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Abstract

The collective properties of the even—even neighbors of the doubly magic nucleus 29n
were investigated through a series of safe Coulomb-excitation experiments. The aim of this
work was to obtain reliable information on the first excited 2 states in '*’Sn and 134811,
which provide sensitive experimental insigth for the evolution of quadrupole collectivity
near the Z = 50, N = 82 shell closure. Four experimental campaigns were conducted
between November 2022 and October 2025 at the HIE-ISOLDE facility at CERN, using
post-accelerated radioactive ion beams at 4.4 MeV /u incident on *Ph and *Pt targets.
De-exciting v rays were detected with the Miniball spectrometer in coincidence with
scattered particles, enabling a clean selection of Coulomb-excited events. From these data,
B(E2; O;S. — 27) values of 0.0486(57) and 0.0449(57) ¢°b” were extracted for "*’Sn and '**Sn,
respectively. These results represent the most precise determinations to date and resolve
discrepancies between earlier experimental studies and theoretical predictions. In the context
of the isotopic chain, the new values confirm the enhanced B(E2) strength at %28 and
provide consistent evidence for a local maximum of collectivity at the doubly magic nucleus.
The spectroscopic quadrupole moments of the 2? states in °’Sn and "**Sn were found to be
compatible with zero within uncertainties, supporting a near-spherical structure of nuclei
adjacent to the ¥2Q1 core. The presented results deliver well-constrained experimental
benchmarks for large-scale shell-model calculations employing realistic interactions and
contribute to a more coherent understanding of quadrupole collectivity and shell evolution

in the Z = 50 region while also proving the sphericity and double-magic properties of 326,
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Zusammenfassung

In einer Reihe sicherer Coulomb-Anregungsexperimente wurden die kollektiven Eigen-
schaften der beiden direkt benachbarten gerade—gerade Isotope des doppelt magischen
Kerns '**Sn untersucht. Ziel dieser Arbeit ist es, verléssliche Informationen tiber die ersten
angeregten QT-Zustéinde in "*Sn und "**Sn zu gewinnen, die empfindliche Referenzpunkte
fiir die Entwicklung der Quadrupolkollektivitdt in der Nahe des Schalenabschlusses bei
Z =50, N = 82 darstellen. Zwischen November 2022 und Oktober 2025 wurden vier Experi-
mentierkampagnen an der HIE-ISOLDE-Anlage am CERN durchgefiihrt. Postbeschleunigte
101349 Tonenstrahlen wurden mit 4.4 MeV /u auf *Ph- bzw. 194P’5—Ta1rgets

beschleunigt. Die abregenden y-Strahlen wurden mit dem Miniball-Spektrometer in Koinzi-

radioaktive

denz zu gestreuten Teilchen detektiert, was eine eindeutige Auswahl Coulomb-angeregter
Ereignisse ermoglichte. Aus den Messdaten wurden B(E2; O;. — 27)-Werte von 0.0486(57)
und 0.0449(57) ’b” fiir '*’Sn und "*'Sn bestimmt. Diese Ergebnisse stellen die bislang
prazisesten Bestimmungen dar und l6sen bestehende Widerspriiche zwischen fritheren ex-
perimentellen Arbeiten und theoretischen Vorhersagen. Im Kontext der Zinn-Isotopenkette
bestitigen sie die erhdhte B(E2)-Stirke in '*?Sn und liefern konsistente Hinweise auf
ein lokales Maximum der Kollektivitat am doppelt magischen Kern. Die aus den Daten
extrahierten spektroskopischen Quadrupolmomente der QT-Zustéinde in "Sn und "**Sn
sind innerhalb der Unsicherheiten mit null vereinbar und unterstiitzen somit ein nahezu
sphérisches Kernmodell fiir die direkten Nachbarn von 29, Insgesamt liefern die in
dieser Arbeit gewonnenen Ergebnisse gut abgesicherte experimentelle Referenzpunkte fiir
grofiskalige Schalenmodellrechnungen mit realistischen Wechselwirkungen und tragen zu
einem kohérenteren Verstandnis der Quadrupolkollektivitdt und der Schalenentwicklung im
7 = 50-Gebiet bei und untermauern die sphérischen und doppeltmagischen Eigenschaften

132
von - Sn.

v



Contents

1. Introduction

1.1. Nuclear Shell Model . . . . .. ... ... .. .. ... 9
1.2. Experimental Observables in Nuclear Physics . . . . ... ... ... ... 12
1.2.1. Electromagnetic Transition Strengths . . . . . . . . ... ... ... 13

1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure . . . . . . . 14
1.3.1. Semi-classical Particle Trajectories in Coulomb Excitation . . . . . 15

1.3.2. Coulomb Excitation as First-Order Perturbation Theory . . . . .. 18

1.3.3. Coulomb Excitation in Second-Order Perturbation Theory . . . . . 20

1.3.4. Safe Coulex . . . . . . . . . .. . ... 23

1.4. The GOSIA code . . . . . . . . . . 24

2. Physics Case 26
2.1. The Sn Isotope Chain Between the Doubly-Magic Nuclei "6n and '"Sn . 28
2.1.1. The Special Role of '¥2Qn and its even-even Neighbors . . . . . . .. 30

2.2. Previous Experiments in BOGn 32
2.2.1. The isomeric 7, and 5; States in S 33

2.3. Previous experiments in Bin . 35

3. The Radioactive Ion Beam Facility ISOLDE, CERN 37
3.1. Target Design and Materials . . . . . . . ... .. ... ... ... ..... 39
3.2. Ion Sources at ISOLDE . . . . . .. .. .. ... 39
3.2.1. Mass Separation at ISOLDE . . . . . . ... ... ... ... .... 41

3.3. High-Energy Beam Preparation at ISOLDE . . . .. ... ... ... ... 41
3.4. The Miniball Spectrometer . . . . . . . . . .. . ... 42

4. Experimental Details 46
4.1. First Beamtime: Coulex of "*°Sn in November 2022 . . . . . . . ... ... 46
4.2. Second Beamtime: Coulex of "*Sn in October 2023 . . . . . . .. .. ... 48
4.3. Third Beamtime: Coulex of '**Sn in July 2024 . . . ..o 50



Contents

4.4. Fourth Beamtime: Coulex of '**Sn in October 2025 . . . . . . ... . ... 50
5. Data Analysis of 2022 Experiment 52
5.1. Miniball Calibration . . . . . . . .. . ... .. ... ... 52
5.2. CD Calibration . . . . . . . . . . .. 53
5.3. Miniball Angle Determination . . . . . . . . . ... ... ... ... .... 54
5.4. Beam Composition . . . . . . . . ... 56
5.5. Experimental Result of 2022 Experiment . . . . . . . ... ... ... ... 59
6. Data Analysis of 2023 Experiment 62
6.1. Data Acquisition and Preprocessing . . . . . . . . ... ... L. 62
6.2. Miniball Calibration . . . . . . .. .. .. .. ... 64
6.3. CD Calibration . . . . . . . . ... ... .. 66
6.3.1. Threshold and Multiplicity . . . . . . .. .. ... .. ... .. ... 69
6.3.2. Position of the CD Detector . . . . . . . . .. .. ... ... .... 70

6.4. Particle-y Coincidences . . . . . . . . . . ..o 73
6.5. Miniball Angle Determination . . . . . . . .. ... ... ... ... .. .. 75
6.5.1. ¢ Determination . . . . . . . . ... 78

6.6. Kinematic Gates . . . . . . . . .. L 80
6.7. Beam Composition . . . . . . ... .. 82
6.8. Ratio of ™Sn and " Sbin Beam . . . . . ... ... ... 84
6.8.1. Decay Spectra During Experiment . . . . . . ... ... ... ... 84
6.8.2. Decay Spectra After Experiment . . . . . .. ... ... ... ... 87

6.9. 07, — 27 Excitation in "'Sn . . ... ... 91
6.9.1. Velocity Determination of Ejectiles and Recoils . . . . . .. .. .. 91
6.9.2. Determination of v-ray yields . . . ... ... ... ... ... .. 100
6.9.3. Two-step Excitation . . . . . . . .. ... .. ... 101
6.10. GOSIA2 Analysis of 2 State . . . . . . ... ... ... 103
6.11.7; — 5, Excitationin "™Sn . . . ... ... ... 106
6.11.1. Miniball Efficiency at CD Position . . . . .. .. .. .. ... ... 108
6.11.2. Determination of y-ray Yields . . . . .. .. ... ... ... .. .. 111
6.11.3. Lifetime Analysis . . . . . . . . . .. ... .. 113
6.11.4. GOSIA2 Analysis of the 5, State . . . .. ... ... ... ..... 114

vi



Contents

7. Data Analysis of 2025 Experiment 118
7.1. Miniball Calibration . . . . . . .. ... ... ... ... ... . ..., 118
7.2. Position of the CD Detector . . . . . . . .. . .. ... .. ... ... ... 120
7.3. Energy Calibration of the CD Detector . . . . . . . . . ... .. ... ... 123

7.3.1. Correction for Events with two n-side Hits . . . . . . . ... .. .. 124
7.4. Kinematic Gates . . . . . . . . . . ... 127
7.5. Particle-y Coincidences . . . . . . . . . ... 128
7.6. Miniball Angle Determination . . . . . . . . . . ... ... ... .. ... 128
7.7. Target Excitation . . . . . . . . ..o 130
7.8. Beam Composition . . . . . . . . . ... 130
781 PTeand ®'Ba ... 133
782 ™Snand 'Sb ... 137
7.9. GoSIA2 Analysis of the 2] State in Blon 142

8. Discussion 146

8.1. 2] States in S 147
8.1.1. Evolution of Collectivity along the Sn Isotopic Chain . . . . . . .. 155
8.1.2. The N =90 Shell Closure . . . . ... ... ... . ... ...... 158

8.2. Quadrupole Moments . . . . . . .. ..o 162

9. Summary 165

10.0Outlook 168

A. Derivation of Formulas for Beamcomposition 175

B. 134Sn Beam Composition 181
B.1. Low-energy Coulomb-excitation with a 200py, target . . ... .. 181
B.2. Matrix Elements in A = 134 Isobars and 'Pt . . . . . ... .. ... ... 181

Literature 183

List of figures 209

List of tables 211

vii






1. Introduction

The study of nuclear structure seeks to understand the arrangement and interactions
of protons and neutrons inside the atomic nucleus. As a self-bound quantum many-
body system governed by the strong interaction, the nucleus displays a rich variety of
structural phenomena. These include shell effects, deformation, collective excitations, shape
coexistence, and pairing correlations, which vary systematically across the nuclear chart.
Understanding these features is crucial not only to describe stable nuclei, but also to predict

the properties of exotic isotopes far from the valley of stability:.

Nuclear structure physics connects experiment and theory through observables such as
excitation energies, transition probabilities, nuclear moments, and binding energies. Over
the past decades, increasingly precise measurements in nuclei far-off stability have been
enabled by radioactive ion beam facilities and advanced detector arrays. On the theoretical
side, models such as the nuclear shell model, collective models, and mean-field approaches
have evolved into powerful tools to interpret these data within a consistent microscopic

framework.

This chapter introduces the fundamental concepts used to describe the internal structure of
nuclei. It begins with the nuclear shell model, which successfully explains many features of
nuclear behavior based on the independent-particle motion in an average potential. The
subsequent sections will highlight the role of electromagnetic observables and transition

strengths in probing the structure and symmetry properties of excited nuclear states.

1.1. Nuclear Shell Model

The atomic nucleus, composed of protons and neutrons, is a strongly interacting quantum
many-body system. Understanding its internal structure and stability has been a central
topic in nuclear physics since the discovery of the neutron by James Chadwick in 1932 [1].
Shortly thereafter, Walter Elsasser [2, 3] proposed that nuclei exhibit shell-like structures

similar to the electron shells in atoms. Empirical observations showed enhanced stability
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Figure 1.1. Comparison of nuclear single-particle levels in an harmonic oscillator potential (a),
a spherically symmetric Wood-Saxon potential without spin-orbit coupling (b), and including
spin-orbit interaction for neutrons and protons (right). The magic numbers emerge as gaps in
the level density. Level positions are schematic and based on standard model calculations and
experimental systematics; see, e.g., [4-6].
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1.1. Nuclear Shell Model

for nuclei with specific proton or neutron numbers—referred to as magic numbers—namely:
2, 8, 20, 28, 50, 82, 126.

These closed-shell nuclei are characterized by higher separation energies, lower neutron/pro-
ton capture cross sections, enhanced excitation energies for the first excited states, and
reduced transition probabilities to the ground state. Nuclei with both proton and neutron
numbers corresponding to magic numbers are termed doubly magic. A theoretical explana-
tion for these magic numbers was independently provided in 1949 by Goeppert-Mayer [7]
and by Haxel, Jensen, and Suess [8]. Their pivotal contribution was the inclusion of a
strong spin-orbit interaction in the nuclear mean-field potential, analogous to the interaction
observed in atomic systems. This modification allowed for a realistic description of the
nuclear energy levels and accounted for the observed shell closures. The total nuclear
Hamiltonian for a system of A nucleons consists of kinetic energy terms and two-body (and,
in some cases, three-body) interactions. For practical reasons, especially in heavier nuclei,
the problem is simplified by introducing a mean-field approximation. In this approach, each
nucleon moves independently in an average potential U(7) generated by all other nucleons.

The total Hamiltonian is separated as:

A A A
H=3% T+ Vy=> (T;+U())+ (Z%j - ZU(@-)) =Hy+Hg  (1L1)
i=1 i<j i=1 i<j i=1
In this independent particle picture, the nucleons occupy discrete single-particle energy
levels derived from solving the Schréodinger equation in a central potential. Due to the
antisymmetric nature of fermions, the nuclear many-body wavefunction must be expressed
as a Slater determinant of single-particle states. Early models such as the harmonic oscillator
or Woods-Saxon potential could qualitatively reproduce some aspects of nuclear structure

but failed to explain higher magic numbers. Only with the addition of the spin-orbit term,
V,=V(r)+V(r) (I 5), (1.2)

where [ is the orbital angular momentum and § the spin, was it possible to quantitatively
describe the experimentally observed magic numbers and associated nuclear properties
such as spins and magnetic moments. Resulting single particle-levels using these different
Hamiltonians are shown in Fig. 1.1, where also the appearance of the magic numbers

is visible. While the mean-field approximation (H,) captures the main features of the
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Chapter 1. Introduction

spectrum, the residual interaction (Hjy) accounts for configuration mixing and collective

effects, particularly relevant in mid-shell nuclei with multiple valence nucleons.

Over the decades, the shell model has evolved into a cornerstone of nuclear structure theory,
with applications ranging from the description of stable nuclei to the exploration of exotic
systems far from stability. Notably, recent experimental and theoretical evidence suggests
that traditional magic numbers may change in neutron-rich or proton-rich regions, revealing
the dynamic and evolving nature of shell structure [9-11]. Prominent examples include the
vanishing N = 20 shell closure in the first island of inversion around **Mg (e.g., Ref. [12])
and the emergence of new magic numbers at N = 32,34 in the Ca isotope chain [13]. Even
in the Sn isotope chain, ab initio shell-model calculations [14] as well as empirical [15] and
realistic calculations including three-body forces [16] indicate a possible magic number at

N =90 in 14()Sn, which is not observed close to the line of stability.

1.2. Experimental Observables in Nuclear Physics

To understand the structure and dynamics of atomic nuclei, a broad range of experimental
observables must be accessed. These observables serve as direct input for testing and
refining theoretical models such as the shell model, which aims to provide a microscopic
description of both ground and excited nuclear states. Especially for exotic nuclei far from
stability, theoretical predictions must be validated against precise measurements to ensure

the reliability of the underlying nuclear interactions.

Basic nuclear properties such as masses, excitation energies, spins, and parities of nuclear
states often provide the first set of information in a spectroscopic study. These quantities
are typically obtained via high-resolution particle or y-ray spectroscopy. They allow for the
identification of shell closures, energy gaps, or the occurrence of collective behavior in the
nuclear excitation spectrum. However, while these basic observables are necessary, they
are not always sufficient to draw firm conclusions about the internal configuration and the
degree of collectivity of nuclear states. For this purpose, more sensitive quantities such as
electromagnetic transition rates are required. These offer a more profound insight into the
underlying wavefunctions and the configuration mixing within and across major shells [17].
Among these, the most relevant are the reduced transition probabilities B(o\), which are

directly connected to the matrix elements of the electromagnetic transition operators.

12



1.2. Experimental Observables in Nuclear Physics

1.2.1. Electromagnetic Transition Strengths
Reduced transition probabilities B(o); I; — I;) describe the likelihood of electromagnetic

transitions between nuclear states of angular momentum /; and I, and provide a direct
measure of the collectivity or single-particle nature of nuclear excitations. They are defined

as [18]:
1

[y 1M (oA 9) | (1.3)

where (¢¢| [M (o A)| [1);) denotes the reduced matrix element of the electromagnetic multipole
operator of type o\ (0 = E for electric and M for magnetic transitions, A being the
multipolarity). The reduced transition probability directly enters the expression for the

transition rate,

T(oXI 1) = oo [

sr(A+1) 1(@
A2+ DI A

22+1
) CB(oN T, — 1)), (1.4)

which describes how quickly a nuclear state decays by photon emission with energy E..
The lifetime 7 of an excited nuclear state is inversely proportional to the total transition

rate to all lower-lying states and is given by

(1) = (ZZT(O’)\;Ii = 1)1+ a(A)]) , (1.5)

where () denotes the internal conversion coefficient, accounting for non-radiative decay
modes [19]. In practice, B(FE2) values between low-lying Q;F and 0;5. states in even-even
nuclei are among the most commonly studied transition strengths. These values reflect the
quadrupole collectivity of the nucleus and are sensitive indicators for the collectivity of nuclei.
Experimentally, reduced transition strengths can be determined either directly via lifetime
measurements (e.g., Doppler Shift Attenuation Method (DSAM), Recoil Distance Doppler
Shift (RDDS) [20]) or indirectly via Coulomb-excitation (short: Coulex) experiments. In
the latter, electromagnetic matrix elements — and thus B(o)\) values — are extracted by
comparing measured y-ray yields to excitation probabilities using codes such as GoOSsIA [21,
22], which will be described in this thesis in Sec. 1.4. These methods are particularly valuable
in regions where direct lifetime measurements are challenging due to short half-lives or low
beam intensities [23]. To interpret the magnitude of B(c\) values and assess the degree of
collectivity, it is common to compare them to theoretical single-particle estimates known as

Weisskopf units (W.u.) [19]. These provide a scale for electromagnetic transition strengths
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Chapter 1. Introduction

under the assumption that only a single nucleon changes its orbit within a mean potential.

The corresponding formulas for electric and magnetic transitions are:

B(EN)y., = 417r <Ai3>2 (1247 [e*m®)] (1.6)
and 10 5 ) s
B(MA\)y, = (M) (1247 1 7] (1.7)

If a measured B(FE\) value exceeds the Weisskopf estimate significantly, it is usually
interpreted as a sign of collective behavior involving coherent contributions from many
nucleons. Values close to 1 W.u., on the other hand, typically reflect single-particle
transitions. In this work, particular emphasis is placed on B(FE2) values as key observables
to characterize the collective behavior and shell evolution in neutron-rich Sn nuclei. Their
comparison with large-scale shell-model calculations provides insight into the effectiveness

of the chosen interaction and the persistence of shell closures.

1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure

Coulomb excitation has been one of the most
powerful and versatile tools to probe nuclear
structure, particularly for collective excitations
and electromagnetic transition strengths. Since
its development in the 1950s [25], it has played a

central role in determining a significant portion

of known B(c\) values and nuclear deformation
parameters. Especially in regions far from stabil- d...>
. . . . meeT N
ity, where alternative approaches such as lifetime /
measurements or inelastic scattering become in-

creasingly difficult due to low beam intensities

and short half-lives, Coulomb excitation remains Figure 1.2. Schematic view of a Coulomb-
excitation process in the center-of-mass sys-
tem. The interaction potential V (7(t)) peaks
sic principle of Coulomb excitation is to excite a at the point of closest approach d,,;,,, where
nucleus via the electromagnetic interaction alone, the excitation probability is highest. The as-
terisk marks excited nuclei. Figure adopted

from Ref. [24] with kind permission from D.
A schematic view of a Coulomb excitation pro- Roesiak.

a highly effective and selective method. The ba-

using the long-range nature of the Coulomb force.

14



1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure

cess is shown in Fig. 1.2. A projectile nucleus

with an atomic number Z, is directed onto a target nucleus with an atomic number Z,. If
the beam energy E remains below the Coulomb barrier, the distance of closest approach
d ., is sufficiently large to prevent any significant contribution from the nuclear force.

Under these conditions, the interaction is purely electromagnetic and can be described

within a well-controlled theoretical framework.

The excitation occurs through the time-dependent Coulomb field generated by the motion of
the target and projectile with respect to one another. The strength of the interaction — and
hence the probability of exciting a specific nuclear state — depends on several parameters,
most notably the charges Z, and Z,, the relative energy F, and the scattering angle ;.
The maximum interaction potential is reached at the point of closest approach, where the
excitation probability is highest. However, since the Coulomb interaction extends over a
long range, the full trajectory of the interacting nuclei must be considered in the calculation

of excitation probabilities.

This makes Coulomb excitation particularly well suited to a semi-classical treatment: the
nuclear motion is approximated by classical trajectories, while the excitation process is
treated quantum mechanically. In this picture, single and multiple-step excitations — both
within the projectile and the target — can be described using matrix elements of the
electromagnetic multipole operators. These matrix elements encode detailed structural
information, such as deformation and collectivity, and can be extracted by comparing

calculated and measured v-ray yields from the de-excitation of nuclear states.

In the context of this work, Coulomb excitation is employed to determine reduced transition
strengths B(FE2) and related electromagnetic matrix elements. These observables provide
insight into the shape evolution and collectivity of neutron-rich nuclei and are particularly
sensitive to the underlying shell structure. The theoretical formalism used to describe this
process — including classical particle trajectories and excitation amplitudes — will be
outlined in the following sections. A more detailed description is given in e.g., Refs. [26, 27]

and references therein.

1.3.1. Semi-classical Particle Trajectories in Coulomb Excitation

The semi-classical approach is valid when the wavelength of the projectile is small compared
to the distance of closest approach, which corresponds to a large Sommerfeld parameter.

The Sommerfeld parameter 1 is a dimensionless quantity that characterizes the strength of

15



Chapter 1. Introduction

the Coulomb interaction between two nuclei with atomic numbers Z, and Z;, a projectile

mass number A, and beam energy Eqy (in MeV):

_ szte2 _ 7,2\ A,
hv 6.32,/Ecy

Ul (1.8)

For n < 1, the Coulomb interaction acts as a small perturbation, and first-order approx-
imations (Born approximation) are valid. In contrast, for n > 1, the strong Coulomb
field significantly alters the projectile’s trajectory, which can then be approximated as a
classical Rutherford orbit. In the experiments discussed in the present thesis using 180 134gy)
beams onto ~°Pb and **Pt targets, the Sommerfeld parameter amounts to masg = 308

and masg = 293, respectively.

The elastic scattering cross section in this regime is described by the Rutherford formula:

do z2.7e\° 1
Ruth. CM S (QCM/ 2)

where 0, is the center-of-mass scattering angle. The distance of closest approach between

the projectile and target nucleus in such a trajectory is given by:

7 7.e 1
d . = —r—t 14— . 1.1
e 2Eqy < +Sin(€CM/2)> (1.10)

For the closest approach (6, = 180°) this can can be rewritten as

Z 7Z,e"
d,, :2?;;2. (1.11)
0

In inelastic processes, where energy is transferred to internal excitations, the adiabaticity
of the collision becomes important. The parameter £ is introduced to quantify the fraction

of kinetic energy available for excitation:

2,7 AE
T 2F’

o0

§

(1.12)

with £ = %movzo and AFE the excitation energy. A related parameter is the eccentricity of

16



1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure

the classical orbit,
1

€= 73111(901\4/2), (1.13)
which depends on the scattering angle. The product £ - € serves as a measure for the ratio
of collision time 7 to the internal timescale (period) T of the nucleus, thereby indicating
the degree of adiabaticity of the process. If & > 1, the excitation occurs adiabatically
and is strongly suppressed. Non-adiabatic conditions (e < 1) favor transitions between
nuclear states. In the present experiments e = 1 for all angles covered by the experimental
setup and for excitation energies of ~ 1 MeV, showing that Coulomb excitation of states
around 1 MeV is feasible in the present kinematics, albeit in a borderline regime where
the excitation probability remains modest and the measurement becomes experimentally

demanding.

The nuclear period T is inversely proportional to the excitation frequency w of the transition,

Tx —=— 1.14

with AFE being the energy difference between the final and initial state.

Within this semi-classical picture, the cross section for Coulomb excitation of a given nuclear

do ) ( do )
il =pr,- (2 , (1.15)
<dQ Coulex d ds Ruth.

where P;; denotes the excitation probability for a transition from an initial state ¢ to a

state can be expressed as:

final state f. This probability is given by the coherent sum over magnetic substates of the

squared transition amplitudes b,

1
2, + 1

]

P, = S byl (1.16)

M;, My

The semi-classical formalism thus provides a practical and physically intuitive framework
for calculating excitation probabilities in heavy-ion collisions at energies below the Coulomb

barrier, where nuclear forces can be neglected and electromagnetic interactions dominate.
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Chapter 1. Introduction

1.3.2. Coulomb Excitation as First-Order Perturbation Theory

The quantum-mechanical framework is based on the time-dependent Schrodinger equation:

S (0) = (Hq + H(D) w(0) (1.17)

where H is the unperturbed Hamiltonian and First-order  Second-order

H(t) describes the time-dependent interaction

between the nuclear charge distributions. For = E 1 E 1£)
Coulomb excitation, H(t) consists of three parts: i

a monopole-monopole interaction responsible for Im) M E Im)
the classical Rutherford scattering, a monopole- i
multipole term accounting for the excitation i

of one nucleus by the other, and a multipole- ) v .i, 1)

multipole interaction representing simultaneous

Figure 1.3. Different excitation and deexci-
tation paths in first-order and second order
term is typically negligible due to the small exci- perturbation theory. For more information,

tation probabilities involved. In first-order per- see text.

excitation of both collision partners. The last

turbation theory, transitions between the initial state |i) and final state |f) occur directly,
without involving intermediate quantum states. This is illustrated in the left part of Fig. 1.3.

