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PREFACE

This thesis presents the results of an experimental study of the 3 decay of neutron-
rich indium isotopes 23In, 34In, and '3°In. Measurements were carried out at the
CERN-ISOLDE facility as part of the IS610 experiment performed in two cam-
paigns, in 2016 and 2018.

Chapter 1 gives a brief introduction to the field of study by first outlining the fun-
damental concepts behind the nuclear shell model and § decay and then describ-
ing distinctive features of atomic nuclei under study. The discussion is followed
by a summary of the previous experimental studies and the motivation behind
the present study. Chapter 2 outlines experimental methods used to produce the
beams of interest and gives basic characteristics of the detection system. Chap-
ter 3 presents the results of the analysis of the 3 decay of 133In, 13*In, and 13°In.
Chapter 4 provides an interpretation of experimental findings. A review of the
new and previous experimental information on nuclei under study is presented
together with a discussion of the results of various shell-model calculations.

The results presented in this thesis have been published open access (CC-BY 4.0)
in the three articles listed below.
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ABSTRACT

The § decay of the indium isotopes 23In, '34In, and ¥°In was investigated ex-
perimentally with the aim of providing new insights into the nuclear structure
of neutron-rich nuclides from the '32Sn region. Better understanding of these
exotic nuclides is required for accurate modeling of the rapid neutron capture
nucleosynthesis process (r process), due to the A ~ 130 peak in the r-process
abundance pattern being linked to the N = 82 shell closure. Because a vast
number of nuclei involved in the r-process are f-delayed neutron (fn) emitters,
new experimental data that can verify and guide theoretical models describing
Bn emission are of particular interest. The effects of nuclear structure strongly
affecting the competition between neutron emission and «-ray deexcitation in the
decay of neutron-unbound states were recently observed in the region southeast
of 132Sn. The capability of y-ray deexcitation to compete with neutron emission
well above the neutron-separation energy calls for further investigation, primarily
due to its consequences for astrophysical r-process modeling. Neutron-rich indium
isotopes constitute excellent cases to address this problem owing to their large -
decay energy windows for the population of neutron-unbound states in daughter
nuclei (>10MeV), as well as the simplicity of their structure within the shell

I35Tn — being rare instances of experimentally

model. In particular, 134In and
accessible nuclides for which the [-delayed three-neutron decay is energetically
allowed — constitute representative nuclei to investigate the competition between
[-delayed one- and multiple-neutron emission as well as the ~-ray contribution

to the decay of neutron-unbound states.

The [-delayed ~-ray spectroscopy measurement was performed at the CERN-
ISOLDE facility. The indium isotopes were produced in neutron-induced fission
of the uranium carbide target. Laser-ionized beams of 133In, ¥4In, and '3°In were
on-line mass separated and transported to the ISOLDE Decay Station. Isomer-
selective ionization provided for 133In enabled two -decaying states in this nu-
cleus to be studied separately for the first time. Transitions following the 8 decay
of indium isotopes were identified based on v and v coincidence data. Decay
schemes of 13°In and two B-decaying states of '33In were established for the first
time, while the decay scheme of ¥4In was expanded with two (-decay branches.
Two indium isotopes, 34In and 3%In, were identified to be 8-delayed two-neutron
emitters. The population of neutron-unbound states decaying via v rays was
identified in '34Sn and '33Sn at excitation energies exceeding the neutron separa-



tion energy by 1 MeV. The §-delayed one-neutron decay was observed to be the
dominant (-decay branch of ¥4In and !3°In even though the Gamow-Teller res-
onance is located substantially above the two-neutron separation energy of the
daughter nucleus. The observed dominant one-neutron emission from these nuclei
is predicted only by theoretical models, which, apart from the inclusion of first-
forbidden transitions, also consider all possible decay paths of neutron-unbound
states. Experimental level schemes of 23Sn, 134Sn, and '¥°Sn are compared
with shell-model predictions, including calculations considering particle-hole ex-
citations across the N = 82 shell gap. Neutron-unbound states corresponding
to the couplings of the valence particles to the neutron-core excitations were found
to be an important component of the deexcitation pattern observed in daughter
nuclei following the § decay of neutron-rich indium isotopes.
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STRESZCZENIE

Temat rozprawy doktorskiej w jezyku polskim:

Badanie przemiany beta bardzo

neutronowo-nadmiarowych izotopow indu

Eksperymentalne badanie przemiany £ izotopéw indu '33In, 134In oraz ¥°In umoz-
liwito uzyskanie nowych informacji o strukturze jadrowej neutronowo-nadmiaro-
wych nuklidéw z rejonu 32Sn. Wiasnoéci tych egzotycznych nuklidéw maja istotne
znaczenie w modelowaniu astrofizycznego procesu syntezy pierwiastkéw na dro-
dze szybkiego wychwytu neutronéw (tzw. proces r), gdyz zamkniety charakter
powloki N = 82 uwidocznia sie w rozkladzie rozpowszechnienia izotopéw wyni-
kajacym z przebiegu tego procesu. Rozpad wigkszosci jader atomowych biora-
cych udzial w procesie r zachodzi na drodze przemiany 8 z nastepujaca po niej
emisja neutronu (rozpad fn). Do weryfikacji i poprawy przewidywan modeli
opisujacych rozpad Sn potrzebne sg nowe informacje eksperymentalne o emite-
rach takich neutronéw. Niedawno zaobserwowano nietypowa konkurencje miedzy
dwiema drogami rozpadu stanéw niezwigzanych w neutronowo-nadmiarowych ja-
drach atomowych polozonych na mapie nuklidéw ponizej 32Sn. Za wystepowa-
nie konkurencji miedzy emisja neutronu oraz deekscytacja przez promieniowa-
nie v moga odpowiadaé szczegdly struktury jadrowej. Mozliwo$¢ konkurowania
ze soba tych dwéch kanaléw rozpadu przy energiach wzbudzenia przekraczajacych
znacznie energie separacji neutronu wymaga dalszych badan, gdyz to zjawisko
moze mieé istotny wplyw na przewidywany przebieg astrofizycznego procesu r.
Neutronowo-nadmiarowe izotopy indu to wiasciwe przypadki do badania tej kon-
kurencji, gdyz w ich rozpadach dostepne sa duze okna energetyczne (>10MeV)
na populacje standow niezwigzanych. Dodatkowo, te izotopy sa w prosty spo-
sOb opisywane przez model powlokowy jadra atomowego, co sprzyja rozpoznaniu
efektow struktury jadrowej prowadzacych do wzmozonej emisji promieniowania -y
ze stanéw polozonych powyzej energii separacji neutronu. Dwa izotopy indu, 134In
oraz 13°In, to szczegdlnie reprezentatywne jadra atomowe do eksploracji réznych
drog rozpadu stanéw niezwiazanych, gdyz sa one jednymi z nielicznych nuklidow
bedacych w zasiegu badan eksperymentalnych, dla ktérych warunki energetyczne
dopuszczaja emisje nawet trzech neutronéw po przemianie .
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Wilasnosci promieniowania v emitowanego w przemianie § 133In, 134In oraz *°In
zostaly zbadane w laboratorium CERN-ISOLDE. Izotopy indu byty produkowane
W procesie rozszczepienia jader uranu indukowanego przez neutrony. Wiazki jo-
néw powstale w wyniku jonizacji laserowej oraz separacji masowej bylty wysylane
do stacji rozpadowej ISOLDE. Jonizacja z selekcja stanu jadrowego zostata zasto-
sowana dla 33In, co umozliwilo niezalezne zbadanie przemiany /3 stanu podstawo-
wego 1 izomerycznego tego jadra. Przejscia v towarzyszace przemianie (8 izotopdéw
indu zidentyfikowano na podstawie korelacji gy oraz [vvy. Dzieki tym koincy-
dencjom udalo sie po raz pierwszy zbudowaé schematy rozpadu *°In oraz dwéch

133In — niezaleznie dla izomeru oraz stanu podstawowego. Schemat

stanow w
rozpadu *4In zostal rozbudowany o dwa kanaly rozpadu. Zaobserwowano emisje
dwéch neutronéw po przemianie 8 134In oraz 13°In. Populacja stanéw niezwiaza-
nych emitujacych promieniowanie 7 zostala zaobserwowana w 34Sn oraz '33Sn,
przy energiach wzbudzeri przekraczajacych o 1 MeV energie separacji neutronu.
Mimo, ze przejscia Gamowa-Tellera zasilaja gléwnie poziomy powyzej energii se-
paracji dwéch neutronéw w izotopach cyny, rozpad z emisja jednego neutronu

135Tn.  Dominujaca emisja jed-

jest dominujacym kanalem rozpadu '3*In oraz
nego neutronu po przemianie 8 tych jader jest przewidywana jedynie przez mo-
dele teoretyczne, ktore, poza rozwazaniem przejs¢ wzbronionych, uwzgledniaja
takze wszystkie mozliwe drogi rozpadu stanéw niezwiazanych. Eksperymentalne
schematy pozioméw w 133Sn, 134Sn oraz '3°Sn zostaly poréwnane z przewidy-
waniami modelu powlokowego, w tym z obliczeniami w ktérych uwzgledniono
wzbudzenia typu czastka-dziura ponad przerwe energetyczna odpowiadajaca po-
wloce N = 82. Uzyskane dane wskazuja, ze stany niezwigzane odpowiadajace kon-
figuracjom angazujacym jednoczesnie neutrony walencyjne i wzbudzenia rdzenia
neutronowego sa istotnymi elementami Sciezki deeksytacji obserwowanej w izoto-
pach cyny po przemianach [ izotopéw indu.
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CHAPTER

INTRODUCTION

1 Fundamentals

1.1 Shell model

Even though the discovery of the atomic nucleus took place more than a hun-
dred years ago, our understanding of its structure remains elusive. The pursuit
of a comprehensive description of all nuclei, explaining the variety of observed
nuclear effects, is the long-standing goal of nuclear physics. Thus far, more than
three thousand different ways that the attractive nuclear force can bind protons
and neutrons together into a nucleus have been experimentally identified [1]. Sim-
ilarly to noble gases among chemical elements, which stand out due to their dis-
tinct chemical and physical properties, some atomic nuclei, just by virtue of being
composed of specific numbers of protons (Z) and neutrons (/N), exhibit distinct
nuclear properties. Those specific numbers of nucleons, namely N or Z = 2, 8§,
28, 50, and 82, as well as 126 for neutrons, are termed magic numbers [2, 3].
Figure 1.1 presents their distribution on the chart of nuclides.

Nuclei with magic numbers of both protons and neutrons are called doubly magic,
and are particularly stable in comparison to similar systems that differ only
by a few nucleons. Many distinctive features of doubly magic nuclides are ex-
plained by the shell model of the atomic nucleus in which, in analogy to electronic
orbitals, nucleons occupy single-particle orbitals under the influence of a mean-
field potential created by the other nucleons (see Figure 1.2).



1. INTRODUCTION

The nuclear many-body Hamiltonian H consisting of kinetic energy T" and poten-
tial energy V,

A _p2 A
H:T+V:ZWV$+ > o, ), (L1)
i—1 <N ij—1
1<j

can be expressed in another form

A

T+ Zv(ﬁ)

i=1

H= +

V=Y o)

i=1

=T+ Vyr + VRESa (12)

where the mean-field potential Vj;r and the residual interaction Vggg were in-
troduced. The latter is presumed to be significantly reduced in strength com-
pared to the original potential V' [4]. In the above expressions, my is the mass
of a nucleon and 7; are the coordinates of nucleon ¢. At this point, the mean-field
approximation provides a simple picture of a nucleus consisting of A nucleons,
in which each one moves in an external potential produced by the other A — 1
nucleons.

82
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= 50
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20 o B 7 process ]
Drip lines

Neutron number, N

Figure 1.1: Chart of nuclides presenting known nuclei (gray-shaded region)
and those predicted to exist (region bound by the orange proton drip line from
above and the neutron drip line from below). Nuclei with either magic number
of protons or neutrons are narrowed by two straight solid lines. Picture was taken
from Ref. [5] (changes were made under CC BY 4.0).
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Figure 1.2: Single-particle orbitals obtained with inclusion of spin-orbit coupling.
Each of these discrete energy levels is described by three quantum numbers: N —
principal quantum number, /— orbital angular momentum, and j— total angular
momentum. Magic numbers of either of the nucleons correspond to those con-
figurations which fill all the orbitals up to the one separated by a sizable energy
gap from the higher orbital. Single-particle orbitals in the lowest shells with
N = 1,2, and 3 are well separated from each other, which is a manifestation
of magic numbers 2, 8, and 20. Energy gaps originating from spin-orbit interac-
tion are responsible for other magic numbers: 28, 50, 82, and 126. The drawing
was prepared following Ref. [6] (see Figure 1 therein).
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A tremendous success in the shell-model description of nuclei was achieved when
an additional term resulting from spin-orbit interaction was included in the nuclear
mean-field potential 7, 8]. Because nucleons are characterized by spin s = 1/2,
the spin-orbit coupling splits the levels of the same orbital angular momentum /¢
in two, with total angular momenta j = £+1/2 and j = ¢ —1/2. This splitting re-
flects the fact that the force felt by the nucleon is dependent on the alignment of its
spin and orbital angular momentum. An energy level with spin and orbital angu-
lar momentum aligned in parallel is energetically favored, in analogy to a classical
magnetic dipole. The energy separation between these spin-orbit partners scales
linearly with ¢. The first considerable energy gap caused by spin-orbit interaction
appears for the 1f shell (¢ = 3), above the 1f;/, orbital. This effect makes the
1f72 orbital well-separated from both lower- and higher-lying single-particle or-
bitals. Sizable energy gaps appearing between successive orbitals are responsible
for the effect of the shell closure (see Figure 1.2). The numbers of nucleons that fill
all single-particle orbitals situated below each of these gaps correspond to magic
numbers. When all single-particle orbitals below the energy gap are filled with
nucleons, they act together as a core with a spherically symmetric wave function.

Following the success of the shell model in reproduction of the magic nuclei prop-
erties, as was indicated from extensive experimental data, covering mainly ground-
state properties [3], this theoretical approach has proven successful in predicting
properties of low-energy levels in nuclei with numbers of protons and neutrons
close to magic numbers. This is due to the aforementioned effect of the shell clo-
sure, which allows such nuclei to be described as a composite of a core and a few
particles outside of it. The total angular momentum J of the level — commonly
referred to simply as spin — results from the coupling of total angular momenta j
of individual nucleons. Because the total angular momentum of all closed shells
adds up to zero, the core contributes only J™ = 0% to the total angular momen-
tum of low-lying levels. When only one or a few nucleons occupy single-particle
orbitals outside the core, couplings of their angular momenta determine the spin
of the state. The energy of such a state depends on the residual interaction among
nucleons.

In the simplest case, for a nucleus with only one nucleon outside the core, the j value
of the single-particle orbital occupied by the last nucleon corresponds to the spin J
of the ground state. Excited states are formed by elevating the nucleon from this
ground-state orbital to a higher orbital. Consequently, excitation energies reflect
energy spacing between single-particle orbitals in a shell-model potential. Be-
cause this potential arises from nucleons composing the nucleus, single-particle
energies are dependent on the nucleus mass. These energies may be differently
affected by underlying filled shells due to the interaction of the valence nucleon
with the closed shells [9]. It ought to be stressed that the sequence of neutron (v)
and proton () single-particle orbitals shown in Figure 1.2 should be considered
only as illustrating the single-particle levels arising from the shell-model approach.
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In the shell-model picture of the nucleus with two or more particles outside
the core, multinucleon configurations of valence particles are considered. Cou-
plings of their individual j values result in a particular spin J of the state whose
energy depends on the residual interaction among the nucleons occupying orbitals
beyond closed shells. Mutual interaction of valence nucleons, which can be inter-
preted as making particles jump from one orbital to another, leads to configuration
mixing that results in wave functions consisting of more than one configuration.

In the shell-model calculations, residual interaction most often appears in the
form of the two-body matrix elements. Different types of two-body interac-
tions are used [10, 11]. Those that are consistent with data obtained for two-
nucleon systems are known as realistic interactions. Among them are interactions
based on meson-exchange potentials and fitted effective interactions. The latter
are adapted to the restricted basis as the two-body matrix elements are adjusted
to reproduce available data. Shell-model calculations using effective interactions
are likely to be successful only if the spectroscopic information on the regions
of interest is available to fit-tune them. The structure of excited states in nuclei
with only one or a few nucleons beyond shell closures provides experimental in-
formation of critical importance, enabling application and first validation of the
shell-model approach in a particular model space.

1.2 (B decay

Atomic nuclei are excellent objects with which to study three of the fundamental
forces in nature. The most common radioactive decay mode of nuclei is 3 decay,
which is a manifestation of the weak interaction. The 3 decay occurring in the
many-body environment of the nucleus involves two isobars, which are often re-
ferred to as parent and daughter nuclei, as well as lepton and antilepton, both
of electron flavor. In this process, the nuclear charge number Z changes by one
unit due to the conversion of a neutron into a proton or vice versa. The Z number
increases as a result of 5~ decay:

(Z,N) 25 (Z+1,N - 1)+ e + 1 (L3)
or decreases as a result of 37 decay:

(ZN) 25 (Z - 1N +1) + ¢ + e (1.4)

The probability of the [-decay transition resulting in a particular state in the
daughter nucleus depends on the overlap between the initial and final wave func-
tions. This nuclear structure information is contained in the Fermi and Gamow-
Teller matrix elements. Decays associated with the vector part of the transition
operator are called Ferm: transitions, while those proceeding through its axial
part are called Gamow-Teller (GT) transitions.
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Fermi and GT f decays, in which final-state leptons are emitted in an s state
relative to the nucleus, are classified together as allowed transitions. The fol-
lowing selection rules arise for these transitions from the conservation of angular
momentum and parity:

Jy = J; and mymp = +1 for Fermi transitions (L.5)
and
|Jf —Jil =0,1 (0 0), mmy =+1 for GT transitions, (1.6)

where f and 4 subscripts denote the spin and parity of the final state in the
daughter nucleus and the initial state in the parent nucleus, respectively.

Another class of 8 decay, in which leptons with higher orbital angular momenta
are emitted, corresponds to forbidden transitions. The term “forbidden” should
not be taken literally because such [ decays are only strongly hindered relative
to the allowed ones. The initial and final nuclear states involved in forbidden
transitions have opposite parities, i.e., m;my = —1, or the difference of their spin
values is greater than one. Forbidden transitions are divided into subgroups with
successive levels of forbiddenness. Those with a higher degree of forbiddenness
are least likely. Transitions involving p-wave leptons — termed first-forbidden (ff)
transitions — are most often considered. They result in a change of parity and
spin change up to two units.

The empirical classification of 8 decays into allowed and forbidden transitions,
including their various degrees of forbiddenness, is performed in terms of logft
values [12]. In the case of allowed and ff transitions, these values depend exclu-
sively on nuclear structure, which is contained in the § decay matrix elements [4].
Since logft values are related to the experimental observables; this makes the
B decay a powerful tool that allows us to probe the nuclear structure of the states
involved.

Spin and parity are key properties of the 5-decaying state of the parent nucleus,
which serve as a starting point for discussing the structure of the ground and ex-
cited states populated in the daughter nucleus. High selectivity of the S decay,
which results in feeding of levels with particular, “allowed” spin-parity values,
conveys powerful information about configurations of the states involved in this
process. This is especially emphasized in nuclei with only a few valence particles
and /or holes relative to a doubly magic nucleus, as transitions can often be related
to the simple wave functions of the states involved. Therefore, by studying their
[ decays, insight into the details of allowed and forbidden transitions is possible.
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1.8 Decay of excited states

v-ray deexcitation

The excited state populated in the daughter nucleus as a result of the § de-
cay of the parent nucleus usually decays by emitting electromagnetic radiation.
This process is much faster than the [ decay governed by the weak interac-
tion. Typical lifetimes of excited states are of the order of picoseconds or less.
The ~ ray emitted following the 8 decay appears with a S-decay half-life of the
parent nucleus, but its energy reflects the energy level structure of the daughter
nucleus. The properties of emitted v rays — their energies, emission probabilities,
and multipolarities — provide information on the energies, half-lives, spins, and
parities of states involved in electromagnetic transition. All of these properties
depend on the details of the wave functions of states and the transition oper-
ators for electromagnetic transitions. This essential information on the nuclear
structure is contained in the reduced transition probability, which is also referred
to as the transition strength, namely in the reduced matrix elements.

The electromagnetic decay process results from the interaction of the nucleus
with an external electromagnetic field. To describe the decay of the nuclear ex-
cited state to its ground state, two states of the system consisting of the nucleus
and field interacting weakly should be considered [4]. The unperturbed initial
state of this system correspond to the nuclear excited state and electromagnetic
field in its ground state, namely no photons. In the final state, there is a nu-
clear ground state and the electromagnetic field with one photon created in it.
The transition between these two states is mediated by one of the multiple terms
in the expansion of the electromagnetic radiation field. The sources of this field
are either of electric (E) or magnetic (M) type.

When calculating the transition rate, it is useful to use expansion of the electro-
magnetic radiation field in multipoles in which the lower-order terms relate to the
most probable transitions. The most likely transition is the one of the lowest
multipolarity allowed by the angular momentum and parity conservation selec-
tion rules. For a A-pole transition between the initial (J) and final (J}rf ) states,
the selection rules are of the form:

’Jf—)\‘SJiSJf—i-)\ (L.7)
and
—-1)A for £\,
T = ( ))\_1 (L.8)
(—1) for M.
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When indicating the transitions with the lowest A value as the most likely, it should
be emphasized that there are no E0 or M0 «-ray transitions. Their absence results
from the form of the electric and magnetic tensor operators for A = 0. With this
multipolarity, the former is a constant, and the latter disappears.

Table 1.1 presents a hierarchical classification of electromagnetic transitions, which
is helpful in tracking the leading multipole responsible for the particular elec-
tromagnetic decay [4]. While selection rules often allow many transitions with
different multipolarities, those with higher A are generally without practical sig-
nificance. Transitions with lower multipolarities can compete with each other.
In practice, this competition mostly occurs between E2 and M1 transitions and
is described by the mixing ratio, which is a measurable quantity. The dominance
of the transition of higher multipolarity can be linked to a specific nuclear struc-
ture.

Table I.1: The most probable electromagnetic transitions between states with
spin-parity values of J}rf and J.

AJ=|Jp—J;i| 0* 1 2 3
mmy = —1 EFl FE1 M2 E3
mmy = +1 M1 M1 E2 M3

* 0 — 0 not possible.

Internal conversion

Deexcitation via v-ray emission is the most common decay mode of excited states.
However, this process may be inhibited for some excited states (or forbidden
for EO transitions), and an alternative mechanism is possible — internal conver-
sion — in which nuclear deexcitation energy is transferred to one of the bound
electrons of the atom. As a result, an electron is ejected from the electron shell
with kinetic energy corresponding to the energy difference of the initial and final
nuclear states less the electron binding energy and the recoil energy. The emission
of conversion electrons from each shell of the atom (K, L, M, ...) should be consid-
ered. The ratio of number of emitted conversion electrons and number of emitted
~ rays is known as the internal-conversion coefficient, denoted by “a” symbol.
This coefficient is the sum of the partial internal-conversion coefficients for each
atomic shell (ax, ar, ...) and is often referred to as the total internal-conversion
coefficient a4y to distinguish it from the individual components. The « values
vary considerably among different transition multipolarities. Since the excited
state can decay via y-ray emission and internal conversion, the total probability
of transition between two nuclear states is a sum of the transition probabilities
of these two competing processes.
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B-delayed emission

When S decay populates states at excitation energies exceeding the energy re-
quired to separate one or a few nucleons from the daughter nucleus, emission
of one or more particles may occur afterwards. Such S-delayed particle emission
is mediated by the strong interaction and therefore is a process preferred to elec-
tromagnetic decay. However, there are some exceptions in which the hierarchy
of these two forces is not manifested in the decay of unbound states [13]. Electro-
magnetic decay can compete with -delayed proton emission when the Coulomb
barrier defers the emission of charged particles. In the absence of this barrier,
only the angular momentum barrier may hinder emission of neutrons, and thus
~v-ray deexcitation can be enhanced. Because the transition probability depends
on the overlap between the wave functions of the states involved in certain decay
process, the unusual competition between neutron emission and -ray emission
from unbound states demonstrates vital details of the nuclear structure.

The role of g-delayed particle emission is enhanced in nuclei with a large ex-
cess of neutrons or protons because separation energies decrease as the drip lines
are approached. Due to the absence of Coulomb interaction between neutrons,
which is repulsive for protons, the limit for the existence of such exotic nuclei
lies on the neutron-rich side of the chart of nuclides much farther from the valley
of (3 stability than on the proton-rich side (see Figure 1.1 for comparison of the drip
line locations) [14]. This constitutes a rough explanation of the fact that the vast
majority of yet unexplored isotopes is neutron-rich, and §-delayed emission of one
or more neutrons is their dominant decay branch.

The probability of S-delayed emission of x neutrons (P,,) is an important (-
decay property of nuclei with large neutron excess. This quantity is also referred
to as the Bxn-decay branching ratio, which should be understood as the proba-
bility of populating the 4=%(Z + 1) daughter nucleus in the £ decay of the 47
parent nucleus. To distinguish a general decay mode via S-delayed neutron (5n)
emission from its specific variants, additional labeling will be used to indicate
B-decay branches with one (81n), two (82n), or more (San) neutrons. The -
decay branch of 8n precursors, in which no neutrons are emitted, will be denoted
by “Bv”. Neutron-separation energy will be labeled analogously: the .S, symbol
will stand for a general threshold energy for emission of any number of neutrons,
while S1,, and S9, indicate one- and two-neutron separation energies, respectively.

Figure 1.3 shows energy windows considered for Sn emitters. Energies of emitted
neutrons (E,,), the neutron-emitting state fed by the 8 decay (E;), and the state
populated following neutron emission (E;Z) are related according to the following
formula:

A-1

Ep=—— (Ef =S, — E}). (1.9)
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RERTE

(Z+1,N-1)

Figure I.3: Energy windows available for the population of neutron-unbound states
(shaded regions) in the B decay of the nucleus that can emit up to three (-
delayed neutrons. The left vertical scale shows the (-decay energy (Qg) and
(multi-) neutron separation energies (Szy) with respect to the ground state of the
daughter nucleus. An exemplary deexcitation pattern for the neutron-emitting
state is shown in blue.

Conservation of angular momentum and parity leads to the differentiation between
even and odd values of the orbital angular momentum of the emitted neutron (¢,,)
depending on the parities of states involved in this process:

—
- —

- 1
Ji=Jr+ 4, + 3 and m; =7y - (—1)€"- (I.10)

2 Physics cases

New experimental information on the § decay of neutron-rich indium isotopes
133In, 134In, and '*°In that contain 18 (N = 84), 19 (N = 85), and 20 (N =
86) neutrons more than the heaviest stable indium isotope — more specifically
primordial nuclide '*°In — is provided within the scope of this thesis. The 3 decay
of these nuclei with proton number Z = 49 results in tin isotopes with the magic
number of protons Z = 50 and only a few more neutrons more than the magic
number N = 82. Owing to the distinctive properties of the Z = 50 and N =

10



2. Physics cases

82 shells, the studied isotopes constitute simple systems relevant for the shell-
model description. These nuclei are located in the chart of nuclides in the vicinity
of 1328n, which is the heaviest doubly magic nucleus far from the valley of 3-decay
stability (see Figure I.1).

Parent nuclei are situated in the quadrant south-east of '3?Sn, being the least
explored part of the region around this doubly magic nucleus. Available experi-
mental information on exotic nuclides from this region is mostly limited to ground-
state properties. It is worth mentioning that the first mass measurements for 133In
and 34In were reported very recently, in 2021 [15]. The mass of the more exotic
isotope 13°In remains unknown, and only its extrapolation based on trends in mea-

sured masses of neighboring nuclides can be done [16].

Nuclei around '32Sn are of great relevance for the development of the theoreti-
cal description of exotic nuclides with large neutron-to-proton ratios. Due to the
robust nature of the 132Sn core [17], tin isotopes above N = 82 offer a rare
opportunity to investigate neutron-neutron components of effective interactions
for heavy-mass nuclei with large neutron excess [18]. At present, the 32Sn re-
gion is a unique part of the chart of nuclides, where spectroscopic information
for neutron-rich nuclei with one and a few neutrons beyond the double-shell clo-
sure was obtained [18-20]. In another neutron-rich region, where lines indicating
magic numbers intersect — the "®Ni region — the first experimental information
on excitation energies in the doubly magic nucleus was recently obtained [21],
but excited states in isotopes that have more neutrons than “®Ni remain unknown.

Understanding of the nuclear structure in the closest vicinity of the doubly magic
13281 is essential before extrapolating the nuclear properties towards more neutron-
rich nuclides. With one neutron outside the 32Sn core, 133Sn provides unique
information about neutron single-particle energies required in shell-model calcu-
lations in this mass region. Successive neutron single-particle orbitals between
N =82 and N = 126 shells determine the wave functions of states at low excita-
tion energies in 133Sn (see Figure 1.2) [17]. With two neutrons more than 32Sn,
13481 is a crucial case for testing the two-body matrix elements of effective inter-
actions in this mass region. The more neutron-rich isotope '3°Sn, with an addi-
tional pair of neutrons compared to 33Sn, is a relevant nucleus to investigate how
single-particle states change with the addition of a pair of neutrons. Reproducing
the structure of excited states in the nucleus with three valence neutrons should
be a primary test of the predictive power of the shell-model calculations for more
neutron-rich nuclei in this region.

One vital feature of 33In, 134In, and '3°In being located far away from the j3-
stability path is their large 5-decay energy, Qg > 13 MeV [16]. In conjunction with
low S,, of daughter nuclei, it creates a wide energy window, exceeding 10 MeV,
for the emission of one or more f-delayed neutrons (see Figure 1.4). Therefore,
the 8 decay of these neutron-rich indium isotopes may initiate a complex decay
process involving two or more daughter nuclei. This conveniently grants us an ex-
perimental opportunity to investigate the nuclear structure of tin isotopes beyond
N = 82 via different 8 decays, with various spin-parity values of parent nuclei.

11
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Due to the simple structure of indium isotopes above N = 82, their S-decay study
provides an excellent opportunity to probe the details of GT and ff transitions
responsible for the 5-decay properties of exotic nuclei located in the chart of nu-
clides below 1328n, i.e., with Z < 50 and N > 82. Of the two types of allowed
B decays, only GT transitions may occur in nuclei from this region where single-
particle orbitals are occupied with a strong imbalance of protons and neutrons.
The lack of adequate single-particle orbitals in the last major proton and neutron
shells precludes other allowed-type transitions (see Figure 1.2). For neutron-rich
nuclei with a proton hole below the Z = 50 shell gap, the highest-lying single-
particle orbital in the Z = 28 —50 shell plays a key role in the 3 decay, determining
the transition rate and favoring the population of certain levels in daughter nuclei.
The most favorable process leading to the filling of this proton hole can be probed
by the g decay of indium isotopes above N = 82. This is facilitated by simple
wave functions of states in isobars involved in 8 decays under study. Therefore,
by studying the properties of radiation emitted following the 8 decay of neutron-
rich indium isotopes, one can gain deeper insight into the structure of exotic nuclei
from the '32Sn region.

Opon (MeV)
M 36
|
B g7

3.7

m
~13

~63
112

Figure I.4: Energy windows for $-delayed two-neutron emission (Qg2y,) for nuclei
in the !32Sn region. The drawing was prepared using Ref. [22].

