg7_/12h1_11/2 configuration in Refs [27, 28, 70]. The
strong [-feeding to this level is interpreted as the GT
vgr/2 — gose tramsition. It is expected to observe a
sizable population to the (Wg7/29;/12yh;11/2) configura-
tion driven by the FF vf;/5 — mgy7/o transition. The
4775-keV state is a good candidate for this configura-
tion, given its long lifetime of T/, = 24(3) ns, which
indicates a very hindered M1 transition to the 4671-keV
level with a (v f7 /2h1_12/2) dominant configuration.

4. Feeding of states in 3" Sn and *3°Sn

In Figure 13, the overall experimental information is
presented, where the lowest-lying states of 13°Sn are also
included. As is shown, the levels 131Sn can be separated
into two regions. The low-energy region below 3 MeV
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FIG. 13. Graphical summary scheme of '*'Sn and 3°Sn states populated in the 8 and Sn decay of the three *'In S-decaying
states. The identified levels in 3*Sn and '*°Sn are plotted with continuous lines and dotted lines respectively. The S-decaying
states in '3!'In are displayed with dashed lines. The color of the lines indicates the assumed configurations for the states, which

is written next to them in the same color code.

is characterized by a small density of levels, which can
be identified with single-hole neutron states from the
N = 50—82 shell. In the high-energy region, above
3 MeV, there is a higher density of states spanning a wide
range of spins. These high-energy levels are identified
as core-excited states, which are mostly based on 1p-2h
configurations. In the 8 decay of each of the three 3'In
isomers, a large number of states with a similar angular
momenta to that of the parent isomer were populated,
but several gaps can be found in the regions between the
states populated by each of them. These gaps are due to
the low probability of directly populating levels with J=
5/2, and 13/2 to 17/2. Specifically, the 2721-keV 7/2~
and 4045-keV 1/27 states reported in Refs. [39, 10] have
not been observed, neither those at 4616-keV (5/27) and
4285-keV (13/27) states.

Our data revealed the correlation between the spin of
the parent '3!In state and the levels populated in 3°Sn.
This can be observed in Fig. 5, 6, 7, and Tab. II. The (-
n 131mln 1/2= branch proceed mostly through the first
(21) state, with some small feeding to states with spin
up to J=4. In the case of the 3'9In states, population
of levels up to J=7 is observed, being the isomeric (77)
the one receiving most of the feeding. Most noticeable
is the decay of 131™2In, where only the (87,107 are fed
with sizable intensity. No population of the (2*) nor 0%
levels, either directly or indirectly, was observed.

5. vy-decay above the S,

One of the most interesting results is the large popula-
tion of states in 13°Sn above the one-neutron separation
energy that decay by the emission of very high-energy
rays. Their presence was already reported earlier [283],
but with no assignment to the S-decay of a specific 3!'In
state. An unambiguous assignment of these new high-
energy v rays to the 319In decay, is possible in our work
thanks to the isomer-selective ionization. In the S-decay
of 31m1In 1/27 the population of high-energy levels up
to the one-neutron separation energy was observed. In
the decay of '31™2In, the population of y-emitting ex-
cited levels above S,, up to 7 MeV was observed. In
this case, there is a number transitions between states
located above S,, can be identified. This fact suggest
competition of neutron emission is rather weak for these
levels. We can see a clear correlation between the up-
per limit for y-emitting levels in '31Sn, and the states
that are available in '3°Sn to decay via delayed-neutron
emission, see Fig. 13.

The states above S,, populated in the 131™1In 1/2~ de-
cay can decay to the 0% g.s. or the 27 first-excited state
in 13°Sn with a low orbital momentum [=0,1. Hence,
they can freely decay by neutron emission, and no 7y rays
emitted from excited levels above the S,, from 131™1In
decay were observed. On the other hand, in the decay
of 1319In 9/2% and 31™2In (21/27), the levels have a
much larger spin, J > 7/2, and thus the neutron needs



to carry a large orbital angular momentum, [ > 3, in or-
der to get to the 0T state. Therefore, the threshold be-
tween ~v-emitting, and neutron-emitting levels is shifted
upwards 2 MeV above the S,,. Above this energy, states
in 13%Sn with higher spins become available. They can
be fed by neutrons emitted with low [, and this happens
even from the unbound levels populated in the decay of
131gIn and 131m2In.

6. logft values

The apparent 3 feeding of to the 131 Sn states has been
derived from the de-exciting ~y-ray intensities. The iso-
mer selectivity allowed us to separate the contributions
from the 8 decay of the '319In, 131!In, and '3'2In
states. As a result, a revision of the values with re-
spect to previously reported ones is proposed, with a
sizable impact on the logft values. This solves the is-
sue of the apparent disagreement between the different
first-forbidden transition reported earlier [27, 28]. Our
new values indicate similar logft values for the three
FF transitions: vhyy/s — mgg/e with logft = 5.49(11),
l/d3/2 — TP1/2 with logft — 537(6), and VSy/2 =7 TP1/2
with logft=>5.41(8).