The corresponding transition amplitude is given by:

1 > wt
by = %/m (FLH(E) i) € dt, (1.18)

where w = (E; — E;)/h is the nuclear transition frequency. Since most Coulomb excitations
are weak, the condition |b;;| < 1 is generally fulfilled, and the excitation probability is
given to leading order by P,; = |bif|2.

For electric multipole transitions, the electromagnetic interaction can be expanded in terms

of spherical multipoles,
Hy(t) = [ p,(F)o(F t)dr, (1.19)

where p,,(7) is the nuclear charge density and ¢(7,t) is the time-dependent electric potential

due to the projectile:
Z e Z e
O, t) = 55 — o (1.20)
7=, 7))
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1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure

This leads to a multipole expansion of the interaction Hamiltonian:

H —47TZ ei XA: Y)\u t) ¢(t))

M(EM, ), 1.21
RN (EA, 1) (1.21)

where M (E\, 1) denotes the electric multipole operator of order A:
M(E, 1) = / po(FIY;,,(0, 6) . (1.22)

Using these expressions, the transition amplitude becomes

. _AnZe 1
Y dh 2041

(I, M| M(EN, w) [LM,) - S(EX p), (1.23)

where the orbital integral

it V3, (0(1), 0(1))

d 1.24
P 2

S(EAp) = /O:Oe

contains all information about the classical trajectory.

Assuming unpolarized beams, the excitation probability is obtained by summing over all

magnetic substates:

1 2
P .= b..”. 1.25

Finally, the differential Coulomb-excitation cross section can be expressed as:

do
),

where fz,(6,€) is a dimensionless function encapsulating the details of the trajectory and

7 2 d . —2)+2
:<éﬂ (?ﬁ B(EX I, = 1Ip) - fa(0,€), (1.26)

the adiabaticity of the collision. The magnetic case is treated analogously, but suppressed

by a factor #* = (v/c)” for the same multipolarity A:

(#).."
) )

This formalism illustrates that Coulomb excitation, when treated as a first-order perturbative

Z 2 . —2\+2
(;j) (dr;m> BMNI, — 1,) - fun(0,6). (1.27)

19



Chapter 1. Introduction

process, provides direct access to electromagnetic transition matrix elements and the
associated B(oA) values, as long as the excitation remains weak and the nuclear motion is

well described classically.

1.3.3. Coulomb Excitation in Second-Order Perturbation Theory

While first-order perturbation theory provides a good approximation for many Coulomb-
excitation processes, it becomes insufficient in heavy-ion collisions where excitation proba-
bilities P, , ; may approach unity. In such cases, higher-order effects must be considered,
leading to modifications of direct excitation probabilities and enabling access to otherwise

forbidden transitions via intermediate states.

The time-dependent perturbation theory can be extended to second order by including
two-step excitation paths, where the system is excited from the initial state |i) to an

intermediate state |m) and then to the final state |f). The total excitation amplitude

becomes:
2 1 2
by =05 + >0k (1.28)
with
(2) 1 & i ot t Ny dwt )
bimf:<m)2/_oo<f\H(t)]m>e dt - [ (mlHE) et dr, (129)

where w,, = (E, — E,)/h.

The corresponding probability for reaching the final state is then given by the square

modulus of the total amplitude:

2
P, =

(3

(1.30)

(1) )
bif + D bims

Expanding this expression, it becomes clear that not only quadratic second-order contribu-

tions appear, but also interference terms with the first-order amplitude:

2

(1.31)

1),2 1 2
Py = [ [* + 2% (bz(f) ' Zbinif> T

> Vi

This interference is a key feature of second-order processes and can lead to observable

modifications of excitation probabilities even when \b(2)| < \b(1)|.
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Multi-Step Excitation and the Reorientation Effect

Second-order perturbation theory enables excitation pathways that are forbidden or highly

suppressed in first-order processes. A prominent example is the population of the 4;r state
in even-even nuclei through sequential £2 transitions:
+ B2 o+ B2 .+

O, = 2) — 4. (1.32)

Due to the relatively strong coupling associated with E2 transitions, such two-step processes

often dominate over the much weaker direct F4 excitation. As a result, higher-lying states

in even-even nuclei are frequently populated via multi-step excitation chains. Another

important second-order effect is the reorientation effect, which involves transitions between

magnetic substates of the same excited level—typically the first 27" state in even-even nuclei:
27, M) — 127, M,). (1.33)

Although there is no energy change (AE = 0) between the initial and final states, the
interaction with the time-dependent electric field gradient can induce such transitions. The
reorientation effect is particularly sensitive to the spectroscopic quadrupole moment @,

which is related to the diagonal E2 matrix element by

167 (1120|I1)
5 V2l +1

This sensitivity allows Coulomb excitation to serve as a direct probe of both the magnitude

el = (I M(E2)|]T), (1.34)

and the sign of (),. The spectroscopic quadrupole moment is connected to the intrinsic
quadrupole moment (), through
3K I(I+1)

@ = (I+1)(2I +3) @o- (1.35)

where I denotes the spin of the state and K is the projection of the total angular momentum
I onto the body-fixed symmetry axis. For axially symmetric even-even nuclei in their ground-
state band, K = 0 typically applies. This simplifies the formula to @), = —%QO. The sign
of @), provides information about the nuclear shape: a positive (), corresponds to a prolate
(rugby-ball-like) deformation, while a negative @), indicates an oblate (pancake-like) shape.

Under the assumption of a uniformly charged nucleus, the intrinsic quadrupole moment
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can be related to the quadrupole deformation parameter 3, via

3
Q ~ EZRSBQ(I +0.36/3,), (1.36)

where Z is the proton number and R, is the nuclear radius parameter. The equations used
in this section are adopted from Refs. [22, 24-28]. These references provide comprehensive
derivations and additional background on Coulomb excitation and collective quadrupole

observables.

Sensitivity to Nuclear Structure

The presence of second-order processes has practical implications for the extraction of
nuclear matrix elements from Coulomb-excitation data. Neglecting them can lead to
systematic deviations, especially when strong low-lying transitions or close-lying excited
states are involved. Therefore, accurate analysis codes such as GOsIA include the full
formalism of second-order Coulomb excitation, allowing the correct treatment of interference

and multi-step excitation processes.

Second-order perturbation theory thus extends Coulomb excitation by (a) accounting for
interference with direct transitions, (b) enabling access to high-lying states through multi-

step excitation, and (c) following the determination of spectroscopic quadrupole moments
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Figure 1.4. Calculated point-like yields for the ***Sn 2] — 0;,5_ (black) and 47 — 2% (red)

transitions. The calculations assume a 2°°Pb target and a beam energy of 510 MeV at the target
center. The effect of a nonzero quadrupole moment on the excitation cross-sections is illustrated.
The blue vertical lines indicate the angular range covered in the experiment (CD range).
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1.3. Coulomb Excitation as a Tool to Investigate Nuclear Structure

via reorientation effects.

Figure 1.4 displays point-like 2 — O;S. (black) and 47 — 2 (red) y-ray yields in **Sn,
expected for an experiment with a 510 MeV 0Sp beam impinging onto a 206py, target. The
effect of second-order perturbation theory is visible in the excitation of the 4 as well as in
the influence of the quadrupole moment on the experimental yields. The calculations have
been performed with the GOSIA code [22].

1.3.4. Safe Coulex

The concept of safe Coulomb excitation refers to scattering experiments in which nuclear
excitation occurs exclusively via the electromagnetic interaction, with negligible contribu-
tions from the nuclear force. This condition is met when the interacting nuclei remain at a
sufficiently large distance from one another, such that their nuclear surfaces do not come

into contact. The minimum distance of closest approach, denoted as d must exceed the

sum of the nuclear radii of the projectile () and target (R,), plus an additional safety
margin AD. In Ref. [29], Cline et al. determined that setting AD = 5.0 fm limits the
nuclear interaction contribution to less than 0.1 %. The corresponding safe bombarding

energy as a function of the center-of-mass scattering angle 0, is given by:

Z 7 A+ A 1
E(0 =072 22t . e — 1.

min

where Z and A denote the atomic and mass numbers of projectile and target nuclei,
respectively. The radii of the involved nuclei can be determined by assuming sphere-shaped
nuclei.

R, =R, - A% (1.38)

For heavy nuclei, it is also possible to utilize the approach of radii of half density of the

Fermi mass distribution [30]

Ry = <1 - 12) (1.39)

r;

with the nuclear radii as defined via the liquid drop model given as [31]

Wl

ro= 112 - AT —0.94 - A7

(2

(1.40)

= 18.71 fm and

= 16.6 fm have been determined. This corresponds to a safe bombarding energy of

For the specific case of the %08 experiment, a safe distance of d
d

min, sphere

min, fermi
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4.0 MeV /u and 4.4 MeV /u, respectively. To enhance the Coulomb excitation cross section
and ensure sufficient statistics, a higher beam energy of 4.4 MeV /u was employed, since
for masses in this region, the Fermi approximation can be applied [30]. For the e
experiment, a ipy target was chosen. A beam energy of 4.4 MeV /u was used again, and

the analyzed scattering angles were limited to s lab_880, since for higher scattering

Sn
angles safe Coulex would no longer be fulfilled.

1.4. The Gosia code

The study of nuclear structure via Coulomb excitation has a rich history dating back to the
1950s, when early experiments used light-ion beams to probe the electromagnetic properties
of nuclei. These initial investigations were relatively straightforward to interpret, relying
on first- and second-order perturbation theory to describe the excitation processes [32].
The development of heavy-ion beams in the following decades enabled the population of
multiple excited states through multi-step Coulomb excitation. The complexity of these new
experimental scenarios necessitated more sophisticated theoretical tools for quantitative
analysis. A pivotal advance came with the semi-classical theory of multiple Coulomb
excitation developed by Alder and Winther [26], which was implemented in early computer
codes such as that by Winther and de Boer [33]. These programs allowed the calculation of
excitation amplitudes based on a set of reduced electromagnetic matrix elements provided

as input.

Building on this foundation, the GoOsIA code was introduced in the 1980s [21, 27] to
enable a more direct and comprehensive analysis of Coulomb excitation experiments. In
contrast to earlier codes that calculated excitation probabilities based on fixed matrix
elements, GOSIA employs a least-squares fitting procedure wherein the matrix elements
themselves are treated as adjustable parameters. By iteratively comparing calculated vy-ray
yields with experimental data, the code extracts the set of matrix elements that best
reproduces the observed excitation and de-excitation patterns. A key feature of GoOSIA
is that unknown matrix elements are normalized to independently known experimental
quantities. These may include absolute transition probabilities derived from measured
lifetimes, cross sections obtained from Rutherford scattering, or previously established
matrix elements. This normalization provides an absolute scale for the extracted matrix

elements, ensuring physical consistency and compatibility with other observables.

Crucially, GosIA calculates both the excitation of nuclear states and their subsequent ~-ray
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1.4. The GOSIA code

de-excitation within a unified framework, using the same electromagnetic matrix elements.
The description of ~-ray emission is based on the CEGRY code [34] and incorporates
essential effects such as angular correlations, nuclear deorientation, recoil corrections,
Jacobian transformations to a common reference frame, and integration over realistic
detector geometries. The first successful application of (GOSIA demonstrated the uniqueness
of the extracted matrix element set for ' "Pd [35], a result subsequently confirmed by
recoil-distance Doppler shift lifetime measurements [36]. Since then, GOSIA has been
validated through extensive analyses of isotopic chains such as W, Os, and Pt [37-40]. It
has played a critical role in elucidating nuclear shape evolution and shape coexistence across
a wide range of nuclei, including transitional regions [41, 42|, rare earth elements [43, 44],

actinides [45], and nuclei exhibiting exotic octupole deformations [46].

In addition to the standard version, a variant known as (GOSIA2 is used to perform the
minimization using target normalization. In this approach, electromagnetic matrix elements
of the projectile nucleus are determined relative to known matrix elements of the target
nucleus. This is particularly useful when absolute cross sections or lifetime information for
the projectile are not available, but well-established electromagnetic properties of the target
can serve as a reference. This is usually the case for experiments using rare isotope beams,
like radioactive ion beams. GOSIA2 allows both excitation and de-excitation processes in the
target and projectile to be treated simultaneously within the same fitting routine, ensuring
a consistent relative normalization. In the context of this work, GOSIA2 is employed to
extract matrix elements of the projectile by referencing them to the known properties of

the target nucleus. A more detailed description of GOSIA is given in Ref. [22, 27].
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2. Physics Case

The ten doubly magic nuclei (;lHe, ;60, ;lgCa, ;%Ca, ggNi, ggNi, ;ZNi, égOSn, égQSn, ESSPb)
form indispensable reference points for nuclear-structure theory. Among them, tin occupies
a special place: with Z = 50 it is the heaviest element that hosts two doubly magic isotopes,
'Sn at the proton drip line and ?Sn on the neutron-rich side. This unique situation
turns the Sn isotopic chain into a stringent laboratory for testing microscopic descriptions
of shell structure across a wide range of isospin, from the vicinity of N = Z to the region

beyond the major neutron shell closure at N = 82.

The interest in nuclei around >Sn extends beyond nuclear structure physics. The neigh-
borhood of the heaviest unstable doubly magic nucleus is intimately connected to rapid
neutron-capture (r) process nucleosynthesis: the persistence of the N = 82 shell closure
influences reaction-path trajectories and contributes to shaping the abundance distribu-
tion near the second r-process peak [47—49]. In this context, recent progress has been
driven by the interplay of multimessenger observations and advances in precision nuclear
data. JWST (James Webb Space Telescope) observations of the kilonova associated with
Gamma-Ray-Burst 230307A provided direct evidence for heavy-element production, in-
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Figure 2.1. Even-even nuclear chart from Z = 46-54 and N = 50-84, highlighting the magic
numbers Z = 50, N = 50 and N = 82 (black rectangles). Stable isotopes are indicated in black,
unstable ones in white.
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cluding ejecta components with nuclei in the vicinity of A= 130 [50]. Complementarily,
high-precision mass measurements of neutron-rich tin isotopes beyond N = 82 revealed
a reduced neutron-pairing gap and a softened two-neutron separation-energy trend, with
direct consequences for r-process network flows near A~ 135 [14]. In parallel, -decay and
[-delayed neutron-emission studies of very neutron-rich Sn isotopes demonstrated that
one- and two-neutron emission probabilities are highly sensitive to the underlying shell
structure and to the degree to which the N = 82 closure persists towards more neutron-rich

systems [51].

From the perspective of nuclear structure, the 2qn region provides a particularly clean
environment to isolate key ingredients of effective interactions. Because Z = 50 is closed,
low-lying excitations in the even—even Sn isotopes are dominated by neutron configurations,
while proton degrees of freedom remain largely inert at low excitation energy. As a
consequence, spectroscopy along the Sn chain constitutes an excellent testing ground for
the neutron—neutron component of shell-model interactions, and for the evolution of shell
structure as neutrons are added across major gaps. At the same time, nearby odd-mass
and odd—odd nuclei offer sensitive probes of single-particle character and the robustness of
shell closures. Laser spectroscopy of the Z = 49 indium isotopes — one proton hole below
the Z = 50 shell — revealed an abrupt change in magnetic-dipole and quadrupole moments
at N = 82, indicating that a nearly pure single-particle character is recovered only at the
doubly magic core [52]. Consistently, recent spectroscopy of the odd—odd nucleus 128Ag
shows a well-defined seniority structure and no excitations across the N = 82 and Z = 50

gaps, underscoring the robustness of these closures in the region [53].

While shell closures provide a natural organizing principle, the emergence of collectivity
in their vicinity is a central theme of this thesis. A key observable in this context is the
reduced electric quadrupole transition probability, B(E2; Ogs. —>2;r) which typically exhibits
a pronounced minimum at doubly magic nuclei and increases in neighboring open-shell
systems. For 132811, however, available evidence suggests that this simple expectation may
not apply. A pioneering Coulomb-excitation experiment, supported by large-scale shell-
model (LSSM) and Monte Carlo shell-model (MCSM) calculations, reported an enhanced
quadrupole collectivity and attributed it to increased proton excitations across the Z = 50
shell gap [23, 54]. Although 13281 itself exhibits a pronounced shell closure (23, 55], the
extent to which quadrupole collectivity is enhanced specifically at 132Sn, and how it evolves
in the adjacent isotopes, remains experimentally unresolved: transition probabilities in

%081 and "**Sn are still largely unmeasured, leaving the systematics around the shell closure
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Chapter 2. Physics Case

an open question.

On the theoretical side, the situation is similarly unsettled. MCSM calculations by Togashi et
al. predict an enhancement by about a factor of two in 9281 relative to its neighbors, whereas
LSSM calculations by Naidja, Nowacki and Sieja [23, 56] suggest an even stronger increase
by roughly a factor of four. At the same time, the MCSM framework reproduces the overall
systematics of B(E2; 0;& —>2f) values across the Sn isotopic chain, yet it disagrees with
the only existing estimates for 013G reported in conference proceedings [57-60]. Those
tentative values — B(E2) = 0.023(5) and 0.029(5) e’b” for "*°Sn and "**Sn, respectively
— are consistent with LSSM predictions of 0.028 and 0.027 e2b2, but deviate substantially
from the MCSM results of 0.055 and 0.044 ¢°b”. Resolving this discrepancy is essential for
establishing a consistent picture of quadrupole collectivity in and around the doubly magic

132
nucleus ““Sn.

In addition to even—even Sn, theoretical studies emphasize the role of proton-—neutron
correlations in shaping quadrupole response near the closed shells. Shell-model calculations
employing different nucleon—nucleon interactions suggest that enhanced quadrupole collec-
tivity in the ¥2qn region can arise from constructive proton—neutron quadrupole coherence,
such that adding or removing only a single nucleon from the doubly magic core may induce
a pronounced collective response [61]. Testing this mechanism in the odd-proton nucleus
Blgp requires, in particular, precise knowledge of electromagnetic matrix elements in its
even—even core nucleus 13OSm, thereby providing a direct structural information for the

onset of collectivity in the region [62].

The following sections summarize key experimental developments along the Sn isotopic chain,
starting from the doubly magic "%8n and progressing towards increasingly neutron-rich
nuclei. Special attention is devoted to the region around 1328n, where the most stringent
constraints on shell evolution and quadrupole collectivity emerge, and where the focus of

this thesis is set.

2.1. The Sn Isotope Chain Between the Doubly-Magic Nuclei 1°°Sn

and 32Sn

The even-even isotopes of the nuclear chart between N = 50 — 84 and Z = 46 — 54 are
shown in Fig. 2.1. The two doubly-magic nuclei, 'gn and 132811, highlighted here by the
crossing magic numbers, are of enduring experimental and theoretical interest. The region

around the N = Z nucleus '’Sn has only recently become experimentally accessible [63].
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Considerable effort has been devoted to verifying its doubly-magic character, although

excited states of this "holy grail of nuclear structure research" [64] have yet to be observed.

A breakthrough came with the observation of superallowed a decays from %%e to """ Te and
finally to '*’Sn [65], with reported half-lives of tI/Q(wSXe) — 587.2° s and t1/2(104Te) < 18ns.
The half-life of '*’Sn itself was first determined in 2012 at GSI [66]. In 2019, a tenfold increase
in "Sn production was achieved at RIKEN [67], allowing a more precise measurement
of t /Q(IOOSn) = 1.18(8) s. For a comprehensive review about the ongoing research around
100

Sn, see Ref. [87].

Starting from the doubly-magic %G1 to more neutron-rich isotope excitation energies

102
S

of the first 27 states along the tin isotopic chain are remarkably constant between n

and 13OSn, as shown in the left plot of Fig. 2.2. This trend is well described within the
seniority scheme [88, 89], where the ground state is approximated by a condensate of J"=0
neutron pairs [18]. A slight increase around N = 64 is attributed to a weak sub-shell closure.
However, the overall constancy suggests that pairing correlations dominate and dilute
shell effects, resulting in similar 2? configurations across the chain. Because of the large

and nearly constant Z = 50 shell gap, proton excitations require significant energy, which
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Figure 2.2. Left: Experimental excitation energies of the first 27 state along the Sn isotope
chain from '*Sn to **Sn. Values are taken from Ref. [68]. For 1008y | the excitation energy is
still unknown. Between the doubly-magic nuclei, the excitation energy of the first 27 state shows
a remarkable constant trend, with an enhanced value at doubly-magic 13261 and a subsequent
lowering of the 27 energies. Right: Experimental B(E2;0gs_ — 27) values for Sn isotopes
(top). MCSM calculations adapted from Ref. [54] and LSSM from Ref. [69] with a '*’Sn and
P71 core are added. Experimental values used for the weighted average are from Ref. [70-86].
Only values published in this century have been considered. Values for 13013461 from conference
proceedings [57-59] and *2Sn from Ref. [23].
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explains the ~1.2 MeV excitation energy of the first 2" state throughout the chain. Unlike
the excitation energies, the B(EQ;O;S. — 27) values exhibit a more complex behavior.
The weighted mean of recent experimental results are shown in the right plot of Fig. 2.2
together with different theoretical approaches with (MCSM [54]) and without (marked
as "°Sn and *Zr core [69]) excitation above the Z = 50 and N = 82 shell closure. A
symmetric, parabolic trend between the two doubly-magic nuclei is expected, if seniority
was conserved. This is indeed shown by the theory excluding core excitation. However,
instead, enhanced B(E2) values are observed in the lighter Sn isotopes, and a sudden drop
at N = 66 is still discussed [73, 78]. Recent large-scale MCSM calculations [54] using an
extended model space with eight orbits for protons and neutrons reproduce this trend
well. These calculations explain the long-standing puzzle of the enhanced collectivity in
neutron-deficient Sn isotopes [74-76]. For N > 66, the B(E2) values revert to a parabolic
trend, except for 132Sm, which is again described by LSSM and MCSM calculations.

2.1.1. The Special Role of 32Sn and its even-even Neighbors

Since the early 1980s, the nucleus %291 has been regarded as one of the most promising
candidates for exhibiting pronounced shell closures at both proton and neutron numbers. In
fact, as early as 1981, J. Blomqvist stated that “double-magic %29 exhibits the strongest
shell closure of any observed nucleus” [90] despite the fact, that “nuclear reaction studies
are basically excluded®. This bold conclusion was drawn at a time when detailed nuclear
reaction studies around '*>Sn were essentially unreachable due to the short half-life and low
production rates of isotopes in this region. Nuclei around %281 are furthermore challenging
to access, since evaluated production mechanisms such as fusion-evaporation reactions

predominantly populate proton-rich rather than neutron-rich nuclei.

45 years later, 291 remains one of the most interesting yet experimentally challenging
nuclei. It is the heaviest known unstable doubly-magic nucleus and sits at the intersection
of several active research frontiers, including the evolution of shell structure far from
stability, the r-process in nuclear astrophysics, the role of tensor forces in shell evolution,
and the benchmarking of modern shell-model interactions. Despite impressive progress in
radioactive beam production and detection techniques, fundamental properties of 281 and
its surrounding nuclei — such as the structure of excited states, transition strengths, and
static moments — are still only partially known. A first milestone for proofing the magic
character of "**Sn came from single-particle transfer reactions on **Sn [55], which reveal the

purity of neutron single-particle states beyond the shell closures. Only in 2018, a modern
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2.1. The Sn Isotope Chain Between the Doubly-Magic Nuclei %6 and "**Sn

Coulomb excitation experiment using the Miniball [91] array at the HIE-ISOLDE [92,
93] facility provided the first direct experimental confirmation of the spherical shape and

doubly-magic nature of "**Sn [23].

The enhanced B(E2) value in “°Sn was accurately determined here, providing direct
evidence for its double magicity. Due to the closed Z = 50 and N = 82 shells, both proton
and neutron excitations are hindered, resulting in a sudden increase of the 2? energy. The
2? state exhibits a mixed proton-neutron character, which explains the locally enhanced
B(E2) value. The influence of proton excitation leads to the enhanced transition probability.
Early measurements published in a conference proceeding [59] yielded values compatible
with the more precise results of Ref. [23].

130,134 . . .
Sn remain even more elusive. Despite

In contrast to 132811, the neighboring isotopes
their proximity to the doubly-magic nucleus and their relevance for understanding the
evolution of shell structure toward neutron-rich systems, no precise transition matrix
elements or electromagnetic observables of first excited states have been published to date.
The only available information come from conference proceedings, which highlight the
experimental challenges associated with this nucleus [57-60]. Measuring transition strengths
in "’Sn and "**Sn allows for direct comparison with the doubly-magic reference nucleus
8. In particular, deviations from expected shell-model systematics may reveal subtle
effects such as core excitations, proton-neutron correlations, or the onset of collectivity.
Thus, 130

modern nuclear structure models and for testing different approaches in terms of the

Sn and especially 180 serve as key nuclei for testing the predictive power of

neutron—neutron interaction and the choice of effective charges. This benchmark role is
particularly important for 19n: as experiments become increasingly difficult toward the
neutron-rich frontier, well-validated theoretical descriptions are essential for extrapolating

to even more exotic nuclei, and therefore require stringent experimental reference points.