3 Previous studies

3.1 Parent nuclei

The discovery of 133In and '34In was reported in 1996 [1, 19, 23]. However, the first
experiment using a beam of '33In was performed more than a decade earlier [24].
The § decay of ¥3In was studied using a detection system capable of measuring
B particles, v rays, and neutrons. One half-life of 180(2) ms was determined al-
though the beam contained two S-decaying states of 133In, the (9/2%) ground state
and (1/27) isomer. The parent nucleus proved to be a strong Sn emitter, with
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a P, value of 85(10)%. This dominant 3-decay branch of 133In became an obsta-
cle to achieving the primary goal of the experiment, which was to identify excited
states in !33Sn. At that time, it was only possible to deduce positions of two
neutron-unbound states in this daughter nucleus based on the energy spectrum
of neutrons emitted from 33In. One level was positioned at excitation energy
of 3.7 MeV [19] while the other was found 2.5 MeV higher [24]. These two states
were attributed to two-particle one-hole (2p1h) neutron configurations, with a hole
in the v1hyy /o and v1gq/, orbitals, respectively (assuming that Ref. [24] acciden-

tally uses v1gyy/, instead of v1gy o).

The strong (Bn-decay branch of the parent nucleus that acted as a bottleneck
in the measurement with the 33In beam proved to be an effective method to pop-
ulate with appreciable intensity states in 133Sn in a subsequent experiment using
a beam of more neutron-rich 3*In [19]. Three transitions with energies of 854,
1561, and 2005 keV were attributed to ®3Sn based on observed coincidences with
neutrons emitted from '34In. They were interpreted as v rays deexciting the neu-
tron single-particle states v3pz /o, v1hg /9, and v2f5/5. Coincidence with neutrons
was observed also for another two transitions, 354 and 802 keV, that were assigned
to 133Sn but not placed in its level scheme. The latter was mentioned as a possi-
ble candidate for v ray deexciting the single-particle v3p; /, state, decaying to the
lower-lying v3ps3 state. A half-life of 138(8) ms was reported for the parent nu-
cleus. Information about the Sn-decay branching ratio of 4In was not reported
in Ref. [19]. However, a value of ~65% attributed to that experiment appears
in data evaluations [25, 26]. With already known energies of 7 rays in '33Sn
deduced from the B-decay study of 4In, it was possible to recognize these transi-
tions as weak lines also in y-ray spectra measured in the former experiment, using
the 33In beam.

The discovery of 3°In was reported in 2002 [1, 23, 27]. The measurement of neu-
trons emitted following the implantation of the '3°In ions yielded a half-life of
92(10) ms. No information was obtained on the population of states in tin iso-
topes. In the same experimental campaign, half-lives of the lighter indium isotopes
were provided with improved precision. Values of 165(3) ms and 141(5) ms were
reported for 33In and '3*In, respectively [27].

Later B-decay studies of 133In, 134In, and '3°In reported only updated half-lives.
The most recent results are as follows: 163(7) ms for ¥3In, 126(7) ms for 34In,
and 103(5) ms for 13%In [28]. Half-lives of 165(3) ms, 136(4) ms, and 103(3) ms
obtained for successive indium isotopes as averages over all previous results are rec-
ommended values [29]. Figure 1.5 summarizes the information obtained to date
on (3 decays of neutron-rich indium isotopes. Even though the population of states
in five tin isotopes, from !Sn to 3°Sn, is energetically allowed in [-decay
branches of 133In, 4In, and '3°In, previous S-decay studies provided insight
into the structure of exited states only in '23Sn. In total, three single-particle
states and two neutron-emitting states were identified in this nucleus.

13
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3.2 Daughter nucle:

8.2.1 1398n

Among tin isotopes above N = 82, the most extensively studied was 33Sn.
The first confirmation of assignments resulting from the S-decay study of 34In
was in 1999. Attribution of the 1561-keV 7 ray to the (9/27) state in 33Sn was
supported by the spectroscopy of prompt ~ rays emitted in the spontaneous fis-
sion of 248Cf [30]. More transitions in '33Sn were observed in three subsequent
experiments based on the one-neutron transfer reaction [13, 17, 31, 32].

States in 133Sn were studied via two reactions in inverse kinematics using the
13280 beam: ¥2Sn(d, p)'33Sn in 2010 [17, 31] and 32Sn(Be,® Be)'33Sn in 2014 [32].
In the former, two transitions deexciting the 3/2~ and 5/2~ states in 33Sn were
confirmed. Moreover, new level at 1363(31) keV was reported, which was at-
tributed to the (1/27) state. Large spectroscopic factors were deduced for all ob-
served states, revealing the purity of single-neutron excitations in 33Sn. In the
transfer reaction using a ?Be target, all previously reported states in !33Sn were
identified. A new level was tentatively proposed at 2792 keV and attributed to the
missing v1iy3/o state. A more precise energy of the 1/27 state was provided:
1366.8(4) keV. A previously unobserved 513-keV ~ ray deexcing this state to the
3/27 state at 854 keV was identified. Although the 2792-keV transition was
observed in coincidence with particles correlated with the 132Sn(?Be,® Be)!33Sn
reaction, its assignment to the 13/2% state in !33Sn was deemed inconclusive
in Ref. [32].

More recently, states in '33Sn were explored through a one-neutron knockout
reaction in which '34Sn ions impinged with relativistic energies on a carbon tar-
get [13]. Besides « rays deexciting all previously known single-particle states
in this nucleus, significant «-ray strength was observed at energies exceeding the
Sy, of 1338n, at 2398.7(27) keV [16]. One prominent peak was seen in the energy
range between 3.5 and 5.5 MeV. It was attributed to the 3570(50)-keV ~ ray
deexciting the neutron-unbound (11/27) state. This level was previously posi-
tioned in '¥3Sn at an excitation energy of ~3.7 MeV based on the observation
of 1.26-MeV neutrons following the '33In 3 decay [19, 33].

After many experimental activities focused on '33Sn, 8 decays of neutron-rich
indium isotopes need re-examination, especially in view of new data on neutron-
unbound states decaying via « rays. The ([-decay study seems to be a natural
choice to investigate the nature of these states, because there is a large energy
window for their population in the 8 decay of 33In and '3*In. The enhanced
emission of v rays above S,, of 133Sn hints at the prospect of finding the position
of the single-particle v1iy3/; state, which has been hypothesized to be neutron un-
bound [30, 34]. Moreover, recent experimental developments enable the produc-
tion of an isomer-selective beam of indium isotopes. In the case of '33In, it offers
the possibility of spin-selective population of states in '33Sn, and identification
of levels hitherto unobserved in B-decay study.
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8.2.2 1%8n

The first information on excited states in 13*Sn was reported in 1997 from the mea-
surement of 7 rays emitted in spontaneous fission of 248Cm [20]. Three transitions
with energies of 174, 347, and 725 keV seen in coincidence were assigned to the
61, 41, and 27 levels in 134Sn, respectively. The 67 state at 1246 keV was found
to be an isomer with a half-life of 80(15) ns [20]. All levels identified in 34Sn were
assigned to the 12 f72 /2 multiplet. In a subsequent experiment involving the same
fission reaction, levels previously ascribed to 134Sn were confirmed. The 1262-keV
~ ray was seen in coincidence with the 174, 347, and 725 keV transitions, indi-
cating a new state with an excitation energy of 2509 keV [35]. This level was
attributed to the v2f7/51hg /o configuration with tentative spin and parity of 8.
Based on angular correlation between the 725-keV and 347-keV + rays, a stretched
quadrupole character was deduced for both transitions. A more recent study of ex-
cited states in '®*Sn was reported in 2012 from an experiment aimed at searching
for new isomers using in-flight fission of a 238U beam [36]. Three known ~ rays
emitted from the isomeric 67 state in 3*Sn were identified. The half-life of this
isomer was measured with improved precision and was reported to be 86(8) ns.
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9/2%) \\ﬁ
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4911183
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Figure 1.5: Decay schemes obtained in the previous -decay study of (a)'34In
and (b)133In [19, 33]. The scheme in panel (b) includes information also from
a non-peer-reviewed report [24]. Spin-parity assignments for states in tin isotopes
were taken from Refs. [13, 32].
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Figure 1.6 shows the level schemes of '33Sn and '34Sn established in previous
experiments. To sum up, despite extensive studies, information on tin isotopes
beyond N = 82 still appears to be scarce. A nucleus with only one neutron
more than the doubly magic ¥2Sn is the heaviest odd-A tin isotope for which
excited states were reported so far. Even though '33Sn was studied by various
experimental methods, including 8 decay, fission, and three transfer reactions,
the energy of one of the neutron single-particle states remains unknown. Moreover,
significant y-ray strength observed above the S,, of 133Sn indicated the possibility
to identify new, high-energy 7-ray emitting states in this nucleus. In the case
of a nucleus with two neutrons more than doubly magic 32Sn, only four excited
states have been identified so far [35]. These known states correspond to only
two different two-particle neutron configurations. A nucleus with three neutrons
more than doubly magic 32Sn represents presently the frontiers of experimental
knowledge on excited states in neutron-rich tin isotopes.

=
12 _ 5
vihy, 27, (1U27) e 3570
S .
?vliyy, ol N 2792 e
e o __§ o ___S, v2f721hg, (87) S 2509
v2fs, 527 | N§q 2002 9.07) ps -
vihg, (9/2) | | | =S 1561 6" | T 1247 86 ns
v3p,, 121 Tgm 0.33'34j ps =508 1073
v3psn 312 | o 854 21(11) ps v2fj/2 TLLFQ%
V2fyy 12 v 0 oF 0
133 134
505N g3 505Mg,
(a) (b)

Figure 1.6: Summary of the experimental information on excited states in tin
isotopes above N = 82, showing status prior to the publication of the results from
this thesis. Level schemes, spin-parity assignments, and half-lives from the most
recent studies reported in Refs. (a)[13, 32] and (b) [35, 36].

4 Motiwwation

Competition between y-ray and neutron emission

Recently, a significant y-ray decay branch for levels above the S, was observed
in 133Sn [13, 37]. As reported in Ref. [13], the main factor hindering neutron
emission from 2plh states in !33Sn is the small overlap of the wave functions
of the initial and final states involved in the fn decay. It is expected that sim-
ilar nuclear structure effects play a role for other nuclei southeast of 32Sn [13].
Neutron-rich indium isotopes above N = 82 constitute excellent cases to ad-
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dress this problem owing to their large 8-decay energy windows for the popula-
tion of neutron-unbound states in daughter nuclei (>10MeV). In particular, 134In
and 13°In — being rare instances of experimentally accessible nuclides for which
the 83n decay is energetically allowed [16, 26] — constitute representative nuclei
to investigate the competition between S1n and multiple-neutron emission as well
as the v-ray contribution to the decay of neutron-unbound states. Based on sys-
tematics, the energy windows for 33n emission from 34In and !3°In are predicted
to be 1.1(2) MeV and 5.2(3) MeV, respectively [16]. The particularly simple struc-
ture of excited states populated in tin isotopes following 3 decays of 133In, 34In,
and ¥%In allows for a thorough investigation of the nuclear structure effects that

hinder the Bn-decay branch.

At present, a precise understanding of the mechanism behind the Sn emission
remains elusive. Theoretical approaches use different assumptions about the ca-
pabilities of different decay branches, namely S1n, 82n, 83n, ..., and By decays,
to compete with each other [38, 39]. A decisive validation of these approaches
is currently unfeasible due to insufficient experimental information. Presently,
there are only two known (2n emitters in the '32Sn region for which P, val-
ues were measured [26, 40]: '36Sb with Py, = 0.14(3)% [41] and '4°Sb with
Py, = 7.6(25)% [42]. Thus, there is a pressing need for new experimental data
that can verify and guide theoretical models describing Sn emission for heavy-mass
neutron-rich precursors.

Modeling of the r process

The properties of nuclei around '32Sn are also important for modeling the rapid
neutron capture nucleosynthesis process (r-process), which is responsible for the
production of over half the elements heavier than iron. This process occurs in ex-
plosive astrophysical events producing or releasing neutrons with such high den-
sities that neutron captures are faster than S decays of exotic nuclei. The optical
characteristics of the kilonova associated with gravitational-wave signal GW170817
indicated that neutron-star mergers are vital, perhaps dominating, sites of r-
process nucleosynthesis [43, 44]. Attempts to understand the observed r-process
features are within the main focus of the entire field of astrophysics.

The astrophysical r-process involves multiple neutron captures by nuclei, sequen-
tially repeated until 8 decay occurs. As a result, the atomic number increases,
and the neutron capture sequence proceeds for the next isotopic chain, which
is again terminated by the 8 decay, and the process continues recursively. Fig-
ure I.1 shows the predicted r-process path. Current experimental knowledge
of neutron-rich nuclides on this path is extremely limited. The vast majority of r-
process nuclei remain experimentally inaccessible, and their properties can be ob-
tained only through theoretical means or through extrapolations of known prop-
erties from less exotic nuclei.
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Since r-process nucleosynthesis is inextricably linked to the details of the nuclear
structure, its accurate modeling requires knowledge of the (-decay properties
of nuclei near and along the r-process path. Besides (-decay half-lives, the -
process pattern is also affected by the probabilities of Sn emission because this
process provides neutrons for late-time, non-equilibrium captures. In this way,
fn emission shapes the fine details of the isobaric abundance distribution [45].
Formation of the rare earth peak and locations of the other main peaks in the
r-process abundance pattern cannot be reproduced by the simulations without
involvement of the late-time neutrons arising from Sn emission.

Because a vast number of nuclei involved in the r-process are Sn emitters, this
makes Bn decay a critical process that has to be described well by the nuclear mod-
els providing global nuclear-data sets used in astrophysical simulations. There-
fore, new data for neutron-rich nuclei that decay through various -decay modes
are of particular importance because they guide the development of the theoreti-
cal models predicting 5-decay properties for r-process nuclei beyond experimental
reach.

Many of the fn emitters that have the greatest influence on the final r-process
abundance features are located in the chart of nuclides in the 32Sn region, near the
N = 82 shell [45]. The distinctive nature of this closed shell is evident in the simu-
lated dynamics of the r process. The magic neutron number N = 82 is responsible
for the A ~ 130 peak in the r-process abundance pattern [46-49]. Therefore, bet-
ter understanding of exotic nuclides in the '3?Sn region is needed for accurate
modeling of the r process. Recently observed in this region enhanced emission
of v rays from neutron-unbound states calls for further investigation also due to its
possible consequences for astrophysical r-process modeling. In particular, this en-
hancement of y-ray emission may affect neutron capture rates of neutron-rich
nuclei [38]. In an r-process sensitivity study, **In and !'3°In were indicated
to be among those Sn emitters that have the greatest impact on the abundance
pattern in cold wind r-process simulations [45]. Moreover, for neutron densities
around 10?° cm™, where the r-matter flow has already broken through the N = 82
shell, the 35In nuclide acts as an important “waiting-point” [27], i.e., the isotope
for which successive neutron capture is limited by photodisintegrations, and at this
point the r process “waits” for the 8 decay to take place.
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CHAPTER

11
EXPERIMENT

1 Production

The experimental part of the research presented in this thesis was performed at the
Isotope Separator On-Line Device (ISOLDE) [50], which is one of CERN’s facili-
ties. Indium isotopes — 133In, 134In, and '¥5In — were produced as fission fragments
via the Isotope Separation On-Line (ISOL) method using 1.4-GeV protons from
the Proton Synchrotron Booster (PSB) (see Figure I1.1). In order to produce
these neutron-rich nuclei with the minimized formation of isobaric contamina-
tion, fission in a thick uranium carbide target was induced by neutrons. Protons
from the PSB were directed onto a solid tungsten proton-to-neutron converter [51]
mounted close to the ISOLDE target, producing spallation neutrons with MeV
energies. With this production mechanism, the ratio of neutron-rich fission frag-
ments to neutron-deficient isobars in the mass region of interest is higher than
in the standard target configuration, in which the primary proton beam is sent
directly to the target [52].

The indium atoms diffused out of the target material and subsequently effused
via a transfer line into the hot cavity ion source, where they were selectively ionized
by the Resonance Ionization Laser Ion Source (RILIS) [53]. The RILIS enhanced
the ionization efficiency for indium, a surface-ionized element with an ionization
potential of 5.7864 eV [54]. The ionization scheme for indium consisted of two
steps. The resonant 304-nm excitation step provided element selectivity, and
the 532-nm step was used for non-resonant ionization (see Figure I1.2) [27, 55].
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II. EXPERIMENT

Two modes of RILIS operation were used that allowed either efficient selective ion-
ization of indium or isomer-selective ionization of this element. The resonant tran-
sition was excited with frequency-tripled light from a titanium:sapphire (Ti:Sa)
laser operated either in standard linewidth (broadband) or narrow linewidth (nar-
rowband) modes [56]. For the latter, the fundamental linewidth is ~800 MHz.
Measurements with RILIS in the broadband mode were made for 33In, 134In, and
135Tn. For the lightest of these isotopes, studies were also performed with ions
produced using the RILIS in narrowband mode.

in 2 _I'm

Z selection 7=
RILIS —— =

Neutron Target Ion Extractor Separator

converter source Laser
beams

12919

Decay Station

e protons o neutrons e 238UCX o glnions o 4A9In 1ons

Figure II.1: Schematic drawings showing the key elements of ion beam production
at ISOLDE. Element-selective ionization is provided by the Resonance Ionization
Laser Ion Source (RILIS), while isotopic selectivity is achieved via electromagnetic
mass separation.
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Figure I1.2: Resonance laser ionization scheme for indium [55] with ionization
potential (IP) of 5.7864 eV [54]. The RILIS was used to excite indium in two
steps: selectively from the 2P, /2 atomic ground state to the 2Dy /2 excited state
and subsequently non-resonantly to the continuum.

RILIS is a sensitive tool that, owing to narrow-bandwidth lasers, is capable of re-
solving a hyperfine splitting of atomic lines caused by nucleon-electron spin in-
teraction [57]. For odd-A indium isotopes, hyperfine splittings between electronic
energy levels of the 9/2% nuclear ground state and 1/2~ isomer are sufficiently
large to be resolved by the narrowband Ti:Sa laser [53]. Laser wavelengths were
optimized to selectively ionize indium atoms in the ground or isomeric state using
a beam of a less exotic isotope 12?In with the goal of providing a minimum mixing
ratio of B-decaying states of the parent nucleus (see Figure I1.3). In summary,
utilization of RILIS provided an enhanced population of the desired nuclear state
in the produced beam of ?3In ions.

Once the RILIS had provided element selectivity for the ion beam, the next
step was to achieve isotopic selectivity. The extracted ion beam was accelerated
to an energy of 40 keV and transmitted to one of the ISOLDE mass separators,
where indium isotopes were separated according to the mass-to-charge (A/Q) ra-
tio. Because mostly singly charged ions are extracted and sent for mass selection,
separator settings for a given A/Q ratio are commonly referred to as the settings
for the given mass (A4). Two ISOLDE mass separators with independent target-
ion source systems were used in the experiment performed in two campaigns,
in 2016 and 2018. In the former, the High-Resolution Separator (HRS) was used
to produce the ®3In beam. In the latter, the A = 134 and A = 135 masses of inter-
est were selected using the General-Purpose Separator (GPS). The key difference
between these two separators is the mass-separation resolution. It amounts to ap-
proximately 800 and 6000 for GPS and HRS, respectively [54].
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Counts

Laser wavelength (cm™)

Figure I1.3: The RILIS wavelength scan performed with the ?°In beam. The rel-
ative content of the ions of 1?°In in the isomeric state versus those in the ground
state was evaluated as a function of the laser wavelength. The beam composition
was deduced from count rates for v rays emitted from only one of the 5-decaying
states of 129In. The complex hyperfine structure prevents the production of an iso-
merically pure beam. However, a significant enhancement of the fraction of one
of the nuclear states in the produced ion beam is observed at certain laser fre-
quencies.

2 Beam implantation

Mass-separated indium ions were transmitted to the ISOLDE Decay Station (IDS),
which is a permanent detector setup at ISOLDE designed for decay spectroscopy
[58, 59] (see Figure I1.4). The ion beam passed through a variable aperture colli-
mator and was implanted on an aluminized mylar tape inside a vacuum chamber
at the center of the detection setup.

The time structure of ions reaching the IDS varied depending on the composition
of the PSB supercycle, which is a continuously executed plan of cycles defined
to satisfy beam requirements in the CERN accelerator complex. Individual cycles,
multiples of 1.2 s in length, are attributed with desired beam characteristics to end
beam users, including the ISOLDE facility. The supercycle structure changed
during the experiment. Its length ranged from 26 to 34 cycles, corresponding
to 31.2 and 40.8 s, respectively. The time intervals between successive proton
pulses sent to the ISOLDE target also varied.
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Figure I1.4: Layout of the ISOLDE facility showing locations of target stations,
mass separators, and the ISOLDE Decay Station in the experimental hall. The lo-
cation of the laser laboratory (RILIS cabin) positioned on a platform above the
ion beam lines is also shown. Pictures were taken from Refs. [50, 53] (changes
were made under CC BY 3.0).

The time structure of ions transferred from the ISOLDE target to the beam line
in the experimental area is controlled by an electrostatic deflector, which acts
as a beam gate. When the beam gate is open, ions are transmitted to the beam
line. The time of holding it open should be adjusted to the half-lives of the pro-
duced nuclei and possible contaminants present in the beam at a given mass.
Delaying its opening after the proton pulse helps prevent entry to the exper-
imental area of short-lived nuclei immediately ejected from the target material.
Appropriate reduction of the beam gate length is applied to suppress transmission
of possible contaminants having half-lives longer than the desired nuclei. When
producing neutron-rich indium isotopes with half-lives of around a hundred ms,
closing the beam gate between proton pulses occurring in multiples of 1.2 s helps
to reduce implantation of cesium isomers. Those are released from the target
as surface-ionized isobars, and their half-lives are in a timescale of hours.
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II. EXPERIMENT

Figure I1.5 summarizes components for adjusting the time structure of the im-
planted ions. Various beam-gate settings were applied to achieve specific goals.
For mass A = 133, measurements were performed with the beam gate open for 50,
200, and 600 ms immediately after the proton pulse. For mass A = 134, settings
with both no delay and 5 ms delay were used. In the first option, the gate was
open for 200 or 300 ms. In the second option, delayed extraction lasted for 200
or 500 ms. For mass A = 135, all measurements were performed with a 5-ms
delay of the opening of the beam gate for 225 ms.

Data were collected at the IDS during beam extraction and subsequent decay
of the isotopes of interest (see Figure I1.5). To suppress long-lived activity arising
from nuclei produced in the §-decay chain of indium isotopes, the tape on which
ions were implanted was moved periodically. For most of the measurements,
the movement took place after each PSB supercycle. A more effective operation
mode of tape, with movement between each proton pulse, was used only in part
of the experiment at mass A = 134. Supplementary measurements were made
without tape movement to allow for the investigation of activity accumulated
on it.
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Figure I1.5: An overview of the signals that contribute to the time structure
of an ion beam produced at ISOLDE.

To enable a separate investigation of isobaric contaminants, additional implan-
tations were performed at three masses with one of the RILIS lasers blocked.
In such a laser-off mode, only surface-ionized elements reached the IDS, mostly
cesium with low ionization potential (3.8939 eV [54]). In the laser-on mode,
RILIS-ionized indium was additionally present in the beam. It should be noted
that indium, with an ionization potential of 5.7864 eV [54], is also a surface-ionized

24
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element. Because ionization efficiency is significantly enhanced when the RILIS
is used for its resonant ionization, comparison of the data collected in laser-on
and laser-off modes allows identification of activity arising from the implantation
of beam impurities.

3 Detection setup

The detection setup at IDS was adapted for the registration of v rays and 8 parti-
cles. The arrangement of detectors around the beam implantation point is shown
in Figure I1.6. Signals from detectors carrying energy and time information
on recorded events were processed by a digital data acquisition system commonly
referred to as DAQ. The experimental setup was arranged to accommodate not
only traditional y-ray spectroscopy aimed at obtaining essential information about
excitation energies in the studied nuclei but also fast-timing spectroscopy intended
for the direct measurement of the lifetimes of nuclear levels [60-62]. Determina-
tion of half-lives from this experiment, mainly for the less exotic nuclei, was the
purpose of the study described in another PhD thesis [63]. Details of the setup
tailored for fast-timing spectroscopy can be found therein. This chapter focuses
on the elements of the detection system that were dedicated for the -ray spec-
troscopic study. The same experimental setup was used at the IDS in the 2016
and 2018 campaigns. Only minor differences in detector positions and their oper-
ating parameters could be considered.

Figure I1.6: Arrangement of detectors at the IDS. Indium ions were implanted
on tape inside a vacuum chamber. The [ detector was positioned just behind
the ion collection point.
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II. EXPERIMENT

3.1 Detection of v rays

The core of the IDS consisted of four high-purity germanium (HPGe) detectors,
which are key instruments in v-ray spectroscopy measurements, providing precise
information about y-ray energy. The arrangement of HPGe detectors at the IDS
is shown in Figure I1.6. These detectors were placed at a distance of around
75 mm from the implantation point, in the backward position with respect to the
ion beam direction. They were evenly spaced azimuthally and directed toward
the vacuum chamber where the indium ions were implanted.

Each HPGe detector contained four crystals of 50 mm diameter and 70 mm
length mounted closely in a common cryostat. Such an assembly of HPGe de-
tectors is referred to as a clover. More specifically, Euroball-type clovers man-
ufactured by Canberra were used [64]. The advantage of the joint arrangement
of HPGe segments versus their single configuration is improved detection efficiency
due to the reduction of the material surrounding the crystals. Moreover, clover-
type detectors offer the ability to reconstruct the full energy deposit for events
in which v rays scatter in one crystal and are absorbed in another adjacent seg-
ment of the same detector. This procedure is commonly known as “add-back” [65].
This reconstruction is particularly helpful in analyzing decays of exotic nuclei such
as neutron-rich indium isotopes, for which low beam intensities impede the collec-
tion of adequate statistics in spectra. Another advantage of a composite detector
comprising modest diameter crystals is improved resistance to neutron radiation
damage compared with larger volume HPGe detectors [65]. This is an important
feature in the case of measurements with strong neutron emitters, such as the
indium isotopes under study.

Two of the clovers used at the IDS offered excellent performance for x-ray detec-
tion due to the carbon composite window at the entrance, which provides trans-
mission to below 10 keV. The other two were equipped with a typical aluminum
window, which has improved ruggedness, but worse detection capabilities be-
low 30 keV. Clovers with aluminum windows have crystal positioned 13 mm deeper
than those with carbon, which implies different solid angle coverage by these two
detector models. More details about clovers being a permanent part of the IDS
setup, including GEANT4 simulations, can be found in Refs. [59, 66].

3.2 Detection of 5 particles

Identification of events associated with 8 decay was provided by a compact plastic
scintillator positioned directly behind the ion implantation point (see Figure I1.6).
This detector, shaped like a cylinder with 3 mm width and 25 mm diameter,
was designed specifically for fast-timing applications [62]. In that case, deposition
of only part of the energy of the incident § particle is needed to provide crucial
information that 8 decay has occurred. Therefore, the S-particle detector should
act mainly as a quick trigger.
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The detector was made of EJ-232 plastic [67], characterized by 350 ps rise time
and 1.6 ns decay time. Plastic was coupled to a high-speed response photomul-
tiplier tube (PMT), with a short rise time of 7 ns. More specifically, the R5320
PMT model produced by Hamamatsu was used [68]. The efficiency of S-particle
detection ranges between 10% and 30% and is determined mainly by geometry.

The use of a thin scintillator should ensure a time response almost independent
of the energy of registered § particles because, in that case, energy deposited
by incident radiation is expected to be relatively uniform. However, some compli-
cation arises from events for which the effective thickness of the absorbing medium
is different. Effects dependent on the energy of incoming particles can occur be-
cause the amount of energy deposited in the detector material is dependent on the
orientation of the scintillator plane with respect to the direction of the incident
B particle.

3.3 Fast-response setup

Part of the setup dedicated to lifetime measurements comprised two additional
~-ray detectors with a LaBrs(Ce) scintillator. This material offers superior energy
resolution to other scintillators commonly used for fast-timing applications [69,
70]. Truncated cone-shaped LaBrs(Ce) crystals with a height of 38.1 mm and bases
of 38.1 and 25.4 mm produced by Saint-Gobain were used [71, 72]. They were
coupled to a fast-time response PMT with a 51 mm diameter, the Hamamatsu
R9779 model, with an anode rise time of 1.8 ns [73].

Two LaBr3(Ce) detectors combined with the plastic detector formed a fast-response
system for studying coincidences involving ~ rays and [ particles. They were
placed in close geometry around the beam implantation point, as shown in Fig-
ure II.6. The PMT anode signals from these detectors were processed by analog
constant fraction discriminators and then sent to time-to-amplitude converters
(TACs), which provided the time difference between coincident signals. This con-
figuration made it possible to perform lifetime measurements for excited states
using the advanced time-delayed Sv+(t) method, also known as the fast-timing
technique [60-62]. Results of fast-timing analyses of data collected in the experi-
ment are presented in Refs. [63, 74].

3.4 Data acquisition and online analysis

Signals from all detectors, along with outputs from TACs and the reference sig-
nal from the PSB, were acquired using the Nutaq VHS-ADC acquisition sys-
tem [75, 76]. It consisted of three modules, each equipped with 16 channels.
High-speed 14-bit ADCs were capable of a maximum sampling rate of 105 MHz.
Data were collected in triggerless mode. A total data readout method [77] was
employed in which all channels were read independently, timestamped with 10-ns
precision using a 100 MHz clock signal, and then associated entirely in software

27



II. EXPERIMENT

to reconstruct events. Online analysis of the raw data stream was performed us-
ing the GRAIN software package [78]. Figure II.7 shows the successive stages
of processing the collected data.

Events were reconstructed offline using nutag4ids code [79]. Data were converted
to the GASPware format, in which each event contains a header with timestamp
and detector parameters. In this step, the configuration of detector signals pro-
cessed by the DAQ was defined. Each detector received at least three parameters
describing the event, one with energy information and two with time information.
The time difference between each signal and the time centroid of the event was de-
fined as high-resolution time, with 10 ns per channel. Another time parameter
contained information about the time difference between the event and the pulse
from the PSB, which is an essential reference signal for selecting -decay events
correlated with protons hitting the target. This parameter, referred to as low-
resolution time, was given in a timescale of ms. At this stage, a time window
for coincidence detection was also set. Window lengths of 200, 300, and 1000 ns
were independently applied to various data sets. A number of coincidences be-
tween detectors required to trigger an event could also be specified. It was chosen
that all events, including single-detector ones, should be considered in the analysis.

GRAIN nutaq4ids
HPGe O Total data Event
LaBr;(Ce) EC readout reconstruction
Plastic % N — A #EtEt ...
= L | Run.x | 4 #EtEt ...
TAC g #EtEtL...
pp é :
GASPware

N/ Analysis

)y 1d histograms
2d matrices
N 3d matrices
GASPware
Visualization

Figure I1.7: A diagram depicting successive processing steps of data collected
in the experiment. The following software was used: GRAIN [78], nutag4ids [79],
and GASPware [80].
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3.5  Offline analysis

Further analysis of events was performed using the GASP Data Analysis Program
Package [80]. At this stage, the main spectroscopic analysis of data collected in the
experiment began. The GASP software allowed many operations on data to be ex-
ecuted. These included the following: the creation of a histogram from content
read in a given channel in the DAQ), calibration of raw data, applying the add-back
algorithm, creation of a one-dimensional spectrum of the given detector parame-
ter, and production of many-dimensional coincidence matrices involving selected
detector parameters. Various operations on parameters were performed during
the sorting procedure to build matrices tailored for analysis. In this way, the se-
lection of events meeting certain conditions was performed, commonly referred
to as “gating”.