C. Reduced transition probabilities in *'Sn

Using the lifetimes measured in this work, along with
the branching ratios, energies, and theoretical internal
conversion coefficients assuming a pure multipolarity
character [62], the reduced transition probabilities have
been calculated. They are listed in Table IV, where the
multiplet and spin-parity assignments for core-excited
states from [38] have been adopted.

Regarding the enhanced B(M1) = 0.033(7) W.u. rate
for the Al = 2, 1/351_/12 — Sd;/l2 331.6 keV transition,
the strength is similar than that of the analogous tran-
sition in 29Sn, B(M1) = 0.036(19) W.u. [71]. Realistic
shell model calculations performed in Ref. [71] yielded
a large enhancement of the M1 matrix element once the
effect of core excitations was considered microscopically,
pointing towards a dominant M1 component. Still, the
enhancement for the I-forbidden M1 transition did not
fully reproduce the much shorter than expected lifetime,
most likely due to higher-order diagrams not included in
the calculations.

A very similar situation in !3'Sn is observed here,
where the single-particle nature of the involved states
should be purer. The M1 enhancement can only be pro-
duced by the effect of the polarization of the core. In
Fig. 14, the B(M1) for the 1/2% —3/2% along the tin
isotopic chain is shown. As is seen, the value for '3'Sn,
is in excellent agreement with that of 2Sn, but also
with those measured in the mid-shell isotopes, suggest-
ing a nearly constant behavior. Theoretical studies in
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the tin chain [72] pointed out the importance of pro-
ton excitations from the mgg /o orbit, in order to repro-
duce the B(E2) strength for light tin isotopes. It could
be also expected that proton core-excitations, such as
spin-flip gg/2 — g7/2 transitions, will have a strong in-
fluence in the M1 transitions. The similarity between
the B(M1) neutron mid-shell and shell closure, seems
to supports that the re-normalization of the M1 opera-
tor for [-forbidden transitions is due to polarization of
protons in the core.

It is worthwhile comparing these results to transi-
tion rates near the next double shell-closure at 29%Pb.
The best example is the B(M1) = 0.028(5) W.u. value
for the v3p; /12 - V2 f5_/12 neutron transition in 207Pb
[73], but also the B(M1) = 0.013(3) W.u. for the
ﬁ3p§/12 — 2 fg/lz proton transition in 2°7T1 [73]. There-
fore, the measured B(M1) = 0.033(7) W.u derived for
the V3Sl_/12 — 3d?:/12 transition in '®!Sn, is also consis-
tent with the systematics observed for [-forbidden M1
transitions in the lead region, pointing to a more gen-
eral feature across the nuclear chart.

0.06 T T T T T T T T T

0.05 T

0.04 b
L]

0.03 - . T

0.02 T

B(M1) W.u.

0.01 4

0 1 1 1 1 1 1 1 1 1
115 117 119 121 123 125 127 129 131

A

FIG. 14. Reduced transition probability B(M1) for the
1/2% —3/2% transitions along the tin isotopic chain. The
values for 1'5719Sn were taken from evaluations [74], while
the value for '*?Sn was taken from Ref. [71].

For the core-excited levels it can be observed that
the B(AL) strengths are similar to their 132Sn counter-
parts [4], but slightly enhanced in the case of the 13'Sn.
The most noticeable difference is measured for the E1
transition from the (v f7 /2h1_12/2) to the octupole phonon
state, which is more than 20 times larger than its anal-
ogous transition in '32Sn. A long-lifetime, T /5 = 24(3)
ns, has been measured for the 4775-keV state. This
level de-excites via a single transition into the 4671-
keV state, assigned as member of the (v f; /Qh;lz/z) multi-
plet. This indicates a very suppressed M1 between these
two states, suggesting a very different structure between
them, making the 4775-keV level a good candidate for
the (797294 /12Vh;11/2) proton particle-hole configuration.
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TABLE IV. Level half-lives and reduced transition probabilities for transitions in *'Sn. The B(AL) were calculated from the
lifetimes and branching ratios obtained in this work. The theoretical conversion coefficients were taken from Bricc [62]. A pure
multipolarity character for the transitions is assumed, based on the assignments from [38]. For comparison, transition rates
measured for '*2Sn [1] are included for the analogous transitions between core-excited states.

E; Config; Ji! T1/2 Ef Configy I E, X\ B(\L) Core B(AL)
(keV) (keV) (keV) (W.u.) (W.u.)
331.6 (us;/12) (1/27) 18(4) ps gs (Z/d3/2) 3/2T  331.6 M1  0.033(7) 0.036(19)*
4512.6  (vfrpahi,)  (19/27) 0.62(2) ns 65.4 vhiy), 11/27 44472 E4 17.7(3) 7.7(4)°

4168.1 (uf7/2h11/2) (15/27) 344.3 E2 0.59(2) 0.40(2)¢

4339.3 vhi,®(37) (17/2%) 1733 E1 6.2(6)x107°  2.57(13)x107° ¢
46712 (vfrjahil,)  (23/27) 316(2) ns 4512.6 (vf7/2hi),) (19/27) 158.7 B2 0.340(3) 0.268(6)°
ATTLL  (vfrpahil,)  (21/27) 30(15) ps 4512.6 (vf7/2hy,) (19/27) 258.2 M1 2.6(15%)x 1072 >6.5%x107% f