Another interesting feature of %291 is its remarkable structural analogy to the other well-
established doubly-magic nucleus, *%ph. Both nuclei possess the same number of valence
nucleons beyond the major closed shells at Z = 50, N = 82 for "2Sn and Z = 82, N =126
for ***Pb. Consequently, their low-lying level structures exhibit striking similarities: both
show a first excited 2? state at high energy, weak collective features, and clear single-particle
character in nearby odd-mass isotopes [55]. These analogies offer a unique testing ground
for nuclear models, especially shell-model interactions that aim to describe the evolution of

structure toward the neutron drip line.
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While this summary does not claim completeness, it highlights the progress made in

exploring the Sn isotopes over the last two decades.

2.2. Previous Experiments in 3°Sn

As discussed in the previous section, the
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date back to the 1970s. Fogelberg et with kind permission from Elsevier.

al. [94] identified a long-lived 107 iso-

meric state using [-delayed 7-ray spectroscopy and determined a half-life of ¢, =
1.61(15) pus. Decades later, Kameda et al. [95] studied isomeric decays following the in-flight
fission of ***U at 345 MeV/u at RIKEN, obtaining a shorter half-life of ¢ , = 1.14f8:;: LS.
More recently, Dunlop et al. [96] performed S-decay and [-delayed neutron spectroscopy of
"y at TRIUMF-ISAC using the GRIFFIN spectrometer and reported a refined value of

tyyo = 1.52(9) ps.

The first measurements of electromagnetic transition strengths of low-lying states in 08
were conducted in the early 2000s at the Holifield Radioactive Ion Beam Facility (HRIBF) at
Oak Ridge National Laboratory (ORNL). There, a radioactive OSn beam produced via the
Isotope Separation On-Line (ISOL) method was directed onto a carbon target. Scattered
carbon recoils were detected using the HyBall array, while emitted v rays were recorded
with the CLARION spectrometer. The resulting spectra are shown in Fig. 2.3 for three
different beams: a pure "0gn and '*°Sn beam, and a A = 128 cocktail beam. From this

measurement, a preliminary B(E2; 0;_ — 2) value of 0.023(5) ¢’b” was extracted [58, 60]
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based on 66(10) counts in the 21+ — O;r‘s. transition, significantly lower than the 0.055 e’b’
given by MCSM calculations discussed in the previous section. The technique used to
extract these values — inelastic scattering on a e target — is described in detail in
Ref. [97]. Importantly, this method is highly sensitive to the assumed target thickness,
which directly affects the normalization of the extracted matrix elements. For example, in
132Te, a previously underestimated target thickness led to a revision of the B(E2) value
from 0.172(17) ¢’b” to 0.216(22) €’b” [98]. Furthermore, the exact beam composition is
crucial in determining unknown transition strength values, since the obtained ~-ray yields
are compared with the number of scattered carbon nuclei, which reacted with the beam of
interest.

To date, no direct measurement of B(E2; 21+ — Ogsl) in "*’Sn has been published in peer-

reviewed literature. This makes "*’Sn a prime candidate for dedicated Coulomb excitation
studies, which would allow one to validate theoretical models in the region just below 29

and close the experimental gap between the mid-shell Sn nuclei and doubly-magic 23,

In this context, it is relevant to note that approaches which effectively reduce the neutron
effective charge can reproduce the older experimental systematics: Kumar et al. [99]
reported lifetime measurements in the isobaric nucleus "Te and the N = 82 isotone
132Te, and extended their analysis to 0gy using shell-model calculations based on the
sn100pn interaction [100]. Their theoretical results show good agreement with earlier values
from ORNL by Radford et al. [58] by reducing the effective neutron charge, but deviate
significantly from predictions of MCSM calculations by Togashi et al. [54].

A dedicated remeasurement of B(E2;2] — Ogs.) in '*’Sn is therefore crucial to discriminate

between competing theoretical descriptions and to establish a reliable experimental value

for electromagnetic collectivity just below 2gn.

2.2.1. The isomeric 7] and 5; States in '*°Sn

In addition to the 10;r isomers discussed earlier, "*’Sn also exhibits a long-lived 7, isomeric
state and 5, state located above it. The level scheme, including these isomeric states, is
shown in Fig. 2.4. These states provide valuable insight into the structure of neutron-rich
nuclei near the doubly-magic 132811, since they are expected to be nearly pure two neutron-
hole states [101]. While the 7; state decays only via /5 decay into 1?’OSb, the 5, state decays

via an E2 7-ray transition and an E1 transition into the 7, and 4? state respectively.

The 5, state was first investigated by Fogelberg et al. [94], who determined its lifetime to
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be t,, = 52(3) ns using [S-delayed y-ray spectroscopy.

A later study by Pietri et al. [102] also addressed
10*
this state, though the results of 63(4) ns differed g¢+—96

6"
slightly. Recently, a new lifetime measurement of 391‘@ v 20 g )

the 5; state was published by Piau et al. [103], %
reporting a refined value of ¢, , = 50(5) ns. This 713 >
result is in tension with earlier findings by Pietri v 2" 56
et al., emphasizing the need for further clarifica- . L%)
tion. The quadrupole moment of the 7; isomer has .y .§
been a subject of active study, particularly regard- S
ing its deformation properties. Gorges et al. [104] | - 0 5

performed laser-spectroscopic measurements of iso-

. 130
tope shifts at ISOLDE to extract charge radii and Figure 2.4. Levelscheme of “"Sn. The
isomeric 7, state decays via § decay. Tran-

quadrupole moments. However, the extracted spec- . . . . :
sition energies are given in keV.

troscopic quadrupole moment for the 7 state was

ambiguous, yielding two possible solutions:

e Q,(77)= —0.426(13),,,,(18)... cb

sSys )

¢ QuT7)= +0.452(4) 4, (19),y, ¢

sys “°+
Earlier this century, Le Blanc et al. [101] determined a value of Q,(7; )= —0.36(11)eb,
consistent only with the negative solution reported by Gorges et al.. This result suggests
a moderate oblate deformation of the 7, state. Based on these findings, Le Blanc and
collaborators proposed a v/(d;, /12h1_11/2) two-hole configuration as the dominant structure of

the 7, isomer.

Similar long-lived isomeric 7, and 5; states have also been observed in neighboring N = 80
isotones with Z < 50, such as ">Cd [105] and 20pq [106, 107], suggesting a systematic
appearance of such configurations in this region of the nuclear chart. More recently, new
isomeric states have been identified in *°Cd [108]. The observed lifetimes of these states
are valuable for constraining shell-model predictions and refining the parameters used in

the description of electromagnetic transition strengths.
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2.3. Previous experiments in 1349

For the even heavier isotope 134811, the available experimental information becomes increas-
ingly scarce. The first excited states in this nucleus were identified in 1997 by Zhang et
al. [109] and were later refined by Korgul et al. [110]. In the latter work, the half-life of the
long-lived 6, state was also determined to be 80(15) ns. Precise 5-decay half-lives of 9
and neighboring nuclei were measured at RIKEN in 2015 [111], while charge radii in this
region were obtained at ISOLDE, CERN [104].

In 2021, the first lifetimes of states below the 6, level were published [112], measured
with the fast-timing method at the ISOLDE Decay Station. This work yielded the first
experimental value for the lifetime of the 4] state and the most precise value to date for the
67 state. They also give an estimate for the half-life of the 27 state with t1/2(2f) = 53(30) ps.

A comparison of their 4, result with

various theoretical approaches showed

that none of them is reproducing the

Counts

experimental B(FE2:4] — 2) value

satisfactorily. The only further avail-

able information on the electromagnetic 0°%"300 200 600 §00 1000 1200 1400 1600
. ) E (keV)
properties of the first excited 27 state

comes from the conference proceedings Figure 2.5. Spectra ol?tained from Ref. [59] with kind
130 permission from Elsevier. The decay of the 725 keV

Sn 27 — 0;5' transition following Coulomb excitation
experiment, in this Coulomb-excitation is visible, along with contaminating transitions from
13Ba and *Te. The absence of an HPGe array in
this experiment resulted in reduced energy resolution.

introduced earlier. Unlike their

measurement y rays were detected us-
ing an array of 150 BaF, crystals, sig-
nificantly increasing the total detection
efficiency but at the cost of energy resolution compared to the setup used for the 080 ex-
periment. The experimental spectrum is shown in Fig. 2.5. Although the authors report the
observation of the 2? de-excitation in 134Sn, the limited resolution complicates the spectrum
considerably, as the beam contained substantial fractions of "Ba and "*'Te. Transitions
from these nuclei overlap with the region of interest and strongly affect the spectral shape.
Based on these data, the group extracted a value of B(E2; 0;5. — 27) = 0.029(5) b’
which, similar to the value in 130Sm, deviates significantly from the predictions of MCSM
calculations.

132
S

To bring the previously discussed information together: the nuclei around the n
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shell closure remain experimentally poorly explored. Transition strengths of the lowest

excited states have so far only been reported in conference proceedings, and these values

show significant deviations from the most recent state-of-the-art MCSM calculations. A

comparison between theoretical and experimental results is shown in Fig. 2.6. The figure

displays the relative deviations of various theoretical predictions from the experimental

values, with the experimental uncertainty indicated by the grey shaded band. Shown are

results from MCSM, and LSSM [69] calculations.

While the LSSM approaches show system-
atic deviations from the experiment, the
MCSM generally reproduces the measured
values well. For 130811, all models overpre-
dict the experimental B(E2) strength by
roughly a factor of two. The doubly magic
nucleus *Sn is again well described, but
for "**Sn the MCSM result deviates signifi-
cantly from the experiment, while the LSSM

calculations is limited to nuclei below S

n.
Understanding the origin of this discrep-
ancy is an open question in nuclear struc-
ture physics, with implications for modelling
the nuclear physics input of astrophysical

r-process calculations.
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Figure 2.6. Deviations of calculated B(E2)

values along the Sn isotope chain relative to the
experimental results. Except for 13061 and 134811,
all isotopes are well reproduced by the theoretical
models, in particular by the MCSM.
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Understanding the structure of atomic nuclei, particularly those far from the valley of
stability, remains one of the central challenges in modern nuclear physics. While ground-
state properties of more than 3400 bound nuclei have been determined, only 253 are stable,
and merely 33 additional radioactive nuclei occur naturally on Earth. Consequently, over
90 % of all known nuclides are short-lived and must be produced artificially through nuclear
reactions [113]. These systems are of key interest not only for fundamental studies of nuclear
structure, but also for astrophysical processes such as the rapid neutron-capture process (7-
process) and the proton-capture process (p-process), which govern the nucleosynthesis of the
heavy elements [114]. To access such exotic nuclei, various nuclear reactions are employed.
Neutron-rich isotopes are typically produced via fission of heavy elements, whereas proton-
rich nuclei are often formed in fusion—evaporation reactions. One approach relies on in situ
measurements, in which a stable beam is directed onto a stable target, and the reaction
products are studied directly. Although this method benefits from comparatively large
production cross sections, it is constrained by competing reaction channels and limited

beam—target combinations.

A powerful complementary technique is the use of post-accelerated radioactive ion beams
(RIBs). Here, exotic nuclei are first produced in a primary target, ionized, mass-separated,
and subsequently delivered to an experimental station. This two-step process provides
access to isotopically pure beams, reduces background contributions, and allows tuning of
the beam energy to probe a broad range of nuclear observables. The method is technically
demanding due to often low production yields and short half-lives of the species of interest.
Efficient release from the target material, selective ionization, and high-resolution mass
separation are essential to obtain beams of sufficient purity and intensity. Two principal RIB
production techniques are currently in use: the In-Flight (IF) and the Isotope Separation
On-Line (ISOL) methods [115]. The IF technique relies on high-energy reactions to produce
fast-moving nuclei, which are separated in flight using magnetic spectrometers. In contrast,
the ISOL method — implemented at ISOLDE (CERN) [93] — produces low- to medium-
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ISS

EC Miniball

Figure 3.1. Schematic layout of the ISOLDE hall, highlighting the GPS and HRS mass separators
connected to two separate target stations. Components discussed in this thesis are marked in
orange-red. Adapted and modified from Ref. [118] with kind permission of CERN.

energy beams with high selectivity and often superior intensities, making it particularly

suitable for detailed nuclear-structure investigations.

At ISOLDE, radioactive isotopes are generated by bombarding thick target materials (e.g.,
UC,) with 1.4 GeV protons from the Proton Synchrotron Booster (PSB). The reaction
products diffuse out of the heated target material, are ionized, mass-separated, and subse-
quently delivered either at low energy (= 60keV) or post-accelerated by the HIE-ISOLDE
linear accelerator [92, 116]. The efficiency of the ISOL technique depends on several factors:
(i) the chemical properties of the element, (ii) diffusion and effusion times within the
target, (iii) the applied ionization method (surface, plasma, or laser ionization), and (iv)
the performance of the mass separators. In practice, the ISOL technique is well suited
for nuclei with half-lives exceeding approximately 4ms [117]. A schematic layout of the
I[SOLDE hall is shown in Fig. 3.1. The individual parts highlighted in red will be discussed

in the following section.
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3.1. Target Design and Materials

The target system is central to the production of radioactive ion beams (RIBs). It must
withstand high proton-beam intensities, efficiently produce isotopes, and enable rapid
isotope release from the target material. ISOLDE receives 1.4 GeV protons from the PSB
with intensities of up to 3.2 x 10"* protons per pulse (4 A peak), limited to 2 nA average
due to safety regulations. Two targets, each connected to an independent mass separator

(GPS or HRS), can operate simultaneously.

A typical ISOLDE target consists of a cylindrical container of approximately 20 cm length
and 2 cm diameter, made from graphite or tantalum. The interior is filled with material in
the form of powders, pellets, molten metals, or pressed fibers. Proton-induced reactions
(spallation, fragmentation, fission) generate a wide variety of isotopes inside the target
matrix. For neutron-rich isotopes, UC, is widely used due to its high fission yield and fast

release properties, and it was employed in all experiments conducted for this work.

3.2. Ton Sources at ISOLDE

ISOLDE employs several types of ion sources, each optimized for specific elements based
on their physical and chemical characteristics. The choice of ion source is essential for

achieving high ionization efficiency while minimizing isobaric and isomeric contamination.

The most basic form of ionization is provided by the surface ion source. Surface ionization
relies on the interaction between hot metal surfaces (typically tungsten or tantalum) and
atoms with low ionization potentials. Upon contact, electrons are transferred from the
atom to the surface, resulting in efficient ionization for alkali and alkaline-earth elements.
However, this method is ineffective for elements such as tin, which has an ionization potential

of approximately 7.3eV [119].

For improved isotopic and isobaric selectivity, resonance ionization can be employed. The
Resonance Ionization Laser Ion Source (RILIS) uses precisely tuned lasers to excite and ionize
atoms through multi-step resonant transitions. This technique enables element-selective
ionization and is well suited for elements with higher ionization potentials, including Sn,
In, and Hg [120]. Although RILIS provides high beam purity for many elements, it is less

effective for molecular species, which may dissociate under laser irradiation.

A third option available at ISOLDE is the plasma ion source. The Forced Electron Beam
Induced Arc Discharge (FEBIAD) ion source is a central component of ISOLDE’s plasma-
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based ionization scheme and is particularly effective for reactive and refractory elements. It
generates a confined plasma by accelerating electrons between a heated cathode and an
anode. Collisions between electrons and neutral atoms or molecules lead to ionization in
the plasma volume. The FEBIAD source is especially advantageous for ionizing molecular
beams, such as tin sulfide (SnS), which provide high beam purity by chemically binding tin

to sulfur and thereby suppressing isobaric contaminants such as cesium and xenon [121].

Before the establishment of SnS™ beam production, RILIS provided the highest tin beam
purity [122]. RILIS suppresses heavier isobars such as Sb, Te, I, and Xe, whose ionization
potentials exceed 8.6 V. However, surface-ionizable elements with low ionization potentials,
such as Cs (3.89¢V), Ba (5.21eV), and In (5.78 V), are also efficiently ionized in the hot Nb
or W cavity used by RILIS, resulting in significant background. This contamination posed
challenges for decay spectroscopy of very neutron-rich Sn isotopes. For example, while
[-delayed neutron emission allowed the observation of 137Sn, precision studies of 0G0 were

hindered by background from the long-lived isomer >""Cs [123].

To address these limitations, an alternative approach using molecular ion beams was
developed. The extraction of SnS* proved highly efficient and selective [124]. SnS molecules
form reliably across a wide range of sulfur-containing compounds and target temperatures.
A SnS™/(Sn™ + SnS™) ratio of up to 58 % was achieved at 1700 K, decreasing only slightly
at higher temperatures. In addition, the desorption time of SnS is approximately two orders
of magnitude shorter than that of atomic Sn, significantly improving release efficiency,

particularly for short-lived isotopes [121].

The FEBIAD MKS5 ion source used for SnS™ ionization employs noble gases (e.g., Ar or
Xe) to initiate and sustain the plasma. Typical operating parameters include electron-
acceleration voltages of 100-200 V and pressures between 10" and 10~° mbar. The plasma
temperature is adjusted to satisfy kg7, > Wg,q, where Wy g is the ionization energy of SnS.
An additional transverse magnetic field increases the residence time of molecules in the
plasma, enhancing ionization efficiency. These features enable FEBIAD sources to reach
ionization efficiencies of up to 80 % in the 7-10 €V ionization-potential range and to deliver
beam currents of 1-10 pA, making them a robust option for producing high-purity beams

of refractory and short-lived isotopes [121, 124].
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3.2.1. Mass Separation at ISOLDE

Once ionized, the singly charged ions are extracted at energies between 30 and 60 keV
and directed to one of the two mass separators: the General Purpose Separator (GPS)
or the High-Resolution Separator (HRS). These devices separate ions according to their
mass-to-charge ratio (A/q), ensuring that only the isotopes of interest are delivered to the

experimental stations.

The GPS is designed for versatility and high throughput. It provides moderate mass
resolution and is typically used when beam purity is less critical or when the isotope of
interest is produced with high yield. Its compact design and rapid tuning capability make

it well suited for exploratory measurements and routine beam delivery.

In contrast, the HRS offers significantly higher mass resolution of up to M/AM = 15000
when higher-order optical corrections are applied. Its optical system consists of two mag-
netic separation stages interleaved with electrostatic quadrupoles and multipole lenses for
the correction of aberrations. The use of double-focusing dipole magnets enables precise
selection of the desired isotope while efficiently suppressing isobaric contaminants. The HRS
is therefore essential for high-precision applications such as collinear laser spectroscopy and
decay spectroscopy, where beam purity is critical. The availability of both separators—each
connected to an independent target station—allows ISOLDE to operate multiple experi-
ments in parallel while maintaining flexibility and high performance. This dual-separator
configuration is a key element of ISOLDE’s capability to deliver more than 1300 isotopes
from over 70 elements to a broad international user community. During the experimental
campaign for this work, both separators and their associated target stations were employed

on two separate occasions.

3.3. High-Energy Beam Preparation at ISOLDE

After mass separation, the ionized beams are injected into the Penning trap REXTRAP [125],
where they are accumulated, cooled, and subsequently extracted as compact ion bunches.
For molecular beams, dissociation typically occurs either within REXTRAP or during the
following stages of beam preparation, ensuring that only the desired atomic ions continue
along the beam line. The cooled and bunched ions are then transferred to the electron-beam
ion source REXEBIS [126], where they are confined for several tens of milliseconds and
exposed to an intense electron beam. In this environment, successive electron-impact

ionization increases their charge state in a controlled manner. This charge-breeding process
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is essential for matching the A/q requirements of the downstream linear accelerator. Once
the desired charge state distribution is achieved, the ions are extracted from REXEBIS and
injected into the HIE-ISOLDE accelerator.

The HIE-ISOLDE post-acceleration system consists of a normal-conducting RFQ followed
by a sequence of superconducting quarter-wave resonator (QWR) cavities arranged in cry-
omodules. In total, the linac comprises four superconducting cryomodules, each containing
five superconducting cavities that provide continuous acceleration of the charge-bred beams
up to energies of 10 MeV /u [92, 116, 117]. A final A/q selection using a dipole magnet
downstream of the linac ensures that only ions with the correct charge state are transmitted

to the experimental area.

At the high-energy end of ISOLDE, three dedicated experimental stations are available.
The Scattering Experiments Chamber (SEC) offers a flexible environment for a wide range
of reaction studies, including elastic and inelastic scattering as well as transfer reactions
on light and heavy targets. The ISOLDE Solenoidal Spectrometer (ISS) is optimized for
precision measurements of transfer reactions and inelastic-scattering processes, exploiting a
superconducting solenoid to provide high-resolution particle tracking far from stability. The
high-purity germanium detector array Miniball, used in the experiments presented in this
thesis, enables high-efficiency v-ray spectroscopy and is particularly suited for Coulomb
excitation studies with low-intensity radioactive ion beams. Together, the REX/HIE-
ISOLDE post-acceleration chain and the associated experimental stations constitute the
core of ISOLDE’s high-energy physics program, enabling detailed investigations of nuclear
structure and reactions across a wide range of exotic isotopes. In the course of this work, all
measurements were performed at the Miniball station, following beam preparation through

the full REXTRAP-REXEBIS-HIE-ISOLDE sequence.

3.4. The Miniball Spectrometer

The Miniball spectrometer is a state-of-the-art ~-ray detection array that was specifically
developed to meet the demanding conditions of experiments with radioactive ion beams
(RIBs), such as those delivered at ISOLDE. Studies of exotic, often short-lived nuclei place
stringent requirements on the detection system: in addition to high photopeak efficiency
and excellent energy resolution, advanced capabilities for event reconstruction are essential.
A further key aspect of many RIB experiments is that the y-emitting nuclei typically recoil

with velocities of a few percent of the speed of light. As a consequence, Doppler shifts
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and Doppler broadening can become dominant contributions to the observed line shapes.
Accurate Doppler correction therefore relies on a precise determination of the emission
angle and, accordingly, requires high angular granularity of the detector array. Miniball was
designed to address these requirements in an optimized yet highly flexible configuration,

enabling high-sensitivity and high-precision y-ray spectroscopy with radioactive beams.

At its core, Miniball consists of an array of high-purity germanium (HPGe) detectors,
each segmented into six individual volumes to precisely determine the interaction point
of incoming ~ rays. This segmentation, combined with modern digital signal processing,
enables accurate Doppler correction of y-ray energies—an essential feature when studying
fast-moving ions in post-accelerated beams. A major strength of Miniball is its compact
and modular design. Unlike larger, fixed detector arrays, Miniball can be reconfigured
to match the geometry and physics goals of each experiment. This flexibility allows for
optimized coverage around the target, improving detection efficiency and angular resolution,
both of which are crucial for extracting transition matrix elements and electromagnetic

transition strengths.

In combination with ancillary detectors—such as silicon detector arrays for charged-particle
identification—Miniball enables powerful particle—y coincidence measurements. This makes
the system particularly effective for studying collective excitations via Coulomb excitation
as well as single-particle structure through transfer reactions. Integration with the HIE-
ISOLDE post-accelerator further enhances its capabilities, enabling experiments across
a wide range of beam energies and reaction mechanisms. Miniball has played a key role
in advancing our understanding of nuclear structure far from stability, yielding results
ranging from precise measurements of B(FE2) transition strengths to the development of
detailed level schemes of exotic nuclei. Notable achievements using Miniball include the

first observation of pear-shaped nuclei [46] and the confirmation of the doubly magic nature
of "*Sn [23).

Refurbished Miniball detector array

During CERN’s second long shutdown (LS2), when no proton beam was available, the
Miniball array was temporarily relocated to RIKEN to participate in the HIKARI campaign
(see, e.g., Ref. [128]). In parallel, an extensive refurbishment and redesign of the detector
system was undertaken at the University of Cologne with the goal of improving modularity,

maintainability, and long-term performance.
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One of the key upgrades was the development of a new encapsulation concept. In contrast
to the previous welded design, the new housing employs a screw-based assembly, providing
significantly easier access to the cold electronics inside the cryostat. This greatly improves
maintainability and modularity, allowing individual components to be serviced or replaced
with minimal effort. The cryostat system itself was also redesigned. Previously, each triple
cryostat was connected to the liquid-nitrogen dewar via a long, mechanically sensitive neck.
Although suitable for cooling, this configuration complicated mounting and introduced
mechanical stress due to the substantial mass of the germanium crystals. The new cryostat
features a more compact and robust coupling, improving both stability and handling.
The refurbishment further included a complete upgrade of the preamplifier electronics.
Inspired by developments for the AGATA HPGe array [129], the new electronics are more

compact, modular, and thermally optimized. This results in improved signal quality,

Figure 3.2. Left: Fully equipped Miniball spectrometer surrounding the target chamber at
ISOLDE. Right: One of the triple cryostats together with the new digital electronics based on the
AGATA-like preamplifier.
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reduced noise, and easier integration—critical factors for high-precision spectroscopy with
low-intensity radioactive ion beams. With these upgrades, the Miniball spectrometer has
been transformed into a more versatile and user-friendly system, optimized for modern
RIB experiments. The refurbished array was shipped back to ISOLDE in 2022. The fully
equipped setup is shown on the left side of Fig. 3.2, while the right side illustrates one of
the triple cryostats together with its new digital electronics. For all experiments performed
in this campaign, the Miniball array was operated in combination with a double-sided
silicon strip detector (DSSSD), a CD-shaped array used to measure scattered ejectiles and
recoils and to determine their energies and emission angles. Using the velocity vectors
reconstructed from the DSSSD and the interaction positions measured in the Miniball
crystals, an accurate Doppler correction of the v rays can be performed. The design of the
CD-detector is shown in Fig. 3.3. A CD with 16 rings (p-strip) and 24 stripes (n-side) has
been used in all experiments. In the first three experiments, two n-side strips have been

connected to one to reduce charge sharing.