One of the most important tasks in the analysis was to select events recorded
in coincidence in plastic detector and clovers, because they can be associated with
0B particles and v rays arising from the same (-decay events. Then, by analyz-
ing a symmetrized matrix comprising events recorded in coincidence in HPGe
detectors, it can be determined whether the v rays observed in coincidence with
[ particles belong to a known or yet unobserved ~-ray cascade. Based on their
time distributions relative to the proton pulse, which acts as a tag of the beam
implantation, it was possible to conclude whether these 5 coincidences arise from
the 8 decay under study.

3.6 Detection performance and calibrations

The purpose of the calibration measurements was to study the performance of the
detection system and establish the characteristics required for it to determine the
essential properties of radiation emitted in the S decays under study. In order
to investigate discrete nuclear energy levels, precise information about y-ray en-
ergy is needed. It is also necessary to determine how efficiently detectors record
emitted radiation. Knowing the limitations of the detection system and correc-
tions that have to be applied to measured quantities to obtain absolute emission
rates is essential for inferring dominant decay paths of the nuclei under study.

Information on ~-ray energies was obtained from HPGe detectors with superior
energy resolution to the other type of y-ray detector used. Consequently, y-ray
emission rates were determined for transitions with precisely known energies. Ef-
ficiency characteristics of HPGe detectors provided the basis for their calculation.
For 8 particles produced with a continuum of energies, information about their
registration, without details of the energy deposit, was sufficient for the analysis.
Applying a v coincidence condition to events was required to suppress the back-
ground hindering the g-decay study of indium isotopes. Consequently, emission
rates inferred from ~v-ray spectra built with such a condition had to be corrected
for the efficiency of S-particle detection.
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Two types of radioactive sources were used in the calibration measurements.
One type consisted of standard y-ray sources: *3Ba, 137Cs, 152Eu, and '49Ba/14'La.
For these nuclei, recommended decay data standards are available [81, 82]. These
sources were used to collect reference data before and after the experiment, lasting
several days. Independent data sets allowed us to check the stability of the detec-
tion setup. In addition, so-called “online” sources produced via the ISOL method
were used. Additional collections of ion beams at masses A = 88 and 138 were
made primarily to meet the needs of fast-timing analysis. They provided reference
data on decays of surface-ionized 8¥Rb and '38Cs, respectively, which improved
the energy and efficiency calibrations. The measurement at A = 88 was partic-
ularly useful because the response of the detectors to the 4.7-MeV ~ rays could
be investigated.

3.6.1 Energy calibration

The v-ray energy calibration of HPGe detectors — the relation linking the channel
number in the energy spectrum to the +-ray energy — was established in sev-
eral steps. Firstly, histograms resulting from the pulse-height analysis of sig-
nals read in individual DAQ channels connected to clover segments were ana-
lyzed. Such histograms, produced from data collected in a given DAQ channel,
will be further referred to as projections. Calibration points covering the en-
ergy range from 0.1 to 4.4 MeV were established using three data sets collected
in 2016. Data acquired in reference measurements were insufficient to provide cali-
bration points at energies above 1.8 MeV. Therefore, those collected with the 32In
beam had to be included in the calibration of individual crystals. More data sets
for calibration of clover segments are available from 2018. Calibration points were
established between 0.1 and 4.7 MeV from energy projections measured with the
following sources and samples produced online: 8¥Rb, 138Cs, 152Eu, 140Ba/!*0La,
and 134™Cs. The latter corresponds to an isobaric contaminant produced abun-
dantly at mass A = 134. Sixteen calibration curves were obtained in simple linear
regression. The resulting equations were included in the offline analysis at the
stage of creating matrices. The energy spectrum measured by all HPGe detectors
was then constructed by summing the calibrated projections.

Combining information from all crystals was beneficial not only due to increased
statistics in the resulting spectra but also because of the ability to apply the add-
back procedure. Energy spectra created from data sets previously used to calibrate
individual clover crystals were analyzed to assess the quality of joint calibration
of all HPGe detectors and extend it with new data points. Background ~ rays orig-
inating from neutron capture reactions in surrounding materials allowed energy
calibration of clovers to be extended up to 7.6 MeV. The origin and components
of this background are discussed in Section I111.1.2. Figure I1.8 displays the fi-
nal calibration curve of HPGe detectors and deviations of calibration points from
this curve. For points below 4 MeV, differences are less than 0.2 keV. For those
at higher energies, deviations do not exceed 0.8 keV. Similar quality of energy
calibration of clovers was achieved in 2016 and 2018.
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Figure 11.8: Energy calibration of HPGe detectors from measurements
in 2018. Calibration points were established in the energy range between

0.05 and 7.65 MeV. Differences between calibration points and the regression
line are also presented.

3.6.2  Efficiency characteristics

y-ray detection

Determination of absolute emission rates of v rays observed in the experiment
requires knowledge of the detection efficiency of HPGe detectors. Their calibra-
tion, with the aim of finding a relation describing this efficiency over a wide range
of v-ray energies, was performed in two steps. This two-stage approach was due
to the use of two types of calibration sources, each requiring a different treat-
ment. Energy spectra utilized in efficiency calibration were sorted following the
same procedure that was applied for data collected with beams of indium isotopes,
i.e., after adding up energy-calibrated projections and applying for the add-back
procedure.

In the first step of the calibration procedure, only standard radioactive sources
with known activity were included. Efficiencies were determined from spectra
as ratios of counts in full-energy peaks to numbers of corresponding ~y rays emitted
by the source. Recommended decay data standards [81] were used to determine the
latter. Once calibration points were established, a calibration curve relating y-ray
energy (E,) to detection efficiency (e) was derived. A commonly used analytical
function,

N
e(Ey) =1/Ey Y ai(log By /1 keV)' ™,
=1

(IL1)
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was found to give a good representation of full-energy peak efficiencies using
N = 4 [83]. The absolute efficiency characteristic for HPGe detectors was ob-
tained in the energy range between 0.05 and 1.4 MeV. For the standard energy
of 1333 keV, corresponding to the y-ray emitted by °Co, the absolute detection
efficiency of 3.4% was obtained.

In the second stage of the calibration procedure, data collected with calibration
sources produced online were used. Determination of absolute y-ray emission rates
for samples implanted at the IDS was not possible. Only relative detection effi-
ciencies were calculated, which correspond to the ratios of counts in the full-energy
peak to the probability of emission of a given transition from the online source.
Relative efficiencies shown as a function of y-ray energy follow the shape of the
calibration curve describing absolute detection efficiency of HPGe detectors. Fac-
tors were found to scale calibration points obtained with samples produced online
to the efficiency calibration curve established using standard radioactive sources.
Once relative efficiencies were scaled, the curve described by the previously used
function e(E,) (see Equation I1.1) was fitted to calibration points covering the en-
ergy range between 0.05 and 4.7 MeV (see Figure 11.9). For v rays with energies
lower than 4.5 MeV, detection efficiency was below 1.3%.
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Figure 11.9: Efficiency calibration of HPGe detectors from measurements in 2018.
Calibration points were established in the energy range between 0.1 and 4.7 MeV.
Differences between calibration points and values calculated using the function
describing the calibration curve are also presented.
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The accuracy of the efficiency calibration of HPGe detectors can be judged from
deviations of calibration data from values calculated using the function describing
the final calibration curve (see Figure I1.9). From the observed spread of devi-
ations, it can be concluded that the detection efficiency of + rays with energies
below 1.7 MeV is given with a relative uncertainty of around 5%. In the range
between 1.7 and 5 MeV, the relative uncertainty is lower, not exceeding 8%.
At higher energies, where no calibration points were available, at least 10% rel-
ative uncertainty should be considered. Similar quality of efficiency calibration
of HPGe detectors was achieved in 2016 and 2018.

B-particle detection

In order to test the performance of the plastic detector, it was investigated how
the number of counts in y-ray spectra changes after imposing a 8~ coincidence
condition. This was checked for the most intense v rays emitted in § decays of var-
ious nuclei with different S-decay energies. Several data sets collected at different
masses during the same experimental campaign were used, including those for less
exotic indium isotopes, their daughter nuclei, and calibration sources. The ob-
served change in the number of counts in the full-energy peak can be interpreted
only as an apparent efficiency of S-particle detection. In order to evaluate abso-
lute efficiencies, details of energy spectra of emitted § particles must be included
in the considerations. Such information is available for only a few of the 5 decays
for which data were collected.

Figure I1.10 shows ratios of numbers of counts in the [-gated and singles ~-
ray spectra for the most intense v rays emitted in the 8 decay of nuclei with
decay energies between 1.0 and 14.1 MeV. Transitions following the Sn-decay
branch were considered for two indium isotopes, 33In and 3*In. For these two
nuclei, energy windows for Sn emission are considered respectively. As shown
in Figure I1.10, data collected with standard radioactive sources do not provide
a good reference for measurements of § particles emitted in decays of exotic nuclei
with large B-decay energy windows.

The application of 87y coincidence leads to a different reduction in the number
of counts in the y-ray spectrum, ranging from ~0.1% for 4°Ba to ~24% for 134In.
Considering the counting geometry and assuming a 100% intrinsic efficiency of the
plastic detector, an absolute S-particle detection efficiency of around 25% can be
expected. This suggests that almost all § particles emitted from the most neutron-
rich nuclei were registered if they only entered the detector. Significantly lower
apparent efficiency was found when analyzing 7 rays emitted from 32In with sim-
ilar B-decay energy to heavier indium isotopes. Its most dominant S-decay path
results in 3 particles with average energies similar to those emitted from 3!In,
for which comparable apparent efficiency of S-particle detection was observed.
Figure 11.10 also shows apparent detection efficiencies with respect to the average
energies of B particles emitted in decays. Only the most intensively populated
states in daughter nuclei were considered. Information on average S-particle ener-
gies was taken, if available, from Ref. [82]. Particles emitted in 5 decays with the
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lowest average energies were registered with the lowest apparent efficiency because
some of their fraction did not reach the plastic detector or was missed due to the
detection threshold used.
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Figure II.10: Ratios of counts observed in the S-gated (N7g.gated) and singles
(N7gingles) y-ray spectra for the most intense transitions emitted in various 5 de-
cays. These ratios are presented with respect to (a) the -decay energies taken
from Ref. [16] and (b) the average energies of 5 particles (E3) emitted in decays
to the most intensely populated states in daughter nuclei, as stated in Ref. [82].
Asterisks indicate values corresponding to Sn-decay energies.
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CHAPTER

I11
ANALYSIS AND RESULTS

1 B decay of *’In
1.1 Background

1.1.1 Daughter nuclei

For the 3-decay study of 33In, a high-purity beam was obtained. In particular,
it was free of isobaric contamination from readily surface-ionized cesium, the iso-
tope of which is stable at mass A = 133. Figure III.1 shows the singles y-ray
spectrum acquired at mass A = 133. It presents data collected separately in nar-
rowband and broadband modes of RILIS operation, using three different laser
settings. Besides natural background lines, transitions that dominate this spec-
trum are associated with the '33In implantation. However, most of them arise
from [ decays of daughter nuclei that produce a long-lived background hindering
the B-decay study of the nucleus of interest. Figure II1.2 shows the 5-decay chain
of 133In, for which the half-life of 165(3) ms was reported as a weighted average
from two experiments [84]. For its daughter nuclei, 23Sn and '32Sn, half-lives
are one and two orders of magnitude longer, respectively.

The most intense lines in the singles ~-ray spectrum correspond to transitions
in 132Sb. These originate from the B decay of '32Sn, being the daughter nucleus
produced following Bn emission from '33In. Transitions in '3?Sn are also visible
in this spectrum as strong lines. The 1561-keV « ray in '33Sn, which was reported
to be the most intense transition observed in the 3y-decay branch of 33In [19, 33],
appears as a relatively weak line. It is enhanced in the spectrum when the £+ co-
incidence requirement is applied. Figure III.1 displays the resulting S-gated y-ray
spectrum.
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Figure III.1: Comparison of the singles (upper black curve) and p-gated (lower
blue curve) ~-ray spectra obtained at mass A = 133 with three different RILIS
settings. Transitions following the 3 decay of '33In are indicated with filled sym-
bols, while those arising from § decays of its daughter nuclei are indicated with
open symbols. The most intense background lines are labeled with “b”. Neutron-

induced peaks [85-90] are indicated with asterisks.
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Figure II1.2: Schematic drawing showing different time scales of the half-lives
of nuclei produced in the 33In B-decay chain. For readability, isomeric states

known in some nuclei have been omitted. All data presented were taken from

Refs. [29, 84], also for the parent nucleus (status prior to the publication of the

results from this thesis).
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1.1.2 Induced by neutrons
Fast neutrons emitted in the B decay

Gating on 8 particles revealed broad, triangular-shaped peaks in the -ray spec-
trum (see Figure III.1). The most prominent ones are at 596, 834, and 1039 keV.
They arise from inelastic neutron scattering reactions in stable germanium iso-
topes inside the HPGe detectors [85-90]. Fast neutrons interacting with detector
material were emitted from '33In as B-delayed particles. The characteristic shape
of the resulting peaks is due to the recoil of the atom in the scattering pro-
cess. Recoil energy was additionally deposited in the HPGe detector, giving rise
to a long-high-energy tail (see Figure III.1). Interactions of neutrons not only
with detector material but also with surrounding elements should be considered.
Identification of the resulting neutron-induced activity is generally not an issue
because these interactions involve stable nuclei for which comprehensive experi-
mental information is available.

Given that the nucleus under study is a strong neutron emitter, for which a P, value
of 85(10)% was previously reported [19, 33], the neutron-induced background ap-
peared together with 8-decay events and formed an inherent component of the -
ray spectrum. Many background lines were identified based on several works inves-
tigating the fast-neutron-induced background under similar experimental condi-
tions [85-88, 90]. Because this background was extensively described in Refs. [85—
88, 90], the risk of the wrong assignment of neutron-induced transitions to the
B decay under study appears to be low. Some strong lines arising from neu-
tron interactions could hamper the identification of weaker transitions belonging
to the S decay under study. For instance, two broad asymmetric peaks at 834 and
843 keV hinder the identification of the known 854-keV + ray in '33Sn.

Neutrons from the target area

An additional source of neutron-induced background in the experiment needs
to be understood before analyzing the S-decay data for indium isotopes. Neutrons
contributing to the background activity also arose from the target area, where they
were produced by the proton-to-neutron converter and were emitted in fission.
The resulting neutrons — time-correlated with protons hitting the ISOLDE target —
interacted with surrounding materials by neutron capture or elastic and inelastic
scattering, depending on their energy. Activity arising from the decay of neutron-
activated products gives rise mainly to the long-lived background.

Figure II1.3 shows the time distribution of events relative to the proton pulse
measured in the HPGe detectors. The peak visible in the first tens of ms is due
to the interactions of neutrons from the target area. Imposing the 5+ coincidence
condition leads to its significant suppression. Then, some of the background com-
ponents are still present because no growth typical of the implantation phase
is seen in the first tens of ms. Neutron-induced activity from the target area was
identified from the -ray spectrum in which a restrictive time gate was applied.
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Figure I11.4 displays the high-energy part of the y-ray spectrum built by impos-
ing a gate on the first 10 ms following the proton pulse. It shows background
lines originating from thermal-neutron capture in iron. This background can
be eliminated by considering events recorded only in a delayed period, for in-
stance, 30 ms after the proton pulse or later. However, due to the short S-decay
half-life of '33In, using a stringent time constraint may not be optimal because
it also lowers the statistics for the nucleus of interest. In general, the background
induced by neutrons from the target area does not pose a significant problem in the
[B-decay study. Identification of its components is a helpful reference in the anal-
ysis of data for neutron-rich indium isotopes emitting fast neutrons as S-delayed
particles.
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Figure II1.3: Time distributions relative to the proton pulse of events recorded
in the HPGe detectors at mass A = 133 with (green) and without (blue) 7 coin-
cidence requirement. Data collected with three different RILIS settings are pre-
sented together. The peak seen in the first 10 ms is due to the interactions
of neutrons from the target area.
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Figure III1.4: The singles y-ray spectrum obtained at mass A = 133 in the first
10 ms relative to the proton pulse. Lines originating from thermal-neutron capture

in iron are labeled with energies in keV. The abbreviations SE and DFE indicate
single-escape and double-escape peaks, respectively.
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1.2 Identification of v rays following the decay

Transitions observed in a short time window after the proton pulse, of the order
of hundreds of ms, can be associated with the 33In 8 decay (see Figure I11.2).
Among them are lines corresponding to 7 rays in daughter nuclei, 133Sn and 32Sn,
and those resulting from inelastic scattering of fast neutrons emitted from the par-
ent nucleus.

Transitions following the 3 decay of 133In were identified based on the analysis of -
gated vy-ray spectra sorted with various conditions imposed on time relative to the
proton pulse. If a time window matching two or three times the half-life of 133In
is used, the contribution from daughters’ activities, with half-lives of 1.37(7) s for
133Gn and 39.7(8) s for 132Sn [29)], is significantly reduced. The suppression effect
is stronger when events recorded at later times are subtracted. The effectiveness
of such an analysis method is shown in Figure II1.5, which displays the S-gated
~-ray spectrum obtained in the first 500 ms after the proton pulse. The con-
tribution of events recorded in the delayed interval, between 500 and 1000 ms,
was subtracted from the presented data.

As shown in Figure II1.5, selecting events recorded in a short period after the
the proton pulse allows us to generate clean spectra of the 33In 3 decay. If this
time restriction is applied to the data collected in a narrowband mode of RILIS
operation, with settings either for the ground state or isomer, unique transitions
emitted in their § decays can be established. In the following sections, two (-
decaying states of 33In will be referred to using the notation '*39In and '33™In
for the ground state and isomer, respectively.

The data collected at mass A = 133 provided new information about excited
states in two daughter nuclei of 133In, 33Sn and !32Sn. The structure of excited
states populated in '3?Sn is beyond the scope of this thesis. Only the most in-
tense transitions observed in the fn-decay branch are given when results are pre-
sented. Detailed v-ray spectroscopy of 132Sn from By and fBn decays of 3?In
and '33In, respectively, measured in the same experimental campaign was reported
in Refs. [63, 74].

1.3 Observation of known ~ rays following the decay

The quality of isomer selective ionization achieved for 33In can be assessed based
on ~ rays reported from the first S-decay study of this nucleus [19, 33]. Previously,
with a beam consisting of two 3-decaying states of 33In, a population of the 3/27,
(9/27), and 5/2~ states in 33Sn was observed. Transitions deexciting them were
found as weak lines at 854 keV, 1561 keV, and 2005 keV, respectively [19, 33].

Figure II1.6 displays portions of g-gated ~y-ray spectra measured separately with
different RILIS settings in narrowband mode. These spectra show relevant tran-
sitions in 133Sn that were observed in the 8 decay of one of the states of 33In.
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An indication of the presence of the (1/27) isomer in the beam is the detection
of the 854-keV « ray emitted from the 3/2~ state in *3Sn. The 1561-keV line cor-
responding to the depopulation of the (9/27) level in this nucleus is the signature
of the (9/21) ground-state content in the beam. Identification of the 513-keV v ray
deexciting the 1/2~ state in '33Sn is hindered by a more intense 511-keV peak.
The 513-keV line was found in the §-gated v-ray spectrum in coincidence with
the 854-keV transition (see Figure I11.7). The 2005-keV ~ ray, which was reported
as deexciting the 5/2~ state in '33Sn following the '33In 3 decay, is not evident
in the spectra acquired at A = 133 with any RILIS setting. Two transitions at-
tributed tentatively to '33Sn in the previous S-decay study of 33In, 354 keV and
802 keV [19, 33], are also not observed.
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Figure II1.5: Comparison of the S-gated +-ray spectra obtained at mass A = 133
without (upper panel) and with (lower panel) an additional condition on time
with respect to the proton pulse. The spectrum shown in the lower panel was
sorted with a gate on 10-500 ms and subtraction of the background recorded
between 500 and 990 ms. The presence of negative peaks is the consequence
of subtracting the contribution from daughter nuclei. The presented data were
collected separately with three RILIS settings, in narrowband and broadband.
Transitions following the 5 decay of ¥3In are indicated with filled symbols, while
those arising from § decays of its daughter nuclei are indicated with open symbols.
The strongest lines that are eliminated once the time gate is applied are indicated
in red. Transitions labeled with a question mark remain unassigned.

A weak peak at 1561 keV in the ~v-ray spectrum acquired with RILIS settings
for 133mIn is due to the impurity of the isomeric beam (see the lower panel
of Figure II1.6). In order to evaluate the content of this admixture, count rates
in the 1561-keV peak observed under different conditions can be compared.
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1. B decay of 1%%In

The count rate of 0.14(3)/min was obtained with RILIS settings for 1337In,
while 1.6(1)/min were recorded with RILIS settings for '339In. For comparison,
the count rate of 2.40(8)/min was registered during the measurement with RILIS
in broadband mode. These frequencies are given as the average rates, estimated
from the S-gated ~-ray spectra without accounting for the v-ray and g-particle ef-
ficiencies (i.e., extracted as peak areas). The experimental conditions, such as the
proton current on the target, varied slightly during the measurements. This could
affect the count rates observed with different RILIS settings.
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Figure II1.6: Portions of the 5-gated y-ray spectra obtained at A = 133 with RILIS
settings for !339In (upper panel) and for '¥3"In (lower panel), time-correlated
with the proton pulse. A time window of 10-500 ms was used, and long-lived
background was subtracted. The 854-keV and 1561-keV « rays in '33Sn, which
are emitted as unique transitions in the 3 decay of the (9/2%) ground state and
(1/27) isomer, respectively, are indicated. The presented level scheme includes
states in 133Sn that were observed in the previous 3-decay study of 133In [19, 33].
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Figure II1.7: The background-subtracted S-gated y-ray spectrum in coincidence
with the 854-keV transition in 23Sn observed in the By decay of 133™In.
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In the ~-ray spectrum collected with RILIS settings for !339In, identification
of a peak arising from the isomer presence in the beam is hindered by a complex
neutron-induced background at 834 and 843 keV. A weak line can be recognized
at 854 keV, but a reliable estimation of its intensity to deduce admixture content
is impeded (see Figure I11.6). Coincidence relations indicative of a population
of the 1/2~ state in 13Sn were not found, suggesting that possible isomer content
in the 1339In beam may be negligibly small.

Although isomeric purity cannot be guaranteed for samples of ions implanted when
the RILIS was operated in narrowband mode, an indication of the [S-decaying
state of %3In to which a given transition belongs is well grounded. Assignment
can be made by comparing relative y-ray intensities, which were significantly influ-
enced when RILIS was set to provide 339In versus 33™In. From the comparison
of spectra measured with different RILIS settings (see Figures II1.6 and III.8),
transitions belonging to the 8 decay of ?39In and '33™In were identified. These
transitions are summarized in Table III.1.

1.4 Decay schemes

1.4.1 Ground state

Figure II1.9 shows the S-decay scheme of 1339In established using the £y and Syy
coincidence data. Among the known levels in 33Sn, only the 1561-keV (9/27)
and 3564-keV (11/27) states are fed by the '339In 3 decay. In comparison to the
previous 3-decay study of 33In, four new transitions were assigned to the 3y-decay
branch of this nucleus: 3181, 3564, 4110, and 6088 keV. Three of them, 3181,
4110, and 6088 keV, deexcite newly identified states in 23Sn. For the known
(11/27) state in 133Gn, improved accuracy of its excitation energy is provided,
3563.9(5) keV. All new + rays attributed to the 1339In 3y-decay branch depopulate
levels above S, of 133Sn, 2398.7(27) keV [16].

Given the lack of v+ and v+ coincidence relations for the 3181-, 4110-, and 6088-
keV transitions, their alternative assignment to the daughter nucleus populated
in the fn-decay branch of 339In cannot be supported. A ~ ray that does not
belong to any yv cascade cannot be placed in the level scheme of ¥2Sn below the
excitation energy of 4041 keV, which corresponds to the energy of the first excited
state in this nucleus. Therefore, the 3181- and 3564-keV transitions were assigned
to 133Sn. For the 4110-keV ~ ray, with only slightly higher energy than the energy
of the 27 state in '¥2Sn, the same justification can apply. Additional support
for assigning the 4110-keV ~ ray to the level scheme of '33Sn arises from the /-
decay data collected with the 34In beam (see Section IT12.5). Transition with
consistent energy was attributed to the ¥4In 8 decay, indicating that the 4110-
keV state in '33Sn is fed by the 37- and Bn-decay branches of two indium isotopes.
For transitions observed in the 1339In B decay with energies higher than 4 MeV
that do not have < coincidence relations, assignment to the Sn-decay branch
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1.

For instance, the population of the 6-MeV

can also be considered implausible.

level in '32Sn that would decay directly to the 0% ground state, with no ~-ray

decay branches to known, lower-lying levels, is unlikely.
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Figure II1.8: Portions of the §-gated v-ray spectra obtained separately at A

A time window of 10-500 ms was used, and long-lived background was

subtracted. Portions of the spectrum sorted from all data collected for 33In,
both in narrowband and broadband modes, are shown in the high-energy range.

133 with RILIS settings for '339In or 133™In, time-correlated with the proton
To guide the eye, dashed lines indicate the labeled energies.

pulse.
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Table II1.1: Energies and relative intensities of the transitions observed in the
B decay of 1339In and '3¥™In. Total y-ray and internal-conversion intensities
are normalized to the intensity of the 4041-keV transition. For intensity per 100
decays of 1339In and '33™In, relative intensities should be multiplied by 0.049(5)

and 0.043(5), respectively [74].

Decay Daughter Energy Relative intensity
branch nucleus (keV) 1339Tn 133my
3 133Gn 513(1) b ¢
6 133Gp 854.3(5) 1.1(7) 33(2)
B 133Gn 1561.2(5) | 7.3(7) 3.0(7)
A 1338n 3181.1(5) | 4.1(8) 1.8(8)
B 133Gn 3563.9(5) 38(4) 14(2)
B 133Gn 4110.3(5) 7(1) 4(1)
B 133Gn 6018(2) 5.2(6) 4.5(7)
B 133Gn 6088(2) 7.2(8) 4.3(8)
Bn? 1328p 111.0(5) | 2.5(3)¢  2.5(9)¢
Bn 132Gp 132.4(5) | 3.9(8)¢ b
Bn 1326p 203.0(5) | 5.7(5)? 2.9(5)%
Bn 132Gn 299.4(5) 28(2)4 13(1)4
Bn 1326n 310.4(5) 7.9(6) 11.0(9)
Bn 132G8n 375.1(5) 77(4)% 43(2)¢
Bn 1328n 469.0(5) | 12.8(9) 5.8(7)
Bn 132Gp 478.9(5) 19(1) 18(1)
Bn 132Gn 526.0(5) 10.5(9) 6.9(7)
Bn 132Gp 630.1(5) <3 <3
Bn 132Gp 683.1(5) 5.6(5) 1.7(7)
Bn® 1326n 779.4(5) 1.4(5) 8(1)
Bn 132G 913.1(5) 1.6(3) b
Bn® 1326n 924.1(5) 4.0(6) 5(1)
Bn 132Gn 1029.8(5) | 3.9(8) 2.4(7)
Bn 132Gn 1035.8(5) | 3.5(5) 6(1)
Bn® 1328n 1281.4(8) | 1.2(5) b
Bn 1326n 1349.6(5) 1.3(4) 1.0(7)
Bn 132G6n 1373.9(5) 2.3(5) 1.9(4)
Bn? 132Gp 1390.6(5) | 2.3(5) 4.7(7)
Bn 1328 4041.1(5) | 100(11)  100(11)
Bn 132Gn 4351.5(5) 54(6) 69(8)
Bn 1328 4416.2(5) 10(1) 8(1)
Bn® 1328n 5132(1) 1.8(5) 6(1)
Unassigned transitions
Energy Relative intensity Energy Relative intensity
(keV) 133gIn 133m1n (keV) 133gIn 133mIn
669.5(5) | 3.0(7) 8(1) 3597(1) 3.5(9) b
1115.6(5) | 2.1(5) 3.0(5) 5437(1) b 9(1)
1327.3(5) | 2.3(5) 1.9(5) 5949(2) b 7.7(9)
1529.9(5) 1.3(3) 2.9(9) 6065(2) b 5.5(8)
1649.5(5) 1.7(7) 6(1)
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Continuation of Table II1.1

@ Assignment to this branch from Refs. [63, 74]
b Line not observed.

¢ Seen only in coincidence with the 854-keV transition.

4 Relative intensities were corrected for internal conversion aZk assuming oL

character:
aML(111 keV)= 0.414(6),
a2 (132 keV)= 0.589(9),
aM1(203 keV)= 0.0797(12),
a2 (299 keV)= 0.0356(5), and
a2 (375 keV)= 0.01739(25).
Values taken from Ref. [91].

A new level at 6018 keV in !33Sn is proposed tentatively. Identification of the
6018-keV line as a transition belonging to '339In is uncertain because a peak
arising from the neutron-induced background may appear at the same energy (see
Figures I11.4 and IIL.8).

The 3 decay of '339In is dominated by 3n emission. The 4041-keV ~ ray deexciting
the 271 state in !32Sn was found to be the strongest transition. The population
of states up to an excitation energy of 5790 keV is observed in this daughter
nucleus. Based on Sy coincidences with previously known transitions, several
new 7 rays were assigned to 32Sn. More information on states observed in the
Bn-decay branch of 1339In is provided in Refs. [63, 74].

In order to determine the 39In -decay half-life, three of the most intense tran-
sitions were considered: two from the Sn-decay branch, 375- and 4041-keV ~ rays
n '33Sn, and one from the Bv-decay branch, the 3564-keV 7 ray in '33Sn. Their
time distributions relative to the proton pulse were constructed from S+ coinci-
dence events. The contribution from the background area of a peak on which
gate was applied to create time projection was subtracted. Figure II1.10 dis-
plays the decay curves of these three transitions. A function composed of a single
exponential component was fitted in the time range between 200 and 1200 ms.
The weighted average of 162(2) ms from the results obtained for individual tran-
sitions was adopted as the '339In half-life. This value is consistent with two recent
results, 165(3) ms [27] and 163(7) ms [28].

Several other transitions were observed in the '339In 3 decay that could not be as-
signed to any daughter nucleus. Analysis of the 8yv and ~+y matrices did not
reveal any coincidence relations for them. These unassigned v rays are listed
in Table III.1.
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Figure I11.9: Decay scheme of the (9/27)
ground state of !33In established in this
thesis. Excited states in daughter nuclei
are labeled with energies (in keV) given
relative to their ground states. The spin-
parity assignments for previously known
states in !133Sn were taken from Refs. [13,
19, 32], while for states in ¥?Sn from
Ref. [74]. The spin and parity for the
parent nucleus are based on systemat-
ics [29]. The shaded regions represent en-
ergy windows for the population of neutron-
unbound states. Note that there is an en-
ergy gap in the left vertical scale (in MeV).
The Qs and S,, values were taken from
Ref. [16].
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Figure II1.10: Time distributions with respect to the proton pulse of the 375-,
4041-, and 3564-keV ~ rays in coincidence with [ particles observed in two S-decay
branches of '339In. The vertical line indicates the end of the beam implantation.
A function composed of an exponential decay was fitted in the range of 200-
1200 ms.

1.4.2 Isomeric state

Figure II1.11 displays the S-decay scheme of 33™In established using the 8y and
77 coincidence data. Among the known levels in '33Sn, only the 3/2~ and 1/2~
states were observed in the 33™In  decay. Transitions deexciting them, 854 keV
and 513 keV, form the 1/27 — 3/27 — 7/2_; cascade that has not been observed
to date in the fS-decay study. An 802-keV ~ ray tentatively attributed to the 1/2~
state in '33Sn from the B decay of 33In and '3*In [19, 33] was not confirmed in the

present study.