4671.2 (vfry2hiy,) (23/27) 99.7 M1 1.8(X37)x107" >4.6x107% ¢

4774.7 (7Tg7/ggg/2uhll/2) (25/27)
4941.2 (Vf7/2h11/2)

4623.9 (l/f7/2d3/2h_

y2) (19/27) 79(6) ps

( ) ( )
( ) ( )

24(3) ns 4671.2 (vfr;2hiy,,) (23/27) 103.5 M1 4.7(12)x10™*
( ) ( )

<17ps 46712 (vfr2his,

4339.3 vhi,®(37) (17/2%) 284.6 M1 1.59(12)x 10"

2.0(*9)x1072 "

270.2 M1 >6.3x1072

0.73(5)x1072 *

@ B(M1) in ™Sn from [66] provided as reference. FB(M1) in ™2Sn (Vf7/2h;11/2) 5% — 4%

® B(E4) in *?Sn (Vf7/2h;11/2) 4t = 0t gs. 9 B(M1) in '*?Sn (l/f7/2h11/2) 5t — 6%

° B(E2) in '*?Sn (vfr)2hy),) 47 — 27F h B(M1) in **2Sn (wg7/299/2) 7" = (Vfr2h1)),) 6

4 B(E1) in "*2Sn (Vf7/2h;11/2) 4% — 37 (octupole phonon) ‘ B(E2) in '328n (I/f7/2d3/2) 57 — 37 (octupole phonon)
¢ B(E2) in '*?Sn (vf7/2h;),,) 67 — 4T

VIII. CONCLUSIONS

The excited structure of the neutron single-hole nu-
cleus '3'Sn has been investigated in detail at ISOLDE,
where the 13'Sn excited levels were populated in the j3
decay of ¥!'In. Our data profited from the selective ion-
ization by the ISOLDE RILIS to enhance the production
of each particular isomer in 3'In, and study its decay.
The direct feeding of the 3-decaying levels in '!Sn has
been derived in this work from the daughter decay inten-
sities. The isomer selectivity allowed us to separate the
contributions from the 3 decay of the 1319In, 131™1n and
131m2Ty gtates. As a result, a revision of the values with
regard to previously reported ones is proposed, with a
sizable effect on the logft values. This solves the appar-
ent disagreement between the different first-forbidden
transition previously reported [27, 28].

The isomer purification made it possible to ob-
tain [-delayed one-neutron emission probabilities
for the individual B-decaying states in '3'In, yield-
ing P,[B3%In] = 2.4(6) %, P,['¥1™In] = 1.2(6) %

and P, [3'm2In] = 8.9(8) %. Moreover, the
half-lives of the three [-decaying states of
1BlTn  have been remeasured leading to more
precise values of Ty["*'In] = 261.8(8) ms,
Ty jo[*31™ In| = 335.7(12) ms and

Ty /o['3™2In] = 343(4) ms
An independent mass measurement has been under-
taken at the IGISOL facility to determine the energy

of the 1/2~ isomer. A definite confirmation of the ex-
citation energy is obtained, the result being 64(2) keV.
Additional evidence is found from the 77 coincidence
analysis in our $-decay data, supporting the earlier ten-
tative proposal [27], and providing a value of 65.4(7) keV
for the Vh11/2 single-hole state in '3!Sn.

The level scheme of '31Sn has been expanded in this
work with the addition of 31 new -~ transitions and 22
new excited levels. The population of excited states in
13181 in the 3-delayed neutron emission branch has also
been studied.

A thorough investigation of y-emitting excited levels
placed at very high energies, above the neutron separa-
tion energies in '®!'Sn, has been performed. There is a
large number of these states in '3!Sn, having in some
cases transitions between two neutron-unbound levels.
Our analysis shows a clear correlation between the ap-
pearance of these states, and the feeding [-decaying
1311y state. This indicates the connection between the
competition of y-ray, and neutron emission with the spin
of the available levels in '3°Sn, see Figure 13.

The first measurements of sub-nanosecond lifetimes
for excited states in '3!Sn were also performed. A
short lifetime of T ,,=18(4) ps the neutron single-hole
332-keV (1/27) state has been derived, indicating an
enhanced [-forbidden M1 character for the v3s;/,, —
v3ds o transition. This finding is similar to the system-
atics of [-forbidden M1 transitions observed in the 2°Pb
region, and the analogous transition in 2Sn.



Regarding the high-spin levels, the half-lifes of 6 new
levels have been measured for the first time, and a
new value has been obtained for the long-lived 4671-keV
level. The transition strengths derived from these life-
times agree very well with those of their corresponding
transitions in '32Sn, with the exception of the 173-keV
E1, 4513—4339-keV transition, whose strength is ~20
times larger than the analogous E1 transition in 132Sn.
The similarity to the '32In decay reinforces the inter-
pretation of the excited states in '3'Sn populated in the
B-decay of 31m2In.
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