Figure 3.3. Left: Schematic drawing of a CD detector used in the present experiment (adapted
from Ref. [127] with kind permission of Elsevier.). Right: Photograph of the CD detector as
operated during the campaign.
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During the course of the thesis, four experiments were conducted at ISOLDE using the
Miniball detector array. Here, the basic information about the performed experiments
are explained. Only the differences between the experimental setups employed in the
respective experiments is discussed, since all experiments used the Miniball detector array

in combination with a DSSSD detector for particle-y coincidence measurements.

4.1. First Beamtime: Coulex of 3°Sn in November 2022

The first experiment of the renewed Miniball campaign at ISOLDE following CERN’s Long
Shutdown 2 was carried out in November 2022. Later measurements in the campaign
targeted gamma—electron coincidence spectroscopy. The presented experiment did not
rely on such coincidences. Nevertheless, the SPEDE chamber equipped with the SPEDE
electron spectrometer [130] was already installed for the subsequent program. To ensure

safe Coulomb-excitation conditions, a beam energy of 4.4 MeV /u was chosen, impinging

Figure 4.1. Target ladder used during the November 2022 experiment. From right to left, the
ladder includes a 3 mm aperture for beam alignment and rate diagnostics, two 206py, targets of
different thicknesses backed by a thin layer of natural carbon, and a beam catcher.
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onto a *"°Pb target. The target thickness had been determined beforehand in Cologne via
a-energy-loss measurements. The target ladder configuration is shown in Fig.4.1. From

right to left, it contained:

o Position 1: 3mm aperture

22%pp + 0.03mg/cm” nat. C

Position 2: 2.0(2) mg/cm

2 206

Position 3: 3.1(2) mg/cm” “"Pb + O.O3mg/cm2 nat. C

o Position 4: Beam catcher

For particle detection, the DSSSD was mounted about 30 mm downstream of the target. The
beam time commenced on 3" November following calibration runs with a "?Eu source and
the stable-beam reactions 22Ne(d,p)Z?’Ne and QZNe(d,n)%Na, which were used to determine
the Miniball detector geometry. Miniball was operated with seven of its eight triple cryostats.
The beam was expected to contain a significant population of the long-lived isomeric 1308117_.
To monitor the population ratio between the ground state and the isomer, a single HPGe

detector was positioned on the long-energy side of the accelerator.

Once the radioactive beam was delivered, it became apparent that the count rates were too
high for the data-acquisition system: the Miniball DAQ suffered from an almost 100% dead
time. The beam was therefore attenuated by a factor of 100, which reduced the overall rates
but did not sufficiently restore the DAQ performance. This was the first in-beam operation
of the FEBEX modules from GSI with a radioactive ion beam, and the system had been
installed only a few days before the experiment. During the measurement, it was not
possible to directly monitor the individual counting rates in the HPGe detectors. Instead,
the acquisition was observed to be dominated by dead time, with long periods in which
pile-up was so severe that essentially no events were written to disk. A post-experiment
assessment of the FEBEX4 system, including an estimate of the trigger rates, showed that
such conditions already occurred at a global trigger rate of the order of 5 kHz. Thus, even
at what would normally be considered low counting rates for Miniball experiments, the
combination of long ~ 50 ps signal tails and the limitations of the online processing led to

very high pile-up probabilities and large effective dead times.

Operational interruptions related to the linac and PS Booster as well as a failure of a
magnet further reduced the available beam time by approximately 2.5 days. The experiment
concluded on 8" November 2022. Out of the allocated 120 h, about 75h were ultimately

delivered as radioactive ion beam. Additional beam time was therefore granted, and a
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second experiment was conducted in October 2023.

4.2. Second Beamtime: Coulex of 3°Sn in October 2023

In the second beam time, the plunger (Coulex) chamber was used instead of the SPEDE
chamber. For the purpose of this experiment, this mainly affects the upstream part of the
setup, since no SPEDE detector was installed. Furthermore, a different target wheel was
mounted, providing six possible target positions. The target wheel is shown on the left
in Figure 4.2, while the plunger chamber in front of half of the Miniball spectrometer is
shown on the right. The following targets were mounted on the wheel, where position “6”
corresponds to the slot at the top, and the numbering increases clockwise:

2 206

« Position 1: 1.8mg/cm” *Pb + 0.03mg/cm” nat. C

e Position 2: 3mm aperture

e Position 3: 5mm aperture

2 206

« Position 4: 4.2mg/cm” *Pb + 0.03mg/cm” nat. C

« Position 5: 3.8mg/cm” *Pb + 0.03mg/cm” nat. C
« Position 6: 2.2mg/cm” *Pb + 0.03mg/cm” nat. C

The experiment was scheduled directly after an experiment employing an 281 beam.
Owing to the high quality of the data obtained in that experiment, one additional day
of beam time was allocated to our measurement from this proposal [131]. The long-lived

"Te — with a half-life of 3.2 days, was present as

granddaughter nucleus of 2qn —
background activity during our run. The DAQ system employed for the 2022 experiment
operated with a common trigger and a shared dead time, which led to severe pile-up and
substantial overall dead time losses. This was changed for this experiment, where every
channel is read out individually, or stores information into a buffer until it gets a readout
signal, resulting in a dead time per channel. Using this improvement, a count rate of 10 kHz

per crystal, as observed in the present experiment, was easily manageable for the DAQ.

Energy and efficiency calibration measurements with various radioactive sources were
carried out prior to the 2qn experiment and repeated after our %981 beam time. Position
calibration measurements were also performed before the ¥28n beam time, and the Miniball
detector positions were not modified thereafter. Again, seven of the eight triple clusters

were used for the experiment. The RIB experiment for %0gn started on 11™ October
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4.2. Second Beamtime: Coulex of **°Sn in October 2023

Figure 4.2. Target wheel (left) equipped with the 206py, targets and apertures of different
diameters. The right-hand side shows the plunger (Coulex) chamber mounted in front of half of
the Miniball spectrometer.

2023 and ended on 16™ October 2023. For the main physics run, the 4.2mg/ cm” *°Pb
target (position 4) was used to increase the statistics compared to the first experiment, at
the expense of a reduced accuracy of the Doppler correction and a slightly degraded CD
detector resolution due to the increased energy loss and straggling in the thicker target. In
total, the experiment lasted for 108 h, with short interruptions caused by maintenance work
and occasional losses of the proton beam roughly 45 h after the start of the run. Accounting

for these interruptions, the effective in-beam time amounts to about 100 h.
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Chapter 4. Experimental Details

4.3. Third Beamtime: Coulex of ¥*4Sn in July 2024

Following the measurements with the
radioactive "*’Sn beam, the focus of
the experimental program was shifted
to "**Sn. With four additional neutrons
compared to 130Sn, this nucleus lies fur-
ther from stability, and the expected
beam intensities are considerably lower,
by about a factor of 150 according to
the ISOLDE yield database. The exper-
iment was again prepared using mea-
surements with stable beams. In ad-
dition to runs with a CD, target, an
auxiliary measurement with a 0Py tar-

get was performed to obtain an addi-

tional constraint on the azimuthal (¢)

angles of the detectors. These data also Figure 4.3. Target wheel used during the '**Sn ex-
periment in 2025. The main part of the measurement
was carried out with %Pt targets, while an additional
206py, target was also mounted.

provided information on the distance
between the CD detector and the target
and were used for the calibration of the
CD detector. Since these preparatory measurements could already be carried out in June
2024, while the %191 beam time was scheduled to start only on 19" July 2024 as the first
experiment with Miniball in 2024, sufficient time was available to complete the calibrations,
such that the experiment was optimally prepared from the analysis perspective. On the day
before the scheduled start of the experiment, first tests with the primary UC, production
target were performed. During these tests, it was found that the heating element for the
sulfur supply did not remain stable under proton irradiation, which prevented the formation
of the desired molecular beam. For this target unit, no second heating element and no
backup target had been installed. As a consequence, despite the extensive preparatory

work, the planned 181 Coulomb-excitation experiment could not be carried out.

4.4. Fourth Beamtime: Coulex of *Sn in October 2025

An additional Coulomb-excitation experiment on %191 was therefore granted and per-

formed in September/October 2025, as the penultimate Miniball campaign before the Long
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4.4. Fourth Beamtime: Coulex of **Sn in October 2025

Shutdown 3. For this beam time, the General Purpose Separator (GPS) was employed. A
breeding time of 230 ms in the EBIS was applied, which has a direct impact on the beam
composition: with a half-life of T} , = 1.05(1) s, a non-negligible fraction of the 11 ions
decays to 131g}, during the charge-breeding process. To obtain detailed information on
the time-dependent beam composition, an ionization chamber was installed downstream
of the target. On four occasions during the experiment, the target was retracted, and
dedicated ionization-chamber runs were carried out to monitor the relative contributions of
the different isotopes in the beam.

The beam energy was again chosen as 4.4 MeV /u. In contrast to the previous experiments,
a Pt target was adopted for the main part of the measurement instead of %Py, This
choice was motivated by the proximity of the first 2] states in s (725keV) and **Pb
(803keV), which would complicate the y-ray analysis if a 206py, target were used as the
primary Coulomb-excitation partner. The following targets were mounted on the target

wheel:
e Position 1: 5mm aperture
e Position 2: 2mm aperture
« Position 3: 3.0mg/cm” "**Pt (96.45 %)
« Position 4: 3.0mg/cm” "**Pt (96.45 %)
« Position 5: 3.1mg/cm’ *Pb (99.8%) + 0.03mg/cm” nat. C
o Position 6: empty.

The experiment started on 25" September 2025 and finished on 3" October 2025. In total,
185 h of beam time were delivered, with only short interruptions. Of this, approximately
140 h correspond to radioactive-ion-beam data taken on the ipg targets. Additional beam
time was devoted to the ionization-chamber runs. Furthermore, the 206py, target was used
for about one day to investigate Coulomb excitation of low-lying transitions in odd-odd
isobars. For the first time within the experimental campaign underlying this work, the fully
equipped Miniball spectrometer with all eight triple-cluster detectors was available for this

measurement.
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5. Data Analysis of 2022 Experiment

This chapter presents the analysis of the experiment conducted in 2022. As the first
experiment performed with the Miniball spectrometer at ISOLDE following the Long
Shutdown 2 and the detector refurbishment campaign, it naturally encountered some of
the typical initial challenges associated with recommissioning complex equipment. As will
become evident in the course of this chapter, the data acquisition setup at the time was not
yet fully optimized for the specific requirements of the experiment. Furthermore, already
during the beam tuning phase, an intensity was used that was too high for stable operation.
This led to elevated count rates in the germanium detectors, which in turn resulted in
(a) significant dead times and (b) a degradation in peak quality in the recorded spectra.
Additionally, a magnet failure of the HIE-ISOLDE accelerator caused a two-day interruption
of the beam time, further reducing the available statistics. The focus of this work is on the
subsequent experiment conducted in 2023, which will be discussed in detail in the following
chapter. Nevertheless, the main steps of the analysis of the 2022 data are briefly outlined
here. Since the procedures for data preparation and analysis closely resemble those applied
in the 2023 experiment, only a concise summary is given at this point. A more detailed

description can be found in the analysis section of the following chapter.

5.1. Miniball Calibration

Prior to the shipment of the refurbished Miniball array to CERN, a characterization of
the energy resolution of the individual detector segments was performed at the University
of Cologne. For this purpose, a %Co calibration source was used. The full width at half
maximum (FWHM) of the 1.33 MeV ~-ray line was determined for each segment. The
resulting FWHM values are displayed on the right-hand side of Fig. 5.1. Most segments
had an energy resolution well below 2.5keV, with only a few detectors slightly exceeding
this value. This corresponds to a typical relative energy resolution of approximately 0.19 %
at 1.33MeV, which confirms the excellent performance of the Miniball detectors after

refurbishment.
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Figure 5.1. Left: Calibrated 2By spectrum measured at ISOLDE. The spectrum shows the
sum of all segments after energy calibration. Right: Energy resolution (FWHM) of each Miniball

segment measured at 1.33 MeV using a %900 source at the University of Cologne prior to installation
at ISOLDE.

Following the installation of Miniball at ISOLDE, a calibration measurement was carried
out using a "?Eu source. The well-known ~-ray transition energies of this source served as
reference points for a segment-wise energy calibration. A second-order polynomial function
was fitted to the measured channel-to-energy relations for each segment individually. The
resulting energy-calibrated spectrum, shown on the left-hand side of Fig. 5.1, represents the
sum spectrum of all calibrated segments. The calibration measurement was further used
to provide information for the relative efficiencies for different energies of the setup. For
the present experiment, Cluster 3 was excluded, leaving seven of the eight triple clusters.
Accounting for one non-operational crystal in Cluster 1, the measurement was performed
with 20 of the 24 crystals. Due to limitations in the quality of background spectra acquired
during the experiment, a time-dependent energy shift tracking (e.g., via periodic gain
stabilization) could not be performed. As will be discussed in a later section, the resolution
of the peaks in the background data was insufficient, and the dead-time too enhanced to

enable reliable peak position monitoring over time.

5.2. CD Calibration

For the calibration of the DSSSD, a two-point energy calibration was performed using the
radioactive ion beam data and the kinematic lines from the scattered Sn and Pb nuclei. The
right-hand side of Fig. 5.2 displays the spectra measured at four different scattering angles.
Two distinct peaks can be observed in each spectrum, allowing for a separate two-point

calibration of each ring and sector. The expected energies of scattered ejectiles and recoils
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Figure 5.2. Left: Calibrated particle energy plotted as a function of scattering angle 6,;, . The
z-axis (intensity) is shown on a logarithmic scale. The scattered Sn nuclei are visible in the
higher-lying kinematic line, Pb on the lower one. For large scattering angles, a component arises
at lower energies below the kinematic line of the Pb nuclei. This comes from 12¢1, which was used
as a fronting on the target. Right: Calibrated energy spectra for four different scattering angles.
A clear separation between scattered ejectiles and recoils is visible.

in vacuum were calculated using the L1SE++ code [132]. The calibrated spectra shown
here represent the sum over all four quadrants.

On the left side of Fig. 5.2, the final energy vs. scattering angle (6,,, ) matrix is shown. A
clear separation between recoils and ejectiles is visible. The energy resolution of the DSSSD
in this data set was excellent, except for the first sector. Due to the large Rutherford
scattering cross section at low angles, this sector suffered from considerable radiation
damage during the experiment. The CD was placed at a distance of 30 mm to the target in

the SPEDE chamber, covering scattering angles of 16.1-52.7° in the laboratory system.

5.3. Miniball Angle Determination

A stable beam experiment was performed to determine the geometrical parameters of the
Miniball detector array — namely the angles ¢, 0, and « (the latter describing the rotation
of a cluster around its long central axis), as well as the distance R from the target position
to the detector. A **Ne beam was directed onto a CD, target, inducing (d,p) and (d,n)

reactions. Due to the mass asymmetry between projectile and recoil, these reactions are
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5.3. Miniball Angle Determination

strongly forward-focused.

As a result, the y-ray energy emitted from excited states populated in the reaction depen-
dents predominantly on the angle of the segment in which the v ray is detected, rather than
on the scattering angle of the recoiling nucleus. The observed energy is Doppler shifted
and varies as a function of the emission angle. By measuring the Doppler-shifted energy of
the well-known 440.2keV transition in **Na for each segment and comparing it with the

known rest energy, the detector geometry can be reconstructed.

Figure 5.3 shows the measured 7-ray energy per segment before (red) and after (black)
Doppler correction. The red horizontal line indicates the rest energy of the 440.2keV
transition in *Na. Cluster 3 was not operational during the experiment. Crystal 0 in
Cluster 1 was malfunctioning and also not applied in the in-beam experiment. Additionally,
Crystal 1 of Cluster 1 and Crystal 2 of Clusters 2 and 5 were not used for the angle
determination but were employed in the subsequent radioactive ion beam experiment. The
position calibration could still be performed for all these detectors. Since the Doppler shift
depends on the four geometrical parameters mentioned above, as well as on the velocity of
the decaying nucleus, measurements in five segments are sufficient to determine a detector’s
position. Even for Cluster 1, where only one crystal was used, the available statistics were

sufficient for a reliable position determination.
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Figure 5.3. Measured Doppler-uncorrected 7-ray energy for each segment (red). The black
points show the energy after Doppler correction, based on the extracted detector positions. The
red line marks the known transition energy of 440.2keV in *Na.
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Chapter 5. Data Analysis of 2022 Experiment

5.4. Beam Composition

The radioactive ion beam used in this experiment was produced using the molecular
beam technique. While the employed separators are highly effective in discriminating
between different isotopes, they do not provide separation of isobars. To minimize isobaric

"091*S was chosen. This approach exploits the

contamination, a molecular beam of
fact that tin is one of the few isobars capable of forming stable molecular bonds with
sulfur, thereby significantly reducing isobaric impurities in the beam. However, minor
contamination from other species cannot be entirely excluded. In addition, 061 exhibits a
long-lived 7, isomeric state with a half-life of several minutes, which decays via 3 decay
to *°Sb. Determining the contribution of this isomeric component in the beam is also of

critical importance for the interpretation of the observed decay patterns.

To obtain an initial estimate of the beam composition, the full set of detected  rays
was analyzed. As the data in this experiment were collected with a particle trigger, all
these v rays were recorded within a time window from —3 to +1 ps relative to the particle
detection. The resulting v-ray spectrum is shown in Fig. 5.4. Peak positions corresponding
to transitions following the S decay of 080 in its ground and isomeric states are shown
in green and orange, respectively. Transitions from the daughter nucleus 1308b, which

decays into excited states of the stable nucleus 130Te, are marked in blue. The observed
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Figure 5.4. v-ray spectra summed over all crystals and the entire beam time. Expected ~-ray
energies from transitions following the 8 decay of 13981 and its daughter nuclei are indicated. No
additional peaks are observed in the spectra. The peaks deviate significantly from a Gaussian-like
shape.
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5.4. Beam Composition

spectral features are consistent with the presence of 81 in the beam. However, the
peak shapes deviate significantly from the expected Gaussian form. Instead, they exhibit
pronounced low-energy tails—sometimes resembling triangular structures. This distortion
is attributed to excessively high counting rates during data acquisition, which resulted
not only in substantial dead time but also in the observed non-Gaussian peak shapes. At
certain times during the experiment, pile-up effects in the HPGe detectors became so severe
that the recorded count rate dropped to 0 Hz, as virtually all detected ~ rays were affected
by pile-up.

As a consequence, a detailed determination of the beam composition was not feasible with
these data. Nevertheless, the fact that all prominent lines in the spectrum can be attributed
to the decay of 080 or "*’Sh strongly suggests that these isotopes were the only radioactive

beam constituents.

To obtain a more precise characterization of the radioactive component of the beam, an
additional single-crystal HPGe detector was installed upstream of the beamline capacitors
for the beam composition study [133]. The detected radiation originates from radioactive
beam nuclei that accumulate along the beamline and decay in situ. ~v-ray spectra were

recorded in intervals of 30 minutes.

The spectra from three consecutive 30-minute intervals recorded before the beam interrup-
tions resulting from problems with the PS Booster and a magnet failure of the HIE-ISOLDE
accelerator, are shown in the left panel of Fig. 5.5, in black, blue, and red, respectively.
Transitions associated with the decay of 130Snghs_ (780keV), '*’Sn,, (899keV), and "*°Sb
(816 keV and 840keV) are marked. %0Sb also has an isomeric state, which is fed by the

decay of 0gn , whereas the isomeric 0gn decays mostly into the ground-state of Sb.

s.
The shown spegctra exhibit no significant differences over time, indicating that the activity
had reached equilibrium before the interruption. The right panel displays three spectra
measured after the beam stop. Unfortunately, these exhibit clear double-peak structures
that vary in shape and intensity depending on the energy, rendering them unsuitable for
a reliable beam composition analysis. The 899keV transition from 13081118' has a known
absolute intensity of 8.1(9) %, and the corresponding peak is therefore expected to be weak.
However, since the spectra before the beam interruption represent an equilibrium state, they
can be used to infer the beam composition, provided that intensity and detection efficiency
corrections are applied. A detailed justification for this approach, as well as a decay scheme

showing all relevant y-ray transitions, is presented in Section 6.8 and Appendix A.
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Chapter 5. Data Analysis of 2022 Experiment

One significant complication is that an absolute efficiency calibration of this detector
was not feasible. The origin of the v rays detected in the HPGe detector is not point-
like but distributed along the beamline, and no dedicated source measurements were

performed. To still enable a meaningful estimation of the composition—specifically the
relative contribution of 1308ng.8' d '

energies were used: the 780keV line (g.s. decay) and the 899keV line (isomeric decay).

Sn, —two 7-ray transitions with closely spaced

The relative detector efficiency for these energies was taken from the Miniball efficiency
curve, yielding a correction factor of 1.08. For the reasons outlined above, systematic
uncertainties of the efficiencies can only be estimated. Because an efficiency increase
towards higher energies is not physically expected over such a small energy interval, an
uncertainty of 0.08 to the correction factor. The total intensities of the 780keV and 899 keV
transitions were obtained from the spectra in Fig. 5.5, corresponding to efficiency- and
absolute-intensity—corrected counts of 49266(3154) and 30986(6107), respectively. The
uncertainty estimate accounts for the unknown spatial distribution of activity, the absence

of a source calibration, and the statistical uncertainties in the weak 899 keV peak.

Based on this correction, the beam composition was estimated to be 61(7) % 13OSng.S' and
39(8) % '*’Sn,, . The sum of these two transitions amounts to 80234(6874), which agrees
well with the activity of '*’Sb, determined from the 840keV 2 — O;S. transition in ' Te,

yielding 79200(1200). This 840keV line has an absolute intensity of 100 % for the § decay
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Figure 5.5. Left: Three spectra of 30-minute measurement of decaying particles in the beam
line. A constant rate is given, indicating that the activity is in an equilibrium. Right: After the
beam stop, the three peaks marked on the left side show a double-peak structure in the spectra,
hindering the analysis of the beam composition.
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of 130Sbg.5. and "*’Sh,

18.?

respectively, and therefore serves as an excellent reference transition.

130
Te,

which decays via this 840 keV transition. A significant component of "OSh in the beam

could therefore not be identified.

All B-decays along the 130G — 96 — ¥Te cascade accumulate in the 2f state of

5.5. Experimental Result of 2022 Experiment

Figure 5.6 shows Doppler-corrected ~-ray spectra in the region of the 2? — Ogs_ transitions
in "*°Sn (left) and **’Pb (right). The spectra are gated either on ejectile particles (top) or
on recoils (bottom). Each spectrum was fitted with a Gaussian peak shape on top of a linear
background. The total fit is shown in red, while the Gaussian and background components
are indicated by dashed and dotted curves, respectively. All spectra are binned in 8 keV.
The extracted peak intensities, together with their statistical uncertainties, are annotated
in the individual panels. In all cases, these uncertainties exceed 12 % and represent only
the statistical contribution; systematic effects are not included at this stage. The fitted
FWHM ranges from 20keV to 68 keV. A low-energy tail component was not included in
the fit model. Nevertheless, the spectrum in the lower right panel shows indications of a
tail towards lower energies, which likely influences the extracted intensity. Since a reliable
parametrization of this feature was not feasible, the corresponding uncertainty was increased

for the subsequent analysis.

These data were used to perform a GOSIA analysis, employing the extracted peak areas
as input yields. The data set was divided into two experiments: one gated on scattered
Sn nuclei and one on Pb recoils. Internal conversion coefficients were calculated using the
BrIcc code [134]. Stopping powers for the integration of yields over the full target thickness
and angular coverage of the CD detector were obtained from the SRIM code [135]. Due to
the limited statistics, the diagonal matrix element — related to the quadrupole moment of
the 2? state — was neglected. This approximation is justified to first order, as 0G0 Ties
near the doubly magic nucleus 1328n, whose spherical character has been demonstrated in
earlier studies (e.g., [23, 54]). A 47 state was included in the level scheme as a buffer state,
although its decay could not be observed in the present data set. Using the measured input
values, together with the determined beam composition and setup efficiency, a reduced
transition probability of

B(E2:0], —27) =0.0547]) (stat.) e’b’

) Vg.s.
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Chapter 5. Data Analysis of 2022 Experiment

was extracted. It should be noted, however, that the quoted uncertainty is purely statistical.
A reliable estimate of the systematic is challenging, primarily due to the poorly constrained
isomeric composition of the beam, which — as discussed in the previous chapter — currently
represents the dominant source of uncertainty. Including this contribution as a sole

systematic uncertainty, the transition probability is expressed as
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Figure 5.6. Doppler-corrected v-ray spectra around the 2 — 07 transitions in **°Sn (left) and
206py, (right), gated on ejectiles (top) and recoils (bottom). Each spectrum was fitted with a
Gaussian peak on a linear background (total fit in red); the Gaussian and background contributions
are shown as dashed and dotted curves, respectively. The spectra are displayed with 8 keV binning,

and the resulting peak intensities with their statistical uncertainties are given in each panel. For
more information, see text.
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This result is particularly noteworthy as it shows good agreement with the theoretical
prediction by Togashi et al. [54] (0.055 €2b2) and exceeds the value reported in the conference
proceedings by Radford et al. [57, 58] by a factor of approximately 2.5. However, potential
systematic contributions, such as the exact choice of the fitted lineshape, uncertainties
in beam energy, target thickness, reorientation effect, or the distance between target and
CD detector — affecting the effective scattering angle 6 — are not discussed here. Their
impact on the overall uncertainty is considered negligible in light of the already dominant
uncertainty arising from the beam composition. With a relative uncertainty of 31 — 39 %,
this result does not yet permit a definitive interpretation. The large overall uncertainties
stem from several experimental limitations encountered during the initial data acquisition
phase. Early technical challenges, such as an imprecise beam focus, the provisionally
assigned data acquisition system, and an excessively high proton current, prevented reliable
monitoring and control of the instantaneous Miniball count rate, which reached particularly
high values during the experiment. Furthermore, an unexpected multi-day interruption
reduced the available beam time. As a result, only 75h of data were collected, compared to

the originally approved 120 h.