Similar to the 8 decay of the 33In ground state, the 3 decay of the isomer is dom-
inated by An emission. The 4041-keV ~ ray deexciting the 21 state in '32Sn
is the most intense transition following this decay. Most of the ~ rays assigned
to this daughter nucleus from the 1339In 3 decay were also identified in the 33"In
$ decay. More information on states observed in the Bn-decay branch of 33"In
is provided in Refs. [63, 74].

Only one transition that is unique to the 33"In 3 decay can be used to deter-
mine the isomer half-life. Due to the impurity of the 33™In beam, the contribution
of the ground-state 8 decays to the intensity of strong lines corresponding to tran-
sitions in '3?Sn is possible. Therefore, v rays that are not unique to the 33™In
B decay should not be used in the half-life analysis. Figure II1.12 shows the time
distribution of the 854-keV transition in coincidence with § particles. A half-life
of 167(11) ms was obtained from a series of fits using differently generated time
spectra for the 854-keV « ray. Time projections were built by gating on the 854-
keV peak and subtracting the contribution from the background area. This line
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Figure II1.11: Decay scheme of the (1/27) isomer in 1%3In established in this
thesis. Excited states in the daughter nuclei are labeled with energies (in keV)
given relative to the ground state of each tin isotope. Their spin-parity assign-
ments were taken from Refs. [32, 74]. The spin and parity of the isomer are based
on systematics [29]. The shaded regions represent energy windows for the pop-
ulation of neutron-unbound states. Note that there is an energy gap in the left
vertical scale (in MeV). The Q3 and S, values were taken from Ref. [16].
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appears on triangular-shaped, neutron-induced peaks at 834 keV and 843 keV.
Neutron inelastic scattering results in transitions having time characteristics like
lines originating from the 8 decay under study. However, these background lines
can also arise from the impurity in the #3”In beam. The energy range that can
be used for gating on the background area of the 854-keV peak is almost outside
the energy range where two neutron-induced peaks extend. Thus, the subtracted
background may not represent well the background component in the 854-keV
peak.

Several new transitions were attributed to the 33™In 3 decay, but there is no ad-
ditional information that would allow to assign them to a particular daughter
nucleus. In particular, no v+ coincidence relations were observed for them. These
~ rays are listed in Table III.1. High-energy transitions observed only in the
133mIn B decay should be investigated as potential v rays in '32Sn. Contrary
to the Bn decay of the (9/2%) !33In ground state, the Bn decay of the (1/27)
isomer may populate states in ?Sn that deexcite directly to the 0" ground state.
Such states cannot be fed by the 3 decay of the lighter isotope '32In with the (77)
ground state.
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Figure II1.12: Time distribution with respect to the proton pulse of the 854-keV
~ rays in coincidence with 3 particles observed in the 3 decay of 133™In. The verti-
cal line indicates the end of implantation. A function composed of an exponential
decay and a constant background was fitted in the range of 200-1200 ms.

1.5  Relative transition intensities

Most of the transitions assigned to the B decay of 133In are not visible in the
singles ~-ray spectrum, which is dominated by ~ rays in daughter nuclei (see
Figure I11.1). In addition, some of the lines that can be recognized in this spec-
trum have broadened peaks, indicating a possible contribution of background
lines to their intensities. For these reasons, the S-gated ~y-ray spectrum was used
to determine the intensities of transitions assigned to the !33In 3 decay. For the
strongest lines originating from two B-decay branches of 33In, it was evaluated
how the number of counts recorded in the spectrum changes when (57 coincidence

49



III. ANALYSIS AND RESULTS

is required. Reduction factors of 0.29(2), 0.25(1), and 0.25(1) were obtained for
the 1561-, 375-, and 4041-keV transitions, which are consistent with the expected
performance of the 3 detector. Therefore, it was assumed that the 33In S-decay
events associated with the population of low-energy states in two daughter nuclei
lead to similar energy deposits in this detector.

Intensities of transitions assigned to the 3In 3 decay were determined as peak
areas corrected for y-ray detection efficiency and internal conversion. They were
normalized with respect to the most intense 4041-keV transition. Two sets of rel-
ative intensities, extracted from spectra measured separately with RILIS settings
for 1339Tn and !33™In, are shown in Table III.1.

Several lines attributed to the 5 decay under study were visible in spectra collected
only with RILIS settings for 133™In. This suggests that the isomer content in the
1339Tn beam was negligibly small. In the case of the ¥3™In beam, the presence
of ground-state admixture is manifested in the spectra through known ~ rays
deexciting high-spin states, (9/27) at 1561 keV and (11/27) at 3564 keV, that
cannot be populated in the § decay of the (1/27) isomer. In the broadband
mode of RILIS operation, the ratio of y-ray detection-efficiency corrected counts
in peaks at 1561 keV and 854 keV was found to be about 7. It is worth noting
that intensity estimates for the 854-keV transition are hampered because this
line is located in the energy range where two triangular-shaped background peaks
appear.

For the set of intensities extracted from spectra collected with RILIS settings
for 133™In, a non-negligible contribution from the ground-state 3 decays must
be taken into account. This is particularly important for the v rays emitted in the
strong Sn-decay branch of the isomer — beam impurity can affect their intensities.
In the Bv-decay branch, two SB-decaying states of 33In populate unique levels
in '¥3Sn. Therefore, intensities observed for v rays deexciting them originate
solely from the decay of one of the 3-decaying states of 133In.

1.6 pBn-decay branching ratio

With known absolute intensities of transitions emitted in 5 decays of daughter nu-
clei of 33In, 133Sn and '32Sn, it was possible to determine the An-decay branching
ratio for the parent nucleus using the ~-ray counting method [92]. The following
transitions and their absolute intensities were used: the 962-keV ~ ray in 33Sb
emitted in 12(2)% of 33Sn B decays [93] and the 341-keV « ray in !32Sb emitted
in 48.8(12)% of '32Sn B decays (see Figure I11.13).

For the 962-keV ~ ray, the determination of the number of counts from the singles
~-ray spectrum is hindered by the complex background on which this peak oc-
curs. Its energy and width are slightly higher than expected, indicating possible
background contribution to the intensity of the line around 962 keV. The 2791-
and 5149-keV transitions also following the '33Sn 3 decay, reported with inten-
sities about 50 and 30 times lower than the 962-keV ~ ray [94], were not visible

50
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in the singles y-ray spectrum. Firm identification of both 962- and 341-keV tran-
sitions was possible only in the spectrum of + rays in coincidence with g particles.
For this reason, transition intensities for the P, calculation were extracted from
the B-gated ~-ray spectrum. However, the consequent drawback of considering
B coincidences is that intensities determined from the §-gated v-ray spectrum
have to be corrected for S-particle detection efficiency.

Efficiency characteristics of the plastic detector used in the experiment are difficult
to obtain for the [-decay study of the nucleus of interest with large [-decay
energy. In order to estimate S-particle detection efficiency for events associated
with the population of states in !33Sb and '¥2Sb deexciting via 962- and 341-
keV ~ rays, data collected in the same experimental campaign with 134In and 3?In
beams were utilized, respectively. Among daughter nuclei produced by £ decays
of these indium isotopes, 33Sn and '32Sn can be distinguished. The v-ray intensity
reduction after applying the (v coincidence requirement was evaluated for the
962- and 341-keV lines from spectra acquired at masses A = 134 and A = 132,
respectively. The S-particle detection efficiency used in the P, calculation for 133In
was taken as the ratio of counts for considered transitions in the [-gated and
singles ~-ray spectra.

Transition intensities obtained from the S-gated ~-ray spectrum as peak areas cor-
rected for v-ray and S-particle detection efficiencies, as well as internal conversion,
were further corrected for the missing activity due to the tape movement at the
end of each PSB supercycle. The length and structure of the supercycle varied
over measurements at mass A = 133, introducing changes in the tape movement
frequency. Decays of daughter nuclei originating from implantation of '33In ions
at various stages of the supercycle were recorded in different periods. In particu-
lar, there was more time to capture the activity arising from protons hitting the
ISOLDE target at the beginning than in the later phase of the supercycle, prior
to the tape movement.
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Figure II1.13: Experimental information on 3 decays of daughter nuclei of '33In,
which was used to determine the Sn-decay branching ratio for two states of the
parent nucleus. Data taken from Refs. [93, 95], except for half-lives of two (-
decaying states of 133In.
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III. ANALYSIS AND RESULTS

An exemplary supercycle pattern is shown in Figure II1.14. In the presented
sequence, all nuclei produced in correlation with the first proton pulse had decayed
before the tape moved, except for 132Sn, for which only about 48% of all the decays
had occurred in front of the HPGe detectors. In the case of nuclei correlated
with the last proton pulse delivered to the ISOLDE target, about 80%, 10%,
and 7% of all B decays of 34In, '34Sn, and '33Sn, respectively, had occurred
before the tape moved. From such a reconstruction of the supercycle, intensity
corrections were deduced for the 962-keV and 341-keV transitions. On average,
91% and 25% of 3 decays of #3Sn and '32Sn occurred, respectively, before the tape
was moved. Subsequently, after applying the abovementioned corrections to the
intensities of the 962- and 341-keV transitions, the numbers of ¥3Sn and '3?Sn
nuclei produced in the 8 decay of 33In were calculated. Finally, from the ratio
of the number of daughter nuclei produced in the Sn-decay branch to the total
number of both daughter nuclei, the P,, values of 90(3)% and 93(3)% were deduced
for 339In and '33™In, respectively.
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Figure I11.14: Schematic representation of proton pulses grouped in a plan termed
“supercycle”, sequentially executed by the PSB. Elements relevant for operating
tape movement in supercycle mode are highlighted.
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2 B decay of 1" In

2.1 Contamination of the A=134 beam and background

In the beam at mass A = 134, surface-ionized '3*Cs appeared as an isobaric
contamination. The most intense line in the singles y-ray spectrum shown in Fig-
ure I11.15 originates from the decay of the 139-keV isomeric state in '3*Cs with
a half-life of 2.912(2) h [29]. With a decay pattern involving low-energy tran-
sitions, 3*"Cs does not cause a substantial background that could hinder the
B-decay study of ¥4In, even though the production yield of the nucleus of interest
is a few orders of magnitude lower than that of the isobaric contaminant [96, 97].

As can be seen in Figure II1.15, applying a gate on ( particles leads to almost
complete reduction of unwanted activity from '3*Cs and background. This condi-
tion is sufficient to generate a relatively clean y-ray spectrum of the 34In 3 de-
cay, which is dominated by the 1561- and 962-keV v rays in S1n-decay daughter
and granddaughter nuclei, 133Sn [19, 33] and !32Sb [93], respectively.
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Figure II1.15: Comparison of the singles (upper black curve) and §-gated (lower
blue curve) 7-ray spectra obtained at mass A = 134 in 2018. The most intense
transition in the singles y-ray spectrum, the 128-keV line labeled with “c”, belongs
to isobaric contaminant 34™Cs. The most intense background lines are indicated
by “b”. The most prominent lines in the [-gated ~-ray spectrum correspond
to 7 rays following the '3*In 8 decay. The peak marked with “d” originates from
the 3 decay of the daughter nucleus '*3Sn. Wide triangular-shaped peaks arise
from inelastic neutron scattering in the HPGe detectors [85-90].
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III. ANALYSIS AND RESULTS

Figure II1.16 displays the time distributions of ~ rays recorded in coincidence
with 8 particles, which were acquired separately with two different tape move-
ment modes. Both time spectra show a dominant short-lived decay component
consistent with expectations for 134In, for which the half-life of 136(4) ms was re-
ported as a weighted average from three experiments [29]. Spectra measured with
moving tape after each proton pulse have almost completely reduced background
after 1.2 s. The peak visible at 1.7 s is due to a tape arrangement that brings the
section on which the beam was previously implanted back into the detector area.
In the measurements with tape movement following each supercycle, which ranged
from 31.2 to 40.8 s, long-lived background originating from S decays of successive
daughter nuclei was also recorded (see Figure II1.17).
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Figure I11.16: Time distributions with respect to the proton pulse of the events
recorded in HPGe detectors in coincidence with 8 particles, which were obtained
separately at mass A = 134 in 2018 using different tape movement modes: after
each supercycle (SC, black curve) or proton pulse (pp, gray curve). The vertical
dashed line indicates the end of beam implantation after the proton pulse.

2.2 Comparison of the 2016 and 2018 data

Figure II1.18 shows the singles and S-gated v-ray spectra collected in the 2016
and 2018 measurements. From the intensity of the most prominent 1561-keV ~ ray
emitted in the 4In § decay, it was estimated that roughly seven times more 3*In

ions were implanted in 2018 than in 2016.

The integration of the two data sets to gain the statistics was not performed be-
cause some differences in the background lines were observed, in particular in the
singles y-ray spectra (see Figure I11.18). These differences can be associated with
the use of different mass separators, beam gate settings, and tape movement
modes. Moreover, runs at mass A = 134 in 2016 and 2018 were preceded by im-
plantation of different indium isotopes; hence, various long-lived activities may
have been accumulated on the tape. For this reason, the primary data set pre-
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sented in the thesis is that of 2018. Further on in this thesis, when the 34In
[-decay data are given without indicating the year, the results from the 2018
measurements are presented.

2.3 Observation of known v rays following the decay

The most intense transitions observed in the previous S-decay study of '3%In,
depopulating the 854-, 1561-, and 2005-keV states in the S1n-decay daughter nu-
cleus [19, 33], are confirmed in this thesis. In the singles 7-ray spectrum shown
in Figure II1.15, the corresponding peaks at 854, 1561, and 2004 keV appear
as relatively weak lines. With the S+ coincidence requirement, a significant en-
hancement of these lines with respect to the peaks originating from the beam
impurities and background was achieved. As a result, the previously reported
transitions in '33Sn appear as the most intense lines. In particular, the 1561-
keV line dominates the S-gated ~y-ray spectrum.

Apart from v rays that can be assigned to the 3*In § decay, gating on the
B particles revealed wide, triangular-shaped peaks. These arise from inelastic
scattering of fast neutrons [85-90] emitted from '34In as 3-delayed particles. This

neutron-induced background was also observed in spectra measured with the 133In
beam (see Section I111.1.2).
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Figure II1.17: Schematic drawing showing different time scales of the half-lives
of nuclei produced in the ¥4In f-decay chain. For readability, isomeric states
known in some nuclei have been omitted. All data presented were taken from
Ref. [29], also for the nucleus studied in this thesis (status shown prior to the
publication of the results from this thesis).

55



III. ANALYSIS AND RESULTS

The most intense transition observed in the fS-gated ~y-ray spectrum was used
to determine the (-decay half-life of 134In. For other relatively strong lines at-
tributed to the ¥4In /3 decay, the statistics was not adequate for detailed half-life
analysis. Time distributions gated on the 1561-keV ~ ray, which were acquired
with two different beam gate settings, 200 or 500 ms for implantation, were ana-
lyzed. A shorter beam gate provides better conditions for the determination of the
half-life of the order of a hundred ms. However, in the singles y-ray spectrum col-
lected with this setting, the number of counts in the 1561-keV peak is about ten
times lower than in the spectrum acquired with the 500-ms beam gate. Therefore,
data collected with both settings were considered in the half-life analysis.

Various fitting ranges as well as gates on the peak and background areas were
tested, using v-ray spectra with and without the v coincidence requirement.
Weighted average values for half-lives obtained from all the analyzed decay pat-
terns were determined for the two beam gate settings. As a result, the '34In half-
life of 118(6) ms was deduced. The maximum uncertainty obtained in individual
fits was taken as the uncertainty of the final value. Exemplary time distributions
used in the half-life analysis are shown in Figure I11.19. The determined half-
life is consistent with the one measured recently at RIKEN, 126(7) ms [28], and
slightly differs from the values previously reported in Ref. [19], 138(8) ms, and
in Ref. [27], 141(5) ms.
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Figure I11.18: Overview of the singles and §-gated ~-ray spectra obtained at mass
A = 134 in the 2016 and 2018 measurements. The most intense transitions in the
[-gated spectra, at 962 and 1561 keV, follow the '33Sn and ¥4In 3 decays, re-
spectively. The most intense background lines are indicated by “b”. The 128-keV
peak labeled with “c”, originates from the isobaric contaminant 34™Cs.
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Figure I11.19: Time distributions with respect to the proton pulse of the 1561-
keV v rays (blue circles) and the background area (red diamonds) recorded in the
HPGe detectors: (a)with 200 ms beam gate and (b)in coincidence with § par-
ticles, with 500 ms beam gate. A function composed of an exponential decay
and a constant background (solid line) was fitted in the range (a) 220-1200 ms
and (b) 510-1200 ms, respectively. Background curves are also presented (dashed
line).

2.4 Identification of v rays following the decay

The possibility of correlating events with the proton pulse allows identification
of other transitions emitted in the 4In 3 decay. Figure II11.17 shows schematically
the subsequent 8 decays of the daughter nuclei produced in the S-decay chain
of 34In. Half-lives of successively produced nuclides are much longer than the
1341y half-life, so adequately chosen time gates allow transitions to be established
that can be assigned to the 8 decay of the nucleus of interest, even if the obtained
statistics do not allow their detailed half-life analysis.

Transitions following the 8 decay of 34In were identified by comparing 3-gated
~-ray spectra sorted using various conditions on the time of the event with re-
spect to the proton pulse. Lines that can be attributed to v rays in daugh-
ter nuclei are enhanced when this time window is limited to a few hundred ms.
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Figure I11.20 shows the (-gated ~-ray spectrum obtained at mass A = 134 dur-
ing the first 400 ms following the proton pulse. Long-lived background recorded
in the interval of 800-1200 ms after the proton pulse was subtracted from the data
presented. With these conditions, neutron-induced lines are also enhanced be-
cause neutron interactions in the HPGe detectors follow the emission of 5-delayed
particles from '34In.

2.5 New v rays assigned to the Bln-decay branch

The B1n-decay branch of ¥4In was expanded with three transitions depopulating
states above S,, of 133Sn, 2398.7(27) keV [16]. They are visible in Figure II1.20
at 2434, 3563, and 4110 keV. T'wo new v rays observed in the '3*In 3 decay, 3563
and 4110 keV, were also identified in the S-decay study of 339In, in which their
energies were provided with better precision (see Section I111.4.1). The 2434-keV
transition was also seen in the 3 decay of more exotic *5In (see Section I113.4).

The 3563-keV line corresponds to the 3563.9(5)-keV v ray depopulating the (11/27)
state in 133Sn. The peak visible at 4110 keV can be associated with the 4110.3(5)-
keV transition assigned to 133Sn also from the 1339In 3-decay data. The absence
of v~ coincidence relations hindered its attribution to a particular daughter nu-
cleus of 133In. However, after recent detailed v-ray spectroscopy of 32Sn, inves-
tigated in the 8 decay of '32In [74, 98] as well as the fn decay of 33In [74], it is
highly unlikely that this transition belongs to 32Sn. An observation of the 4110-
keV line in B decays of both '33In and '34In provides support for its assignment
to 133Sn. No 47 coincidence relations were found in the 34In 8-decay data for the
3563- and 4110-keV transitions attributed to 133Sn.

In the energy range corresponding to the predicted excitation energy of the 13/27
state in 133Sn, 2511(80) keV [34] or between 2360 and 2600 keV [99], one relatively
intense transition was registered at 2434 keV (see Figure II1.20). No S~y and
~vv coincidence relationships were observed for this line, making its attribution
to either 34Sn or 132Sn unlikely and thus providing an argument for its assignment
to 133Sn. The 2792-keV transition, discussed in Ref. [32] as a possible candidate
for y-ray depopulating of the 13/2% state in 133Sn, was not observed in the
B decay of 134In.

Among the known low-lying levels in 133Sn, only the 1/27 state [17, 32, 37] was not
seen in the ¥4In B decay. The 354-keV transition that was identified in the
previous 3-decay study of ¥4In but remained unassigned despite being registered
in coincidence with S-delayed neutrons [19, 33], is confirmed in this thesis. No S~y
and 7 coincidence relations were found for this transition, making its attribution
to any of the daughter nuclei impossible. The 802-keV transition, which was also
reported to be in coincidence with neutrons emitted from 134In [19, 33], was not
seen in the spectra measured at mass A = 134.
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Figure II1.20: The S-gated y-ray spectrum obtained at mass A = 134 in the first
400 ms relative to the proton pulse from which long-lived background was sub-
tracted. Transitions assigned to the daughter nuclei of 13In are labeled with filled
symbols, while those attributed to daughter or contaminant nuclei are marked
with open symbols. Transitions that can be assigned to the 34In 8 decay but
not to a specific S-decay branch are indicated by energy only. Lines marked with
an ampersand indicate possible weak transitions whose identification is uncertain.
Energies of possible peaks, which might correspond to artifacts due to the back-
ground subtraction procedure, are given in parentheses. The presence of a neg-
ative peak at 962 keV is the consequence of subtracting the contribution from
the daughter nucleus [93]. Neutron-induced peaks [85-90] are indicated with as-
terisks. The abbreviations SE and DF indicate single-escape and double-escape

peaks, respectively. Broad peaks marked with a hash symbol remained unidenti-
fied.
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III. ANALYSIS AND RESULTS

2.6 First observation of the Bvy-decay branch

The 7y-decay branch of ¥*In, leading to the population of excited states in 34Sn,
was observed for the first time in this study. Figure II1.20 shows the presence
of the 174-, 347-, and 726-keV transitions that were assigned to '3*Sn from the
248Cm fission data [20, 35]. These three v rays are emitted in a cascade decay
of an isomeric 6 state at 1247 keV for which the half-life of 86f§ ns was previously
reported [36]. Population of the (8%) state in 34Sn, decaying via the 1262-keV
7 ray to the 67 state at 1247 keV [35], was not observed in the 34In 3 decay.

Analysis of 8yy coincidences reveals three new transitions in '**Sn. The 1666-,
3512-, and 3763-keV lines are seen in spectra of + rays in coincidence with previ-
ously known transitions in this nucleus. Figure II1.21 displays the ~-ray spectra
in coincidence with the 1666-, 3512-; and 3763-keV transitions assigned to the
daughter nucleus produced in the 3vy-decay branch of 4In. Two of them depop-
ulate neutron-unbound states at excitation energies exceeding the S, of 134Sn,
3631(4) keV [16], by more than 1 MeV.
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Figure II1.21: Background-subtracted 7-ray spectra in coincidence with (a) 1666-,
(b) 3512-, and (c) 3763-keV transitions that depopulate new levels in 3*Sn fol-
lowing the B~ decay of 34In. Vertical dotted lines indicate energies of previously
known transitions in 34Sn.
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2. B decay of %In

2.7 First observation of the B2n-decay branch

The (B2n-decay branch of '4In, leading to the population of states in 32Sn,
was observed for the first time. Transitions depopulating the 2+, 37, 47 and 67
states in '32Sn [100], with energies of 4041, 4351, 375, and 300 keV, respectively,
were identified (see Figure 111.20). Coincidence relationships observed for 7 rays
in the daughter nucleus produced in the f2n-decay branch of 34In are shown
in Figure II1.22. Observation of the 4041-keV transition in coincidences with
the 300- and 375-keV v rays constitutes clear evidence of the first observation

of this exotic B-decay branch of 34In.
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Figure II1.22: Background-subtracted -ray spectrum in coincidence with the
4041-keV transition in '32Sn observed in the 52n decay of 34In.

2.8 Decay scheme

Transitions assigned to the $7-, f1n-, and $2n-decay branches of 34In are sum-
marized in Table I11.2. Several additional transitions were observed with a time
pattern consistent with the 34In B-decay half-life. However, due to the lack
of By~v and vy coincidence relationships, they could not be assigned to a par-
ticular S-decay branch of the parent nucleus. These transitions are also listed
in Table II1.2. The f-decay scheme of ¥4In established in this thesis is shown
in Figure I11.23. The previously reported scheme [19] is now complemented by the
B~v- and f2n-decay branches, with 13 new transitions assigned to this 8 decay.
Neutron-unbound states decaying via - rays were identified in two daughter nuclei,
13481 and 133Sn.

It should be emphasized that presumably only a partial S-decay scheme is es-
tablished in this thesis, because the B-decay energy of !34In is large, Qs =
14.5MeV [16], and the contribution of v-ray deexcitation to the decay of neutron-
unbound states in two daughter nuclei was found to be significant. High-energy
transitions feeding from above low-lying states in tin isotopes can be missed
by the HPGe detectors, introducing problems with reliable determination of (-
decay feeding to states observed in the 34In $ decay. Such a scenario was con-
firmed in the "®Ni region in the -decay study of neutron-rich ®3Ga, which was
performed with high-efficiency detectors allowing registration of v rays up to en-
ergy of 11 MeV [101]. It was revealed that v rays emitted from neutron-unbound
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Figure II1.23: Decay scheme of !3In established in this thesis. Excited states
in the daughter nuclei are labeled with energies (in keV) given relative to the
ground state of each tin isotope. The spin-parity assignments for previously known
states in tin isotopes were taken from Refs. [13, 19, 20, 100]. The ground-state
spin and parity of 134In were proposed based on experimental findings reported
in this thesis. Shell-model predictions and systematics discussed in Section IV 1.2
favor the 7~ assignment. The left vertical scale (in MeV) shows the excitation
energy and (multi-) neutron separation energies with respect to the 3*Sn ground-
state. The shaded regions represent energy windows for the population of (multi-)
neutron-unbound states. The Qg, Sin, S2,, and S3, values were taken from
Ref. [16].

62



2. B decay of %In

states account for a large part of the 8-decay feeding previously attributed to the
low-lying states in the daughter nucleus from measurements employing high-
resolution y-ray detectors. Enhanced emission of v rays from neutron-unbound
states in '34Sn and 33Sn following the '**In 3 decay, which was registered by high-
resolution HPGe detectors, suggest that such an effect may also occur in the
8 decay under study. This means that determined intensities of the transitions as-
signed to the 13*In 8 decay may not reflect real 3-decay feeding to states in daugh-
ter nuclei. Therefore, the determination and interpretation of quantities such
as log ft were found not to be well founded.

2.9 Relative transition intensities

Relative intensities of transitions following the 3*In 8 decay, shown in Table III.2,
were determined from the p-gated y-ray spectrum. These intensities, normalized
to the most intense 1561-keV v ray, agree with those reported in the previous [-
decay study of '3*In [19, 33]. Because two sets of inconsistent relative intensities
were provided in Refs. [19, 33|, it is worth specifying that the results provided
in this thesis are consistent with the intensities previously obtained from the
spectrum of y rays registered in coincidence with both 3 particles and neutrons.
Relative intensities reported in Refs. [19, 33] as extracted from the [S-gated ~-
ray spectrum are higher than those determined in the present study. By com-
paring the previously reported values [19, 33] with those presented in this thesis,
factors of 2.2(2) and 7(1) are obtained for the 854-keV and 2004-keV transitions,
respectively, observed in [-gated y-ray spectra.

For three v rays emitted in the cascade from the isomeric 67 state in 34Sn, 174,
347, and 726 keV, a correction to the intensity extracted from the S-gated -ray
spectrum due to an isomer half-life of 81.7(12) ns [63] was included. The Sy
correlation time was chosen to be 200 ns, so around 82% of isomeric transitions
were captured in this spectrum.

The transition intensities determined from the [S-gated ~y-ray spectrum as peak
areas corrected for efficiency and internal conversion were found to be equal for the
174-, 347-, and 726-keV transitions, suggesting that the 27 and 47 states in 13*Sn
are not fed directly in the B decay of '3*In within the intensity uncertainties.
This is further confirmed by the analysis of the «-ray spectrum in coincidence
with the 347-keV transition, where the ratio of transition intensities for the 174-
and 726-keV lines was deduced to be 1.0(1). These observations points to the
lack of direct 3-decay feeding to the 2+ and 4% states in '3*Sn and consequently
provides an argument for the high spin value of the ground state of the parent
nucleus, which can be 6~ or 7.
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Table II1.2: Energies and relative intensities of the transitions observed in the
134Ty 3 decay. Total v-ray and internal-conversion intensities are normalized to the
intensity of the 1561-keV transition, for which the absolute intensity is deduced
to be 10.8(6)% per 3 decay of 34In.

Decay Daughter Energy Relative
branch nucleus (keV) intensity
By 134G 173.8(3) 4.9(3)®
By 13480 347.4(3) 4.9(3)®
By 134Gn 725.6(3) 4.9(4)
By 1348n 1665.5(3) 0.6(1)
By 134Gp 3512.3(3) 2.7(3)
By 134Gn 3763(1) 0.5(1)
Bln 133Gn 854.0(3) 10.4(7)
Bln 13380 1561.1(3) 100(5)
Bln 133Gn 2003.8(3) 3.7(3)
Binb 13380 2434.2(3) 1.4(2)
Bln 133Gn 3563(1) 0.6(2)
Bln 13390 4110(1) 0.7(2)
B2n 13281 299.5(3) 0.4(2)
B2n 13281 375.0(3) 0.48(7)
B2n 1328n 4041.0(5) 0.9(2)
B2n 1328n 4351(1) 0.5(1)
Unassigned:
Energy Relative Energy Relative
(keV) intensity (keV) intensity
354.3(3) 1.5(2) 3599(2) 0.4(1)%
1427.4(3) 0.7(2) 3816(1)° <04
1605.8(3) 1.0(2) 3824(1)° <04
1976.3(3) 0.8(1) 3840(1)¢ <04
2026(1)° <05 4283(1) 0.5(1)
3251(1)¢ <04

@ Relative intensities were corrected for internal conversion assuming E2
character: oot (174 keV)=0.227(4) and a0 (347 keV)=0.0221(4) [91].
b See the discussion section IV 5 for more details on this assignment.
¢ The identification is uncertain due to insufficient data.
4 Upper limit; this intensity includes a contribution from the SE peak.
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2. B decay of %In

2.10 Bn-decay branching ratios

The probabilities of f1n and 2n emission from 3*In were determined from the
ratio of daughter nuclei produced in a given -decay branch to the total num-
ber of all daughter nuclei, using v rays emitted in their S decays. These were
determined proceeding analogously to the analysis performed for 33In (see Sec-
tion I111.6). The only difference is that the transition intensities used in the Pj, 2,
calculation for 34In were determined from the singles y-ray spectrum. This over-
comes the problem of reproducing the (-particle detection efficiency for events
originating from high-energy 5 decays.

Decays of daughter nuclei considered in the Py, 2, calculation for 13411 are shown
in Figure I11.24. The following transitions and their absolute intensities were used:
872 keV in !34Sb from the 34Sn B decay with 6(3)% [102], 341 keV in !32Sb from
the 1328n 3 decay with 48.8(12)% [95, 103], and 962 keV in 133Sb from the 133Sn
B decay with 12(2)% [93]. For the latter, both the B decay of '33Sn and the
Bn decay of 134Sn contribute to the intensity. For the Sn-decay branch of 134Sn,
information on the 1.4% feeding of the 962-keV state in 133Sb reported in Ref. [102]
was employed. Corrections to the recorded activity of daughter nuclei due to tape
movement were included based on the reconstructed average supercycle structure.
In this way, the following branching ratios for the 8 decay of ¥4In were obtained:
Py, = 2.2(15)%, P1, = 89(3)%, and P, = 9(2)%. For the uncertainty analysis,
the Monte Carlo method was used [104]. The Py, value obtained in our estimate
is larger than the gn-decay branching ratio evaluated from the previous S-decay
study of '34In, P, ~ 65% [19, 25, 26]. The previous result was not given directly
in Refs. [19, 33], but appears in evaluations and databases [25, 26].
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Figure I11.24: Experimental information on $ decays of daughter nuclei of 4In,

which was used to determine the Sn-decay branching ratios for the parent nucleus.
Half-life values were taken from Ref. [29], excluding the one for *4In. Information
on (3 decays of tin isotopes is from Refs. [93, 95, 102, 103].
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Using the reconstructed total number of all daughter nuclei produced in the 5 de-
cay of 134In, an absolute intensity of 10.8(8)% per decay was obtained for the most
intense 1561-keV transition. This value is consistent with the absolute intensity
of (5-10)% per decay reported for the same transition in the previous [-decay
study of '3*In [19]. Because n-decay branching ratios determined for *In stem
from [-delayed ~ rays and include the imprecise Pj,, = 17(13)% [102, 105] value
for 134Sn, a direct measurement of the Sn probabilities would be desirable.

3 B decay of *In

3.1 Contamination of the A=135 beam and background

Identification of the transitions following the 8 decay of the most exotic indium
isotope studied in this work was hindered by a severe contamination of the beam
at mass A = 135. A significant content of long-lived impurities is evident from
the time distribution of the events with respect to the proton pulse, which is shown
in Figure I11.25. The decay component corresponding to the short-lived nucleus
of interest, with a half-life of the order of a hundred milliseconds [29], is not visible
in the distribution, which appears to be almost flat.
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Figure I11.25: Time distribution with respect to the proton pulse of the events
recorded in HPGe detectors in coincidence with S particles, which was obtained
at mass A = 135 with an RILIS-ionized indium beam. The vertical dashed line
indicates the end of the beam implantation after the proton pulse.

Spectra acquired at mass A = 135 are dominated by the decay of the readily
surface-ionized '3°Cs. Figure I11.26a shows a comparison of the singles and -
gated y-ray spectra measured when RILIS was applied to ionize indium. The 787-
and 846-keV ~ rays emitted in the decay of the isomeric state of 35Cs [106]
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3. B decay of %°In

(see Figure II1.26b) overwhelm these two spectra, affecting also the lower en-
ergy range, where a significant Compton background appears. As can be seen
in Figure II1.26a, identification of v rays below ~850 keV is hindered. A 518-
keV transition observed in the singles v-ray spectrum may be due to the presence
of the isomeric state of another cesium isotope, 36Cs [107]. No transitions were
observed in coincidence with this v ray, supporting its assignment to '35™Cs.
The peak visible in Figure I11.26a at 668 keV corresponds to a transition in '32Xe,
which is confirmed by observed coincidence with 630- and 773-keV ~ rays and
many others, consistent with Ref. [108]. The presence of these lines in the y-ray
spectrum is due to the accumulation on the tape of the activity of successive
daughter nuclei produced in earlier measurements with beams of lighter indium
isotopes, in particular ?In.

Imposing a requirement for registration of the coincident 3 particle does not solve
the problem of isobaric contamination in y-ray spectra, even though the emission
of 7 rays from the isomeric state of '3°Cs is not associated with 8 decay (see
Figure 111.26). After applying a gate on the /3 particles, a considerable attenuation
of the activity originating from 3°"Cs, of an order of 1073, is obtained. However,
it might be insufficient if one wants to study the decay of the nucleus being
simultaneously produced with an intensity over four orders of magnitude lower [96,
97]. The 668-keV transition, belonging to the 132I decay, also remains visible in the
B-gated ~-ray spectrum. For the 518-keV ~ ray that can be attributed to the
136m (g decay, a complete suppression of its intensity is observed after imposing
the B~ coincidence condition.
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Figure II1.26: (a) Comparison of the singles (upper black curve) and [-gated
(lower blue curve) y-ray spectra obtained at mass A = 135 when RILIS was used
to ionize indium. Both spectra are dominated by the 787- and 846-keV v rays
emitted in the decay of the isobaric contaminant 3°™Cs [106, 109]. The most
prominent transitions assigned to the 13°In decay are labeled with squares, while
those attributed to beam contamination are marked with “c”. (b) Decay scheme
of the isomeric state of 13°Cs with half-life of 53(2) min [29, 106, 109).
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Two effects may be responsible for the presence of substantial isobaric background
in the p-gated ~-ray spectrum obtained at A = 135. The conversion electrons
accompanying the 846-keV M4 transition following the decay of '**™Cs [106]
can be registered by the plastic detector, resulting in random [+ coincidences.
It is also possible that  rays emitted in the 3°™Cs decay scatter in the 3 detec-
tor, with the effect of producing a background for detecting real 5-decay events.
Because the isotope of interest is produced along with an overwhelming quantity
of isobaric cesium, such random coincidences constituted a severe source of back-
ground for the detection of v rays emitted in the 3°In 3 decay.

Beam impurities can be identified in the «-ray spectra collected when one of the
RILIS lasers was blocked. Only elements with low ionization potential, such as ce-
sium (3.89 eV), were then ionized. It should be noted that indium, with an ion-
ization potential of 5.78 eV, also becomes surface ionized at a typical hot cavity
operating temperature, but with lower efficiency than cesium. In a short measure-
ment (~2 h) performed when one of the RILIS lasers was disabled, no transitions
that could be attributed to the ¥%In B decay were observed, indicating a small
or even negligible contribution from surface ionization to the ionization of indium
achieved with the use of the RILIS.

The S-gated ~-ray spectrum obtained at mass A = 135 in the laser-off mode
is shown in Figure I11.27a, in which the dominating contribution from the 13*™Cs
decay is visible. Observation of ~ rays following the decay of another cesium
isotope, 3%Cs [110, 111], indicated the presence of a molecular beam contami-
nation. Analysis of 7y coincidences confirms the identification of 138Cs (see Fig-
ure I11.27b). Nonetheless, by comparing spectra collected in the laser-on and
laser-off modes, peaks corresponding to beam impurities and activities of long-
lived nuclei accumulated on tape during the experimental campaign can be iden-
tified. Due to the limited statistics of the data acquired in the laser-off mode,
such identification is possible in the energy range up to about 1 MeV. The use
of other approaches for recognizing peaks originating from unwanted activities
is therefore desirable.

3.2 First observation of v rays following the decay

Figure I11.28 shows a comparison of the 5-gated v-ray spectra measured in laser-on
and laser-off modes. Despite strong isobaric contamination of the RILIS-ionized
beam, transitions following the 3°In 3 decay were identified for the first time.
The two most intense lines seen only in the spectrum collected when RILIS was
used to ionize indium, at 347 and 726 keV, correspond to ~ rays in 34Sn.

The B-decay half-life of 3%In was determined from the time distributions of the
347- and 726-keV transitions, which yielded 89(10) ms and 90(9) ms, respectively.
Various gates on the peak and background areas were tested, using spectra with
the 8~ coincidence requirement. Two exemplary fits are shown in Figure II1.29.
The weighted average of 89(7) ms is in agreement with the half-life previously
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3. B decay of %°In

determined at ISOLDE by measuring the [-delayed neutrons, 92(10) ms [27],
and slightly lower than the half-life of 103(5) ms measured at RIKEN [28]. Based
on the systematics of the lighter odd-A indium isotopes, a [S-decaying isomer
in '%°In is expected to exist, with a half-life similar to the ground state [112].
However, no evidence for its presence was found in this work.
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Figure IT11.27: (a) The (-gated ~-ray spectrum obtained at mass A = 135 when one
of the RILIS lasers was disabled. Some of the most prominent transitions are la-
beled with their energies. Peaks present in this spectrum originate from beam
contamination. (b) Background-subtracted y-ray spectrum in coincidence with
the 1435-keV transition following the decay of the '38Cs contaminant. The la-

beled peaks, except those marked with “c”, correspond to known transitions
in 138Cs [111].

3.8  Background suppression

Suppression of the background observed at A = 135 was crucial for the identifica-
tion of other transitions following the ¥°In 8 decay. Two approaches were used
independently in the analysis to reduce contaminants. Figures I11.30 and III.31
show the comparisons of «-ray spectra built using different S-gating conditions.
These spectra demonstrate the effectiveness of the suppression methods on the
example of the known transitions in 134Sn.
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Figure I11.28: The p-gated «-ray spectrum obtained at mass A = 135 when RILIS
was applied to ionize indium (upper blue curve) and when one of the RILIS lasers
was blocked (lower red curve). Some of the most prominent transitions are labeled
with their energies (in keV). Peaks present in both spectra originate from the beam
contaminants, while those appearing only in the RILIS-on mode can be attributed
to the 3 decay of 13°In (square) or its daughter nucleus (marked with “d”).
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Figure I11.29: Time distributions relative to the proton pulse of the (a) 347-keV
and (b) 726-keV ~ rays (blue circles) and the background areas (red diamonds)
observed in coincidence with 3 particles at mass A = 135 in the laser-on mode.
A function composed of an exponential decay and a constant background was
fitted (solid line) in the 230-1200 ms time range. The curve corresponding to the
background component is also presented (dashed line). A Bayesian approach was
applied in the statistical analysis of the data [113, 114].
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Figure TI1.30: Portions of the S-gated ~-ray spectra obtained at mass A = 135
with RILIS-ionized beam, which were built with different conditions applied on the
time of the event with respect to the proton pulse. (a) Spectrum without the
time restriction is shown by the black curve, while the spectrum gated on delayed
period, later than 600 ms after the proton pulse, is presented by the red curve.
(b) Spectrum gated on the interval of 0-500 ms, in which the long-lived background
registered between 500 and 1000 ms has been subtracted.
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Figure I11.31: Portions of the S-gated ~-ray spectra obtained at mass A = 135
with RILIS-ionized beam, which were built (a) without any condition imposed
on the events recorded by the plastic detector and (b) with gate on the highest
energy deposit in the plastic detector.
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One strategy for reducing long-lived background exploits information about the
time of the event with respect to the proton pulse. Because the §-decay half-life
of 135In is short compared to the timescale of proton pulses (multiples of 1.2 s)
as well as the S-decay half-lives of daughter nuclei (see Figure I11.32), it is possible
to distinguish events that may be attributed to its 5 decays. The ~-ray spectra
were gated using various periods relative to the proton pulse to identify transi-
tions having time distribution consistent with the B-decay half-life of 35In (see
of Figure I11.30). Transitions visible in the time-delayed [-gated ~-ray spectra,
for example registered later than 600 ms after the proton pulse, were assigned
to the background arising from either daughter or contaminant nuclei. Gating
on the first few hundred milliseconds after the proton pulse resulted in enhance-
ment of 7 rays following the '3°In decay with respect to those arising from the
background. Figure II1.30 displays the -gated y-ray spectrum recorded in the
first 500 ms after the proton pulse, in which events recorded at delayed inter-
val were subtracted. As a result, a substantial decrease in contamination from
53(2)-min ¥5™mCs [29, 106, 109] and a reduction of the activity of daughter nuclei
were achieved.
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Figure II1.32: Schematic drawing showing different time scales of the half-lives
of nuclei produced in the 3%In B-decay chain. For readability, isomeric states
known in some nuclei were omitted. All data presented were taken from Ref. [29],
also for the parent nucleus (status prior to the publication of results from this the-
sis).
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3. B decay of %°In

The second approach allowing for the reduction of unwanted activities was to study
~ rays observed in coincidence with the highest-energy deposit in the plastic de-
tector, in order to preferentially select ®°In B decays. This restriction reduced
random events registered in the [-particle detector, mainly due to scattering
of v rays, that were wrongly interpreted as §-decay events. Energy spectra mea-
sured by the plastic detector in the laser-on and laser-off modes are shown in Fig-
ure II1.33. The energy deposit extended to higher energies when RILIS-ionized
indium was present in the A = 135 beam. From spectra registered in coincidence
with 787- and 846-keV ~ rays following the 13°™Cs decay, an optimal threshold
for energy deposit in the plastic detector was determined. It was found that gating
on channels higher than 184 led to a significant reduction of the intensities of the
787- and 846-keV transitions in the y-ray spectrum and, at the same time, pro-
vided adequate data to search for v rays emitted in the 3°In 3 decay. However,
lines corresponding to the decay of another cesium contaminant, 38Cs, were still
visible.

After applying the high-energy threshold for the energy deposit in the 8 detector,
known transitions in 13*Sn were found then to be the most intense ones in the §-
gated 7-ray spectrum (see Figure II1.31). Similar enhancement was also observed
for several other v rays seen in the 5-gated y-ray spectrum gated on short intervals
after the pulse. Transitions following the 8 decay of 3*Sn — the daughter nucleus
produced in the 31n decay of '3°In — were also present (318-, 554-, and 872-keV
7 rays [115]).
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Figure II1.33: Energy spectra measured by the plastic detector at mass A = 135.
The black curve shows the spectrum measured when the RILIS was used to ionize
indium, while the red curve shows the spectrum measured when one of the RILIS
lasers was blocked. Spectra in coincidence with 787- and 846-keV v rays are
shown in blue and green curves, respectively. The vertical dashed line indicates
the optimal channel for applying a high-energy threshold for § particles that
results in suppression of unwanted activity from 3°"Cs. Inset shows a portion
of the f-gated ~-ray spectrum measured at mass A = 135 in the laser-on mode,
where regions selected for the gating on relevant peaks and on their background
areas are presented.
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III. ANALYSIS AND RESULTS

3.4 Identification of v rays following the decay

Figures I11.34, 111.35, and II1.36 provide a detailed overview of the y-ray spectra
built using different 5-gating conditions. By comparing these spectra, transitions
following the 13°In 3 decay were established. Their energies and relative intensities
are provided in Table IIL.3.
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Figure I11.34: [-gated ~-ray spectra obtained at mass A = 135 in the laser-on
[(a), (b), and (c)] and laser-off (d) modes.

(a) The spectrum shown in red was gated at times later than 600 ms with respect
to the proton pulse, while the one shown in black was built without any additional
condition imposed on v coincidence events. (b) Spectrum recorded in the first
400 ms relative to the proton pulse from which long-lived background was sub-
tracted. (c) Spectrum built with an increased energy threshold for /5 particles.

Transitions attributed to the S1n- and B2n-decay branches of 13°In are marked
with squares and diamonds, respectively. Peaks that can be assigned to the 13°In
(8 decay are indicated by energy only, while those attributed to daughter or con-
taminant nuclei are marked with “d” and “c”, respectively. Unassigned peaks
in panel (c) are marked with a question mark.
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3. B decay of %°In

The most intense transitions observed in the %In 3 decay, at 174, 347 and
726 keV, belong to the yrast 67 — 4t — 2% — 0f  ~-ray cascade in **Sn [20, 35].
Three lines that can be attributed to the v rays in '33Sn, 854, 1561, and 2004 keV,
were identified at consistent energies. The 2434-keV line, which was seen in the
134In B decay (see Section II12.5), was also observed in the '3°In 38 decay and
is a plausible candidate for a new transition in '*3Sn. As for the possible 33n-
decay branch of 3%In, a slight excess of counts over background appears in the
~-ray spectrum at around 4041 keV (see Figure II1.37), corresponding to the en-
ergy of the first-excited state in 132Sn [74, 100]. The inadequate data do not allow
us to firmly establish whether the 33n-decay branch has been observed for #°In.
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Figure I11.35: Caption the same as in Figure 111.34.
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III. ANALYSIS AND RESULTS

3.5  Analysis of By coincidences

Using By coincidence data, the population of the 27, 4T, and 6% states in 13*Sn
was confirmed by the observation of the 174-; 347, and 726-keV v rays in coin-
cidence [20, 35]. Figure II1.38 displays the [-gated ~-ray spectra in coincidence
with the 347- and 726-keV transitions that reveal three new ~ rays in '34Sn, with
energies of 857, 1094, and 1405 keV. The absence of the 174-keV line in spectra
of v rays in coincidence with the 857-, 1094-, and 1405-keV transitions, shown
in Figure II1.39, indicates that they deexcite states at 1930, 2167, and 2478 keV,
respectively. Tentative assignment to 34Sn was made for the 595-keV transition,
which was found in coincidence with that at 726 keV but was not observed in the
~-ray spectra sorted with two different §-gating conditions (see Figure I11.34).
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3. B decay of %°In

Table II1.3: Energies and relative intensities of transitions observed in the '3°In
B decay. Total v-ray and internal-conversion intensities are normalized to the
intensity of the 726-keV transition.

Decay Daughter Energy Relative
branch nucleus (keV) intensity
By® 135Gn 950.3(3) 7(1)
By* 1358n 1220.9(3) 4.0(9)
Bln 134G 173.8(3) 25(5)°
Bln 134Gn 347.4(3) 74(5)°
Bln® 134G 595(1)° 11(5)?
Bln 134Gn 725.6(3) 100(6)
Bln 1348 857.2(3) 7(1)
Bln 134G 1093.8(6) 6(1)
Bln 134Gn 1404.8(6) 3.9(8)
B2n 133Gn 854.0(8) 1.6(9)
£2n 133Gn 1562.4(8) 2.0(6)
B2n 133Gn 2003.3(8) 1.8(6)
32n° 13380 2434.2(7) 2.6(7)
Unassigned:
Energy Relative Energy Relative
(keV) intensity (keV) intensity
1349.2(9) 2.4(7) 1853.1(8) 2.2(7)
1372.9(3) 3.3(8) 2118.3(6) 2.5(7)
1720.9(8) 1.2(5) 2259.3(8) 1.8(6)
1824.0(8) 2.0(7) 2516.1(8) 1.5(5)

@ Tentatively assigned to this S-decay branch of 3°In.

b Relative intensities were corrected for internal conversion assuming E2
character: ayot(174 keV)=0.227(4) and ayot(347 keV)=0.0221(4) [91, 116].
¢ Transition observed only in S+v+ coincidence.

4 Intensity obtained from coincidences.
¢ See the discussion section II15 for more details on this assignment.
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III. ANALYSIS AND RESULTS

3.6  Decay scheme

Figure II1.40 shows the -decay scheme of '3°In established in this thesis. Sev-
eral new lines, which were not observed in the 3 decays of the lighter indium
isotopes, were seen in the '3°In 3 decay. They are listed in Table II1.3. Based
on the available experimental information on daughter nuclei produced in the
Bln- and B2n-decay branches of 13°In, at least two of them can be considered
as transitions in 3°Sn. For 134Sn, identification of new levels below the excitation
energy of the 67 state (at 1247 keV) is unlikely [20, 35, 36]. For 133Sn, new levels
below 2004 keV are also not expected [13, 19, 31-33, 37, 117]. Therefore, the 950-
and 1221-keV lines, being the most intense ones in the considered energy range
and for which no coincident ~ rays were observed, were attributed to deexcitations
in 13%Sn. Due to the higher excitation energies of other transitions as well as the
lack of Byv and v coincidences for them, it was not possible to attribute them
to either '¥3Sn or 34Sn.
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Figure I11.37: Portions of the S-gated ~-ray spectra obtained at mass A = 135
with an RILIS-ionized beam, which are relevant in the search for transitions de-
populating excited states in '®2Sn. These four spectra were built with different
time conditions relative to the proton pulse: (a) no restriction, or gated on the
following intervals: (b) 0-400 ms (events registered in the range of 700-1100 ms
were subtracted), (c) 0-450 ms (events registered in the range of 550-1000 ms were
subtracted), (d) 0-500 ms (events registered in the range of 500-1000 ms were
subtracted).
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3. B decay of %°In

3.7 Relative transition intensities

Relative intensities of transitions assigned to the ¥°In 3 decay, presented in Ta-
ble II1.3, were determined from the -gated ~-ray spectrum. The values provided
for the 174-, 347-, and 726-keV transitions emitted in cascade from the isomeric
67 state in 134Sn with a half-life of 81.7(12) ns [63], were corrected to account for
the events not registered in the S-gated y-ray spectrum due to the time window
of 300 ns used for the S~ coincidence. Under these conditions, around 92% of all
the decays of the 67 isomer were captured.

Due to the overwhelming long-lived background in the singles and [S-gated -
ray spectra acquired at A = 135, evaluation of the transition intensities that
would allow reconstruction of the number of daughter nuclei produced in the 13°In
B decay was not possible. Thus, absolute intensities of transitions assigned to the
B decay of 13°In as well as its Bn-decay branching ratios could not be determined.
Based on relative intensities, it can only be concluded that the !3°In 3 decay

is dominated by the S1n emission.

(L R B B A =R T
30 (a) Gate on 347 keV § ®
s
i/ P A Y N R R
E 900 1050 1200 1350 |
§ R 4
Q
||IIIIIII{L Iln!”’lllllllll IIII HIIIH\ \’ll 11 1L HVI L I‘ ]
1) ISR SN I RN RN R SR S
(b) Gate on 726 keV
= S ST T T T .
m 4% 2
¢ 2 ]
i |
= 0 MMMMLNL !
£ |
E _ L. BN I —
&) 600 700 800 900
Fommmmmm - - - - 1 —
o b b b b b b
0 200 400 600 800 1000 1200 1400 1600
Energy (keV)

Figure II1.38: Background-subtracted S-gated v-ray spectra in coincidence with
the (a) 347- and (b) 726-keV 7 rays that depopulate previously known levels
in 134Sn following the $1n decay of 13°In. Peaks that can be attributed to '34Sn
are labeled with their energies (in keV). Tentative assignment is marked with
additional parentheses. Asterisks indicate artifacts due to the background sub-
traction procedure. Insets display expanded regions whose ranges are indicated
with dashed lines.
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III. ANALYSIS AND RESULTS

The unknown [-decay feedings to ground states of tin isotopes produced in the
135 B decay preclude the approximate estimate of the Sn-decay branching ratios
from relative transition intensities. In the analogous 3 decay of the (9/2%) ground
state of 133In, a significant S-decay feeding to ground states of the two daughter
nuclei, 1**Sn with 7/2,
estimates of Py 2, for 135Tn assuming the lack of ground-state 3-decay feedings
in daughter nuclei is therefore not well founded.

. and 1328n with Og <., was deduced. Making approximate

Apparent S1ln-decay feedings (I BIIJZ) to excited states in '3*Sn were calculated

assuming that the intensity of the 726-keV transition reflects the total S-decay
feeding in this daughter nucleus. The resulting values, shown in Figure III1.41,
suggest that the three lowest excited states receive comparable feeding. However,
the I p p values should be treated as approximate, because only a partial S-decay
scheme of 135In was obtained in this work. The S1n-decay energy is large, Q Bln =
11.25(30) MeV [16], and therefore it is likely that some of the high-energy ~ rays
feeding from above low-lying states in '3*Sn were overlooked by high-resolution
~-ray detectors.
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Figure I11.39: Background-subtracted (-gated v-ray spectra in coincidence with

new transitions in ?4Sn observed in the S1n decay of ¥°In. The dotted line
indicates the energy of the known 174-keV transition in 134Sn.
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3. B decay of %°In
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Figure I11.40: Decay scheme of '3°In established in this work. Excited states
in daughter nuclei are labeled with energies (in keV) given relative to the ground
state of each tin isotope. Levels tentatively proposed in 13°Sn and ¥4Sn are indi-
cated with dashed lines. The spin-parity assignments for previously known states
in 134Sn and '33Sn were taken from Ref. [19, 20]. The ground-state spin and parity
of 135Sn and '*°In are based on systematics [29]. The left vertical scale (in MeV)
shows the excitation energy and (multi-) neutron separation energies with respect
to the 13°Sn ground state. The shaded regions represent energy windows for the
population of neutron-unbound states. The Qg, S,, S2,, and S3, values were
taken from Refs. [16].
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III. ANALYSIS AND RESULTS

The possible presence in the A = 135 beam of a low-spin isomer in 3°In was con-
sidered. In such a scenario, the deduced transition intensities should be treated
as obtained for the mixture of two 5-decaying states. However, in a series of short
optimization runs at mass A = 133 with RILIS in the broadband mode, preceding
the implantation of ¥5In ions, no peak corresponding to the unique 854-keV tran-
sition following the 3 decay of the (1/27) isomer in 133In was observed. Therefore,
it can be expected that in the measurement at A = 135 in which RILIS lasers op-
erated in the same broadband mode, transitions arising from the 8 decay of only
one state of the parent nucleus were observed.

©2h) 0j,= 11.25(30) MeV
135 T1n=89(7) ms
aolngg
(e ]
q.'
2 oo
3.9(8) — 2478
6(1) = 2167
7(1) 3 1930
- n X 1321
255) 6" ] | 7%E:ﬂ
32(8) 4 ] e 1073
| %e)
15(9)—26(8) 2* : & 726
0" 0
Ly, T E (keV)
: 134
(1, units) 5081’184

Figure I11.41: Partial S-decay scheme of ¥°In showing apparent S1n-decay feed-
ings (I3}7) to excited states in '*4Sn calculated solely from relative transition

intensities. Two IZ;” values are provided for the 726-keV level, with or without
the inclusion of the tentative 595-keV transition.
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CHAPTER

I\Y
DISCUSSION

1 Ground-state spin-parity assignments for parent
nuclet

Ground-state spins and parities of indium isotopes beyond N = 82 have not yet
been experimentally determined. There are, however, experimental and theoret-
ical indications that allow us to indicate the most probable spin-parity values
for ground states of 133In, 134In, and '¥In as well as the isomeric state in 33In.
This section summarizes experimental and theoretical arguments supporting ten-
tative spin-parity values for S-decaying states of parent nuclei that have already
been referenced in this thesis. Further arguments for the spin-parity assignments
for 1339In, 133mIn. and '3*In result from the observed (-decay feeding patterns
to the states in tin isotopes with well-established spins and parities. By combin-
ing these results with experimental information on analogous multiplets in the
lighter indium isotopes, the most favored spin-parity values for $-decaying states
of parent nuclei were inferred. These assignments serve as the foundation for dis-
cussing GT and ff decays of neutron-rich indium isotopes, in which the spin and
parity of the initial state imply a particular preference for final states being pop-
ulated via a given type of 8 decay.
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IV. Discussion

1.1 Odd-A 3In and **°In

The ground-state configurations of odd-even '33In and 13°In, with N = 84 and N =
86, respectively, are based on the coupling of a proton hole in the m1gg/, orbital
and two or four neutrons in the v2f;/, orbital, respectively. In an isomeric state
of 133In, the proton hole is located on a deeper bound orbital 72p, /2 Schematic
representations of the ground- and isomeric-state configurations are shown in Fig-
ure IV.1.

Since pairing interaction favors nucleon pairs in the same single-particle orbital
to be coupled to spin zero, neutrons do not contribute to the structure of low-
lying levels in '33In and !3°In. Properties of the (-decaying states in these iso-
topes are driven by the nature of the proton orbital in which the hole is lo-
cated. Therefore, odd-A indium isotopes beyond N = 82 are expected to have
similar features to lighter odd-A indium isotopes for which more experimental
data are available. Laser spectroscopy measurements confirmed spin-parity val-
ues for the 9/2% ground and 1/2~ isomeric states of odd-A indium isotopes from
U3Tn up to 3'In [29, 118]. Therefore, based on the systematics of the Z = 49
nuclei, the 9/2% ground-state spin-parity assignment can be proposed for both
133In and '3°In. Analogously, the 1/2~ isomer is expected in these nuclei. So far,
it has been identified only in '33In.

In the previous 3-decay study of '33In, a dominant 3-decay feeding to the (9/27)
state at 1561 keV in !33Sn was deduced [19, 33]. This observation suggested
that the spin of the parent nucleus is high, and the 9/2" assignment was ten-
tatively proposed. However, the presence of a mixture of the two [-decaying
states in the 133In beam was inferred from the observation of the 854-keV tran-
sition attributed to the 3/27 level in 33Sn. The results presented in this thesis,
from measurements at A = 133 with isomer-selective ionization of indium, sup-
port the high-spin assignment for the 33In ground state. Besides the prevalent
population of the (9/27) state in 133Sn, a significant 3-decay feeding to the 3564-
keV level with tentative spin-parity assignment of 11/2~ was also observed in the
1339In B decay. In contrast, the population of these two levels was disfavored
in the 3 decay of the isomeric state of ¥3In. In this case, only low-spin states
were fed in 133Sn, 3/27 at 854 keV and 1/27 at 1367 keV, as expected for the
[-decaying 1/2~ state. It is worth highlighting that low-lying states in '33Sn were
investigated in several experiments, including three one-neutron transfer reactions
(see Section 13.2.1) [13, 17, 32]. With more reliable information about the na-
ture of these states, the observed preference for a population of high- or low-spin
states appeared to be a strong argument in the discussion of spin-parity assign-
ments for B-decaying states of 133In.
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1. Ground-state spin-parity
assignments for parent nuclei

In the case of 3%In, there is no definite information about excited states populated
in 3°Sn. Levels with well-established spins and parities are populated via the fn-
decay branches of ¥°In, in 34Sn and '33Sn. However, inferring a spin-parity value
for the parent nucleus from gn-decay population patterns assuming low angular
momenta for neutrons may not be appropriate. This limitation is evident from
a wide range of spin-parity values of states populated in daughter nuclei follow-
ing the Gn emission from the lighter indium isotopes. In the Bn decay of the
(9/2%) ground state of 133In, a significant feeding to the 0T ground state of 132Sn
was deduced [74], corresponding to the large angular momentum of emitted neu-
trons, £, = 5. In the B1n decay of 13In with the (77) ground state, a wide range
of spins, from 3/2~ to (11/27), for the states populated in #3Sn was concluded.
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Figure IV.1: Schematic representation of the ground- and isomeric-state config-
urations for 133In and '3°In. The open circle indicates the location of a proton
hole for the ground and isomeric states, while the filled circles indicate the lo-
cation of two (in black for 133In) or four (in gray for 13%In) valence neutrons.
In order to eliminate the Coulomb energy difference between proton and neutron
orbitals, their positions were set with respect to the middle of the shell gap (Ar).
The drawing was prepared following Ref. [119] (see Figure 2 therein).
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IV. Discussion

1.2 Even-A n

The ground-state configuration of odd-odd '**In, with N = 85, is based on the
coupling of a proton hole in the w1gg /5 orbital and three neutrons in the v2f7 /5 or-
bital. Its schematic representation is shown in Figure IV.2. For the lowest-lying
levels, two neutrons can be expected to be coupled to spin zero. Consequently,
these states should form a multiplet similar to the one in '3%In, arising from the
7rlgg_/12y2 J7/2 configuration. Spin and parity of the 1321 ground state are tenta-
tively proposed as 7~ [29], with strong experimental arguments pointing to this
value. The B-decay feeding intensity to the 6~ excited state in '3?Sn was found
to be predominant, with 41.6(4)% [74, 98, 100]. Thus, it can be expected that
in 134In, the lowest multiplet of states belonging to the 71 gg_/121/2 f;’ /2 configuration
forms a Paar’s parabola [120] with 7~ also being the lowest-lying member [121].

In the previous -decay study of ¥4In, expected spin-parity values for the par-
ent nucleus were restricted to a range from 4~ to 7, with 7~ being favored.
This assignment was inferred from the observed fln-decay feeding to excited
states in 133Sn [19]. In this thesis, the dominant 81n-decay feeding to the (9/27)
state at 1561 keV was confirmed. Transitions deexciting other states in tin iso-
topes have at least ten times lower intensity. Furthermore, preference for the
population of high-spin levels in daughter nuclei is evident from the observation
of the neutron-unbound (11/27) state in 133Sn.

The Bv-decay branch of 134In, identified for the first time in this thesis, provides
another argument for a high spin of the parent nucleus. Among the levels involved
in the well-known yrast 67 — 47 — 2+ — 0}, cascade in **Sn [20, 35, 36], only
the 61 state was observed to be fed by the 3 decay. The lack of the S-decay
feeding to the lower energy 2% and 4™ levels indicates the high-spin value for the
134Tn ground state, which can be 6~ or 7.