In order to improve the results of the extracted E2 strength, a follow-up experiment
was approved. This second measurement of 9Gn Coulomb excitation is described in the

following chapter.
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6. Data Analysis of 2023 Experiment

This chapter describes the data analysis procedures applied in the Coulex experiment
performed in October 2023. It begins with a description of the data acquisition and
preprocessing steps, followed by the calibration of the DSSSD and germanium detectors.
The subsequent sections address the characterization of the beam composition and the
optimization of the Doppler correction applied to the «-ray spectra. Based on the Doppler-
corrected spectra, the experimental yields for the excitation of the 2;r state (and the
corresponding 2? — O;S. decay) are extracted and used as input for the GOSIA2 analysis.
Finally, the data are examined for signatures of excitation originating from an isomeric

component in the beam.

6.1. Data Acquisition and Preprocessing

During the experiment, FEBEX modules developed at GSI were used to digitize the signals
from the various detector components, including the HPGe Miniball detectors, the DSSSD,
and the timing signal from the EBIS. The digitized data were continuously recorded and
stored to tape for subsequent offline analysis. The offline data processing was carried out
using the MB-SORT framework [136], a modular software package originally developed for
the analysis of Miniball experiments at ISOLDE. During this thesis, the code was extended
and adapted to meet the specific requirements of the present experiment, including changes

in detector configuration and calibration procedures.

The first step in the preprocessing chain consisted of converting the raw binary data into
the ROOT file format. This provided a structured and flexible foundation for all subsequent
stages of the analysis. In the next step, physical events were built by correlating signals from
different detector systems that occurred within a coincidence time window of +3ps. An
event was defined as any instance in which either a charged particle or a v ray was detected
by the setup. The event-building algorithm grouped all time-correlated signals, allowing for
the reconstruction of the full interaction based on information from the Miniball and DSSSD.

Following event construction, detector-specific calibrations were applied. These included
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6.1. Data Acquisition and Preprocessing

energy and timing calibrations, software thresholds, and corrections for configuration-

specific effects — such as the re-assignment of crystal segments necessitated by the
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Figure 6.1. Quadratic calibration functions converting ADC channel numbers into v-ray energies
for all Miniball clusters. The plots show the fitted calibration curves for the core signals of each
of the three crystals per cluster. Seven out of the eight Miniball clusters were used in the present
experiment; cluster 6 was excluded due to previously observed peak distortions. For each included
cluster, the energy calibration was based on a set of well-known ~-ray transitions from a 192y,
source, and the resulting fits reflect the segment-wise energy response of the individual detector
cores.
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Chapter 6. Data Analysis of 2023 Experiment

recent re-encapsulation of the Miniball detectors. In the final stage of data pre-processing,
calibrated events were used to generate the histograms that form the basis of the data
analysis. These include timing spectra between detector systems, particle energy spectra,

and Doppler-corrected y-ray energy spectra.

6.2. Miniball Calibration

To calibrate the HPGe detectors of the Miniball setup, a measurement with a radioactive
"?Eu calibration source was conducted overnight. Since each segment of the detector array
requires a dedicated energy calibration, an automated procedure was implemented. In
the first step, a peak-finding algorithm was applied to the raw, uncalibrated spectra to
identify the two most prominent v-ray lines. These were unambiguously assigned to the

well-known transitions at 121.78 keV and 344.28 keV. A linear two-point calibration was then
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Figure 6.2. The v-ray energy is plotted as a function of time after the start of the experiment.
Prominent horizontal lines indicate intense background ~-ray transitions that are consistently
visible throughout the run. Vertical white bands correspond to periods without data acquisition
due to beam interruptions. The most pronounced gap, occurring at approximately 45 hours
of beam time, was caused by an emergency shutdown of the PS Booster. Additional vertical
structures stem from shorter interruptions, such as the loss of individual accelerator cavities. In
addition, after approximately 35 hours of beam time, the beam was deliberately stopped while
data acquisition continued to record background spectra. As a result, this time interval exhibits
reduced statistics.
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6.2. Miniball Calibration

performed based on these peaks, providing an initial energy calibration for each individual
spectrum. Subsequently, the calibrated spectra were used to fit additional v-ray peaks
corresponding to known transitions at 121.78, 244.69, 344.29, 411.12, 443.98, 778.90, 867.34,
964.13, 1112.12, and 1408.01 keV. These peak centroids served as input for a quadratic
energy calibration, allowing for a more accurate conversion from ADC channel numbers to
physical v-ray energies, especially at higher energies. This procedure was repeated for all
detector segments. For the core signals of each crystal, the calibration was cross-checked
and, where necessary, manually refined to ensure consistency and accuracy across the setup.
Figure 6.1 shows the resulting calibration curves for all used Miniball triple clusters. Each
panel displays the fitted calibration functions and the corresponding peak positions for the
three core segments of a cluster. The quadratic contribution to the calibration function
amounts to approximately 0.03 % at an energy of 1000 keV. It should be noted that cluster
6 was excluded from the experiment, as it exhibited a double-peak structure in previous
measurements, indicating unreliable performance of the corresponding electronic channels.
Using the summed spectra and the same peaks as used for the energy calibration, a relative

efficiency analysis was performed. These efficiencies will be discussed later in section 6.11.1

(a) Crystal 0 Cluster 0 (b) Crystal 2 Cluster 1
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Figure 6.3. Fitted peak position of the 839.5 keV background line for four different core signals,
drawn against the time after the beginning of the experiment. ~-ray is emitted after S-decay of
130Gh, The peak position is well within 0.2keV for all times and all cores. The £0.2keV interval
is highlighted as a red dashed line.
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in more detail.

HPGe detectors can exhibit slight energy drifts over time, which potentially affect the
precision of energy calibration in long experiments. To account for such effects, a time-
resolved analysis was performed. Figure 6.2 shows a two-dimensional histogram of ~-ray
energy as a function of time since the beginning of the experiment detected with the Miniball
array. Prominent horizontal structures correspond to background v-ray lines, predominantly
originating from S-decay of 091 and its daughter nuclei. Vertical features in the matrix
reflect interruptions in the beam delivery: for example, the gap around 45 hours after the
start of the experiment marks a shutdown of the PS Booster, while shorter interruptions

are attributed to temporary instabilities such as tripping cryostats.

To investigate the energy stability of the detector system, the matrix was produced for
every core signal of each crystal and divided into time slices of 20 seconds. For each time
slice, a projection onto the energy axis was performed. Gaussian fits were applied to
several full-energy peaks. The fitted peak position of the 839.5keV line is shown as a
function of time in Fig. 6.3 for four different crystal core signals. The observed variations
remained below 0.2keV (shown as a dashed red line) over the entire runtime, demonstrating
excellent energy stability. To verify the reliability and quality of the calibration across
the entire detector system, the procedure was repeated for each individual segment. No
significant energy drift was observed. Consequently, no time-dependent correction of the

energy calibration was required.

6.3. CD Calibration

For the initial energy calibration of the CD detector, a two-point procedure was employed.
The known energies of scattered %081 and *”°Pb nuclei served as reference values and were
used to calibrate all rings and segments of the detector. While this approach enables a basic
alignment of the energy response across the detector, it does not account for nonlinearities
arising from particle-dependent effects. In particular, the so-called pulse height deficit
(PHD) constitutes a significant source of systematic uncertainty in silicon detectors. This
effect originates from the reduced charge collection efficiency for particles with high specific
energy loss (dE/dz), leading to a lower signal amplitude than expected from the actual
kinetic energy deposited in the material [137]. Since the magnitude of the PHD depends on
the atomic number Z of the detected ion, heavier particles are affected more strongly than

lighter ones. As a consequence, a universal calibration function cannot adequately describe
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6.3. CD Calibration

both recoils and ejectiles, which differ substantially in Z. This leads to unphysically large
offsets in the calibration. While this is sufficient for single-hit coincidence events—where
only one particle is detected on each side of the CD—it fails in events involving multiple
hits, especially when one particle is detected in two neighboring strips. In such cases,
the summed calibrated energy of both strips deviates from the true total energy, as the

Z-dependent signal suppression is not properly corrected.

To address this issue, a more refined calibration procedure was adopted, following the
method described in Ref. [138]. This method exploits the fact that, for events with a strip
multiplicity of one — i.e., exactly one p-strip and one n-strip register a signal so that the

full particle energy is deposited in a single strip on each side — the energies measured
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Figure 6.4. Calibration of the n-side strips. Shown is the linear correlation between the calibrated

p-side energy and the raw n-side channel for strip number 7 in all four quadrants.
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Chapter 6. Data Analysis of 2023 Experiment

on the p- and n-sides must be identical. In the present analysis, ring 9 was chosen as the
starting point for the iterative calibration procedure. A dedicated two-point calibration
was first applied to the p-side of this ring, using the two well-separated energy peaks as
reference points. Subsequently, two-dimensional histograms were constructed for each of
the twelve n-side strips in a given quadrant. The energy measured on the p-side (in keV) is
plotted along one axis, while the uncalibrated ADC value of the corresponding n-strip was
plotted along the other. Events were selected such that exactly one hit occurred on a given
n-strip and one on the already calibrated p-strip. A linear correlation is observed, and a
linear fit was used to derive the calibration function for each n-strip. An example of this
calibration process is shown in Fig. 6.4, illustrating the fit for n-strip number 7 across all

four quadrants.

Once all n-strips had been calibrated using this method, the procedure was repeated for the
p-side strips. In this step, one calibrated n-strip was fixed, and the coincident p-side signals
were analyzed analogously. Again, linear fits were applied to derive the final calibration

parameters for all p-side strips.

The result of this iterative calibration procedure is presented in Fig. 6.5, where the experi-
mentally determined particle energies are compared to simulations carried out using the

KINSIM code [139]. The upper kinematic line comes from the scattered %S, while the
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Figure 6.5. The particle energy is shown as a function of the scattering angle in the laboratory
system. On the left, the calibrated experimental data is shown; on the right, a simulated spectra
using KINSIM [139]. In the experimental data, the calibration of the first two detector rings deviates
from the simulated trend due to beam-induced damage. Note that a logarithmic color scale is
used for the experimental spectrum. In the inner panels, the projection onto the y-axis is shown
for ring 15. The 130gn intensity is enhanced in the simulated spectra since the cross-section was
increased to reduce the simulation time. For more information, see text.
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lower line is from the recoiling *%Ph nuclei. The experimental spectra exhibit an enhanced
yield at lower recoil energies, as highlighted in the inset. This feature is reproduced by
the simulations, supporting its interpretation as a physical effect. Another plausible origin
is target contamination, e.g., by 2Cor 160, which may contribute predominantly in this
energy range. Such an effect has also been observed in Ref. [140]. Moreover, a small e

contribution is expected because the 206py, layer was deposited onto a "2 substrate during

target production.

6.3.1. Threshold and Multiplicity

In the next step, software thresholds were implemented individually for each channel of
the CD detector, including both the n-side and p-side, to suppress events with artificially
high multiplicities. Figure 6.6 shows the resulting multiplicity distributions for the n-side
versus the p-side for quadrant 0, exemplarily before (left) and after (right) applying these
thresholds. Initially, multiplicities of up to nine are observed. This is partly caused by
electronic noise but also by the high beam intensity used during the experiment. The
elevated beam current was necessary because of the inherently low Coulomb-excitation cross
sections in the investigated system, which lies close to the doubly magic nucleus 132Sn—only
two neutrons away—and thus exhibits limited collectivity. Furthermore, the excitation
energy was relatively high, which further reduced the Coulomb excitation probability. To

compensate for these limitations and to achieve meaningful statistics, a high-intensity beam
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Figure 6.6. Left: Multiplicity correlation between the n-side and p-side of the DSSSD in quadrant
0 prior to calibration. At this stage, no threshold corrections were applied to individual strips and
rings, leading to an increased number of spurious multiplicity combinations and electronic noise
artifacts. Right: The same multiplicity matrix after applying calibrated thresholds and individual
adjustments for each segment. The cleaned-up distribution shows a realistic event distributions
and a significant reduction of random background coincidences.
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had to be employed, inevitably leading to higher event rates and consequently increased

multiplicities.

However, high multiplicity events significantly complicate the identification of the actual
interaction point within the detector. When multiple strips on both the n- and p-sides
fire in coincidence, it becomes difficult to reliably reconstruct the energies and spatial
information associated with the true physical event. Many of these coincidences are not
genuine physical events but instead stem from electronic noise or beam-induced background.
Therefore, software thresholds were applied in a channel-by-channel manner to reject events

dominated by noise or signal pile-up.

To validate the effectiveness of these thresholds, additional correlation plots were analyzed.
These included cases where only one strip on each side of the detector fired in coincidence,
as well as situations in which one side registered one strip and the other two, or where two
strips fired simultaneously on both sides. In ideal conditions, events with one strip on each
side appear as a narrow diagonal line in the correlation matrix. Events with two strips on
one side and one on the other appear slightly above or below the diagonal, while true two-vs-
two coincidences are located further off-diagonal on both sides. These diagnostic patterns
confirmed that the chosen thresholds were sufficient to suppress background contributions

while preserving real interaction events.

The final multiplicity distributions after applying the optimized thresholds, as shown in
Fig. 6.6, demonstrate that most events now correspond to clean 1 vs. 1 coincidences. The
number of events with multiplicities higher than two was reduced drastically. It should
be noted that the innermost ring of the detector was significantly affected by radiation
damage from previous experiments, during which the detector was exposed to high beam
intensities. This damage led to a degradation in energy resolution, making it impossible to
distinguish between beam and target particles in that region. To minimize the impact of
this degraded ring on surrounding channels, an adequate higher threshold was applied to
it. In addition, some detector strips and rings were nonfunctional during the experiment.
Particles hitting these dead regions could not be properly identified and were therefore

assigned a multiplicity of zero.

6.3.2. Position of the CD Detector

The CD detector was originally assumed to be mounted 26 mm downstream of the target

position. This value was initially determined using two independent methods: an a-source
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calibration and kinematic constraints from the known reaction kinematics of *’Sn and
2Pl The a-calibration was carried out using a *’Ra source placed at the target position.
The intensity of the emitted o particles was measured across the rings of the CD to extract
the relative solid angles and infer the source-to-detector distance. This measurement,
performed shortly after the experiment by Liam Gaffney, resulted in an average distance of
26.18 £ 0.10 mm [141]. However, during the Doppler-correction analysis, it became evident
that this value did not yield optimal correction. Two main factors were identified: first,
the PCB holding the CD detector was not tightly fixed during the experiment, possibly
shifting its effective position; second, the a-source used in the calibration measurement
had been placed upstream of the target ladder, whereas the target in the radioactive beam
experiment was mounted downstream. This change in geometry results in a systematic offset
in the CD-to-target distance. To accurately determine the effective distance during the
experiment, the kinematics of the reaction were examined. For binary reactions occurring

at the center of the target material, the following conditions are fulfilled:

ejectile recoil

b, Pl = 3607, faeetle gt — 180°

If both reaction partners (e.g., 2P and 13OSn) are detected in coincidence, the sum of

their reconstructed center-of-mass scattering angles can be calculated as a function of the
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Figure 6.7. Left: Sum of center-of-mass scattering angles 6 for ejectile and recoil, subtracted
by 180°, shown for three assumed CD-to-target distances between 20 mm and 27.5 mm. For the
correct distance, the distribution is expected to be symmetric around zero. A Gaussian fit with
tailing was applied to each distribution. Right: Extracted mean values from the fits as a function
of assumed distance. The grey band represents an uncertainty of £1°. The zero crossing of the
linear fit (blue line) defines the best estimate for the actual CD position.
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assumed CD-to-target distance d. The left panel of Fig. 6.7 shows this angular sum, offset
by 180°, for three exemplary distances. A distribution symmetric around zero is observed at
d = 24.5 mm, while for smaller distances the peak shifts to positive angles. To quantify this
trend, the full data set was analyzed for distances between 20 mm and 28 mm in 0.25 mm
steps. For each value, a Gaussian fit with left-tailing was applied to the angular sum
distribution, and the resulting mean value was extracted. These values are shown in the
right panel of Fig. 6.7. A clear linear correlation is observed. A linear fit was applied to the
points, and the intersection with zero defines the distance at which the angular condition
is fulfilled. To estimate the uncertainty, an angular deviation of +1° was translated into
a distance uncertainty, visualized as a gray band in the figure. This yields a final value
for the effective CD-to-target distance of d = 24.53(20) mm. From this value, the angular
coverage of each CD ring in the laboratory frame was calculated. The laboratory scattering
angles 0, and 0,, which correspond to the inner and outer boundaries of a given ring n, can

be derived from geometry using the following expressions:

91 _ tan—l (C—i-ﬂ ’ Adea;l +n- wring) 7 02 _ tan_l (c—i—n . Adead —|;l(7l+ 1) : wring> ’

Table 6.1. Calculated laboratory angles 8; and 6, for each CD ring for a detector distance of
d = 24.53(20) mm, including a dead layer thickness of 0.1 mm.

n 0, [O] 0y [O]

0 20.15(15) 23.96(17)
1 24.15(17) 27.74(19)
2 27.92(19) 31.28(21)
3 31.45(21) 34.56(22)
4 34.72(22) 37.61(23)
5 37.76(23) 40.43(23)
6 40.57(23) 43.03(23)
7 43.16(23) 45.43(23)
8 45.54(23) 47.64(23)
9 47.74(23) 49.68(23)
10 49.77(23) 51.56(23)
11 51.65(23) 53.29(22)
12 53.38(22) 54.90(22)
13 54.98(22) 56.39(22)
14 56.46(22) 57.76(21)
15 57.83(21) 59.05(21)
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where ¢ = 9mm is the distance from the detector surface to the first ring, Ay,,4 = 0.1 mm
= 1.9mm is the ring width, and d = 24.53(20) mm is the

target-to-detector distance. The results for all 16 rings (n = 0 to 15) are summarized in

is the dead layer thickness, w,;,,
Table 6.1, showing the corresponding angular ranges in the laboratory system. It should
be noted that, for optimal Doppler correction, the azimuthal angle ¢ of the individual
CD strips is also a critical parameter. However, this angle cannot be constrained using
the previously described method, as variations in the target-to-detector distance have no
influence on ¢. Since the CD is mounted using three screws located at fixed positions in
¢, only three discrete rotational alignments of the detector are mechanically possible. All
three configurations were tested by evaluating the quality of the Doppler correction. A
rotation angle of —118° was found to yield the best agreement with expected peak shapes

and energies and was therefore adopted for the final analysis.

6.4. Particle-+v Coincidences

The time correlation between detected particles and coincident v-rays has to be analyzed
to distinguish prompt events from random coincidences. This distinction is essential for
background suppression and the reliable identification of y-ray transitions following nuclear

reactions. In Fig. 6.8, the measured ~-ray energy is plotted against the time difference
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Figure 6.8. ~-ray energy plotted against the time difference between the v ray and the detected
particle. The defined prompt time window of 250 ns is indicated in black, while the random time
window is shown in blue.
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between the detected particle and the corresponding ~-ray. Since particle detectors exhibit
response times faster than those of HPGe detectors, the time difference is not centered
around zero. For smaller v-ray energies, a left tail of the prompt peak is observered due to
the time-walk effect. In experiments in which multiple prompt ~-rays of different energies
are observed, a time-walk correction can be applied to align the timing differences across the
time spectrum. However, in the present experiment, the majority of the observed v rays are
not prompt but rather occur randomly in time, and insufficient peaks were detected prompt.
As a result, a time-walk calibration was not feasible. This does not compromise the quality
of the data but leads to a broader prompt time window. In Fig. 6.8, this prompt window is
indicated by black vertical lines, while the blue-shaded area denotes the random-timing

region.

A straightforward background subtraction using a simple prompt-to-random ratio was not
possible, due to the non-constant nature of the background across the time range. In
particular, prominent background peaks arise from v-rays following -decay of 091 and
its daughter nuclei. The lifetime of those decays ranges from a few minutes of 0gn up
to half an hour in 1?’OSb, leading to a massive background after reaching an equilibrium.
To accurately account for this, characteristic peaks were fitted in both the prompt and
random spectra. The ratio of the fitted peak intensities was then used to scale the random

spectrum before subtraction.
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Figure 6.9. The prompt, random, and background-subtracted v-ray spectra are shown in
black, blue, and red, respectively. The inset displays the energy region from 100 to 500 keV on a
logarithmic scale. For further details, see text.
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The resulting prompt and random spectra are shown in Fig. 6.9, again in black and blue,
respectively. The random spectrum was scaled by a factor of 0.29 before subtraction. The
final background-subtracted spectrum is displayed in red. The absence of any residual
background peaks confirms that the chosen scaling factor of 0.29 accurately reflects the
true prompt-to-random ratio. It is noteworthy that the background subtraction worked
remarkably well, even though the random coincidences exceeded the true prompt peak
by an order of magnitude. The inset in Fig. 6.9 highlights the energy region from 100 to
500keV. Here, a distinct peak is visible at 139 keV. This peak originates from the excitation
of a 13OSn77 beam component into a long-lived 5, state. Since this state decays after the
nucleus has come to rest, the corresponding ~-ray is not Doppler-shifted. This particular

feature will be discussed in more detail later in this thesis.

6.5. Miniball Angle Determination

In experiments with fast radioactive ion beams, excited nuclei typically decay in flight in
the case of experiments at HIE-ISOLDE with approximately 10 % of the speed of light.
As a result, the observed 7-ray lines are Doppler shifted and significantly broadened.
Moreover, the compact geometry of the Miniball array, with detectors placed close to the
target, enhances the Doppler broadening. The Doppler-shifted photon energy E. ., in the

laboratory frame is given by the relativistic expression:
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Figure 6.10. Left: The measured spectrum is shown in black without any Doppler correction.
In red, the Doppler-corrected spectrum is displayed, using the final values for «, 0, ¢, and r.
Right: Fitted peak positions of the 440 keV transition are shown in black, and the corresponding
Doppler-corrected positions are shown in red. Miniball clusters 6 was not used in this experiment.
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Vi-p (6.1)

ylab. — T " Lo
1 —fcosb,,

where E, is the photon energy in the rest frame of the emitting nucleus, 8 = v/c is the
recoil velocity in units of the speed of light, and 6, is the angle between the particle and
the emitted v ray. The angle 0, can be calculated from the particle and photon directions

in the laboratory system:
cosf, =sind, sinf, cos(¢, — ¢,) + cost, cosd,. (6.2)

To perform the Doppler correction, both the velocity § and the angle 6, must be known.

The velocity can either be estimated from the measured energy in the particle detector
using [ ~ \/2E/ moc2 or obtained from kinematic calculations under the assumption that
the reaction occurs at the target center. Another way is to determine the velocity at which

the Doppler-correction works the best; this is described later in section 6.9.1.

The angle 6, requires precise knowledge of both

the particle direction (measured in the CD de- wz
tector) and the ~-ray direction, which is deter-
mined by the position of the Miniball crystal that
registered the photon. To determine these de- : : S
tector angles accurately, a dedicated calibration 7' R o
measurement using the reaction 221\Te(d,1:w)23Na
was performed. A **Ne beam at 3.5 MeV /u was 0
directed onto a deuterated polyethylene (CD,) Target position

=y

target of 3.2mg/ cm” thickness. The kinematics

of this reaction favor forward scattering, and

the recoil angle is negligible. Consequently, the
Figure 6.11. Definition of the defining

. . quantities of the Miniball detector position,
predominantly on the HPGe-angle, while the ¢tpe angles 6 and ¢, the rotation of the cryo-

particle angle can be treated as constant. The stat a and the distance of the cryostat to
440.2keV transition in 23Na, depopulating the the target F. Figure adapted from Ref. [24]

n N with kind permission of D. Rosiak.
5/2" — 3/2" ground-state transition, serves as

Doppler shift of the deexciting y-ray depends

a reference. Figure 6.10 shows the summed ~-ray spectrum of all Miniball detectors before

(black) and after (red) Doppler correction. The 511keV annihilation line remains sharp
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in the uncorrected spectrum but is misaligned after correction, as expected. In contrast,
the 440 keV line appears broadened without correction and becomes sharp once the correct

angles and velocities are used.

The position of each Miniball triple cluster is defined by four parameters: the distance from
the target center to the crystal front face R;, the polar and azimuthal angles 6, and ¢,, and
the in-plane rotation angle «; around the cluster axis. These parameters, illustrated in
Fig. 6.11, are used to compute the y-ray emission angle. The internal segmentation and

crystal arrangement of the triple cluster are predefined in the analysis framework.