Admittedly, relying on v-ray intensities deduced using HPGe detectors for the
decay of a nucleus with large S-decay energy, Qg = 14.5 MeV [16], and significant
contribution of v-ray emission from neutron-unbound states might be considered
unreliable. Moreover, spins and parities of the parent and daughter nuclei involved
in GT decays of 34In are conducive to the population of high-energy states that
can decay via fast E1 transitions to low-lying levels in 3*Sn. These + rays may
be able to compete with neutron emission. Such an effect has been reported
in the "®Ni region for neutron-rich 83Ga [101]. If this effect also occurs for 34In,
then it is possible that the 67 state is not fed via ff decays but instead through
high-energy FE1 transitions from GT-fed levels not seen by high-resolution vy-ray
detectors. However, even in this scenario, assuming significant §-decay feeding
to the high-energy states deexciting through unobserved v rays to low-lying levels
in 134Sn (pandemonium effect [122]), the 7~ assignment for the '3*In ground state
remains valid. In that case, only fast transitions feeding the 6 state from above,
resulting in a spin change of only one unit, should be considered.
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1. Ground-state spin-parity
assignments for parent nuclei

Further support for the 7~ ground-state spin-parity assignment for 34In is pro-
vided by the recent discovery of a microsecond isomeric state in this nucleus [123].
Its identification allowed the first verification of the shell-model predictions for
134Ty, The new level was interpreted as a yrast 5~ state decaying via E2 isomeric
transition to the 7~ ground state. Since the shell-model calculations reproduce
well the microsecond isomer [123], the predicted 7~ ground state of **In becomes
more plausible.

To conclude, by combining the experimental observations presented in this thesis
with the arguments from previous studies, the most likely spin-parity value for the
134]n ground state was found to be 7~. Further in this thesis, only this spin-parity
assignment is considered.
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Figure IV.2: Schematic representation of the ground-state configuration for 34In.

The open circle indicates the location of the proton hole, while the filled circles
indicate the location of three valence neutrons. In order to eliminate the Coulomb
energy difference between proton and neutron orbitals, their positions were set
with respect to the middle of the shell gap (Ap). The drawing was prepared
following Ref. [119] (see Figure 2 therein).
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2 Gamow-Teller 5 decays

Figure IV.3 shows the positions of single-particle orbitals within major proton and
neutron shells involved in GT decays of neutron-rich indium isotopes with NV > 82.
The 3 decay of these nuclei is dominated by the v1g7 /5 — 7lgg/, transition [124-
126], which is the only possible GT-type 8 decay that can occur for spin-orbit
partner orbitals of the Z = 28 — 50 and N = 50 — 82 major shells. Therefore, this
transition determines the 3-decay properties of nuclei with Z < 50 and N > 82,
including those of importance for the r-process simulations [49, 127]. This dom-
inant GT transition results in a population of states in daughter nuclei based
on couplings of a neutron hole in the v1g7 /5 orbital and a few neutrons occupying
the v2f7,5 orbital. Since the v1gy/; — mlgg o transition involves deeply bound
neutrons in the 132Sn core, the energies of resulting excitations are larger than the
size of the N = 82 shell gap.

In the 8 decay of the lighter odd-odd 132In, a 6~ state in '32Sn arising from the
Vlg;/122 J7/2 configuration populated by a strong GT transition, with logft = 4.6,
was identified at 7211 keV [74, 100]. Analogous allowed 3 decay of odd-odd '3*In
should populate the state of the v~ 122 nature in 4Sn at comparable excitation
energy. Due to the even-odd effect in the GT strengths [128], the v~ 'v2 and v~ 114
states in %3Sn and 3°Sn populated by the vlgy /e — mlgg o transition of odd-even
133Tn and '35%In are expected at lower excitation energies than identified for the
corresponding v~ !v state in '3?Sn.

Other GT transitions relevant to neutron-rich indium isotopes correspond to en-
ergetically less favorable proton excitations across the Z = 50 shell gap. These
transitions involve spin-orbit partner orbitals within major neutron and proton
50 — 82 shells (see Figure IV.3) [125]. They result in v"v~!77~! configurations
in daughter nuclei. States arising from such multiplets appear at high excitation
energies, reflecting the sum of shell gap energies at Z = 50 and N = 82.

Because (-decay energies of 33In, 131In, and '%In are large (Qz > 13 MeV),
these nuclei provide an excellent opportunity to obtain experimental information
about GT transitions that determine the properties of neutron-rich nuclei in the
astrophysically relevant '32Sn region. The three isotopes studied in this thesis
have predominant gn-decay branches, indicating that the overwhelming majority
of the [-decay feeding is located well above the S, in daughter nuclei. In the
following sections, information on GT-fed states populated in 3 decays of 33In,
1347y, and 13%In is provided.
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2. Gamow-Teller B decays

2.1 1%n

The ground-state B decay of 33In offers a great opportunity to investigate the
vlgr /o — mlgg o transition. The lowest level in 1338n populated via this GT tran-
sition has a configuration with two neutrons in the v2f7 /5 orbital coupled to spin
zero and a proton hole in the 71gg /5 orbital (see Figure IV.3). Establishing the rel-
ative position of the resulting v1g. /122 f72 /2 state with respect to the v2f7/5 ground

state of 133Sn is a first step towards studying systematic trends for more neutron-
rich nuclei.
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Figure IV.3: A schematic representation of GT transitions relevant to the ground-
state 3 decay of neutron-rich indium isotopes with n neutrons more than the magic
number of 82. The v1gy/; — Tlgg/p transition shown in red dominates 3 decays
of these nuclei. A group of other possible GT transitions involving proton particle-
hole excitations across the Z = 50 shell gap is symbolically indicated in blue. The
type of configuration of the state populated via a given GT transition is indicated.
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IV. Discussion

Figure IV.4 shows a schematic interpretation of the ground-state '33In 3 decay,
with dominant GT transitions indicated. Given the expected 9/2% ground-state
spin and parity of the parent nucleus, allowed 3 decays populate 7/2%, 9/2%,
and 11/27 states in the daughter nucleus. The position of the lowest GT-fed level
in 133Sn can be estimated from energies of the analogous 6~ and 7~ states in 32Sn,
7211 keV and ~7550 keV [74, 100, 129], respectively, which provide empirical infor-
mation about the v1g, /122 J7/2 interaction. Using these values together with known
single-particle and single-hole energies from the 132Sn region, the energy of the
first 7/2% state arising from the vlg, /122 f72 /2 configuration in 33Sn was calculated
to be around 6.1 MeV. This excitation energy exceeds the S, of 33Sn. How-
ever, there are favorable circumstances to observe «-ray deexcitation of neutron-

unbound states in this nucleus even at such high energies, which are 3.7 MeV
above S, [16].

Due to the high excitation energy of the first-excited state in 132Sn, 4041keV [74,
130], the 07 ground state is the only state that can be fed in '3?Sn following
neutron emission from neutron-unbound states in '33Sn located below 6.4 MeV
(see Figure IV.5). For high-spin states up to 6.4 MeV in '*3Sn, neutron emis-
sion is hindered by the angular momentum barrier, allowing v rays to contribute
to their decays. For instance, neutron emission from the 7/2% level located be-
low 6.4 MeV proceeds with ¢, = 4. This means that the y-ray deexcitation
of the GT-fed 7/27 state in !33Sn with an estimated energy of about 6.1 MeV
is likely to be observed.

The aforementioned considerations support the interpretation of the 6088-keV
transition observed in the ground-state 3 decay of 133In as deexciting the 7/2% state
arising from the v2 f72/2197_/12 configuration in 3Sn. The predicted spectrum
of neutrons emitted in the 8 decay of '339In [125] and preliminary results from
the neutron-spectroscopy measurement of this nucleus [126] yield consistent en-
ergy of the 7/2% state populated by the vlgsa — wlgg o decay. The 6018-keV
transition tentatively assigned to the !339In 3 decay is a candidate for the v ray
depopulating state in ¥3Sn belonging to the same multiplet.

It is important to stress that S-decay feedings deduced from the high-resolution
B-delayed ~-ray spectroscopy measurement for 1339In cannot be taken as a reli-
able indicator of the type of the § decay populating given state in the daugh-
ter nucleus. In particular, the y-ray intensity observed for transitions deexciting
neutron-unbound states in '33Sn provides information only about a portion of their
real B-decay feeding because these states decay dominantly via neutron emission.
Therefore, apparent logft values exceeding those expected for the GT-type tran-
sition should not be used as an argument to rule out this type of 3 decay.
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Figure IV.4: Schematic 3-decay scheme of '339In showing GT and ff transitions
populating neutron-unbound (gray striped areas) and bound states in the daughter
nuclei. The expected excitation energies of states built on core excitations are in-
dicated by black striped areas. Neutron-unbound states for which decay via ~y-ray
emission was observed are indicated. The spin-parity assignments for previously
known states in daughter nuclei were taken from Refs. [13, 32, 100]. Schematic
representation of proton and neutron orbitals relevant for the 3 decay of '339In
is shown in blue. The ground-state configuration of the parent nucleus is schemati-
cally represented by circles indicating the location of valence neutrons (full circles)
and proton hole (open circle) relative to the 32Sn core.
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Figure IV.5: Partial S-decay scheme of the '33In ground state showing in blue
the Bn-decay energy window in which only the ground state of 2Sn can be pop-
ulated. The Bn emission from the 7/2% and 11/2~ states located below 6.4 MeV
in 133Sn proceed with £ = 4 and ¢ = 5, respectively. Due to centrifugal barrier
hindering the neutron from leaving the nucleus, v-ray emission can contribute
to decays of these neutron-unbound states. The ()g and S,, values were taken
from Ref. [16].

The observed population of excited states in '32Sn up to 5.8 MeV reveals that
the Bn decay of '339In proceeds through neutron-unbound states in '33Sn lo-
cated at energies exceeding 8.2 MeV (see Figure IV.4). Such high-energy levels
in 1338n can be fed by GT decays involving proton orbitals above the Z = 50 shell
gap. This interpretation arises from the observation of almost the same tran-
sitions in 132Sn following the Bn decay of the isomeric (1/27) state in '33In.
Given the different locations of the proton hole below the Z = 50 shell gap for the
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2. Gamow-Teller B decays

two [B-decaying states of the parent nucleus, the population of levels correspond-
ing to proton particle-hole excitations in '32Sn, attributed to the 77199_/12197/2
configuration [74], following both '339In and '*3™In Bn decays can be ascribed
to the contribution of proton orbitals above this shell gap.

2.2 19mIn

In the case of the isomeric state of 133In, there is no spin-orbit partner for the
72py o orbital in the N = 50 — 82 shell to allow any GT transition to occur
(see Figure IV.3). The only possible GT decays involve proton orbitals above
the Z = 50 shell gap. These transitions lead to high-energy excitations in '33Sn,
reflecting the sizes of the shell gaps at Z = 50 and N = 82. Large -decay energy
of 1331In, Qp = 13.2 MeV [16], makes their population in the fy-daughter nucleus
possible. Observation of the 7 rays deexciting the 5.8-MeV state in 132Sn following
the 133™In Bn decay indicates that neutron-unbound states at energies exceeding
8.2 MeV in '33Sn are fed. As mentioned in the previous section, identification
of almost the same levels to be populated in 32Sn via Sn decays of both 339In
and 133"In suggests that they are fed from neutron-emitting states in '33Sn built
on configurations involving proton particle-hole excitations across the Z = 50
shell gap.

2.8 1%n

Figure IV.6 shows a schematic interpretation of the '3*In 3 decay in which tran-
sitions populating states in daughter nuclei over a wide §-decay energy window
(Qp = 14.5 MeV [16]) are indicated. Given the most likely spin-parity assignment
of 7~ for the parent nucleus, GT-type 3 decays populate the 6, 77, and 8~ states
in ¥4Sn. The dominant vlgr/o — mlgg o transition results in a strong (S-decay
feeding to states based on the coupling of a neutron hole in the v1g7/, orbital
and three neutrons in the v2f7 /5 orbital.

The S-decay feeding pattern of '3*In can be expected to be similar to that observed
for 132In, with only a pair of neutrons less. However, deexcitation paths in their
7y-decay daughter nuclei, 13*Sn and 32Sn, are different. Allowed 3 decays of more
neutron-rich ¥4In populate states in 134Sn at energies greatly exceeding the S),.
In the case of 3?In, the major -decay feeding strength by the vlgro — mlgg o
transition is located below the S,, of 132Sn [74, 98].

In the energy range around 7 MeV, where one might search for a GT-fed state
in 134Sn guided by the energy of the analogous level in '3?Sn, no transition that
can be assigned to the ¥4In B decay was observed. This suggests that neutron-
unbound states in 34Sn populated via dominant GT decay have a negligible y-ray
deexcitation branch. Neutron emission from these states is not limited by kine-
matic conditions to a particular final state in 33Sn, as is the case for some neutron-
unbound states in #3Sn populated following the 1339In 3 decay.
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Figure IV.6: Schematic -decay scheme of '3*In showing GT and ff transitions
populating neutron-unbound (gray striped areas) and bound states in the daugh-
ter nuclei. The expected excitation energies of states having core-excited con-
figurations are indicated by black striped areas. Neutron-unbound states for
which decay via 7-ray emission was observed are indicated. The spin-parity
assignments for previously known states in daughter nuclei were taken from
Refs. [13, 19, 20, 100]. Schematic representation of proton and neutron orbitals
relevant for the 3 decay of 34In is shown in blue. The ground-state configuration
of the parent nucleus is schematically represented by circles indicating the loca-
tion of valence neutrons (full circles) and proton hole (open circle) relative to the
13281 core.
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3. First-forbidden 5 decays

Although the prevalent v1g7;5 — mlgg/s GT transition feeds neutron-unbound
states in 134Sn at energies exceeding the So,,, the S1n emission dominates the 134In
B decay, with Py, = 89(3)%. Moreover, the observed population of the 61 state
at 4716 keV in '¥2Sn indicates that there is significant S-decay feeding to the
levels in '®*Sn at energies exceeding 10.7 MeV, which is more than 4.7 MeV
above the So,, (see Figure IV.6). This -decay strength most likely originates from
GT transitions involving proton particle-hole excitations across the Z = 50 shell
gap (see Figure IV.3). Their contribution to the fn emission was also revealed

in the 133In B decay.

2.4 135y

The 3-decay feeding pattern of N = 86 '3°In should be similar to that observed
for N = 84 133In. An interpretation of the *3In 3 decay is proposed in Figure IV.7
following the discussion of GT decays of the lighter indium isotope. An additional
pair of neutrons in 3°In compared to '33In results in a higher density of possi-
ble GT-fed levels in '3°Sn than '23Sn. The lowest-lying state populated via the
vlg7 9 — mlgg o transition in 13581 is expected at energy around 6 MeV, at which
the analogous state in '33Sn was identified and tentatively attributed to this
GT transition. This energy is close to the Sa, of 139Sn, Sy, = 5901(4) keV [16].
Therefore, the 13°In 8 decay is dominated by Sn-decay branches. In particular,
B1n decays are the most prevalent. Identification of transitions depopulating lev-
els above 2 MeV in the 32n-decay daughter nucleus, #3Sn, indicates that there
is a (-decay feeding to neutron-unbound states in '2°Sn at energies exceeding
8 MeV. This f-decay strength can be attributed to GT transitions involving pro-
ton particle-hole excitations across the Z = 50 shell gap (see Figure IV.3), as it was
also concluded for the lighter indium isotopes.

3 First-forbidden (B decays

Decays via ff transitions involve more orbitals in the Z = 28 — 50 and N =
50 — 82 major shells than GT transitions. Figure IV.8 shows single-particle states
contributing to ff decays of neutron-rich indium isotopes. One of these is the
v2f7/2 — mlgg o transition in which the proton hole in the m1gg /5 orbital is filled
and the ground state of the daughter nucleus is populated. Other ff decays involv-
ing the low-lying orbital 2 f7 5 are energetically less favorable transitions in which
proton orbitals above the Z = 50 shell gap participate. The v1hyy/o — mlgg/o
decay, with a contribution of deeply bound neutrons in the !'32Sn core, is the
one that dominates the ground-state ff decays of neutron-rich indium isotopes
and, in general, nuclei in this mass region [124, 129]. Transitions involving or-
bitals with low orbital angular momentum located below the N = 82 shell gap
are relevant to the ff decays of isomeric states of odd-A indium isotopes. In these
decays, the proton hole in the w2p, /o orbital is filled through the v2d3,5 — 72p; /5
or v3sy/o — T2py o transitions.
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Figure IV.7: Schematic -decay scheme of 3°In showing GT and ff transitions
populating neutron-unbound (gray striped areas) and bound states in the daughter
nuclei. The expected excitation energies of states built on core excitations are in-
dicated by black striped areas. The spin-parity assignments for previously known
states in daughter nuclei were taken from Refs. [13, 32, 100]. Schematic represen-
tation of proton and neutron orbitals relevant for the 8 decay of 13°In is shown
in blue. The ground-state configuration of the parent nucleus is schematically
represented by circles indicating the location of valence neutrons (full circles) and
proton hole (open circle) relative to the 32Sn core.
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Figure IV.8: A schematic representation of ff transitions relevant to the ground-
and isomeric-state 8 decay of neutron-rich indium isotopes with n neutrons more
than the magic number of 82. The v1hy;; — 7lgg/p transition shown in red
dominates ff-type ground-state § decays. The v2dz;y — m2p;/p and v3sy/; —
m2py /5 transitions shown in blue dominate ff-type isomeric-state 3 decays. Other
possible ff transitions are also shown. The type of configuration of the state
populated via a given ff transition is indicated.
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IV. Discussion

The aforementioned ff decays of neutron-rich indium isotopes lead to the popu-
lation of either the ground state or states built on the v"v~! or v" lr7~! con-
figurations in the daughter nucleus (see Figure IV.8). Due to the involvement
of orbitals deeply bound in the N = 82 32Sn core or those above the Z = 50 shell
gap, such excitations appear at high excitation energies, exceeding S,,.

Examining systematic trends of levels with neutron-hole configurations in the odd-
A tin isotopes with IV < 82 allows us to estimate relative positions of states of this
nature in more neutron-rich tin isotopes. Excitation energies of the considered
levels, shown in Figure IV.9, follow a smooth trend. The three lowest states, hav-
ing configurations with a neutron hole in the v2d3/5, v1hyy /9, and v3s; /5 orbitals,
are located within a 300-keV range. They lie around 2 MeV below the GT-fed
state with a neutron hole in the v1gy /5 orbital. Similar relative positions between
analogous levels are expected for heavier odd-A tin isotopes.

States at low excitation energies in tin isotopes beyond N = 82, corresponding
to excitations of neutrons in the N = 82 — 126 major shell, can be populated
only via ff-type 8 decays of neutron-rich indium isotopes. Properties of these
states reflect the nature of neutron orbitals above the N = 82 shell closure. Large
[-decay energies of neutron-rich indium isotopes, combined with a dominance
of their GT and ff decays populating levels above S, /2, of daughter nuclei, hinder
the B-decay feeding to low-energy states in tin isotopes. Nevertheless, for each
parent nucleus studied in this thesis, these ff-fed states were observed (133Sn and
134Gn) or tentatively identified (*>Sn) in daughter nuclei.

With information on the population of low-energy states in ®3Sn and '34Sn, hav-
ing well-established spin-parity assignments, it was possible to infer the proper-
ties of f-decaying states of parent nuclei and some of neutron-unbound states.
Although the identification of the ff-type of 8 decay does not warrant a certain
spin-parity determination, a simple structure of tin isotopes as well as fairly well-
studied single-particle and single-hole states in the '32Sn region make tentative
spin-parity assignments possible is some cases. In the next sections, information
on ff-fed states populated following 3 decays of 133In and '3*In is provided.

8.1 1%In

In the § decay of ¥3In, the population of states in ®3Sn below the excitation en-
ergy of 6 MeV, where the GT resonance is expected, is solely due to ff transitions
(see Figure IV.4). Two B-decaying states of #3In, differing significantly in spin
values, provide a great opportunity to exploit ff-decay selectivity to investigate
separately the lower and higher spin states in '33Sn, and thus to probe indepen-
dently various single-particle excitations as well as states of the 2plh nature built
on excitations of the 132Sn core (see Figure IV.10).

The ff decays of the (9/27) ground state of 33In lead to a population of (7/27),
(9/27), and (11/27) states. The v1hyy/p — mlgg o transition is the most favor-
able one (see Figure IV.8). In the ff decays of the (1/27) isomer, the (1/27)
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Figure IV.9: Systematics of the low-lying 1/2%, 3/2%, 5/2% 7/2% and 11/2~
levels in odd-A 12°71318n observed in the 8 decay of 12°131n [131-133]. The 7/2%
states indicated by bold lines receive the biggest feedings in the [ decay of the
9/2% ground states of indium isotopes.

and (3/2%) levels are fed through the v3s1/2 — m2pyjp and v2dgy — T2py)o
transitions. According to the systematics of odd-A4 25-131Sn, the two lowest-lying
states of neutron-hole nature in 33Sn should be the 3/2% and 11/2~ levels (see
Figure IV.9). Their positions in '3!Sn are less than 100 keV apart. It can be
expected that corresponding excitations in !33Sn also appear in a similar energy
range.

In the analogous 3 decay of the (9/27) ground state of 13!In, the (11/27) level
~1
11/22

ulated below the GT-fed state (v1g; /12) [131]. Taking as a reference the 6088-keV

level in '33Sn interpreted as arising from the 12 f72 /2 19, /12 configuration, the 3/2%

in 1318n, with configuration v1h is the only state of neutron-hole nature pop-

and 11/27 states are expected about 2 MeV lower in energy (see energy spacing
between corresponding excitations in '3!Sn in Figure IV.9). Three levels were
identified in the 3 decay of the (9/2%) ground state of 33In in a consistent energy
range, 2—3 MeV below the considered GT-fed state in 33Sn. Although they are lo-
cated above 5, of the daughter nucleus, their deexcitation via - rays was observed,
as the neutron emission is hindered by the centrifugal barrier (see Figure IV.5).
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Figure IV.10: Schematic view of proton and neutron orbitals involved in the
dominant ff decays of the ground and isomeric states of 33In.

One of these, the 3564-keV level, corresponds to the previously reported neutron-
hole (11/27) state, which is populated via the v1hy; /5 — 7lgg /o transition [13, 19].
The energy spacing between levels assigned to configurations with a neutron hole
in the v1hyy/p and vlgy7 o orbitals is the same in 13181 and '33Sn. In the B decay
of the isomeric (1/27) state of !33In, no high-energy transitions were identified
that could be attributed to ff transitions resulting in configurations with a neutron
hole in the v2ds3/, or v3sy /5 orbitals. Due to low spin values of the corresponding
levels and, consequently, the absence of a centrifugal barrier, their deexcitation
by v rays is not expected.

Thanks to the large spin difference of the two 3-decaying states in 33In, it is possi-
ble to probe independently different ff transitions populating single-particle states
in 1¥3Sn. Three known transitions deexciting the 1/27 (v3p12), 3/2 (v3ps)2),
and (9/27) (v1hg,2) levels in '3*Sn were identified as unique lines, observed in the
B decay of only one state of 33In. In contrast, the 3-decay feeding to the 5/2~
(v2f5/2) level was not evident in the 8 decay of the (9/2%) ground state or the
(1/27) isomer. The 13/2" state was also not identified.
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3. First-forbidden 5 decays

8.2 1%Ip

The population of states below the excitation energy of 7 MeV in !*4Sn, where
the first GT-fed level should appear, is due to ff decays of **In (see Figure IV.6).
The v1hyy /9 — mlgg o transition is the one that has a major contribution to this
[-decay feeding (see Figure IV.8). Two new states found in !3*Sn at excitation

energies of 4759 and 5010 keV are most likely populated via this ff transition,
-1

11/2
ogous to the (11/27) state at 3564 keV in 33Sn fed via the same ff transition

(see Section IV 3.1). Such assignment is supported by the shell-model calculations

resulting in the v1h 2 f$’/2 configuration. These levels are expected to be anal-

with core excitations, which predict the first state from this multiplet at around
5 MeV in 34Sn [134] (more details in Section IV 7.3.2).

Only two states below S, are fed in 134Sn following the **In 3 decay. One is a well-
known 67 level at 1247 keV belonging to the yrast cascade [20, 35], while the other
is a newly identified state at 2912 keV. Observation of the 5-decay feeding to only
one member of the v2 f72 /2 multiplet allows us to infer the ground-state spin and
parity of the parent nucleus, benefiting from the selectivity of the ff decays (see
Section IV 1.2).

A particular remark should be made about the 354-keV transition, which is con-
firmed in this work as following the 3 decay of **In [19]. Due to the lack of Byy
or 7 coincidence relations, its assignment to one of the daughter nuclei is not pos-
sible. A state decaying directly to the ground state cannot be placed at such a low
excitation energy in the level scheme of '33Sn or 134Sn. In view of the enhanced
contribution of v-ray deexcitation to the decay of levels above .S, of daughter nu-
clei of 13*In, one might consider the possibility that the 354-keV ~ ray is emitted
from a neutron-unbound state for which the centrifugal barrier hinders neutron
emission. Once a v ray has been emitted with the associated angular-momentum
transfer, the level that has been fed could subsequently decay via neutron emis-
sion.

5.8 1%In

The Bv-decay branch of ¥°In is based entirely on tentative assignment. Taking
into account the most probable 9/2% ground-state spin and parity of the par-
ent nucleus, the two transitions at 950 keV and 1221 keV are proposed in '3%Sn
with spin-parity values of 7/27, 9/27, or 11/27. With such excitation energies,
they can be attributed to levels arising only from ff decays. In analogous 8 decay
of the (9/2%) ground state of 133In, only two bound states in 33Sn were observed:
the 7/27 (v2f7/2) ground state and the (9/27) (v1hg/y) excited state. The con-
tribution of ff transitions to the 8 decay of 3°In is expected to be similar to that
observed for 133In. However, it should be stressed that the structure of the three-
valence-particle nucleus is more complex than the one-valence-particle nucleus.
Therefore, more bound states can be populated via ff transitions in *°Sn than
in 133Sn.
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4 [B-delayed neutron emission

Determination of n-decay branching ratios for 33In and '3*In as well as iden-
tification of the dominant S-decay branch of '¥°In allow for verification of the
predictions of the models used for calculating §-decay properties of r-process nu-
clei beyond experimental reach. Experimental Py, 2,, values obtained in this thesis
are compared with theoretical predictions based on quasiparticle random phase
approximation (QRPA) [135], the relativistic Hartree-Bogoliubov (RHB) model
with the proton-neutron relativistic QRPA (RQRPA) [39], as well as the phe-
nomenological effective density model (EDM) [136] (see Table IV.1). For the
QRPA, it is possible to compare three successively extended models, some of which
take into account not only GT transitions but also ff transitions and competition
between all available decay modes of neutron-unbound states [38, 135, 137, 138].

In the case of 133In, for which only one Sn-decay branch was observed, calculations
consistently indicate a dominance of the 81n emission. The QRPA predictions
are the closest to the measured value, while the other two models underesti-
mate the P, value, especially RHB4+RQRPA. Incorporating further effects in the
QRPA-based models introduces little change in the predicted values. The inclu-
sion of ff transitions in the second version of the QRPA predictions, QRPA-2 [137],
leads to a reduction in the Py, value by only 7%. The latest version of the QRPA
calculations, QRPA+HF [38, 138], yields practically the same result for !33In
as the previous one.

More interesting is the comparison for 34In, for which two competing Bn-decay
branches were observed. The inclusion of ff transitions in the QRPA-2 leads
to an increase in the P, value for this nucleus by a factor of about ten with
respect to the QRPA-1, in which only GT transitions were considered. A larger
contribution of the f1n emission from '34In is predicted by RHB+RQRPA, which
accounts for both GT and ff transitions. However, in the RHB+RQRPA cal-
culations, the total probability of fn emission (P, t0) is lower (=~ 66%) than
in the two first variants of the QRPA calculations, where P, ;,; exceeds 90%.
Besides, the predicted branching ratio of the 81n decay remains lower than the
experimental result. The dominant contribution of the S1n emission from *In
is predicted by the most recent QRPA calculations, QRPA+HF, in which the sta-
tistical Hauser-Feshbach (HF) model [38] is incorporated to address competition
between one- and multiple-neutron emission as well as y-ray deexcitation in the
decay of neutron-unbound states. The Pj, value predicted by the QRPA+HF,
which also accounts for ff transitions, is the closest to the experimental value
for ¥4In among the models considered. In the case of the P,, the experimental
value is well reproduced only by the EDM. This approach also accounts for the
competition between one- and multiple-neutron emission as well as v-ray deex-
citation above the S,,. If the cutoff method is applied to the EDM, so that the
decay of states above S1,, (S2,) proceeds only via emission of one (two) neutron(s),
the calculated probabilities change significantly; Py, = 28% and Py, = 39% [139].
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Table IV.1: Comparison of predicted and experimental values of Py, 2, (%) for
133Tn, 134n, and ¥%In. Results of calculations using three successively improved
approaches based on QRPA: QRPA-1 [135], QRPA-2 [137] and QRPA+HF [38,
138] as well as based on RQRPA [39] and EDM [136, 139] are presented. Data
were taken from Ref. [40]. Predictions of the EDM model after applying the cutoff
model (EDM_y05) [136, 139] are also presented.

Nucleus 1331 1341 1351y

Method Py, P, P, P, Py, Py,
QRPA-1 99.6 0.4 0.60 99.4 86.2 8.3
QRPA-2 92.7 0.2 6.5 86.7 23.5 64.3
QRPA-+HF 93 0 78 15 86 10
RHB+RQRPA 67.2 0.4 18.9 46.8 49 41.2
EDM 84.3 0 64.5 2.2 52.4 1.2

EDM cyiofr - 28 39 - -

Experiment: 90(3) — 89(3) 9(2) - -

A comparison of the different Py, 2, calculations for 134Tn shows that the best
reproduction of the experimental values is achieved when ff transitions and all
possible deexcitation paths of neutron-unbound states are taken into account.
Indeed, the inclusion of competition between the emission of one and multiple
neutrons as well as v rays following the 13*In /3 decay is relevant, because the B1n-
decay branch of ¥4In was observed to be dominant even though the GT resonance
is located substantially above the So, of 134Gy, Moreover, neutron-unbound states
decaying via 7 rays were observed in the two daughter nuclei of ¥*In, 134Sn and
1338n. In the previous study, it was estimated that around 25%—35% of the decays
of neutron-unbound states populated in #3Sn following the one-neutron knockout
from '34Sn proceed via y-ray emission [13]. The enhanced 7-ray deexcitation
of states above S, was explained by the small spectroscopic overlap between states
involved in neutron emission.

A similar nuclear structure effect is expected to play a role in the 3 decay of 34In,
both in 8- and S1n-decay branches. The GT decays of neutrons from the N = 82
13281 core result in the population of states in '3*Sn formed by couplings of the
valence neutrons to core excitations (v~!v3 or 7m =112, see Figure IV.3). The wave
functions of the states populated following neutron emission have little spectro-
scopic overlaps with the low-lying states in '33Sn, having a single-particle na-
ture [17]. For this reason, v rays are able to compete with neutron emission well
above S,. Similar structure effects leading to the hindrance of neutron emission
were identified in other Sn emitters [101, 140, 141]. Interestingly, the QRPA+HF
calculations estimate a minor change, below 3%, in the calculated Pp, values
if an increase of one order of magnitude to the 7-ray strength function is as-
sumed [38]. However, such ~-ray emission enhancement would have a larger effect
on the neutron capture rates of neutron-rich nuclei.
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IV. Discussion

For the most neutron-rich indium isotope studied in this thesis, it was not possible
to determine the Py, 2, values. However, it was possible to indicate the S1n-decay
branch as the dominant one. This qualitative finding provides valuable informa-
tion because '3°In is the lightest odd-A indium isotope for which models predict
a significant contribution of the $2n decay (compare predictions for 33In and
133In; shown in Table IV.1). The contribution of this 3-decay branch is overes-
timated by two models, namely QRPA-2 and RHB+RQRPA. In general, it can
be concluded that QRPA-2, RHB+RQRPA, and EDM calculations underestimate

the Py, value for 13°In.