For each segment, the 440keV peak is fitted individually. A minimization algorithm is
applied to find the optimal detector geometry that reproduces the known transition energy
after Doppler correction. As starting values, the angles from the mechanical detector frame
are used. The sixfold segmentation of each crystal provides 18 data points per cluster
to determine the four geometric parameters, which ensures reliable fits even if individual
segments are missing. All fits are visually inspected and repeated if necessary. Segments
that were inactive or whose spectra could not be fitted reliably are excluded from the final

result. The resulting energy spectra for each segment and cluster reveal the expected energy
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Figure 6.12. Left: Doppler-corrected energy of spectra measured for segment 3 of crystal 1 in
cluster 3 depending on the ¢ angle of this segment. A minimum is visible at around 250°. Right:
Projections onto four different ¢s are shown, showing the dependence of the FWHM of the peak
from the ¢ angle of the segment.
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shifts depending on the detector placement. Crystals positioned in the forward direction
show a shift toward higher energies, while backward-facing crystals are shifted to lower
energies. These relative shifts confirm the consistency of the extracted angles and validate

the Doppler correction procedure.

6.5.1. ¢ Determination

However, as seen from equation 6.1, the applied Doppler correction depends only weakly, to
first order, on the azimuthal angle ¢ of the HPGe detectors if 6, = 0°. Consequently, only
the extracted parameters 6, o, and R can be considered reliable. Using the values deduced
from the stable beam data, an FWHM of the 803keV 27 — 07 transition in 206Pb, obtained
by gating on the recoil kinematics, of 13keV was determined. This value is slightly higher
than the 10 keV resolution reported in the work of David Rosiak [24] for a comparable setup.

To further constrain the azimuthal de-

tector angle ¢, an additional optimiza- E 30
tion approach was developed in this £ Cubic fit
= 25+ (min: 255.5°, 8.69 keV)
thesis by making use of the Coulomb- +T $ FWHM
excitation data itself. A particle gate 2 20 A
was applied to select the kinematic line §* 5
of recoiling %Pl nuclei. For each Mini- 5
ball segment, the Doppler-corrected % 10 A
energy of the 803keV transition was E - - , , ,
' . 230 240 250 260 270
evaluated as a function of different as- reqment [°]

sumed ¢-values. To this end, three-
dimensional histograms were created, Figure 6.13. Exemplary representation of the ¢ de-
termination for segment 4 of cluster 0 crystal 0. A
Gaussian function was fitted by projecting the matrix
was plotted against the assumed ¢ an- shown in Fig. 6.12 for each ¢. The FWHM and its er-
gle and the segment number. ror were determined. A quadratic function was fitted
around the area where the fit converges and the mini-
Figure 6.12 (left) shows a two- mum of this function was determined. This calculated
FWHM and the parabolic function are shown here in
black and red respectively.

in which the Doppler-corrected energy

dimensional slice of this three- dimen-
sional histogram, illustrating the depen-
dence of the Doppler-corrected energy
of the 2] — Ogs. transition in “’’Pb on the assumed emission angle ¢ for segment number
6 of crystal 1 in cluster 3. A pronounced dependence is visible, with a clearly defined

minimum around ¢ = 255°, indicating the best alignment between the assumed and true
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detector angle. On the right-hand side of Fig. 6.12, projections of the Doppler-corrected
spectra for several individual ¢-values are shown. For each angle, a Gaussian function was
fitted to the resulting photopeak. The quality of the Doppler correction was quantified by
evaluating the FWHM of these peaks. To identify the optimal ¢-value, the FWHM was
plotted as a function of the assumed angle (Fig. 6.13). A third-order polynomial was fitted

to the data points, and its minimum was taken as the most probable value for ¢.

This procedure provided a refined estimation of the azimuthal orientation of the segments.
This method of optimization was only feasible due to the exceptionally high statistics of
the present experiment, which allowed for a segment-by-segment analysis of the Doppler-
corrected energy distributions. Using the previously determined ¢-values and the known
energy of the uncorrected 5/ 2f 53 / 2" transition measured in the stable beam experiment,
a combined minimization method was introduced. In this approach, the difference between
the Doppler-corrected transition energy and the known reference energy was minimized
simultaneously with the deviation between the experimentally determined ¢-value and
the geometrically assigned segment angle. This allowed for a further refinement of the
segment geometry by including both experimental observables in the fit procedure, ensuring
an optimal and consistent alignment of the detector angles with respect to the observed

Doppler shift.

The resulting values of ¢ after minimization are shown in Fig. 6.14 in black compared
to measured values for each segment in red. The inner panel shows the differences of
calculated and determined ¢ values. The resulting angles are shown in Table 6.2. Detector
6 was excluded in the given experiment due to double-peaks in the spectra. In addition,
only segment signals (no core signals) were used in the present analysis. Segments that

were non-operational in some crystals were excluded, resulting in a total of 115 segments

Table 6.2. Geometrical parameters of the Miniball clusters after optimization.
D 0[] o] a[] R
00 138.52 309.62 176.88  108.48
01 134.92 236.18 341.36 113.54
02 49.52 23893 173.45 106.65
03 49.19 306.43 344.72 110.49
04 49.61 54.64 21.33 105.42
05 46.13 12848 332.21 107.40
07 134.64 55.78 23.15  111.77
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considered.

This improved angle determination results in a Doppler-corrected FWHM of 8.6(2) keV at

803 keV for gating onto the whole recoil kinematics.

6.6. Kinematic Gates

The use of a thick target, the resulting energy straggling of the scattered nuclei, and
the finite energy resolution of the CD detector system lead to substantially broadened
particle-energy distributions. In the one-dimensional projection of the particle-identification
matrix, the recoil and ejectile contributions therefore overlap over a wide energy range. A
clean separation based on simple thresholds or rectangular cuts is not feasible and would
introduce significant cross-contamination. To minimize systematic misidentification in the
extraction of particle-resolved observables, kinematic gates must be defined in regions where

the two particle populations are sufficiently well separated.

To establish analysis gate conditions for the overlapping peaks, the observed peak structures
were parameterized using analytical functions that approximate the experimental line

shapes. In Fig. 6.5 the measured particle energy is shown in black for ring 10 of the CD.

As illustrated here, for this larger scattering angles (49.77-51.56°) the spectra deviate

markedly from a Gaussian shape and instead exhibit a broad maximum with pronounced
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Figure 6.14. ¢ values deduced from Coulomb excitation spectra for each segment are shown
in red. In black, the final phi values for each segment are shown. Inner plot: Residuals between
measured and determined values.
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6.6. Kinematic Gates

exponential-like tails. The peak shapes were therefore modeled with a bifurcated Gaussian,

which allows for different widths on the low- and high-energy sides of the centroid:

(x—p)°
eXpl———5 |, T<WH,
Frogm(@) = A oL (6.3)
(z = p) -
exXp —7 , T2 W,
R

where A denotes the amplitude, p the centroid, and o, and o the widths on the low-
and high-energy sides, respectively. For each CD ring, the experimental spectrum was
fitted with the sum of two such components, representing the recoil-like and ejectile-like

contributions.

In Fig. 6.15 the result of this fit is shown for ring 10, including the individual components and
their sum overlaid on the measured spectrum. The fit is restricted to energies above 100 MeV.
At lower energies, electronic noise and additional contributions (e.g. scattering of "C in the
target, cf. Fig. 6.5) distort the spectral shape such that the adopted parameterization does

not provide an adequate description of the full distribution. Since the present fit model is
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Figure 6.15. Experimental particle-energy spectrum for ring 10 of the CD detector (all sectors
combined). The recoil-like (blue) and ejectile-like (green) contributions are described by bifurcated
Gaussians; the red curve shows their sum. The parameterisation enables the definition of high-
purity kinematic gates even in the overlap region.
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only required to define gates in the overlap region between the two particle populations,

the low-energy part is not considered further.

As a practical gating criterion, energy intervals were selected such that the contribution
of the opposite component is below 1% of its respective maximum. This procedure yields
high-purity recoil and ejectile selections and forms the basis for the subsequent extraction

of particle-resolved observables.

6.7. Beam Composition

For 130811, neither transitional nor diagonal matrix elements of low-lying states are known,
and no lifetimes have been reported for the states populated in the present experiment. The
analysis technique of the measurement is therefore based on a normalization with respect
to well-known transition probabilities of the target nucleus *%Ph. The matrix elements are,
in this case, deduced by calculating normalization constants based on the target excitation
and then minimizing the difference of calculated and experimental yields of target and
beam excitation by varying the unknown matrix elements. Thus, the amount of target
excitation induced by the nuclei of interest has to be known precisely, and hence, the beam

composition has to be determined accurately.

Potential beam contamination along the isobaric A = 130 chain must be considered,
as the mass separation process is only sensitive to the mass-to-charge ratio. In previous
experiments employing molecular 926p*g beams, contamination with mass number A = 166
were observed [24]. Indications of possible contaminants in the present experiment can be
obtained by analyzing the background ~-ray spectra. These spectra, which predominantly
contain y-rays following the -decay of implanted isotopes and their daughter nuclei, are
o5 are highlighted in red, those

from 1?’OSnis_ in blue, and those from "*’Sb in green. Additional transitions corresponding

shown in Fig. 6.16. Transitions from the decay of 0gn

to nuclei with mass number A = 132 stem from long-lived decay products of a previous
experiment, in which %291 was used as the radioactive ion beam. This decays into 32

with a half-life of 3.204(13) days [68], resulting in persistent background contributions.

No evidence for decays of A = 166 isotopes was found, and no ~v-ray transitions from
other A = 130 nuclei were identified beyond those of 0G0 and "’Sb. However, stable
beam components cannot be detected through the background spectra alone. To further
investigate this, particle-gated and Doppler-corrected y-ray spectra were analyzed. These

are shown in Fig. 6.17, Doppler-corrected for ejectile- (red) and recoil-like particles (black).
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6.7. Beam Composition

Apart from known transitions in %981 and 2O6Pb, no additional peaks appear sharp in the
spectra. Given that 08 is expected to be the least collective nucleus along the A = 130
isobaric chain, the excitation probability into 2? states should be higher in other isotopes.
The absence of de-exciting y-rays from these isotopes suggests that contributions from the
three stable A = 130 isotopes — 130Te, 13OXe, and ""Ba —— are negligible.

This interpretation is supported by chemical considerations: 13OXe, being a noble gas, does
not form stable molecules with sulfur; B4 is not produced in the primary target used,
according to the ISOLDE Yield Tables; and "6 is not expected to form molecular bonds
with sulfur either. The Doppler correction was performed for the second time assuming
a 162Dy beam, the only stable A = 162 isotope. Peaks at expected energies of 80keV
2] — 0;8.) and 180keV (4] — 27) cannot be observed. Since '**Dy is a midshell nucleus
with high collectivity, excitation of the 2? and 4f states would have been expected, if the
beam consisted partly of this isotope. At least the decay of the 4? should be visible in
the spectra, whereas the 2f state decays most prominently by inner conversion. According
to the ISOLDE yield tables, 162Dy is not expected from a primary uranium target, which

matches the experimental observations.

x 180Gy, — 130G},

107 4 o 130Gp, — 130Qp
% O 1308bg.s./is. _, 130 e
-~
5 & A = 132 contaminants
2
206
5 10° 5
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o

10°
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Figure 6.16. Summed y-ray single spectra over the full duration of the experiment and all
detectors. Transitions following the [-decay of 130G and its daughter nuclei are indicated.
Additional ~-ray lines from residual activity of a previous experiment using a 13281 beam and
the same target chamber are also visible. These originate from long-lived decay products with
half-lives of several days, resulting in persistent background contributions.
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Figure 6.17. Doppler-corrected and background-subtracted ~-ray spectra. Gate on target- and
beam-like nuclei are added up to maximize the statistics. Only the two 2] — 0;& transitions of

13061 and 2°°Pb appear sharp. No excitation of any isobaric A = 130 contaminant is visible.

6.8. Ratio of 3°Sn and '3°Sb in Beam

Following the arguments given in the previous chapter, the remaining beam components
are "’Sn and "°Sb. Both isotopes have an isomeric state, with half-lives in the range of
180gy 180gp and B0g),

. : 130
minutes; thus, the possible beam components are ™ Sn, _ , s, g5 s,

Since all of these isotopes are unstable, and their decays are connected, their S-delayed
~v-ray yields can be used to determine the relative contribution. In Fig. 6.18 the decay
scheme of these isotopes is displayed. In Appendix A, it is shown, that in the equilibrium
state, the activity of the isotopes simplifies to the ion currents, and the beam composition
can be analyzed by the activity of the isotopes. Since the absolute efficiency and dead time
of the setup are unknown, only relative beam ratios can be determined, which is sufficient

for the performed experiment.

6.8.1. Decay Spectra During Experiment

The composition of the radioactive beam was investigated by analyzing the time dependence
of characteristic ~y transitions during the experiment. As described in the previous chapter,
the intensity ratios of selected transitions, corrected for detection efficiency, allow for a

quantitative determination of the relative contributions of individual isotopes in the beam.

The time-resolved ~-ray spectra were obtained by projecting the energy-versus-time matrix
in intervals of 20s. For each resulting spectrum, Gaussian functions were fitted to extract

the peak areas of transitions associated with the decay of %980 and "Sb in their ground
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130g,

a t1/2 = 1.7 min

1305, o,

t1/2 = 3.7 min 0*
\ 11+308b 1308b

1+ 229
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(2,3)+

. (3,4.5)+
t1/2 = 6.3 min (4,5)+

Figure 6.18. Decay scheme of 1308ngls_, 1308nis_ and their daughter nuclei. y-ray transitions with
relative intensity >10 % are shown. Arrow width indicates the relative intensities of v rays with
respect to the most prominent v rays and are taken from [142] for excited states in 1398h and from
[143] for excited states of *Te. Energies are taken from the NNDC data center [68]. S-decay
lines (in red) indicate which states in 139 e are populated by the two different decay branches.
Note that the set of S-decay transitions shown is not exhaustive. It is intended only to highlight
those states that are populated exclusively via either the left or the right decay branch. The
isomeric (4,5)" state in 130G} is highlighted in blue to visualize the population by both, the decay
of 13OSng.S_ and 13OSniS..
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and isomeric states. The corresponding decay schemes are shown in Fig. 6.18, and the
energy-time matrix is discussed in detail in chapter 6.2. Unlike the calibration study, the

focus here lies on the evolution of peak intensities rather than peak positions.

The ground state of *’Sn (13OSng.S') undergoes B-decay to excited states in "°°Sb, which
decay further into the (4,5)Jr isomer. This isomer in turn decays to excited states in 199,
The isomeric 7 state in "*"Sn populates negative-parity states in "08h or directly feeds
its (87) ground state. Only a small branch, y = 0.045(5) %, connects the negative-parity
cascade to the positive-parity isomeric (4,5)Jr state of °°Sb, which is highlighted in blue in
Fig. 6.18.

130
Te.

As all decay chains ultimately populate the first 2" state in 130Te, the 839.5keV transition

Both, the ground and isomeric states of 130Sb, decay further into excited states of
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Figure 6.19. Top left: Fitted peak intensity of the 839.5keV transition in 13981 as a function of
time. The effects of extended beam interruptions are visible as reduced intensities. Approximately
20 h after the start of the experiment, the proton current was increased and subsequently reduced
again due to elevated rates in the HPGe detectors. Top right, bottom left, bottom right: Ratios of
the 839.5keV intensity to the 331 keV, 780keV, and 899 keV transitions, respectively. In each panel,
the inset highlights the time interval between 55 and 59 h after the beginning of the experiment,
where the intensity ratios appear stable. The resulting average values, including their uncertainties,
are indicated in the main plots. For further details, see text.
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serves as a proxy for the total activity of all beam components. The fitted intensity of the
839.5keV line, displayed in the top-left panel of Fig. 6.19, shows characteristic fluctuations
due to changes in beam conditions. Notably, a significant increase in intensity is observed
around 20h into the experiment, corresponding to a temporary rise in proton current,
which was later reduced due to high detector rates. The remaining panels in Fig. 6.19
display the intensity ratios of the 331 keV (*°Sb,, — **Te), 780 keV (13OSng.S_ — '%8b), and
899 keV ('*’Sn,, — *’Sb) transitions to the 839.5keV line. Short beam interruptions lead to
temporary shifts in these ratios, but in all cases, the values tend toward an equilibrium over
time. A detailed view of the quasi-stationary regime between 55 and 59 h is shown in the
inset panels. By using these isolated transitions that are uniquely associated with a specific
parent isotope and applying efficiency corrections, the relative beam composition can be
deduced. The mean values in this interval, including the squared sum of their statistical
and systematic uncertainties, are indicated in the main panels. Systematic uncertainties
arise primarily from efficiency corrections and the adopted absolute y-ray intensities taken
from Ref. [68].

g5, (left) and 0S8
to the experiment conducted in 2022, this already amounts to 100.7(36) % of the beam,

showing no signs of antimony in the beam. As further proof, the 331 keV ratio compared to

The lower spectra give the relative ratio of %0gn (right). Similarly

is.

the 839.5keV line is shown on the top right, which is populated by the ground-state decay
of °Sb. The latter is fed by 130Snis_ plus the relative amount of 130Sbg.S_ in the beam. The
deduced value for 13081’118. + lgosbg.s‘ shown in the top right panel is lower than the value
for "°Sn,_ alone. This stems from the value of y = 0.045(5), which is the ratio of "*°Sn,_

decaying into 130Sbis.. According to this analysis, the beam consists of 65(3)% 13OSng.S. and
35(2)% °Sn,, . An "’Sb component in the beam could thus not be identified.

6.8.2. Decay Spectra After Experiment

After the experiment was completed, the decay of radioactive isotopes remaining in the target
chamber was monitored as a function of time. This provides an independent characterization
of the beam composition by analyzing the time dependence of the emitted ~-ray transitions.
The left panel of Fig. 6.20 shows the y-ray energy plotted against time after the end of the
experiment. The last in-beam run is also shown to the left of ¢t = 0, which marks the time
when the beam was stopped. A short measurement gap around ¢t = 0 appears as a white
band in the plot, reflecting the time between the last beam event and the start of the decay

spectroscopy.
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For several transitions from nuclei with a short lifetime —— such as the line at 1017 keV,
fed by 1SOSbg.S. with T} , = 6.3 min — a rapid decay is clearly visible. The right panel of
Fig. 6.20 shows the time evolution of four selected ~-ray peaks. For each time, a Gaussian
function was fitted to the respective energy peak, and the peak area was extracted as a
function of time.

As shown in the level scheme in Fig. 6.18, the 899 keV transition is fed by the decay of
13OSmiS_. By fitting a single exponential function to the decay curve, the activity at t =0
as well as the decay constant—and thus the half-life—can be determined. As shown in
Chapter 6.8, the activity at t = 0 is directly proportional to the amount of the isomeric
isotope present in the beam. The 780keV line is populated via the decay of 1?’OSng.S,, and
was likewise fitted with a single exponential decay function. The 331 keV line is emitted in
the decay of 1308bg.8.,

decay chain, the following two-step decay model is used:

which itself is populated via the decay of 13081118.. To describe this

Ag,, IV,
_ .~ Asbt Sn“*Sn,0 —Asnt —Agpt
Agp(t) = Agp | Nap - € ™ = (7 — e, (6.4)
Sb Sn
10°
E, =331keV | 104
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Lot 107 ;
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Figure 6.20. Left: v-ray energy as a function of time after the end of the experiment. The last
run before the beam was stopped is shown to the left of ¢ = 0. The gap around zero reflects a
short interruption between the last in-beam run and the beginning of the decay spectroscopy.
Right: Time-dependent decay curves for four selected peaks. See text for details. The deviating
points at ¢ ~ 0 arise from finishing and starting the respective runs and were excluded in the fit.
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Table 6.3. Results of the fits are shown in Fig. 6.20. For each isotope, the activity at ¢ = 0 was
determined as well as the half-life. Since the decay chain is known precisely, the ratios can be
deduced by looking at the activities at ¢ = 0. For more information, see text.

Isotope A(t=0) [1/20s] A [1/min] T

1/2,exp.

[min] 7} 5y, [min] Ratio in beam

S0, . 60600(900) 0.192(5)  3.61(8) 3.72(4) 0.67(4)
"0Sn, 30120(1200) 0.0170(5)  40.3(12) 39.5(8) 0.33(4)
08h, . 28560(800) 0.45(5)  1.54(19) 1.7(1) -0.003(20)
¥08h.. 62700(1000) 0.115(5)  6.02(10) 6.3(2) 0.008(20)

where A\g, and \g, denote the decay constants of 0gn and "*Sb, respectively, N, = A(0)/\
is the number of nuclei at ¢t = 0, and A(t) is the measured activity. The first term accounts

for directly present 130Sb, while the second term describes the contribution from the decay

of **Sn.

Since the decay constant and initial activity of 13081118‘ are already known from the fit to
the 899 keV decay, the function can be fitted to the data with only two free parameters: the
activity and decay constant of 13OSbg.s.’ As the influence of Ng, , and Ag, on the shape of
the decay curve is weak—clearly visible in the nearly pure exponential form of the 331 keV
decay—the scaling factor y introduced in section 6.8 is neglected here. The resulting fit

provides the activity of 0gy, s at ¢ =0 and its decay constant.

g.

The 839.5keV transition receives contributions from both 13OSbg.S_ and 130Sbis.. However,
since the ground-state decay is significantly slower, the late-time behavior (i.e., at t > 70 min)
is dominated by 130Sbg.s.. Therefore, an exponential function was first fitted to the late-time
tail using the decay constant previously obtained from the 331keV fit. This contribution is
shown as a dashed blue line in Fig. 6.20. After subtracting this component, Equation 6.4
was fitted to the remaining early-time data (¢ < 70min). Here, both the decay constant
and activity of 1308ng.5' are known from the 780keV fit, such that only the activity and

130 .
decay constant of "'Sh,, remain as free parameters.

The extracted values for the activities at t = 0, the decay constants, and the corresponding
half-lives T} , = In(2)/A are listed in Table 6.3. The beam composition was deduced as
follows: As discussed in the previous chapter, the activity of the 839.5keV transition at t = 0
corresponds to the total y-ray activity resulting from all beam components contributing to
this line. By determining the individual contributions of each isotope to this total activity,

the relative fractions of isotopes in the beam can be quantified.
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130
d

The activities of '*’Sn__ an Sn,, directly reflect the respective beam intensities, as both

g.s.
decay predominantly via well-separated transitions. The activity of 130,

18.7

on the other
hand, consists of three components: a direct contribution from 130Sbis_ present in the beam,
the decay of 1?’OSng.SJ and a fraction y = 0.045(5) of the decay of *’Sn,_ feeding into '*"Sh;

18.°
Similarly, the measured activity of gL att=0 originates from the remaining fraction

g.s.

(1 —y) of the 13OSniS. decay as well as from a possible direct beam component of 130Sbg_s..

Based on the fitted values of all four activities at ¢ = 0, a second, independent determination

of the beam composition can be performed by solving the corresponding system of contri-

butions. The resulting isotope fractions are listed in the last column of Table 6.3. Again, it

is evident that the contribution from "*’Sb is negligible, while 08 clearly dominates the
130 .

¢s and TSny in the

beam were deduced from the weighted average of the two presented methods to 66(2) % and

beam composition with a fraction of 0.67(4). The final ratios of *°Sn

34(2) %, respectively. This value matches ratios found in previous works, e.g. in Ref. [101].
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6.9. 0, — 27 Excitation in '**Sn

Based on the data obtained through the steps outlined in the previous sections, experimental
results can now be derived. The following section begins with a discussion of how the
optimal Doppler-correction velocity was determined. Since a small contribution from two-
step excitation into the 41+ state is expected—whose 775 keV decay lies close to the 803 keV

transition of the 2? state in “°Pb—an accurate Doppler correction is essential.

6.9.1. Velocity Determination of Ejectiles and Recoils

In addition to the emission angle, the velocity v of the fast moving reaction partners plays
a crucial role in the Doppler shift of the emitted v ray. An accurate determination of the
velocity is therefore essential for a proper Doppler correction. Various approaches have
been tested in this work to optimize the correction and minimize the full width at half
maximum (FWHM) of Doppler-shifted peaks.

Two standard methods are commonly used: extracting the velocity from the energy measured

in the CD detector or calculating it from the known reaction kinematics. In the latter
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Figure 6.21. Energy of scattered 13081 nuclei after leaving the target as a function of the
laboratory scattering angle. The red bands indicate the energy range for reactions occurring at
the entrance (light red) and exit (dark red) of the target. The black line corresponds to reactions
at the target center, as assumed by the Doppler-correction sorting code. Green points are values
calculated by the code and agree well with the LisE-based kinematics. The blue and green shaded
angular regions indicate where the CD detects the Sn ejectiles and Pb recoils, respectively.
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case, the velocity can be deduced from the measured scattering angle in the CD and the
known beam energy, assuming a two-body reaction. Since the lifetimes of the excited states
are expected to exceed the flight time of the nuclei through the target, the y-ray emission

predominantly occurs in vacuum after the particles have exited the target.

Figure 6.21 shows the calculated energy of scattered 980 nuclei as a function of the
laboratory scattering angle 6,,,. The red-shaded areas represent the range of energies for
reactions occurring at the target entrance (upstream side of the target) in light red and
target exit (the downstream side of the target) in dark red. The variation arises due to
differences in energy loss, which depends on both the initial energy and the effective path
length through the target material. Reactions occurring near the entrance of the target
result in larger energy losses compared to those occurring near the exit. The black line
shows the energy for reactions assumed to take place in the center of the target. The
energy of scattered Sn was calculated using the LISE [132] simulation code. The green
points represent the energies calculated by the sorting code for the angles given from the

individual rings of the CD. These agree well with the black line.

The blue and green vertical bands mark the angular ranges in which the CD detects %0gp
ejectiles and 200py, recoils, respectively. In the latter case, the kinematics of the undetected

Sn nuclei can be inferred from the measured recoil properties.

Despite the good agreement between the sorting code and the central kinematics, it is
evident that these calculated values do not represent the average kinetic energy of the
ejectiles after the target. This is due to two main effects: first, the energy loss in the target
is not linear with depth but depends on the actual energy of the particle. Second, the
effective path length through the target does not scale linearly with the reaction position.
These effects become particularly pronounced at large scattering angles, especially around
90°, where particles originating from the center of the target are stopped completely, while

those from the back side may exit with energies above 100 MeV.

Additionally, as discussed in Section 6.6, parts of the kinematic lines are truncated due to
the overlap of the observed recoil and ejectile peaks in the CD spectra, which introduces a

systematic shift in the observed scattered energies towards higher values.

An alternative and often more reliable approach is to use the energy measured directly in
the CD, which naturally accounts for the effective energy loss without requiring assumptions

on the reaction point inside the target. However, as discussed in Section 6.3, the energy
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calibration of the CD detector is not straightforward. The main focus of the calibration
procedure was to minimize deviations between the four quadrants and to enable a reliable
treatment of charge-sharing events between neighboring rings and strips. A precise and

absolute calibration that yields the correct particle energy was not achievable.

Several effects, such as energy loss in the detector’s dead layer and the PHD, have so far
been neglected, although they would need to be accounted for in a fully accurate calibration.
In addition, as shown in Fig. 6.15, the observed peaks are very broad. This broadening
arises both from the relatively thick target foil used in the experiment (4.2mg/cm”) and

from the intrinsic energy resolution of the CD detectors.

Moreover, the measured energy can exclusively be used for Doppler correction of the particle
that was actually detected. It provides no direct information about the velocity of the
undetected reaction partner. Since target-based normalization is applied in the present
analysis, it is essential to perform proper Doppler correction for both reaction products.

This underscores the need for a consistent and accurate velocity determination strategy.

An alternative approach was adopted in this work, relying directly on the experimental
data. By evaluating particle-y coincidences for each individual ring of the CD detector,
two-dimensional matrices were generated that display the Doppler-corrected vy-ray energy as
a function of an assumed velocity of the scattered particle in vacuum. Four representative
matrices are shown in Fig. 6.22, each corresponding to a kinematic gate on "OSn. The
top row illustrates Doppler corrections performed under the assumption that the recoiling
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particle is 206Pb, while the bottom row assumes the ejectile itself to be n.

In all cases, a distinct minimum in energy broadening is observed, reflecting the optimal
velocity for the Doppler correction. For each velocity step, a spectrum was extracted, and
a Gaussian function was fitted to the photopeak. The FWHM of the fit function was then
used as a metric to determine the best estimate for the velocity v at which the nucleus

decays.

The best fits obtained in this procedure are presented in Figs. 6.23, 6.24, 6.25, and 6.26,
representing Doppler corrections for both beam-like and target-like nuclei under kinematic
gates on "9Gn and 206Pb, respectively. The resulting minimal FWHMs are summarized in
the bottom-right panel. For the 50gy ejectile, a resolution of 14 keV was achieved when

gated on its kinematics and between 15 and 20 keV when gated on the %Pl kinematics.
The 803 keV transition in **°Pb yielded a remarkably narrow FWHM of 4-8.5keV under
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a self-gated Doppler correction, which is an exceptional result for a radioactive ion beam
experiment with Miniball. Even when gated on the %08y kinematics, the resolution remained

below 10keV in most cases.

All three explained methods for the velocity determination have been tested; the last one

showed overall the best results for the FWHM and was adopted for the whole analysis.

For small scattering angles of both Sn and Pb nuclei, the undetected particle in the
laboratory frame receives a large momentum transfer. As a result, nuclei excited near the
entrance of the target may be stopped before decaying, whereas those scattered near the
back of the target might exit before emitting v rays. This effect, previously illustrated in
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Figure 6.22. Doppler-corrected y-ray energy for different assumed velocities. Left: Gate was
placed onto the kinematics of 13081 detected in ring 2 of the CD detector. Doppler-correction
peroformed for 2°°Pb (top) and 130gp (bottom), respectively. On the right, the same matrices are
shown with a gate on ring 10 of the CD.

94



130
S

6.9. 0/, — 2? Excitation in

g.s. n

Fig. 6.21, causes a spread in the actual recoil velocities ranging from 0 to 2% of the speed of

light, which prevents the formation of a clear minimum in the velocity matrix of Fig. 6.22.

Consequently, these CD rings were excluded from the final analysis, as a reliable determi-
nation of the peak integrals was not feasible. The same effect is visible in the FWHMs
extracted from Gaussian fits, which exhibit abrupt variations between neighboring CD

rings.

For instance, in Fig. 6.25, the fitted FWHM of the 2;r — 0;_ transition in " Sn at 1220 keV
is only 5keV for small scattering angles — an unrealistically narrow value — because
some nuclei decay at rest. However, the fitted Gaussian did not reproduce the actual
Doppler-broadened line shape. A closer inspection of the lower matrices in Fig. 6.22 reveals
a subtle structure at zero velocity in both rings. This can be attributed to the population of
the isomeric 7 component of the 190gy beam, which is excited in the experiment into a 5;

2'" states. Due to its relatively

state. This state decays via a cascade involving the 4? and
long lifetime, it decays well after the time-of-flight to the particle detector, producing sharp,

unbroadened ~-ray peaks in the laboratory frame.
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Figure 6.23. Doppler-corrected ~-ray spectra gated on beam-like reaction products and corrected
for "*°Sn. Events were selected by applying an angular gate to a single ring of the CD detector,
thereby restricting the ejectile emission angles to a narrow range. The red curve represents a
Gauss fit plus a linear background applied to the most prominent photopeak. The resulting peak
volume and full width at half maximum (FWHM) extracted from the fit are shown in the two
lower panels as a function of the ejectile angle.
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Figure 6.24. Doppler-corrected -ray spectra gated on beam-like reaction products and corrected
for 2%Pb. Events were selected by applying an angular gate to a single ring of the CD detector,
thereby restricting the ejectile emission angles to a narrow range. The red curve represents a
Gauss fit plus a linear background applied to the most prominent photopeak. The resulting peak
volume and full width at half maximum (FWHM) extracted from the fit are shown in the two
lower panels as a function of the ejectile angle.
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Figure 6.25. Doppler-corrected vy-ray spectra gated on target-like reaction products and corrected
for **°Sn. Events were selected by applying an angular gate to a single ring of the CD detector,
thereby restricting the ejectile emission angles to a narrow range. The red curve represents a
Gauss fit plus a linear background applied to the most prominent photopeak. The resulting peak
volume and full width at half maximum (FWHM) extracted from the fit are shown in the two
lower panels as a function of the ejectile angle.
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Figure 6.26. Doppler-corrected y-ray spectra gated on target-like reaction products and corrected
for 2%Pb.. Events were selected by applying an angular gate to a single ring of the CD detector,
thereby restricting the ejectile emission angles to a narrow range.The red curve represents a Gauss
fit plus a linear background applied to the most prominent photopeak. The resulting peak volume
and full width at half maximum (FWHM) extracted from the fit are shown in the two lower panels
as a function of the ejectile angle.
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6.9.2. Determination of ~-ray yields
In the lower left panels of Figs. 6.23, 6.24, 6.25, and 6.26, the fitted peak volumes of the

2? — 0;:_& transitions in " °Sn and *’Pb are shown as a function of the scattering angle of
the detected particle. In total, 32 individual fits were performed—16 for each isotope per

gate. However, several fits were not included in the final analysis for the following reasons.

In the case of spectra where the ejectile was detected, the first three rings were excluded.
At small laboratory scattering angles of the ejectile, the corresponding recoil angles are
large. As previously discussed, this leads to strong variations in energy loss: some recoils
are stopped in the target, while others pass through it. This behavior results in pronounced
discrepancies in the FWHM of the y-ray peaks, particularly for the first three rings. Only
those rings for which a reliable recoil velocity could be determined—based on the method
described in the preceding chapter—were included in the analysis. For the remaining 13
rings, the fits show consistent FWHM values and smoothly varying intensities as a function
of angle. A notable exception is ring 7, where a sudden drop in intensity is observed due to
a non-functional strip in one of the CD detector sectors. Nevertheless, since all angular
bins are independently treated in the GOSIA2 analysis, this deviation does not preclude

the inclusion of this data point.

The situation is more complex when %P} recoils are detected instead of the ejectile.
Again, small laboratory angles of the recoil correspond to large angles of the ejectile. As

130
S

illustrated in Fig. 6.21, for scattering angles fisog > 75° (i.e., O200p,, < 33.8° some n

ejectiles are already fully stopped in the target material. For fhsog > 80° most ejectiles are

s
stopped before they can exit the target. In these cases, the velocity used for the Doppler
correction s effectively zero, which does not allow to distinguish whether the observed
2;” ~v-ray decay follows direct population or originates from a cascade via the 5, state
populated by excitation of the 7, beam component. As will be explained in section 6.11,
the 5, state is long-lived, and its own and all following decays appear unshifted in the

spectra. Therefore, all data points beyond o > 80° in this angular region were excluded

s
from the analysis.

At larger scattering angles of 9P recoils (i-e., O206p, > 44°), the coincident 08 ejectiles
are also within the acceptance of the CD detector. In this range, both reaction partners
can be detected simultaneously. Since each «-ray can only be attributed to one kinematic
configuration—either that of the recoil or the ejectile—to avoid double counting, these

coincident events are consistently assigned to the ejectile channel.

100



6.9. 0;. — 2? Excitation in "*’Sn

The final intensities used in the analysis are listed in Table 6.4 as a function of the scattering
Sn and 206Pb,

Pb intensities have been corrected

angle in the laboratory system. For the measured 2, — O;,S. transitions in
the quoted uncertainties are purely statistical. The 206
for the detection efficiency, which varies with energy. In addition, the values were scaled
by a factor of 0.66(2), reflecting the fact that the beam consisted of 66(2) % ground-state
080, Since Coulomb excitation of *°Pb is independent of whether the tin nucleus is in
its ground or isomeric state, this factor can be applied directly. The uncertainties of the

energy-dependent efficiency and the beam composition were adopted here.

6.9.3. Two-step Excitation

Coulomb excitation is not limited to the population of the first excited states, higher-lying
states can also be populated via multi-step excitation processes. In the present experiment,
the second excited state of interest is the 41+ state in '*’Sn at an excitation energy of

1991 keV. This state decays exclusively to the 2? state via a 775 keV ~-ray transition.

In the Doppler-corrected ~v-ray spectra, no peak corresponding to the 4f — 2? transition

Table 6.4. Determined counts in the given angular range for the 27 — 07 transitions in 13080 and
206py, - For the latter, the measured counts as well as counts corrected for the beam composition
and efficiency are shown. Only intensities used in the analysis are given here.

Number 913°Sn,1ab. 981 counts  *°°Pb measured  **°Pb corrected
1 31.45°-34.56°  1501(71) 5345(360) 2822(220)
2 34.72°-37.71°  1503(74) 5017(273) 2649(178)
3 37.76°-40.43°  1520(71) 4932(271) 2604(176)
4 40.57°-43.03°  991(48) 3494(157) 1845(110)
5 43.16°-45.43°  1231(54) 4214(160) 2225(122)
6 45.54°-47.64°  1088(50) 3750(153) 1980(112)
7 47.74°-49.68°  862(40) 3083(126) 1628(92)
8 49.77°-51.56°  930(47) 2837(103) 1498(80)
9 51.65°-53.29°  855(53) 2898(90) 1530(77)
10 53.38°-54.90°  649(29) 2174(101) 1148(70)
11 54.98°-56.39°  612(32) 2208(60) 1166(56)
12 56.46°-57.76°  521(30) 1848(74) 976(55)
13 57.83°-59.05°  450(22) 1542(44) 814(39)
14 60.67°-64.32°  648(30) 2030(102) 1072(68)
15 64.53°-68.62° 1151(50) 3818(191) 2016(128)
16 68.70°-73.48° 1358(65) 4703(235) 2483(158)
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was identified at the expected energy. Due to its proximity to the strong 803 keV transition
from the Coulomb excitation of the target nucleus, which dominates the spectrum Doppler-
corrected for 13OSn, a reliable extraction of the much weaker 775 keV transition is hindered.
To suppress this background and investigate the possible intensity of the 4f — 21+ decay,
events with for recoil kinematic Doppler-corrected energies within £10keV of 803 keV were

excluded from the analysis.

The resulting spectrum is shown in Fig. 6.27. The inset highlights the energy region around
the expected 775keV transition from the 4f state. No significant peak could be observed.
Since the two-step excitation pathway contributes to the sensitivity on the quadrupole
moment of the 2] state, and to constrain the transition strength B(E2;4] — 27), an
upper limit for this transition intensity was extracted using the method proposed by O.
Helene [144]. Following this paper, the determination of statistically meaningful upper
limits for signal intensities in the presence of background and limited counting statistics
is achieved. It considers both the number of observed events in the signal region and
the expected background to derive a confidence interval. The method involves iteratively
evaluating the probability that a given signal strength is consistent with the number of

observed counts in the signal region, assuming Poisson statistics. This is repeated for

Nops = 4160 i
10000 - Nyg = 4213.2 i < _
Helene __ : = O
- 8000 i é
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Figure 6.27. Doppler-corrected ~y-ray spectrum for 13OSn, after excluding events within +10keV
of the 803keV transition from the *°Pb target. The inset highlights the energy region around the
expected 47 — 27 transition at 1991keV. No peak could be identified in this region. An upper
limit for the transition intensity was determined using the method of Helene [144], based on the
number of counts in the signal and sideband regions. The resulting upper limit corresponds to 55
counts at the 95 % confidence level.
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increasing signal strengths until the desired confidence level is reached. In this analysis, the
upper limit for the 4f — 2? transition intensity was determined to be 55 counts at the 95%

confidence level.

6.10. Gosia2 Analysis of 2] State

With the experimentally extracted yields of the observed ~-ray transitions in "0gn and

206

Pb, the previously unknown B(FE2; O;r_s_ — QIL) value in "*°Sn can be investigated. The

value is determined by performing X2 minimization with the GOSIA2 code.

In Gosia, the dataset is separated into “experiments” by grouping events according to
different ranges of laboratory scattering angles. Since Coulomb-excitation cross sections
depend on the scattering angle, and the influence of the reorientation effect (e.g. through
Q.(27)) becomes stronger towards larger laboratory angles (see Sec. 1.3.3), subdividing the
data into multiple experiments improves the accessibility of the spectroscopic quadrupole

moment in the GOSIA2 analysis.

GOSIA2 evaluates the measured ~-ray yields by calculating Coulomb-excitation yields
for each experiment at the specified mean beam energy and mean scattering angle. The
calculated yields are scaled with experiment-specific normalization constants and compared
to the experimental values. The electromagnetic matrix elements are varied to obtain the
best overall agreement, quantified by the minimum of a global X2 function constructed from
the yield differences. In the present case, the normalization is constrained by the known
reduced E2 matrix element in **Pb, (07 ||E2||2) = 0.3178(47) eb [24, 68].

Since the experimental yields are not obtained at a single, fixed beam energy and scattering
angle but rather over finite kinematic ranges — due to energy losses in the target and the
angular coverage of the CD — the corresponding calculated yields have to be integrated
over the relevant intervals in beam energy and scattering angle. These beam-energy and
angular ranges are therefore required inputs to represent each experiment consistently at

its mean kinematic conditions in the GOSIA2 analysis.

The energy loss of a 572 MeV "0Sp beam traversing the full target thickness was calculated
with LISE4++ to be 111 MeV. In the particle gates, parts of the measured ejectile spectrum
are cut off at low energies due to the overlap region of recoil and target-like peaks, as
discussed in Sec. 6.3. Events corresponding to particles scattered from the upstream front

side of the target experience the largest energy loss and are therefore suppressed by the
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applied lower energy gate; consequently, the maximum beam energy used in the GOSIA
integration had to be adjusted. Back-calculating the lower energy threshold of the scattered
ejectiles yields an upper beam energy of 559 MeV. Accordingly, only events with 0Sn beam
energies between 461 MeV and 559 MeV were selected in the analysis and this interval was

adopted for the GOSIA analysis.

The target thickness was determined with an uncertainty of 0.2mg/ cmz, corresponding
to an uncertainty of approximately 5 MeV in the reaction energy at the target exit. To
account for uncertainties from both the target thickness and the energy resolution of the

silicon detectors, the upper energy limit was varied by the same amount.

The scattering angles and their associated uncertainties were determined in Sec. 6.3. Internal
conversion coefficients were calculated using the BRICC code [134]. The stopping powers
required for the integration over the full target thickness and the angular acceptance were
taken from SRIM [135]. For each ring of the CD detector and for each detected particle

type, an individual experiment was defined, resulting in a total of 32 datasets. Each
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Figure 6.28. Left:X2 + 1 surface plot based on fixed values of the diagonal and transitional E2
matrix elements. For each pair of values, a GOSIA2 calculation was performed, and the resulting
X2 value is plotted. The shown uncertainty region corresponds to the area where x2 < X12nin + 1.
The level scheme used in the analysis is given. Results are presented as well. Right: The projection
onto the resulting transitional (b) and diagonal (c) matrix elements and the x* distribution around
the minima, which is given as a red, vertical line.
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experiment was normalized independently. For the final analysis, 16 of these experiments

were selected, as discussed in the previous section.

The error estimation method implemented in GOSIA via the OP,ERRO option is incompatible
with GOSIA2. Therefore, the uncertainties of the transitional and diagonal E2 matrix
elements were determined from two-dimensional Xz-surface scans. For this purpose, both
matrix elements were fixed on a two-dimensional grid, and a full GOSIA2 minimization
was performed at each grid point while allowing all remaining fit parameters, including
additional matrix elements and normalization constants, to vary freely. The resulting X2
surface was used to determine the region satisfying X2 < Xfmn + 1. The reported error
intervals were then obtained from the projection of this joint allowed region onto the

respective matrix-element axes.

The resulting X2 surface is shown in Fig. 6.28(a), where the uncertainty region corresponds
to the area enclosed by the condition x* < anin + 1. The level scheme used in the GOsIA2
analysis is displayed as an inset on the right side of the figure. Black arrows indicate the
excitation paths, including the possible two-step excitation into the 4" state, which was
not seen in the spectra, but serves as a buffer state for possible unobserved feeding. Red
arrows correspond to the de-excitation paths that were assumed for the decay scheme and

included in the analysis.

The projections onto the transitional (0;.HE2H2T> (b) and diagonal (2 || E2||2]) (c) matrix
elements are also shown, confirming the unambiguous location of the minimum. The uncer-
tainty of the transitional matrix element is largely driven by the inclusion of the reorientation
effect. If the quadrupole moment is neglected, i.e. for a vanishing diagonal matrix element,
a projection of the surface onto the <0;,5.||E2||2f> axis yields <0;S'||E2||2T) = 0.216(4) eb.
Including the reorientation effect allows to determine the QS(2;F) values results in a slightly
increased transitional matrix element, while adding an additional uncertainty to the transi-

tions strength.

To account for systematic effects associated with the uncertainties of the scattering angles
and the beam-energy range, the X12nin + 1 analysis was repeated for varied values of these

inputs. The results, including statistical and systematic contributions, are
(2711 E2[0,,) = 0.220(13)eb,  Q,(2]) = —0.06(15) eb.

Here, the spectroscopic quadrupole moment was obtained from the fitted diagonal matrix
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element using the standard relation Q(2]) = 1= \/ﬁ (27| E2||2]) with J = 2. Using

the fitted transition matrix element, the corresponding reduced transition probability is

obtained as
B(E2;0], — 27) = 0.0486(57) ¢’b’.

) Vg.s.

For comparison, setting Q,(2]) = 0 (i.e. neglecting the diagonal matrix element and
assuming a spherical 2] state) results in B(E2; Ogs. — 27) = 0.0466(17) ¢’b°.

6.11. 7; — 5; Excitation in *°Sn

During the analysis of the excitation of the 2;“ state, it was observed that a fraction of
the emitted Z;F — O;S. v rays does not originate from in-flight decay (and is therefore
not Doppler shifted), but instead appears unshifted, i.e. emitted after the recoil has been

stopped, even when applying a particle gate on the ejectiles.
Figure 6.29 (left panel) shows the measured y-ray energy as a function of cos(0,,,ice_-);

where 6 denotes the angle between the detected particle and the y-ray emission

particle—y
direction. If all decays occurred in flight, a linear correlation is expected; this behavior

indeed dominates the matrix. In addition, however, a pronounced vertical structure is
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Figure 6.29. Left: Emission angle 0, ¢icie—~ Of the y-ray transition shown against the measured,
non Doppler-corrected «-ray energy. The vertical structure indicates, that sum states decay, while
the nuclei is at rest. A particle gate was placed on the ejectile kinematics. Right: The v-ray
spectra for energies below 200 keV without Doppler-correction. The decay of the isomeric 5; state
into the 4] and 7] state are visible as well as X-ray lines from the 206py, target.
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visible at the rest energy of the 21+ — O;F.SA transition at 1221 keV, indicating a component

of y-ray emission from stopped nuclei.

Since the spectrum is gated on the ejectile kinematics, this unshifted contribution cannot
arise from events in which the ejectile is stopped in the target. Instead, it is attributed
to feeding from the long-lived isomeric branch: the 7, isomer is Coulomb excited to the
5, state, which subsequently decays after the recoil has been stopped. The relevant level

scheme is shown in Fig. 6.30.

The half-life of the 5, state was first determined

10"

by Fogelberg et al. in 1981 [94] from ~y-ray spec- 85961\ 6

. 1307 - 11 _ —

391 5 .

troscopy following the [ decay of "I, yielding T 201y 9
52(3)ns. A later measurement within the RIS-
ING campaign at GSI reported a longer value of 775
62(5) ns [145], in disagreement with the earlier re- v o2

sult. More recently, Piau et al. obtained 50(5) ns, |
again inconsistent with the RISING result. De-

spite these discrepancies, all measurements clearly

1221

Excitation Energy (MeV)

indicate that the 5, state does not decay in flight

vy Of

-

in the present experiment, since the time of flight

. 130
between target and stopper is below 10ns for all Figure 6.30. Levelscheme of "*"Sn. The
isomeric 7; state decays via § decay. Tran-

scattering angles. Consequently, the decay transi- sition energies are given in keV.

tions associated with the 5, state appear unshifted

in particle-gated y-ray spectra.

This interpretation becomes more apparent in the right plot of Fig. 6.29. The uncorrected
(i.e. not Doppler-corrected) y-ray spectrum gated on the ejectiles is shown. Besides Pb X-ray
lines, two distinct peaks are observed at 89 keV and 137 keV. These energies correspond to
the decay of the 5, state to the 4? and 7, states, respectively. Lastly, Fig. 6.31 displays ~
rays detected in coincidence with the 89 keV line. The subsequent cascade 4? — 2? — Ogs_
is clearly visible and likewise appears unshifted, consistent with emission after stopping.
This provides strong evidence that the isomeric 7 component is indeed Coulomb excited
in the present measurement, namely via excitation to the 5, state. This constitutes the
first observation within the Sn isotopic chain of Coulomb excitation involving an isomeric
component in this way. Transition strengths associated with the 7 — 5, excitation have

so far been inferred from lifetime information. In the present work, this picture can be
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Chapter 6. Data Analysis of 2023 Experiment

complemented by direct Coulomb-excitation data.

For the following analysis, the long lifetime of the 5, state has two important implications.
First, the corresponding energy uncertainty of the lines is significantly smaller than Doppler-
corrected peaks, since the majority of the decays of the 5' state appear unshifted in the

particle-gated spectra. Second, the GOSIA

+ +
analysis faces efficiency-related complica- 150 J Z41 T2 Gate on 89 keV
tions. For the 2, state it is typically as- 73
! ~ 27 — 0F

sumed that recoils and ejectiles decay effec- C; 100 - ! g‘s‘\
tively at the target position, which is valid 5
for lifetimes on the order of picoseconds. In % 501

_ O
the case of the 5, state, however, the decay W
occurs predominantly at the position of the 0 . . .

, ' 800 1000 1200 1400

CD detector, leading to a vy-ray efficiency E, [keV]

that differs from that at the target. Since a

calibration source cannot be distributed over T 18ure 6-31. Non Doppler-corrected 5-ray spec-

_ trum gate on ejectiles and on 89keV 57 — 47
the CD detector surface, GEANT4 simula- {ansition. The cascade down to the ground-state

tions [146, 147] were performed to quantify is seen.

this effect. These simulations are described

in the following subsection. Subsequently, the procedure for extracting vy-ray yields from the
5, decay is outlined, followed by a lifetime determination from particle—y time differences.
Finally, the experimentally determined lifetime and the measured yields are used as input

for a GOSIA analysis, which is presented in the last part of this chapter.

6.11.1. Miniball Efficiency at CD Position

The absolute photopeak efficiency of the Miniball spectrometer is routinely determined
for « rays emitted at the target position using radioactive sources with well-known ~-ray
emission intensities. For the present work, a Y?Eu source was employed for this purpose.
In this experiment, however, the decay of the long-lived 5, state occurs essentially at rest
at the position of the CD detector rather than at the target. Consequently, an absolute
efficiency is required both at the target position and at the CD position.

As it is not feasible to distribute a calibration source uniformly over the CD detector surface,
the efficiency at the CD position was determined from simulations. The target chamber was
implemented in a dedicated GEANT4 framework using CAD drawings [148]. The Miniball

spectrometer was added around the chamber. For simplicity, the segmentation of the setup
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was neglected in the simulations; likewise, the electronics and dewar behind the cryostats

were not included. A visualization of the simulated geometry is shown in Fig. 6.32.