5 Single-particle vliyz)y state

The B decay of 13In offers favorable conditions to search for the missing single-
particle v1iy3/9 state in 1338n. The the ground-state spin of the parent nucleus
is expected to be high, most likely 77, and the Sln-decay branch populating
states in this tin isotope practically dominates the decay. The high excitation
energies of the predicted multiplets in 34Sn involving the 14,5 /2 orbital are also
advantageous (more details in Section IV 7.3.2). The lowest-lying state arising
from the v2f7 /514135 configuration is expected at an excitation energy of around
4—5MeV [142] or 3.2 MeV [143], where negative-parity neutron 2plh excitations
are also predicted. Due to the high density of negative-parity levels in 34Sn with
a contribution of the v1i3/, orbital, there is a chance that they are mixed with
2plh states. Such admixtures would increase the overlap of the wave functions
of states involved in the S1n decay of *#In in which the 13/2T state in 133Sn
can be populated. Because spins of the states identified in 33Sn following this
Bln decay cover a wide range of values, from 3/27 at 0.85 MeV to (11/27)
at 3.56 MeV, the population of the 13/2% level does not seem to be hindered
in terms of the angular momentum for neutron emission.

The excitation energy of the first 13/2% state in !33Sn was estimated to be
2511(80) keV [34] or between 2360 and 2600 keV (more details in Section IV 7.3.1).
The 2434-keV « ray observed in the '3*In 3 decay, being the only one registered
in the energy range between 2100 and 3500 keV, is therefore a natural candi-
date for a transition depopulating the 13/2F level in 133Sn. Alternative assign-
ment to '3*Sn may be excluded due to the large difference between the 3*In
and '34Sn ground-state spin values. Direct or indirect feeding to an excited state
in 34Sn that decays to the 07 ground state is unlikely in the § decay of **In
with (77) ground state. The 2434-keV transition was also observed in the 135In
B decay, in which other states in !33Sn are populated in the 32n-decay branch.
The same arguments may be used to explain the population of the 13/2" state
in 133Sn via the 82n decay of 3°In as outlined for its population via the S1n decay
of 34In,
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The decay of the 13/2% state to the 7/2~ ground state in '33Sn can proceed
via an F3 transition with an expected lifetime of around 2 ns. Its decay via
a cascade of M2 and M1 transitions, through the (9/27) state at 1561 keV,
can also be anticipated. In the analogous nucleus in the 2°8Pb region with one
neutron above the core, 2°Pb, a 15/2~ level corresponding to the v17;5 /2 single-
particle state decays via an E'3 transition to the 9/2% ground state (v2g9/2) and via
an M2 transition to the 11/2% excited state (v1iy1/2) [144, 145]. The observed
relative intensities of these two transitions are 100(2) and 11(1), respectively.
Relying on the similarity of the corresponding excitations in the '32Sn and 2°8Pb
regions [34, 93, 94, 146-148], the E3 transition is anticipated to dominate the decay
of the 13/2T state in 133Sn, as is the case in the decay of the analogous 15/2~
state in 209Pb. Therefore, the non-observation of an M2-M1 cascade from the
2434-keV level is consistent with the y-ray branching ratios deduced for the 15/2~
state in 209Pb.

For the sake of completeness, it is worth mentioning that a 2434-keV transition
was identified in 3!Sn [131]. However, an excited state with that energy cannot
be populated in ¥!Sn following the 34In 8 decay due to an insufficient S-decay
energy window.

6  Spin-parity assignments for daughter nucles

In this section, experimental observations from different 5-decay branches of neu-
tron-rich indium isotopes are brought together to provide key information ob-
tained in this thesis on excited states in 33Sn, 134Sn, and '°Sn. These observa-
tions are combined with interpretations already discussed, arising from the selec-
tivity of the 8-decay process, experimental systematics of the lighter tin isotopes,
and expected analogies to 8 decays of less exotic indium isotopes.

6.1 18n

Experimental information on states in '33Sn was obtained in total from four 3 de-
cays: [7-decay branches of the ground and isomeric states of '33In as well as
B1ln- and B2n-decay branches of 34In and ¥%In, respectively. Figure IV.11 shows
the level scheme of 133Sn established in this thesis. In total, four new excited states
were identified, and one tentative state was proposed. Different spins and parities
of indium isotopes, namely (1/27), (9/2%), and (77), made it possible to investi-
gate states in 133Sn over a wide range of their spin-parity values. For the latter two
B-decaying states of parent nuclei, angular momentum carried by §-delayed neu-
trons also contributes, expanding the population possibilities in fn-decay branches
compared to ff transitions.
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Figure IV.11: Experimental level scheme of 3Sn. New states reported in this
thesis are shown in red. The S decays of indium isotopes in which a particular
transition was observed are labeled on the right. The experimental spin-parity
assignments for previously known states were taken from Refs. [19, 32]. The S,
value was taken from Ref. [16].
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All known single-particle states in '33Sn were observed, and consistent informa-
tion relevant to their spin-parity assignments was obtained. In the case of the
133In B decay, the low-spin single-particle states, 3/2~ at 854 keV and 1/2~
at 1367 keV, were observed solely in the (1/27) isomer decay, while the high-
spin single-particle (9/27) state at 1561 keV was identified only in the (9/27)
ground-state decay. The single-particle 5/2~ state at 2005 keV, which was pre-
viously reported to be populated in the 8 decay of '33In [19], was not observed
for any of the S-decaying states of this nucleus. The lack of its observation is con-
sistent with the forbiddenness category of transition leading to the population
of this state. Similarly, no candidate was observed for the single-particle 13/27"
state because its population starting from the (9/27) ground state of 133In would
proceed as a second-forbidden 3 decay.

The 3/27, (9/27), and 5/2~ states in '33Sn were populated through the B1n
and 2n decays of 34In and '3°In, respectively. In addition, the 2434-keV v ray
being a candidate for the transition depopulating the missing single-particle 13/2"
state was seen in these 3 decays. The resulting 2434-keV level in !33Sn is located
slightly above S,, (= 35 keV). Its observation in 3 decays of both 34In and !3°In
provides a solid argument for the placement in the level scheme of 33Sn, but its
interpretation as the single-particle 13/2" state is based entirely on empirical
estimates of the last missing neutron single-particle energy in the '32Sn region
(see Section IV 7.3.1).

Four new neutron-unbound states decaying via ~y-ray emission were identified
in ¥3Sn. In addition, one such level was proposed as tentative. Two of these
new states were observed in the B7- and fln-decay branches of indium iso-
topes. One is the previously identified (11/27) level, which was attributed to the
V2f72/21h1_11/2 configuration [13, 19].

For states populated in 133Sn following the (9/2%) ground-state 3 decay of !33In,
spin values of 7/2, 9/2, or 11/2 are the most probable. These spin values are large
compared to the 07 ground state of 132Sn, which is the only level that can be fed
in the B1n-decay daughter nucleus from neutron-emitting states in 3Sn at ener-
gies up to 6.4 MeV. Thus, decays of these neutron-unbound states via neutrons
are associated with a large centrifugal barrier that makes competing decays via -
ray emission possible.

Parities of the states in 133Sn were proposed based on the systematics of neutron-
hole states in lighter odd-A tin isotopes (see Figure IV.9) and considering the exci-
tation energy of the GT-fed state in '*2Sn identified in the 3?In 3 decay [74, 100].
Taking into account the even-odd effect in the GT strengths [128], this energy
in 132Sn served as a reference to indicate the expected energy of about 6 MeV
for an analogous GT-fed state in 23Sn. On this basis, the 6088-keV level was at-
tributed to the GT decay of ¥38In, and consequently, its positive parity was pro-
posed. A similar interpretation was suggested for the tentative state at 6018 keV.
All levels populated in the 239In B decay at energies lower than 6 MeV in '33Sn
should arise from ff transitions, so their negative parity is expected.
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6.2 1%Sn

Experimental information on states in '34Sn is obtained from B decays of two
indium isotopes, 34In and '¥°In, through the 8- and $1n-decay branches. These
decays, with (77) and (9/2%) ground-state spins and parities of parent nuclei,
respectively, give access mainly to high-spin states in 133Sn. Neutron angular
momentum introduces more spin population variants to the B1n decay of 3°In
than those possible via ff decays of 34In.

Figure IV.12 shows the level scheme of 3*Sn established in this thesis. In total,
six new states were identified and one tentative state was proposed in this nucleus.
Three levels above 2.9 MeV were assigned from the 3y-decay branch of 134In, while
new levels below this energy were deduced from the S1n-decay branch of 5In.

Among the four known excited states in 34Sn, only the (8%) state at 2509 keV
identified from the 248Cm fission data [35] was not observed. The yrast cascade
built on the 67 isomer at 1247 keV was seen in 3 decays of two indium isotopes.
Different SB-decay feedings were deduced to the 27, 4%, and 6T states involved
in this cascade. In particular, the 6% state was identified to be the only one
that receives B-decay feeding from 34In. Because this state has well-established
spin and parity, this observation allowed the expected spin-parity value for the
ground state of the parent nucleus to be narrowed down to 7~ (see Section IV 1.2).
Consequently, relying on the selectivity of the S decay, it enabled the spins of the
newly identified levels in !3*Sn fed by the '34In 3 decays to be proposed as 6,
7, or 8. For new states in '3*Sn assigned from the '*°In B1n decay, the y-ray
decay branch only to the 4T level at 1073 keV was observed. A low spin can
be expected for a tentatively proposed state at 1321 keV, which decays via the 595-
keV transition to the 2% state at 726 keV.

After recent identification of high-energy neutron-unbound states decaying via -
ray emission in 133Sn [13], 134Sn was found to be another isotope in which this
phenomenon occurs. Such states were observed in the '3*In 8 decay, so high-
spin values of 6, 7, or 8 can be attributed to them. These states are expected
to be analogous to the (11/27) level of the neutron 2plh nature in 133Sn.

For new states in '®*Sn located below S, positive parity resulting from the na-
ture of low-lying neutron orbitals above the N = 82 shell gap can be proposed
(see Figure IV.6). An additional argument arises from the population pattern
by GT and ff decays. The position of the first GT-fed state in '3*Sn is expected
to be comparable to the location of the analogous state known in '32Sn, which
is fed by the same GT transition [100]. Such a state was identified in 32Sn
at 7 MeV [100]. Based on this energy and systematics of neutron-hole states
in lighter odd-A tin isotopes (see Figure IV.9), it is possible to indicate relative
energies at which states of neutron-hole nature populated via ff transitions should
appear in 34Sn. These considerations imply the expected positive parity for all
levels below 7 MeV in '34Sn. In particular, levels at around 5 MeV can be inter-
preted as positive-parity states arising from the neutron 3plh configuration.
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Figure IV.12: Experimental level scheme of 34Sn. New states reported in this the-
sis are shown in colors. Transitions observed solely in the 34In 3 decay are shown
in green, while those observed only in the °In B decay are shown in violet.
Transitions observed in both 8 decays are shown in black. The experimental spin-
parity assignments for previously known states were taken from Refs. [20, 35].
The S, value was taken from Ref. [16].
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6.9 198n

Experimental information on excited states in '®>Sn is based entirely on a ten-
tative assignment from the Bv-decay branch of 3°In. Two transitions, 950 keV
and 1221 keV, were placed in the level scheme as decaying to the (7/27) ground
state (see Figure IV.13). At such low excitation energies, only ff transitions can
populate states in this nucleus. Taking into account the most probable 9/2%
ground-state spin and parity of the parent nucleus, these two levels were proposed
as 7/27,9/27, or 11/27.

2
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—

(7/279/27,11/20).
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Figure IV.13: Excited states tentatively proposed in 'Sn. The ground-state
spin-parity assignment is based on systematics of the Z = 50 isotopes [29].

7 Shell-model predictions

7.1  Shell-model description

Neutron-rich tin isotopes with a proton magic number Z = 50 and a few more neu-
trons than the neutron magic number N = 82 represent excellent cases of nuclei
for which the simplest possible theoretical description can be applied. Within the
shell-model framework, these isotopes can be described using the !32Sn nucleus
as an inert core and only one or a few neutrons outside this core. The applicability
of the shell-model approach to interpret the structure of nuclei around '32Sn arises
from the doubly magic nature of this nucleus. Such nature is evident from the
high energy of the first-excited state in 2Sn (4041 keV [100, 130]), low S,, values
for nuclei in its closest vicinity [16], and large spectroscopic factors (= 1) deter-
mined for low-lying states in '33Sn, which revealed the purity of single-neutron
excitations in this one-valence-neutron nucleus [17].
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Figure IV.14 shows a typical model space used in the shell-model calculations
for nuclei in the '3?Sn region having one or a few more nucleons than magic
numbers Z = 50 and N = 82. This model space is built on the '32Sn core
consisting of single-particle orbitals below shell closures at Z = 50 and N =
82, which are filled with particles and considered to be inert in the mean-field
approximation. Valence nucleons occupy successive single-particle states outside
the core. In general, five proton and six neutron orbitals are taken into account,
which, once filled with nucleons, correspond to the next major shell closures at Z =
82 and N = 126. The nature of filled valence orbitals determines the properties
of low-energy states in the considered nuclei.
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Figure IV.14: Experimental single-particle energies (Es ;. ) of proton (7) and neu-
tron (v) orbitals for the doubly magic 32Sn. In order to eliminate the Coulomb
energy difference (AE.) between proton and neutron orbitals, energies are nor-
malized to the middle of the shell gap (Ar). Proton and neutron orbitals frozen
in the core and those forming valence space in most of the shell-model calculations
for neutron-rich nuclei in the 32Sn region are indicated. The figure was prepared
following Ref. [119] (see Figure 2 therein).
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In tin isotopes beyond N = 82, states were identified not only at low excitation
energies, by which is meant below their .S, values, but also at those compara-
ble to or even higher than the N = 82 shell gap energy (= 4 MeV [142, 149]).
For 133Sn and '34Sn, new levels at energies up to around 5—6 MeV were observed,
which are attributed to ff and GT transitions involving deeply-bound neutrons
in the N = 82 1328n core. This means that the typical shell-model space used
in calculations for nuclei from the '32Sn region is insufficient for studying the re-
sulting high-energy excitations.

In order to investigate the entire deexcitation pattern observed in tin isotopes
beyond N = 82 following 8 decays of neutron-rich indium isotopes, an extended
valence space is required, allowing the two types of excitations to be studied.
One class covers excitations of valence particles while the second one corresponds
to excited states formed by couplings of the valence particles to core excitations.
The extended valence space should be understood therefore as the one that in-
volves more single-particle orbitals than the typical model space employed in the
1328n region (see Figure IV.14).

Shell-model calculations using extended valence space for heavy nuclei are compu-
tationally challenging, especially the diagonalization of the Hamiltonian matrix
due to its extremely large size. Computational effort increases rapidly as the
number of single-particle orbitals forming the valence space enlarges. The size
of the adopted model space is therefore limited by the present computational ca-
pabilities, hindering a comprehensive understanding of the structure of all excited
states. For this reason, a computationally optimal core must be chosen, which
is realized in practice by the opening of only a few single-particle orbitals just
below shell closures. Constraints on interpretation due to the core approximation
become apparent as the excitation energy of the states under study increases be-
cause orbitals deeply bound in the core or those located well above it are needed
to explain high-energy excitations.

7.2 Querview of the calculations

A brief overview of the shell-model calculations available for neutron-rich tin iso-
topes is provided in this section. These calculations use different valence spaces
as well as various nucleon-nucleon (NN) interactions. Identifying the differences
between the various shell-model variants is essential to understand the limitations
of each approach and to explain possible differences in their predictions.
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7.2.1 FExtended valence spaces

For nuclei in the '32Sn region, shell-model calculations with extended valence
spaces were reported in several studies [134, 150-154]. Various restrictions on the
model space were made, for instance, 1'°Sn (Z = 50, N = 66) [134], 11%Zr (Z = 40,
N = 70) [153, 155], or "®Ni (Z = 28, N = 50) [150] were employed as cores.
Among these calculations, only one study focuses on neutron-core excitations
in neutron-rich tin isotopes [134].

H. Jin et al. presented the results of large-scale shell-model calculations, fur-
ther referred to as Jin2011 [134], in which an extended pairing-plus-quadrupole
model with monopole corrections (EPQQM) was employed to determine two-body
interaction matrix elements [156]. The valence space used in the EPQQM cal-
culations included five proton orbitals between Z = 50 and 82: wlg7 o, m2d5 s,
7381 /9, ™2d3/9, and wlhyy 9, five neutron orbitals above N = 82: v2f7 /5, ¥3p3 /2,
v3p1/2, V1hg e, and v2f5 9, as well as two neutron orbitals below N = 82: v1hyy /5
and vldgz/y. With such a model space, it was possible to investigate core-excited
states with a neutron hole in the 115 or v1d3/y orbitals. It is worth noting that
the vliy3/, orbital from the N = 82 — 126 shell was not included in the valence
space. Particle-hole excitations of protons in the Z = 50 ¥2Sn core were also
not considered. In the Jin2011 calculations, the experimental energies of states
in nuclei with one valence particle or hole with respect to the doubly magic '32Sn
core, 133Sb, 1338n, and '3'Sb, were not taken directly as single-particle energies,
as is usually done. Energies for the shell-model basis were determined by compar-
ing the EPQQM calculations for known states in these nuclei and in the A = 134
isobars containing two valence particles, such as, **Te, 34Sn, and '34Sb. In this
way also the proton-proton, neutron-neutron, and proton-neutron interactions
were obtained.

H. Naidja et al. performed shell-model calculations in which couplings between
core excitations and valence particles were also considered [155]. In their study,
further referred to as Naid2015, a realistic interaction was derived from the charge-
dependent Bonn (CD-Bonn) NN potential [157, 158] renormalized through the
View—k approach [159]. The renormalized CD Bonn interaction is also referred
to in the literature as RCDB. In Naid2015, empirical corrections were introduced
to the Vj,,_ interaction to ensure the reproduction of the single-particle ener-
gies in '*3Sn and !33Sb and their masses. Two versions of the interactions were
tested: the original (NNS110) and the modified one that incorporates corrections
to the pairing strength (NNS110P). In the chosen valence space, containing seven
neutron orbitals: v1hyy/o, V2f7/2, V3p3/2, V3p1s2, V1hg o, V2f5/9, and vlijg)s,
and five proton orbitals: 7lgg o, T1g7/2, T2d5/2, 72d3/9, and w35y /2, H0Zr acts
as a core nucleus. This means that core excitations are restricted to the opening
of the v1hyy/o and mwlgg o orbitals below N = 82 and Z = 50 shell gaps, respec-
tively. Despite the relevant valence space, high-energy states arising from the
core excitations are not discussed in Naid2015. The presented results are limited
to a discussion of the structure of low-lying levels, including the effect of core
opening on reduced transition probabilities.
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7.2.2  Typical valence space

Shell-model calculations taking into account only one type of excitation, the one in-
volving valence particles, were reported for neutron-rich tin isotopes in several
studies [142, 143, 160-166]. Previously known low-energy excitations in these iso-
topes were shown to be fairly well described using various effective interactions,
derived mainly from the CD-Bonn NN potential [157, 158] and various model
spaces.

A. Covello et al. presented shell-model predictions on excited states in neutron-
rich tin isotopes in several works, in 2002 [143], 2007 [161], and 2011 [162]. Their
last published results for 34Sn and '3°Sn [162], further referred to as Cov2011,
were obtained using a realistic effective interaction derived without any adjustable
parameter, starting from the CD-Bonn NN potential, which was renormalized
following the Vj,,,—x approach [159]. It is worth mentioning that the interaction
used in these calculations is often referred to in the literature as Napoli interaction.
As a valence space, six neutron orbitals of the N = 82 — 126 shell were adopted:
V27,2, V3p3)2, V3D1/2, V1hg o, V2[5 /9, and vliy3/5. An earlier study by this group,
presenting predictions for '3°Sn, is further referred to as Cor2002 [143].

Kartamyshev et al. performed large-scale shell-model calculations for heavy tin
isotopes [142] using realistic effective interactions obtained from the CD-Bonn
potential through the Gmatrix renormalization method [167]. In their work,
further referred to as Kart2007, valence space consisted of neutron single-particle
states: v2f7/9, v3p3/a, V1hg o, V3py1/2, V2[5/2, and vliyz/o. The results of their
calculations are discussed using a generalized seniority approach.

C. Yuan et al. reported shell-model calculations for neutron-rich tin isotopes [160],
further referred to as Yuan2016, in which proton-proton and neutron-neutron in-
teractions were also derived from the CD-Bonn renormalized G matrix, while the
proton-neutron interaction across two major shells was obtained from the mono-
pole-based universal interaction Vi [168] plus the M3Y spin-orbit force [169].
The Hamiltonian used in the Yuan2016 calculations operates in the particle-
particle model space. It is worth mentioning that interactions used in these calcu-
lations are often referred to in the literature as jj45pna, CWG, and VMU+LS(M3Y)
for proton-proton, neutron-neutron, and proton-neutron interactions, respectively.
Single-particle orbitals for protons in the Z = 28—50 shell: 71 f5/9, 72p3/2, T2p1 /2,
and 7lgg/p and for neutrons in the N = 82 — 126 shell: v2f7/, v3p3/2, V3p1 /2,
vlhgs, v2f5/5, and vlijz)y formed the valence space. Single-particle energies
used in these calculations were fitted to the experimental energies of correspond-
ing proton-hole and neutron-particle states in '3'In and 133Sn, respectively. These
energies were not taken directly as the single-particle energies in the Hamiltonian
but were modified by the residual proton-proton and proton-neutron interactions.

Although proton orbitals below the typical Z = 50 32Sn core are considered
in Yuan2016, the valence space used in these calculations was not classified as ex-
tended compared to the most commonly used one, involving proton orbitals be-
tween Z = 82 and 126. The inclusion of single-particle orbitals below Z = 50
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in model space practically does not affect the predictions for tin isotopes for which
neutron orbitals are key to the interpretation.

A. Kumar et al. performed shell-model calculations in which residual interaction
based on the CD-Bonn renormalized G matrix was variously modified [163, 164].
Changes were made to the position of the v1iy3/5 orbital and/or to the diagonal
and non-diagonal two-body matrix elements. Calculations were carried out in the
valence space between N = 82 and 126 using experimental single-particle energies
for the following orbitals: v2f7 /5, v3p3/2, v3p1/2, V1hg 2, V2[5 )3, and vliiz/9. Pre-
dictions reported for 134Sn in the recent work, further referred to as Kum2017, were
obtained either with or without modifications to the initial interaction. The re-
sulting sets of data were compared with the results of the generalized seniority
calculations.

S.and M.S. Sarkar presented shell-model calculations for 2°Sn with modified
CW5082 interaction [166], originally derived from the 2°*Pb region [170]. Mod-
ifications were introduced to this interaction to reproduce available experimen-
tal data in the region of interest. In their work, further referred to as Sar2004,
the valence space includes five proton orbitals, mlgro, 72ds5/, T2d3/3, 73512,
and 7lhyy/p, and six neutron orbitals, v2f7/, v3p3/a, v3p1/2, v1ihg/a, V2[5/2,
and vliy3/,. For these orbitals, experimental single-particle energies were used.
Further improvements to the modified CW5082 interaction were obtained by the
inclusion of updated experimental data in the '32Sn region, which were used
to change two-body matrix elements.

L.Y. Jia et al. performed calculations on low-lying states in '3*Sn by applying nu-
cleon pair approximation of the shell model, in which only a few types of collective
pairs, as building blocks of the model space, were considered [165]. In their work,
further referred to as Jia2007, a separable phenomenological Hamiltonian includ-
ing the monopole pairing, quadrupole pairing, plus quadrupole-quadrupole inter-
actions between valence particles was used. The valence space consisted of proton
and neutron orbitals in the 50-82 major shell: 3sy/5, 2d3/o, 2d5/5, 1g7/2, and
1hy1/2 and additional neutron orbitals in the N = 82 — 126 major shell: v2f7 /s,
v3ps /2, v3p1/2, V1hg o, V2f5)5, and vlijz/s. Single-particle energies were taken
from experimental data available at that time.

7.2.3  Empirical calculations

There is an additional class of shell-model calculations for nuclei in the 32Sn
region, in which excitations are interpreted and predicted using empirical NN in-
teractions. In this approach, excited states under consideration must have firmly
determined spin and parity, and their dominant configurations should be identi-
fied. For that reason, experimental information on high-spin states is generally
used. Typically, multiplet members with maximally aligned spin are considered
so that the possible presence of admixtures from other configurations into the
wave function is minimized.
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In the 1328n region, there is still a lack of experimental data to calculate all the
interactions. Their estimations can be made from corresponding empirical NN
interactions known in the 2°®Pb region for analogous nuclei with respect to the
doubly magic core [34, 171-173]. This approach relies on the observed similar-
ity of excitations in nuclei from regions of neutron-rich 32Sn and stable 2°*Pb,
which was revealed in many studies [34, 93, 94, 146-148]. Among the tin isotopes
under study, such calculations are available mainly for 33Sn. In order to es-
timate the last missing neutron single-particle energy in this nucleus, the most
recent data on empirical NN interactions in nuclei with a few valence particles
or holes with respect to the doubly magic '32Sn are used. This input informa-
tion, if needed, is complemented by interactions estimated from experimental data
on nuclei in the ?°8Pb region. A renormalization due to the use of different shell-
model cores, which in the simplest case leads to the inclusion of the mass scaling
factor of A=1/3, is included in such calculations.

7.2.4  Single-particle energies

Recognizing differences in valence spaces chosen in various theoretical approaches
is essential to understand possible differences in predicted level schemes. Fig-
ure IV.15 shows a compilation of model spaces used in shell-model calculations
for neutron-rich tin isotopes. Only neutron orbitals were compared because excita-
tions involving proton orbitals are expected at high excitation energies, reflecting
the size of the Z = 50 shell gap (see Figure IV.14). Such excitations were not
considered in the theoretical studies on neutron-rich tin isotopes.

Single-particle energies adopted in shell-model calculations are presented in Fig-
ure IV.15 in such a way that the same positions have been fixed for the lowest
v2f7o orbital above the N = 82 shell gap. Other single-particle states are pre-
sented with respect to this orbital. Not shown in Figure IV.15 are the valence
spaces used in Naid2015 [155] and Yuan2016 [160]. In the former, experimental
information available at that time for '33Sn was briefly mentioned in this context.
It can be assumed that single-particle energies reported in 2014 by J. M. All-
mond et al. [32] were employed. However, it is not clear what value was used for the
vliyz/p orbital, because the identification of this single-particle state in 133Gn
was questioned in Ref. [32]. A general reference to the single-particle energies
known at that time in the 32Sn region was also given in Yuan2016 [160]. In this
case, the specific single-particle energy adopted for the v1i;3/, orbital was stated.
It is worth noting that the Hamiltonian used in the Yuan2016 calculation fixes
the relative single-particle energies to the observed excited states. Final values
of the single-particle energies, after modification by the residual proton-proton
and proton-neutron interactions, were not provided.

Upon initial review of Figure IV.15, the valence space used in Jin2011 differs
significantly from the others. Apart from the inclusion of the two neutron orbitals
below the N = 82 shell gap and omission of the v1i3/, orbital, there are larger
energy gaps between orbital positions than in other variants of valence spaces.
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Some differences in single-particle energies for two orbitals, namely v3p;/, and
vliyg), are visible in Figure IV.15. For the former, two values differing by about
290 keV were used. The experimental single-particle energy of the 1/27 state
in 133Sn was measured in 2010 [17]. Prior to this, shell-model predictions em-
ployed a tentative value proposed in 1996, which was based on unassigned transi-
tion observed in the B decay of 34In [19]. More recent calculations used the ex-
perimentally determined single-particle energy of the v3p; /; state in 1338, which
was found to be 290 keV lower than that tentatively proposed. From a series
of calculations made by A. Covello et al. [143, 161, 162], it is possible to trace
how shell-model predictions on excited states in '3*Sn changed after updating
the single-particle energy of the v3p; /; orbital. Because the single-particle energy
of the v1iy3/, orbital has not yet been confirmed experimentally, different values
were adopted in theoretical studies. Most of them refer to the energy predicted by
W. Urban et al. from empirical calculations [30] (more details in Section IV 7.3.1).
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Figure IV.15: Comparison of neutron single-particle energies used in various
shell-model calculations for neutron-rich tin isotopes. Normalization with re-
spect to the single-particle energy of the v2f7/, orbital, which was positioned
at 0 MeV, was applied. Experimental neutron single-particle energies in '33Sn
are also shown (EXP) [32]. Note that the v1i;3/ orbital was not considered
in Jin2011. On the other hand, only in this work, the two neutron orbitals below
the N = 82 shell gap were included in the model space. See text and following
Refs. for details: Jin2011 [134], Yuan2016 [160], Kum2017 [163], Cov2011 [162],
Kart2007 [142], Jia2007 [165], and Sar2004 [166].
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7.8  Predictions

Results of the different variants of the shell-model calculations for 33Sn, 134Sn,
and 35Sn are presented in this section. Predictions obtained from the individual
theoretical approaches are generally limited to a discussion of one of the isotopes
of interest. Special emphasis was given to the results presented in Jin2011 [134]
and Yuan2016 [160]. The former is the only available theoretical study on neutron-
rich tin isotopes in which excitations of the N = 82 132Sn core were considered.
This type of excitation is shown in this thesis to be an important component
of the deexcitation pattern observed in daughter nuclei following the £ decay
of neutron-rich indium isotopes. Omne of the most recent shell-model calcula-
tions employing neutron valence space commonly used in this mass region, which
is suitable for investigating states at energies up to around 2 MeV, was reported
in Yuan2016. New experimental data for nuclei in the !32Sn region, including
the recently identified isomer in 3*In [123, 160, 174], are faithfully reproduced
by the shell-model predictions presented in this work. Therefore, the shell-model
interactions used in Yuan2016 can be expected to describe well also low-energy
excitations in neutron-rich tin isotopes.

7.3.1 198n

With only one neutron more than the doubly magic 32Sn, '33Sn allows the most
straightforward interpretation of its ground and excited states. The shell-model
approach provides us with a simple picture describing its structure consisting
of a single-valence neutron in the N = 82 — 126 major shell, which occupies con-
secutive neutron orbitals above the N = 82 shell closure. Due to the excellent
properties of the doubly magic 32Sn as a core nucleus [17, 153, 175], the nature
of these orbitals, and consequently, neutron-single-particle energies can be inferred
from properties of low-energy excitations in '33Sn. This means that this nucleus
is a key system for calibrating theoretical models used to predict the properties
of more complex nuclei in this mass region, including those relevant to r-process
nucleosynthesis. Therefore, making shell-model predictions of low-energy levels
in 133Sn is not relevant, because their experimental energies are model calibration
data. However, shell-model calculations are useful in studying states at high ex-
citation energies in this nucleus, especially above its S,. These may correspond
to the last missing neutron single-particle state v1i;3/5 or levels built on the cou-
plings of valence neutrons to core excitations.

Recent theoretical studies on 33Sn were motivated by one of two reasons. The first
motivation was to investigate its high-energy states built on core excitations.
This task poses a computational challenge because the opening of the core is re-
quired to allow for couplings of valence nucleons to core excitations. The sec-
ond motivation was to estimate the last unknown neutron single-particle energy
in 133Sn. Its estimate was done by employing experimental data available for more
complex nuclei in the 32Sn region, in which states with a relatively pure configu-
ration involving the v1i;3/5 orbital are known. Such estimates are often referred
to as empirical shell-model calculations.
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Shell-model calculations with core excitations

Reconstruction of states at high excitation energies in '33Sn poses a crucial test
of the theoretical treatment of particle-hole excitations across the N = 82 shell
gap. Shell-model calculations considering this type of excitations were reported
for this nucleus so far only in one study, Jin2011 [134]. Results of these calcu-
lations are compared with experimental data in Figure IV.16. All levels with
neutron 2plh configuration are expected above S, of this nucleus. Due to the
adopted model space in Jin2011 (see Section IV 7.2.1), only two groups of such
levels were predicted. Neutron-unbound states with negative parity correspond
to a multiplet with a neutron hole in the v1hyy /5 orbital, while those with positive
parity belong to a multiplet with a neutron hole in the v2d3/5 orbital.

Experimental information on the neutron-unbound state identified at 3.6 MeV
in 133Sn, which was tentatively assigned as a (11/27) state arising from the
v2f2 1h1_11/2 configuration [13], allowed the first verification of these calculations.

7/2
The lowest state belonging to the v2 f72/21hl_11/2 multiplet is predicted at 3.6 MeV
(see Figure IV.16), which is in excellent agreement with energies reported in two
previous works, ~3700 MeV in Ref. [19] and 3570(50) keV in Ref. [13], as well
as the more precise energy determined in this thesis, 3563.9(5) keV.

For new levels placed in the level scheme of ®3Sn at 3181 and 4110 keV, their
attribution to one of the calculated states is more difficult. The lowest member
of the v2 f72 /22d3_/12 multiplet is predicted at 3.4 MeV with spin and parity of 3/27
(see Figure IV.16). The population of such a low-spin state following the 8 decay
of the (9/2%) ground state of 133In, from which these two levels were assigned
to 133Sn, is not expected. At higher energies, between 3.7 and 4.7 MeV, several
states are predicted with a wide range of spin values. Those that can be popu-
lated following the 3 decay of the (9/2%) ground state of 133In originate from the

v2f2),2d3 )

3/2 multiplet.

Shell-model calculations presented in Jin2011 do not provide predictions for lev-
els above 5 MeV in '33Sn where two neutron-unbound states were identified,
one of which tentatively. This means that the used valence space is insufficient
to describe such high-energy excitations in '33Sn. The 6018- and 6088-keV levels
must therefore originate from orbitals deeper bound in the !'32Sn core than the
vlhyy/e and v2dg/y orbitals. The expected configuration of these two levels in-
volves the v1gq /5 orbital; hence, they cannot be reconstructed in the shell-model
calculations presented in Jin2011 because this orbital was assumed to be frozen
in the core.
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Figure IV.16: The level scheme of '33Sn established experimentally (Exp)
and predicted by the shell-model calculations with core excitations reported
in Jin2011 [134]. The experimental spin-parity assignments for previously known
excited states were taken from Refs. [17, 19, 32]. The S, value was taken from
Ref. [16]. Dominant configurations for predicted levels are indicated. Note that
the v1i;3/5 orbital was not considered in Jin2011.
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Calculations of single-particle energy

On account of the fact that single-particle energies represent important inputs
to the shell-model predictions, an overview of the calculations presented in Sec-
tion IV 7.2.4 provides information about these energies as used in each variant
of computations. When comparing level schemes established within different the-
oretical approaches, inspection of single-particle energies is valuable, because they
may be the source of discrepancies between various shell-model results. Lack
of knowledge of the experimental single-particle energy of the vli3/, orbital
is therefore a hindrance in shell-model calculations, and it forces some assumptions
to be made to estimate this missing energy.

Most of the shell-model calculations discussed in this thesis use single-particle
energy of the v1liy3/, orbital estimated from experimental data on 134Gh. W. Ur-
ban et al. calculated this energy in the !32Sn core potential from the posi-
tion of the 107 level in '?Sb arising from the mlgy/ovlijs/s configuration [30].
For this purpose, the corresponding proton-neutron interaction known for the
analogous configuration in the 2°8Pb region was scaled for use in the ¥2Sn re-
gion [148]. Experimental single-particle energy of the 71g7/, orbital contributing
to the mlg7/ov1iy3/ multiplet in 134Gh was also included. As a result, single-
particle energy of 2694(200) keV was obtained for the v1i;3/, orbital. The un-
certainty of this estimate includes the uncertainty of the energy of the scaled
interaction as well as the accuracy of the reconstruction of excitation energies
of other levels in 134Sb for which dominant configurations were also identified.

The estimate provided by W. Urban et al. [30] was tested in Cor2002 [143], in which
the position of the 107 state in ®*4Sb was calculated employing the single-particle
energy proposed for the v1iy3/5 orbital. The energy of this state was well repro-
duced with Napoli interactions, supporting the use of the single-particle energy
reported in Ref. [30].

Further empirical estimation of the last missing neutron single-particle energy
in the 132Sn region was reported by A. Korgul et al. [34] following the identifica-
tion of new high-spin levels in 3°Sb. Their estimate was made in the same way
as in the previous work by W. Urban et al. but using more recent experimental
data for nuclei in the 132Sn region, which allowed more empirical NN interactions
to be established. Only one proton-neutron interaction energy had to be esti-
mated from interaction known for the analogous configuration in the 2°*Pb region.
As a result, single-particle energy of 2669(70) keV was obtained for the v1i3/,
orbital, which is consistent with the value proposed earlier, but its uncertainty
was reduced by three. With this new value, the excitation energy of the low-
est 13/27F level in 133Sn was deduced to be 2511(80) keV. Interaction between
two possible 13/2% states in this nucleus, one corresponding to the pure single-
particle v1i;3/, state and the other arising from the (37 ® v2f7/5) configuration
built on the octupole vibrational 3~ state in '3?Sn, was accounted for.
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A more recent estimate of the single-particle energy of the v1i,3/5 orbital was pro-
posed by W. Reviol et al. following the identification of the second 13/2% state
in 137Xe [99]. Experimental information on energies of two 13/2% levels in this
nucleus was employed to test their reproduction by shell-model calculations adopt-
ing estimates reported by W. Urban et al. [30] and independently by A. Korgul et
al. [34]. Calculations were performed using the theoretical approach as presented
in Cov2011, with Napoli interactions. It was evaluated that a better agreement
between the calculated and experimental energies is obtained for both 13/2]
and 13/25F levels when single-particle energy of the vliy3/; orbital is assumed
to be lower than that proposed by W. Urban et al. [30]. Calculations using
a lower value of this energy were also tested for levels in ¥4Sb and '3°Sb, which
were employed in previously reported estimates. It was concluded that the last
missing neutron single-particle energy in this mass region should be between 2360
and 2600 keV. The previous value estimated by A. Korgul et al. [34] is within this
range.

Narrowing the energy range in which the single-particle 13/2% state is expected
in 133Sn is of great help in its experimental identification. The 2434-keV transition
observed in the B decay of both 34In and !3°In is therefore a natural candidate
for the transition deexciting the 13/27" state that has been sought for over two
decades. While experimental observations provide solid arguments for placement
of the 2434-keV level in 133Sn, proposing its spin-parity value is only possible by in-
voking theoretical considerations combined with empirical estimates. The purity
of the lowest-lying 13/2% level in '33Sn is also an open question. Excitations cor-
responding to the single-particle v1iy3/;, state as well as those built on octupole
excitation can contribute to its structure.

7.8.2 1%8n

Reconstruction of measured properties of '3*Sn — the nucleus with only a pair
of neutrons outside the core — is an important test of the shell-model interactions
used to predict the properties of more complex nuclei in the *2Sn region. Previ-
ously available experimental information on four excited states in 134Sn [20, 35, 36]
allowed the first verification of the theoretical predictions for this nucleus and as-
sisted the development of empirical shell-model interactions used in this mass
region [142, 143, 161, 166]. The low-lying yrast cascade in '3*Sn, built on the 6%
isomer at 1247 keV [20], and the (87T) state found at 2509 keV [35] were well re-
produced by early shell-model calculations [142, 143, 161, 162, 165]. Identification
of first transitions in more exotic even-A tin isotopes, 13¢Sn and 38Sn [18], acted
as a trigger for improving NN interactions used in this mass region. This made
it possible to systematically examine different interactions used to describe the
structure of excited states in the three even-A tin isotopes beyond N = 82. Re-
production of the measured transition strengths, in particular for the 6T — 4T
transition in '3®Sn, was a challenge for the theoretical description, and it mo-
tivated the development of improved variants of shell-model calculations, with
modifications introduced to the NN interactions [18, 155, 160, 163, 164].
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Shell-model predictions reported so far for *4Sn can be grouped into two classes.
One group focuses only on previously known low-lying levels and is aimed mainly
at reconstructing the measured reduced transition probabilities of F2 transitions,
designated by B(E2), in three even-A tin isotopes beyond N = 82. The second
class of calculations involves those that, in addition to discussing known transitions
in 134Sn in the context of the measured B(E?2) transition strengths, also predict
new levels.

Previously known levels

Introducing modifications to the realistic NN interactions in order to repro-

duce experimental B(E2) values determined for 34Sn, 136Sn, and !38Sn can lead

to changes in the predicted excitation energies of states in these isotopes. Such cal-

culations were presented in Kum2017 [163] and Naid2015 [155] as well as by G. Simp-
son et al. in Ref. [18]. These theoretical studies were motivated primarily by an at-

tempt to reproduce the B(E2,6% — 4%) transition strength in '3%Sn and were

accompanied by an analysis of excitation energies in 3*Sn as well. Figure IV.17

shows the changes in the predicted excitation energies for the 2%, 47, and 67

states in 134Sn after applying the modifications to the interactions used in the

three shell-model approaches.
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Figure IV.17: Experimental (Fzp) and predicted energies of the low-lying 21, 4,
and 67 levels in '3*Sn. Results of three independent approaches to shell-model
calculations are presented from: work by G. Simpson et al. [18], Naid2015 [155],
and Kum2017 [163]. For each approach, various modifications of the originally used
interactions were tested. The NN interaction used by G. Simpson et al. was taken
from Cov2011 [162]. Results obtained after introducing empirical modifications
to this interaction are denoted by Cov2011%*.
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For a brief review of theoretical studies on reduced transition probabilities in 134Sn,
the reader is referred to Ref. [18] in which recent experimental information is com-
pared with the results of different shell-model calculations. These include pre-
dictions from: Cov2011 [18], Kart2007 [142], and Sar2004 [166]. Results of addi-
tional calculations, with effective interactions derived in the same way as in Cov2011,
but with smaller effective neutron charge, are presented in Ref. [18]. Empirical
changes were independently applied to the initial interaction by partially opening
of the 132Sn core and by reducing the neutron pairing strength. The results of the
calculations with the latter adjustment are indicated in Figure IV.17 as Cov2011*.
Admittedly, the main focus of work by G. Simpson et al. was on reproducing the
measured B(FE2,6% — 4%) transition strength in 13Sn. After some modifications
were introduced in the NIV interaction, the changes in the predictions for three
even-A tin isotopes were studied, including variations in predicted excitation en-
ergies of the 2%, 4%, and 6% states in '3*Sn. With empirically modified V2f72/2
matrix elements, serving as an equivalent of a reduction in pairing, the calculated
B(E2,6% — 41) value for 136Sn was found to be consistent with the measured one.
This modification improved also the agreement in the excitation energies of the
2% 4% and 67 states in 13*Sn. The differences between calculated and measured
values were below 40 keV. A similar study of the effect of including additional
modifications to the NN interactions was performed in two other works [155, 163].

H. Naidja et al. carried out shell-model calculations for even-A tin isotopes be-
yond N = 82 using two versions of interactions [155]. In one of them, a reduction
in the pairing strength was introduced. This modification resulted in the recon-
struction of the experimental B(E2,67 — 4T) transition strength in 3%Sn and
also improved the predicted excitation energies for the 27, 47, and 6T states
in 134Sn by lowering them. Findings consistent with those reported by G. Simp-
son et al. [18] were reported, indicating seniority mixing effect for the two lowest
4% states in 136Sn.

A similar shell-model investigation of low-energy levels in '3*Sn, with various
changes applied to the NN interaction, was performed by A. Kumar and B. Ma-
heshwari [163]. Three independent modifications were introduced to the ini-
tial interaction (RCDB). One was to change the single-particle energy of the
vliy3/9 orbital (RCDB1). It was positioned at energy 3.6 MeV higher than the
v2f7/o orbital, which corresponds to an increase of 0.8 MeV relative to RCDB.
The second change was to reduce the v2f2 /o Matrix elements (RCDB2). The last
modification was to apply the two previous changes simultaneously (RCDB3).
These changes led to minor variations in the calculated energies of the 27, 47,
and 61 states in 134Sn (see Figure IV.17), which were close to the experimental
ones in all tested variants. Introducing the two changes simultaneously led to the
best agreement, with a maximum difference between experimental and calculated
values of the order of 20 keV.
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7. Shell-model predictions

After a recent half-life measurement for the 4% state in '3*Sn [176], a re-exami-
nation of predicted transition strengths for this nucleus should be performed.
The experimentally determined B(FE2,4% — 27) value exceeds by a factor of two
the transition strengths predicted in all available variants of shell-model calcula-
tions. One possible explanation for this difference could be the existence of the
second 44 state close in energy to the first 4f state in '3*Sn, which has a different
seniority component, in analogy to the effect reported for the 4f and 4; states
in 136Sn [18, 155]. In such a scenario, wave functions of the two 4T states can
be mixed, and, as a result, deviations from the pure seniority scheme may occur.
Interestingly, the seniority mixing effect was not revealed with previously mea-
sured transition strength B(E2,6% — 471) in 134Sn. Because measurements of the
lifetimes of excited states in !3*Sn were part of another PhD thesis [63], in this
work, only this brief review of the predicted B(FE2) values for '3*Sn is provided
for the sake of completeness.

Predictive calculations

Shell-model calculations providing information on states not yet identified in '34Sn
are of particular interest here because the experimental information obtained
in this thesis resulted in a significant expansion of its level scheme, including seven
new states, of which one is tentatively proposed. The newly identified levels can be
compared with those reported in theoretical studies: Jin2011 [134], Kart2007 [142],
Yuan2016 [160], and Cov2011 [162]. Among them, only one shell-model approach,
presented in Jin2011, includes an extended valence space. The other three shell-
model approaches employ typical valence space used in the ¥2Sn region.

Figure IV.18 shows a comparison of calculated and experimental level schemes
of 348n. At excitation energies between 2 and 3 MeV, where four new states
were placed, several levels with a wide range of spin values are expected to ex-
ist. In the experimental level scheme of 134Sn, an energy gap of about 1.5 MeV
is visible between neutron-unbound and bound states. This separation of the two
groups of levels is well reproduced by the shell-model calculations that provide
information on high-energy levels.

Figure IV.19 presents dominant configurations of states calculated in four differ-
ent shell-model approaches. The previously known 0/, 2%, 47, and 6" levels
belong to the v2 f72/2 multiplet. All shell-model calculations consistently repro-
duce their positions. In an energy range between 1.5 and 3 MeV, the existence
of members of the v2f7/93p3/2, V2f7/23p1/2, V2f7/21hg/2, and V3p§/2 multiplets
is expected. One of the states arising from the v2f7/51hg 5 configuration, the one
with a maximum aligned spin of 8", was tentatively identified [35]. In an earlier
version of shell-model calculations by A. Covello et al., presented in Cov2007 [161],
the 3; and 4; states belonging to the v2f7/53p; /o multiplet were predicted above
the 8% level. In their more recent work, Cov2011 [162], these two states are ex-
pected below the 8 level. Their lowering is due to the use of updated single-
particle energy of the v3p; /5 orbital [17], which was found to be 290 keV lower

than the previously adopted value, based on tentative assignment [19, 33].
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Figure IV.18: Experimental (Ezp) level scheme of '3*Sn along with the results
of four different approaches to shell-model calculations (a) considering neutron-
core excitations, from Jin2011 [134], as well as employing '*?Sn as a closed core,
from: (b) Kart2007 [142], (c¢) Yuan2016 [160], and (d) Cov2011 [162]. The newly
identified states are indicated in red. The level shown by a dashed line is proposed
tentatively. The (8T) state at 2509 keV [35], which was not observed in the 3 decay
of neutron-rich indium isotopes, is indicated with an asterisk. The experimental
spin-parity assignments for previously known states were taken from Refs. [20, 35,
35]. The S,, value was taken from Ref. [16].
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Figure IV.19: The dominant configurations of states predicted in '**Sn. The data
shown in this figure are compiled from Refs.: (a) Jin2011 [134], (b) Kart2007 [142],
(c) Yuan2016 [160], and (d) Cov2011 [162].
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The (8%) state at 2509 keV attributed to the v2f7/21hg 9 configuration in 134gp
was not observed in 8 decays of neutron-rich isotopes. In particular, it is worth
noting that it was not identified in the '3*In § decay, in which its population
can be expected to be favored due to the most probable ground-state spin and par-
ity of 7~ for the parent nucleus. The lack of its observation can be explained
by the little overlap of the wave functions of states involved in ff decays of *4In
resulting in a population of the level belonging to the v2f;/51hg /s configura-
tion. The ground-state wave function of the parent nucleus is dominated in 75%
by the 7lgy /121/2 f?/Z configuration [160, 177]. Among the other wave-function
components, the highest contributions are from two configurations involving the
v3p3/p orbital. From this, it can be inferred that the state populated at 2912 keV
in 134Sn via ff decays of 3*In most likely arise from the v2f; /23p3/2 multiplet,
whose population is favored due to admixtures present in the wave function of the
134Tn ground state.

Interpretation of new levels at excitation energies around 5MeV in 34Sn differs
for the various calculations. These differences are mainly due to the chosen model
space. The shell-model calculations presented in Jin2011 [134], shown in Fig-
ures IV.18 and IV.19 in panel (a), do not include the v1i;3/, orbital in the valence
space, but they do include neutron-core excitations by considering the v1h;q/9
and v2dg/o orbitals below the N = 82 shell gap (see Figure IV.15). Excited
states predicted above 5 MeV correspond to couplings of the valence neutrons
to neutron-core excitations with a dominant /2 fg’/th_ll/Q configuration. These are

not included in the model spaces of other theoretical studies on '34Sn, which use
neutron valence space consisting of orbitals above the N = 82 shell gap only
(see Figure IV.15). At excitation energies exceeding 3.2 MeV [143] (Cor2002),
3.5 MeV [160] (Yuan2016), and 4 MeV [142] (Kart2007), respectively, states of neg-
ative parity arising from particle excitations, corresponding to the v2f7/51i13/
configuration, are predicted. In contrast, multiplets involving the v1iy3/5 orbital
were not investigated in Jin2011, because this single-particle state was excluded
from the model space.

Details on the structure of excited states in 1*4Sn reported in Yuan2016 [160, 177]
are presented in Figure IV.20. More levels are shown in this figure than pre-
sented in Ref. [160]. The predicted level density above 2.5 MeV is relatively high.
Noteworthy is the identification of energies at which the first states belonging
to subsequent multiplets appear in '3*Sn and evaluation of their purity.

128



7. Shell-model predictions

4000 —
L 0 1 2
L B
3600 - _ : : .
3 E—e——- — v2fipliy,
3200 |- } V2 op Ifs
+
: o v
2800 |- S v 2f5p 1hyy,
- 5 : I 21723112
s B
2400 ig_‘_ _ |
- : : : 2
% B 0: | I ----- — V3p3/2
~ 3+ _:I
& 2000 : : :
= I + : H :
o 4 _::u v 2f7 2 3p3 1
= - s é é
ot : : :
— —
1600 |- : : :
I o
———————
1200 [~ n : : 5 \
800 - S ———
- g : V2[5
400 -
- N
(I 0 —u:-
Yuan2016 | | |
134 0 1 2
SOSn84 <
n, >

B v2f;, 3 v3ps, T v3p,, O v2fs, B vy, B vli;,

Figure IV.20: Results of the shell-model calculations for '3*Sn reported
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states, with distinctive configurations. For comparison with the experimental level
scheme of '?4Sn, the reader is directed to Figure IV.18.
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7.3.3 198n

Shell-model calculations for '3°Sn provide guidance in the interpretation of the
first experimental results on excited states in this exotic nucleus. Predictions from
five different shell-model approaches are available: Cor2002 [143], Sar2004 [166],
Kart2007 [142], Jia2007 [165], and Yuan2016 [160, 177]. In all of these theoreti-
cal studies, only one type of excitation, the one involving valence neutrons out-
side the 32Sn core, is included. Due to the low excitation energies of the states
tentatively assigned to '3°Sn, the typical shell-model space in this mass region
can be considered sufficient for their interpretation. In addition, when discussing
the low-energy structure of 3°Sn, an analogy can be drawn with '33Sn, having
only a pair of neutrons less than the isotope of interest. A simple low-energy
structure of this nucleus, which has been well studied experimentally, is helpful
to establish the expected properties of states in 3°Sn.

Theoretical investigations of 13°Sn provide a consistent description of the structure
of the lowest-lying levels in this nucleus. All variants of the shell-model calcula-
tions consistently predict a 7/27 ground state, being a member of the ©2 f;’ /2 mul-
tiplet. Shell-model results presented in Yuan2016 indicate that the ground-state
wave function is dominated by the v2 f73/2 configuration, with 85% contribution.
The 7/2~ ground-state spin-parity assignment is also supported by the systemat-
ics of excitation energies in the N = 85 isotones [178] as well as by the expected
analogy to '23Sn, with the 7/2~ ground state [17].

The 5/27 and 3/27 levels are predicted by all shell-model approaches to be the
lowest-energy excited states in '3°Sn. These states are composed mainly of the
v2 f;’/Q configuration, with its contribution to the total wave function of 87%
and 82%, respectively [160, 177]. They are expected in the energy range between
200 and 450 keV. However, their population in the 3%In B decay is unlikely.
Given the most probable 9/2% ground-state spin and parity of !3°In, its ff decays
populate the 7/27, 9/27, or 11/2~ states in !3°Sn. Therefore, the focus in the
discussion is on levels with such spin-parity values. Figure IV.21 displays the
calculated excitation energies for low-lying 7/27, 9/27, and 11/2~ levels in !3°Sn.
The first 9/27 and 11/27 states are expected below 1 MeV. While the sequence
of the low-lying levels in '*°Sn, namely: 7/2,, 5/27, and 3/27, is reproduced
in all available shell-model calculations, theoretical predictions tend to disagree
at higher excitation energies, where states arising from the v2 f73/2, v2 f72/2 3p3/2;

and v 2 f72 /9 Lhg/o configurations are expected (see Figure IV.21).

The tentative assignment of the 950- and 1221-keV v rays to 3°Sn as ground-
state transitions is supported by shell-model calculations, which predict states
with spin-parity values from 7/2~ to 11/2~ at comparable excitation energies (see
Figure IV.21). Based on these predictions, it can be concluded that that there
are more states decaying directly to the 7/27 ground state, which can be pop-
ulated via ff decays of !3°In. Several transitions observed in the '3°In 8 decay
at energies higher than 1.2 MeV (see Section I113.6 for discussion on this thresh-
old energy for assignment), for which no v coincidences were observed, could
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7. Shell-model predictions

also be associated with levels in '33Sn. However, this is only one possible attri-
bution, as there is no solid experimental argument for their assignment to the
By-decay branch of '3°In. Among the low-lying levels predicted in '**Sn, there
is a second 27 state expected at around 1.6 MeV, which can deexcite directly
to the 07 ground state (see Figure IV.18). Given that the Sn emission with large
orbital momentum occurs for ¥3In and '3*In, the population of the predicted 2;
state in 134Sn is likely to proceed through the Bln-decay branch of '3°In, with
(9/2%) ground state. Therefore, alternative assignment to '3*Sn cannot be ex-
cluded for transitions seen in the '3%In 3 decay at energies higher than 1.2 MeV
for which no v+ coincidences were observed. However, even if we consider possible
overestimation of the predicted energy of the 2; state in 134Sn by about 200 keV,
the two transitions observed in the '3%In 8 decay at 1349 and 1373 keV remain
plausible candidates for v rays in 35Sn.
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Figure IV.21: Excited states tentatively proposed in '3°Sn (Ezp). Calculated
excitation energies for the 7/27, 9/27, and 11/2 levels in !3°Sn reported in:
(a) Sar2004 [166], (b) Kart2007 [142], (c) Yuan2016 [160], (d) Cor2002 [143], and
(e) Jia2007 [165] are also presented. Energies are given in keV. The ground-state
spin-parity assignment is based on systematic trends in neighboring nuclei [29].
Exact excitation energies of states reported in Jia2007 were not available. The level
scheme shown in panel (e) was reproduced from Figure 3 of Ref. [165].

Detailed interpretation of states predicted in 3%Sn with spin-parity values between
7/27 and 11/27 is provided in Figures IV.22 and IV.23. These figures present the
results of shell-model calculations reported in Yuan2016 and Cor2002, respectively.
More details are available from the former study, which provides average occupa-
tion numbers of the neutron orbitals for each state [177]. For levels below 1 MeV,
their wave functions are dominated in 85% by the 2 f$/2 configuration. At excita-
tion energies above 1 MeV, the contribution of the multiplet involving the 3p3 /5
orbital increases, in some cases reaching up to 36% of the total wave function.
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IV. Discussion

The states with = 30% contribution of the wave-function component comprising
the v1hg/, orbital are predicted at around 1.2 MeV. Similar conclusions can be
drawn from the shell-model results reported in Cor2002, in which dominant config-
urations are provided for states in 3°Sn (see Figure IV.23). Two levels predicted
below 1 MeV arise from the v2 f$/2 configuration. At higher excitation energies,
from 1 to 1.3 MeV, three members of the 12 f72/23p3/2 multiplet are expected.
A state dominated by the v2 f72/21h9 /2 configuration is predicted above 1.3 MeV.
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Figure IV.22: Results of the shell-model calculations for '3°Sn reported
in Yuan2016 [160, 177]. Only states with spins and parities of 7/27, 9/27,
and 11/27 are shown. Configurations of these predicted states are indicated
by showing occupation numbers of the neutron orbitals < n,, , > [177].
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7. Shell-model predictions

A review of wave-function compositions for states calculated in '3°Sn is help-
ful in assessing which levels can be populated in the '3°In 3 decay by draw-
ing an analogy to the 39In B decay. The ground-state configurations of these
indium isotopes, wlgs;/lz v2 f72 /2 and wlgs;/lz v2 f; /2 respectively, are similar in na-
ture. Assuming that the ff-decay pattern of these nuclei is dominated by the same
transitions, the population of states originating from the v2 f;’/2 and v2 f72/21h9 /2
configurations in 13°Sn is expected. The 950-keV 7 ray observed in the !3°In
B decay, having energy consistent with calculated energies of the 9/27 and 11/2~
states arising from the v2 f?/z multiplet, is a candidate for transition deexciting
one of its members. As for the configuration in '3%Sn corresponding to the anal-
ogous single-particle v1hg/ state in 133Gn (at 1561 keV), calculations predict the
first level belonging to it at around 1.2 or 1.4 MeV. Three transitions have been
observed in the 13°In 3 decay at consistent energies, at 1221, 1349, and 1373 keV.
Therefore, they are candidates for transition deexciting states arising from the
U2f$’/21h9/2 multiplet in 13°Sn.
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Figure IV.23: Results of the shell-model calculations for !3°Sn reported
in Cor2002 [143]. Only low-lying states with spins and parities of 7/27, 9/27,
and 11/27 are shown. Dominant configurations of these states are indicated.
To allow easy comparison with the Figure IV.22, the same colors were used to in-
dicate neutron orbitals contributing to configurations.
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SUMMARY

The presented thesis aims to address the most puzzling questions concerning
the properties of nuclei in the vicinity of doubly magic '32Sn by experimental
investigation of neutron-rich tin isotopes above N = 82 populated in § decays
of 133In, 134In, and °In. New experimental data for exotic nuclei around 3?Sn
allow for a better understanding of phenomena that occur when the neutron-
to-proton ratio becomes large, such as the S-delayed multiple-neutron emission.
Properties of nuclei in that region are also important for r-process nucleosynthesis
modeling, since the A ~ 130 peak in the r-process abundance pattern is linked
to the N = 82 shell closure. Thanks to the robust nature of the '32Sn core,
tin isotopes above N = 82 offer a rare opportunity to investigate neutron-neutron
components of shell-model interactions for heavy-mass nuclei with large neutron
excess. The 8 decay of 133In, 134In, and '3°In provides unique conditions for the
simultaneous investigation of one- and two-neutron excitations as well as states
formed by couplings of valence neutrons to excitations of the 32Sn core.

The [-delayed ~y-ray spectroscopy measurement was performed at the CERN-
ISOLDE facility, where '33In, 134In, and !3°In were selectively laser-ionized and on-
line mass separated. Isomer-selective ionization was applied for ?3In, allowing
its two B-decaying states to be studied independently. Indium ions were implanted
on movable tape at the center of the detection setup consisting of S-particle and ~-
ray detectors. Transitions following the 8 decay of indium isotopes were identified
based on (3 coincidences correlated with the beam implantation. Decay schemes
of 133In, 133mIn, 134In, and '3%In were constructed from (v, vy, and vy coinci-
dence data. The fBn-decay branching ratios of 133In and '34In were determined
based on intensities of v rays emitted in 5 decays of daughter nuclei.

Thanks to the large spin difference of the two S-decaying states of 33In, it was pos-
sible to investigate separately the lower- and higher-spin states in 33Sn, and thus
to probe independently different single-particle states in this nucleus. New neutron-
unbound states were identified in 23Sn following the ground-state 3 decay of 33In.
Three 3-decay branches of ?*In were established, two of which were observed for
the first time. Transitions following the 3 decay of 3%In, including those belong-
ing to the 8v-, Bln-, and f2n-decay branches, were also identified for the first
time.
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A significant contribution of y-ray emission from neutron-unbound states popu-
lated in the two tin isotopes, 33Sn and '34Sn, at excitation energies exceeding S,
by 1 MeV was observed. The competition of v-ray deexcitation with neutron emis-
sion well above 5, is explained by the weak overlap of the wave functions of states
involved in the Sn decay. Although the prevalent v1g;; — mlggs GT decays
of B4n and '3°In feed neutron-unbound states at excitation energies exceeding
San, of daughter nuclei, their g decays are dominated by one-neutron emission.
In the energy range consistent with the predicted excitation energy of the 13/2%
state in 133Sn, a 2434-keV transition was observed in B decays of both !34In

135In

and This transition is a candidate for a v ray depopulating the missing

single-particle v1iy3/, state in 133G,

Based on information from the 3 decay of ®3In and 34In, four new excited states
were assigned to '33Sn. The level scheme of '34Sn was supplemented in total
by six excited states, populated either through ff decays of 134In or following neu-
tron emission from neutron-unbound states in 3°Sn. Experimental level schemes
of 1338n, 1348n, and ¥5Sn were compared with shell-model calculations using vari-
ous interactions, including predictions considering particle-hole excitations across
the N = 82 shell gap. Experimental excitation energies of neutron-unbound
states most likely populated via the v1hy /5 — Tlgg s [f decays of 1331n and 4In
are well reproduced by shell-model calculations.
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