To benchmark the simulation, a " Ba source was placed in the experimental setup at three

positions inside of the plunger chamber (top, right, and bottom) and compared to spectra

recorded at the target position. At E. =
356 keV, the measured relative efficiencies
at these locations were found to be 89 %
(right), 92% (top), and 87 % (bottom). The
observed differences arise because detector 6
was not used, rendering the effective geome-
try non-symmetric. The corresponding sim-
ulated relative efficiencies amount to 88 %
(right), 93% (top), and 89 % (bottom), in
good agreement with the measurements. No
explicit uncertainties are quoted here, since
these values were obtained solely from count-
rate ratios between spectra taken at the tar-
get position and at the respective chamber
positions; the associated statistical uncer-
tainties are negligible. The dominant sys-
tematic contribution stems from the limited
accuracy with which the source position can
be reproduced in the simulation. Neverthe-
less, the level of agreement indicates that
the simulation provides a sufficient descrip-
tion of the spectrometer geometry and its
attenuation properties with respect to y-ray

detection.

In the next step, a source was simulated at
the position of the CD detector. Since the

Figure 6.32. GEANT4 visualization of the Mini-
ball spectrometer surrounding the plunger cham-
ber. The latter is based on CAD drawings. The
Miniball spectrometer is limited to the cryostats,
while the Dewar and electronics on the back of
the setup are neglected.

~-ray emission is not expected to be uniformly distributed over the CD surface — owing to

angular-dependent Coulomb-excitation cross sections — the emission points were sampled

according to the angular distribution inferred from the 2 — O;S. intensities determined in

the analysis of the 2? state. As the population of the 5, state proceeds via the excitation
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of the 7, state followed by an E2 transition into the 5, state, this procedure constitutes a

reasonable approximation for the spatial distribution of the here relevant decays.

Figure 6.33 compares three efficiency curves: (i) the simulated absolute efficiency for a source
at the target position, (ii) the simulated absolute efficiency for a source distributed over the
CD according to the procedure described above, and (iii) the experimentally determined
efficiency at the target position. For the simulated spectra, the absolute efficiency can be
extracted directly from the known emitted intensities. For the measured P2y spectrum,
an absolute normalization was not available in the present configuration; therefore, the

experimental curve was normalized to the simulated absolute efficiency at E. = 1408 keV.

Forth-order Debertin fit functions (c.f.

Ref. [149]) are added for all three data sets. %

) . . $  Target position sim.
The simulated and measured efficiencies at ?20 1 I Target position exp.
the target position show excellent agreement °\: 15 - CD sim.
overall. A small discrepancy is observed é

210 1

for the 121keV line, which is plausibly at- &
tributed to simplifications in the simulated 91
plunger geometry (e.g. omitted cabling, the

0 250 500 750 1000 1250 1500
target wheel, and other small components). Energy [keV]

Due to the larger interaction probability at

low energies, such details affect low-energy Figure 6.33. Comparison of experimental ef-
ficiency (blue) measured at target position and

- . . . efficiencies determined from simulated ~-ray spec-
transitions. For this reason, the simulation tya. In the simulations the source was placed

is considered reliable above approximately once at target position (shown in red) and once
spread over the CD (black). Fits employing a

fourth order Debertin function are added for all
significant below this energy value. data points.

~ rays more strongly than higher-energy

E_120keV. Deviations are expected to be

As expected, the efficiency curve obtained

for the CD-distributed source is slightly lower than the corresponding efficiency at the target
position, reflecting the different emission location and the additional material traversed by
the v rays before entering the detectors. At the energies most relevant for the 5, -state
analysis, i.e. for the 137keV (5, — 7,) and 775keV (4] — 2) transitions, the efficiency at
the CD position amounts to 92 % and 94 %, respectively, relative to the efficiency at the
target position. To account for residual systematic effects of the simplified geometry and

the source-position modeling in the simulation, an additional relative systematic uncertainty
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of 2% was assigned to the CD-to-target efficiency ratio. This value is guided by the study
with the "*Ba source discussed above, where the simulated relative efficiencies at different
chamber positions reproduce the measured ratios at the level of a few percent. The quoted
2 % uncertainty therefore represents a conservative estimate of the remaining modeling
uncertainty relevant for the v-ray efficiency difference between 7-ray emission from the

target position and emission from the area of the CD Si detector.

6.11.2. Determination of v-ray Yields

The level scheme relevant for the population and decay of the 5 state is shown in Fig. 2.4.
The 5, state decays to the 7, state via a 137keV E2 transition and to the 41+ state via an
89keV E1 transition, with relative intensities of 50(4) % and 100(10) %, respectively [68].
The 4;r state subsequently feeds the 2? state and finally the ground state through the
T75keV (4] — 2/) and 1221keV (2, — 0, ) transitions.

For the GOSIA2 analysis, neither the 2f — O;F_S. at 1221keV intensity nor the 88keV

800
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Figure 6.34. Non-Doppler-corrected -ray spectra gated on events registered in the CD detector,
separated into two angular intervals: 24.15°-43.04° (top) and 43.16°-59.05° (bottom). The left
panels show the 57 — 77 transition at 137keV, the right panels the 775 keV 4fr — ZT transition.
Gaussian peak-shapes (red) are fitted on top of a linear background (green).
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5, — 47 transition can be used to quantify the population of the 5, state. The 2, — 0;,
line contains a contribution from the direct Coulomb excitation of the 2 state by the
ground-state component of the beam, which cannot be disentangled on an event-by-event
basis. The 88keV transition is likewise unsuitable: as discussed in the previous sections,
its low-energy lies in a region where the CD-position efficiency cannot be determined with
sufficient accuracy, and experimentally the peak is additionally obscured by the intense Pb

Kpg X-ray line at 84 keV originating from the target, preventing a reliable yield extraction.

Instead, the population of the 5, state was constrained via the decay of the 41+ state, using
the 775 keV 4;r — 2f transition. This approach is justified because the 4Ir state is not
expected to be significantly populated by multi-step Coulomb excitation under the present
conditions. Any potential contribution from two-step feeding can be assessed directly in
the non-Doppler-corrected spectra: owing to the long lifetime of the 5, state, the relevant
decays occur at rest, and the corresponding lines appear narrow without Doppler broadening.
A dedicated determination of the 5, lifetime, supporting this assumption, is presented in

the following subsection.

For the yield extraction, the CD detector was subdivided into two angular intervals, 24.15°
40.43° and 43.16°-59.05°. The seventh ring of the CD was not used, since one of the
quadrants had a dead strip. The corresponding non-Doppler-corrected spectra are shown
in Fig. 6.34. Photopeak areas were determined from least-squares fits using a Gaussian
peak-shape superimposed on a linear background, as illustrated in the figure. The extracted
peak yields for all relevant transitions in both angular intervals are summarized in Table 6.5.
The quoted statistical uncertainties (given for the uncorrected yields) are dominated by

residual background fluctuations after random subtraction.

Table 6.5. Uncorrected yields and efficiency-corrected intensities for the 137keV (57 — 7; ) and
775 keV (4;r — 2?) transitions in the two CD angular intervals. Uncertainties on the uncorrected
yields are statistical (dominated by residual background fluctuations after random subtraction),
while uncertainties on the corrected intensities include the quadratic sum of statistical and
efficiency-related systematic contributions.

Energy [keV] Transition Angular coverage [*] T

Uncorrected I Corrected

24154043 1093(160)  532(30)
137 5 =T 4316-59.05 037(95)  456(49)
+ L 24.1540.43 1248(90)  1328(100)
77 Y22 4316 59.05 993(78)  1056(92)
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The uncorrected yields were subsequently corrected for the relative photopeak efficiency.
This correction includes (i) the energy-dependent efficiency relative to the 803 keV transition
from recoil excitation and (ii) the geometric and attenuation differences between emission
at the target position and at the CD position, as discussed in the previous section. The
GEANT4 simulations were further adjusted to account for the different angular coverage of
the two CD intervals. The corrected intensities are quoted with uncertainties obtained from
the quadratic sum of statistical and systematic contributions. The systematic component,
originating from the efficiency determination, is small compared to the statistical uncertainty

and therefore has only a minor impact on the total uncertainty.

Only ejectile kinematics were used for the yield extraction. For recoil-gated data, the decay

position of the long-lived 5, state cannot be reconstructed with sufficient precision.

6.11.3. Lifetime Analysis

The lifetime of the long-lived 5, state can be extracted from the time difference between
a detected particle and a coincident v ray, as the decay time is comparable to the timing
resolution of the experimental setup. In principle, the most direct signature would be
provided by the prompt transitions depopulating the 5, state, in particular the 88keV
and 137keV lines. In practice, however, the detection in the low-y-ray energy regions are

strongly affected by Compton-scattered v rays and by intense -delayed activity, which
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Counts per 10 ns

Figure 6.35. Left: Uncorrected y-ray energy E. versus time difference At between the detected
~ ray and the particle. The prompt gate around the stopped 1221keV transition is indicated in
black, while the random background regions are marked in red. Right: Corresponding At spectra
for the prompt (black) and random (red) selections.
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prevents a reliable timing analysis. Likewise, the 775keV transition is not suitable due to
contributions from the nearby 803 keV target-excitation line and from prominent (-delayed

v rays, such as the 780 keV line following the decay of 1?’OSmg.S_.

For the lifetime determination, the 1221 keV 2, — Ogs_ transition was therefore employed.
Figure 6.35 shows on the left the measured vy-ray energy against the time difference of
detected 7 rays and particles. To isolate the component fed by the 5, decay from the direct
0;_& — 2f excitation, the Doppler-broadened contribution arising from the direct Coulomb
excitation of the 21+ state was subtracted together with the random-coincidence background

from the prompt time region. The re-

gions defined as prompt and random 6004 = ti=52(3)ns }
are highlighted in the plot in black 5 S

and red, respectively. The resulting = 100

time-difference spectrum is shown in &

Fig. 6.36 and shows predominantly the §

delayed population of the 2f state orig- © 2001

inating from the decay sequence via the
5, state. 0

—10 20 0 20
. tharticle — £~ |10 ns
The spectrum was fitted using a re- particl  [10ms]
sponse function consisting of a Gaus- Figure 6.36. Time difference between the detected
sian prompt peak, representing the in- ejectile and a coincident v ray gated on the 1221keV
27 - Ogs_ transition. The solid line shows a fit ob-
tained from the convolution of a Gaussian prompt
response with an exponential decay component.

strumental timing resolution, convolved
with an exponential decay component
accounting for the delayed emission.
The fit result is included in Fig. 6.36.
Since the lifetimes of the intermediate positive-parity states in the cascade are expected to
be very short compared to the extracted timescale, the obtained effective lifetime can be
attributed to the 5; state. The resulting lifetime is found to be 7(5; ) = 52(3) ns.

6.11.4. Gosia2 Analysis of the 5] State

Using the experimental y-ray yields extracted in Sec. 6.11.2, the lifetime of the 5, state
determined in Sec. 6.11.3 and the established branching ratios from NNDC [68], a dedicated
GOSIA2 analysis was performed. The aim of this analysis is threefold. First, the combined
information from Coulomb-excitation yields and the independently determined lifetime

provides improved constraints on the transition strengths associated with the isomeric decay.
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In particular, literature values are presently limited by sizable uncertainties in the adopted
branching ratios, resulting in transition-strength uncertainties that are large compared to
the precision of the lifetime. Second, the simultaneous description of Coulomb-excitation
observables and the decay time offers an important consistency check of the assumed
beam composition, since the population of the isomeric sequence is sensitive to the relative
contributions of the different beam components. Finally, the GOsIA2 framework allows the
spectroscopic quadrupole moment of the 5, state to be investigated through its impact on

the Coulomb-excitation dynamics.

For the GosIA2 calculation, a modified level
scheme had to be employed, shown in Fig. 6.37.

In GosIA, the state from which the excitation is
initiated must be the lowest-lying state included
in the calculation. In the present case, however,
the experimentally observed intensities used to
constrain the 5, population are associated with
transitions within the positive-parity cascade
(47 — 27) that is fed by the decay of the isomeric

sequence rather than by direct Coulomb excita-

tion from the ground state. Such “downstream”

levels cannot be implemented straightforwardly

in an unmodified scheme without violating the

ordering requirement. To retain sensitivity to the

Figure 6.37. Level scheme adopted for the
GoOs1A2 analysis of the isomeric sequence. A
fictitious 37 state was introduced as a buffer
was adapted by introducing an auxiliary 37 state level (see text). Red arrows indicate matrix
elements relevant for the excitation, black
arrows those relevant for the de-excitation
and intensity flow.

experimentally accessible decay yield while re-

specting the GOSIA2 formalism, the level scheme

above the 7, state. This fictitious level was cho-
sen such that it does not couple to the 7, state
and therefore does not affect the excitation path.
Instead, it acts as a sink (buffer) for the intensity leaving the 4f state. Practically, the
measured yield of the 4IL — 2? transition was mapped onto an effective M1 transition
41+ — 3+, ensuring that the observed depopulation of the 41+ state is accounted for in the

intensity balance of the calculation.

In neighboring Sn isotopes, the 7, state is located above the 4? state, and the two levels

may be connected by a E3 component. While such a decay branch is not established
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130811 it cannot be excluded a priori. An additional E3 link between the 7, and 4

states was therefore included in the GOSIA2 model to test its potential impact on the
extracted matrix elements. Furthermore, an additional buffer level above the 5, state was
introduced and coupled to it via an F2 transition. These changes in the adopted level-scheme
ensure numerical stability and provides a controlled intensity flow in the de-excitation
part of the scheme without altering the excitation process. The spectroscopic quadrupole
moment of the 7, state was fixed to a literature-guided value of Q,(7,) = 0.36(11) eb [101];
although it has no significant influence on the excitation of the isomeric sequence under the
present conditions, it enters the calculation formally and was therefore constrained to avoid

unphysical solutions.

In addition to the experimental information discussed above, target normalization was
employed for the isomeric component to provide an absolute scale for the calculated yields.
For each CD angular interval, the total number of observed **Pb 27 — O;—.Sv counts was
scaled by the isomeric beam fraction of 1E}()Snf, amounting to 34(2) %. This procedure yields
an effective normalization condition for the analyzes and thereby increases the constraining
power of the data set. All remaining input parameters, in particular stopping powers and
internal conversion coefficients, were adopted analogous to the analysis of the ground-state

130
S

excitation of the n, ;. beam.

The outcome of the GOSIA2 fit is summarized in Fig. 6.38, where projections of the X2 +1
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Figure 6.38. Two-dimensional projections of the X2 + 1 region obtained from the GOSIA2
analysis of the 5; isomeric sequence in 130G1. Left: correlation between the transitional matrix
clements (47 |E1]|57) and (77 || E2||57 ), exhibiting a well-defined minimum. Right: dependence of
(71 ||E2]|57 ) on the diagonal matrix element (57 ||E2]|57 ) (related to Q(57 )), for which no clear
minimum is observed.
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region are shown. The left panel displays the correlation between the transitional matrix
elements (4, || E1]|5;) and (7] ||E2||5;). A well-defined minimum is obtained at

47| E1)57) = 7.96(25) x 10 * e b2, (77 11E2||57) = 0.249(6) e b,

demonstrating that the combination of Coulomb-excitation yields and the independently
determined lifetime provides strong constraints on the isomeric decay strengths. The right
panel shows the transitional (7, ||E2||5;) matrix element as a function of the diagonal
(5, [|[£2||5, ) matrix element, which is directly related to the spectroscopic quadrupole
moment of the 5, state. In contrast to the left panel, no pronounced minimum is ob-
served within the explored parameter range, indicating that the present data set does not
provide a meaningful constraint on the static quadrupole moment of the 5, state. The
extracted transitional matrix elements can be converted into transition strengths, yielding
B(E2;7, — 57) = 0.0042(2) ¢’b” and B(E1;4] — 5;) = 71(3) x 10 °¢’b. These values
are in excellent agreement with those derived solely from the newly determined lifetime,
namely B(E2;7; — 5 ) = 0.0040(11) ¢’b” and B(E1;4; — 5;) = 72(10) x 10~°,¢°b, re-

spectively.
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Following the successful experiment on 130811, the subsequent study aimed at determining
transition strengths in 1348n7 located just beyond the doubly-magic nucleus 2SN, The
experiment was originally scheduled to take place in July 2024 over the course of one week,
as the first Miniball experiment at CERN in 2024. In preparation, extensive calibration
measurements were performed, including source runs and experiments with stable beams to
establish the energy and position calibrations of the individual detectors, similar to what
was described for the 2023 data. These calibrations had already been evaluated in advance,
ensuring that the s campaign was well-prepared from the analysis perspective. The
initial difficulties encountered during the 0gn analysis—such as problems with the data
acquisition and the sorting code—had been resolved meanwhile, as demonstrated in the

last chapter, so that the new experiment could proceed under the best possible conditions.

Unfortunately, the 2024 run could not start as intended. The heating element in the primary
UC, target had not been sufficiently tested and proved unstable under proton irradiation.
As a result, molecular formation could not be achieved, and the experiment had to be
terminated before it even began. However, the experiment was successfully rescheduled
and repeated in October 2025. The following chapter describes the data preparation and
analysis procedures of this experiment. Since most of the analysis steps follow those already
outlined for the "*’Sn data, they are briefly summarized here, focussing on analysis steps
that differ from those used in the 2023 dataset. Nevertheless, all necessary analysis methods

and calibrations are explained.

7.1. Miniball Calibration

Similarly to the 2023 experiment, the energy calibration of all Miniball detectors was
performed using ~-ray lines from a "?Eu source measured prior to the experiment. The
well-known transition energies of the 2By source, covering a wide range up to about
1.4 MeV, allowed for a precise determination of both the linear and non-linear components

of the energy response for each crystal. The energy calibration functions and the used
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E._-Channel pairs are plotted in Fig. 7.1. The stability of the calibration was again observed

by looking at v rays after 5 decay for each segment and for the total setup over time.

The absolute full-energy peak efficiency of the Miniball array was determined using a set of

. . 133 152 226 : . .
standard calibration sources ("""Ba, ~““Eu, and “""Ra), which were measured under identical
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Figure 7.1. Energy calibration of the Miniball detectors using -~ rays from a %2y source
measured prior to the experiment. For all eight Miniball triple clusters, Segment 1 of each cluster
is shown. A parabolic calibration function is fitted to the data and accurately reproduces the
known transition energies over the full energy range.
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geometrical conditions as during the 0.95 1
. —— Fit (Debertin, 4th degree)
experiment. These measurements were ,
. . . go201 | X% T Fit +lo
carried out in the week following the ex- & §  Measured efficiency
g ]

periment, with acquisition times rang- £ 0.15 -
ing from about 5h for " Ba to nearly :2

152 . . 3 0.101
one day for “Eu, ensuring sufficient =
statistics for all relevant ~-ray transi- 0.05 1
tions. The relative ~-ray intensities h . . . . .

. . . 0 500 1000 1500 2000 2500

of the calibration lines were adopted E (keV)

from Refs. [150, 151]. The resulting

efficiency data points were then fitted Figure 7.2. Absolute full-energy peak efficiency of

using the empirical function employed the Miniball‘ detector array. ;Ig‘z})}e eﬂ"llgiQency curvzgvas
obtained using v rays from “““Ba, ““Eu, and “"Ra

by Debertin and Helmer [149]’ which pa- calibration sources. Relative intensities were taken

rameterizes the logarithm of the photo- from Ref. [150] for *°Ra and from Ref. [151] for '**Ba
152 ..

and Eu. The absolute normalization was deter-

peak efficiency e(E,) as a fourth-order o
mined using a low-activity = Co source.

polynomial in the logarithm of the -
ray energy E.:

Ine(E,) = ay + a; In(E,) + ay[ln(E,))* + as[In(E,)]* + a,[In(E,)]". (7.1)

The coefficients a, were obtained from a least-squares fit to the measured data points. For
the determination of the absolute normalization of the efficiency curve, a low-activity Yo
source was used, providing two well-known high-energy ~ lines at 1173 keV and 1332 keV.
The absolute efficiency at 1173keV was determined to be (6.62 & 0.15) %, which served as
the reference point for scaling the entire efficiency curve. The resulting parametrization
accurately describes the detector response over the full energy range relevant for the

experiment and was subsequently applied in the analysis of the in-beam v-ray spectra.

7.2. Position of the CD Detector

The distance of the CD to the target provides the information about the scattering angles
0 that are covered by the individual rings of the CD. To obtain a precise value, an a-source
measurement was carried out. A triple o source was placed at the target position and
measured for 1.5h. The number of particles detected in each strip is proportional to the

solid angle covered by that strip. This solid angle depends on the distance between the
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detector and the target. By studying how the number of detected decays varies with the
strip index, the distance can therefore be determined. The procedure and the results are

illustrated in Fig. 7.3.

The fit model applied is the same as the one implemented in the analysis code. For each

quadrant, the measured strip intensities I(s) as a function of strip index s are described by
I(s) = AAQ(s;d), (7.2)

where A is a free normalization constant and d is the distance to be extracted. The strip

solid angle AQ)(s; d) is determined from the CD geometry using the inner and outer strip

radii,
Ry(s) =9.054 (15 —s) - 2.0 mm, R, (s) = Ry(s) + 1.9 mm,
30F
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Figure 7.3. Top: Strip-wise intensities for the four CD quadrants (red points) together with the
best-fit solid-angle model (black) and the 1o envelopes (black dashed). The extracted distance d
with asymmetric 1o uncertainties is annotated in each panel. Bottom: X2 profiles as a function of
d for the same quadrants. The best-fit distance is marked by a solid line, and the 1o crossings by
dashed lines.
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leading to

R+d—dJRP+d R+d—dyR +d°
AQ(s:d) = 2r |t T DT v T as). (13)

R+ d° Ry +d°

An empirical azimuthal coverage factor ¢(s) is included, parametrized as a cubic polyno-

mial [141],
~ —0.006255° + 0.07056 5° — 0.54542 5 + 77.66278

o(s) = = (74)

The uncertainty on d is obtained from a X2 profile. For a dense grid of fixed d values, the
normalization A is refitted, which yields Xz(d). The 1o interval corresponds to the distances

2. N .
where x~ increases by one unit with respect to the minimum.

Figure 7.3 shows for each quadrant in the top row the strip intensities together with the
best-fit model in black. Dashed black lines indicate the 1o envelopes. The extracted

distance with its asymmetric 1o uncertainty is given inside each panel. The bottom row

Table 7.1. Angular coverage of the 16 rings for a detector distance of d = 33.8(5) mm. Uncer-
tainties stem solely from o; = 0.5 mm.

Rlng emin [deg] emean [deg] Qmax [deg]

1 1491(22) 16.40(23) 17.87(25)
2 18.03(25) 19.47(27)  20.89(28)
3 21.04(28) 22.43(30)  23.79(32)
4 23.93(32) 25.26(33) 26.57(33)
5 26.70(33)  27.97(35)  29.21(37)
6 29.34(37) 30.55(37) 31.73(38)
7 31.85(38) 33.00(38)  34.12(40)
8  34.23(40) 35.32(40)  36.38(40)
9 36.49(40) 37.52(42) 38.51(42)
10 38.62(42) 39.59(42)  40.53(42)
11 40.63(42) 41.54(42) 42.43(42)
12 42.53(42) 43.39(42) 44.23(42)
13 44.31(42) 45.13(42)  45.92(42)
14 46.00(42) 46.77(42) 47.51(42)
15 47.59(42) 48.31(42) 49.01(42)
16 49.09(42) 49.77(42)  50.43(42)
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displays the corresponding X2 profiles as a function of distance. The minimum is marked

with a solid vertical line and the 1o crossings with dashed lines.

From the four quadrants, an average CD distance of 34.02(6) mm was obtained. Using
measurements performed with a laser a distance of 33.8 mm was found. An analysis
similar to he one presented in section 6.3.2 was performed as well resulting in a distance of
33.5(5) mm. agreeing with the values shown here. However, the latter is not sensitive to
different distance of the individual quadrants. Since the value determined with the laser
does not depend on the thickness of the a-source, this value was adopted in the present
work. An uncertainty of 0.5mm was applied. The angular coverage of the individual

segments determined from this distances is given in Table 7.1.

7.3. Energy Calibration of the CD Detector

The energy calibration of the CD detector was performed similarly as in the 2023 experiment.
Initially, one inner p-side strip was calibrated absolutely by comparison with kinematics
calculations using the KINSIM code [139]. Subsequently, all n-side strips were calibrated
relative to this reference p-strip using only events with a single hit on both detector sides
(later called multiplicity 1v1). In a second step, one of the calibrated n-side strips is then

used as reference to calibrate all p-side strips across the detector.

This procedure is illustrated in Fig. 7.4, which shows four example rings of quadrant 1 and
n-strip 15. For each ring, a linear function was fitted to the raw p-side energy spectrum to
match the corresponding n-side energy scale. The same approach was applied to all rings

of all quadrants to ensure a consistent energy calibration across the entire CD detector.

After the calibration procedure, the multiplicity distributions were examined to verify the
detector performance. It was observed that events with one p-strip and multiple n-side hits
were enhanced compared to the 2023 data, even after increasing the detector thresholds.
This increase can be explained by the detector readout configuration: in the 2023 experiment,
two n-side strips were electronically combined into one channel, whereas in the present
setup, all 24 n-side strips of each quadrant were read out individually. Consequently, the
total number of possible coincidences on the n-side was higher, leading to a larger fraction

of events with multiplicities greater than one.
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7.3.1. Correction for Events with two n-side Hits

During the analysis, it was observed that events with a multiplicity of two on the n-

side (n mult. =2) not only contributed to the total n-side energy, but also affected the

corresponding energy measured on the p-side. In the data-sorting procedure, energies

detected simultaneously in two neighboring n-side strips are automatically summed to

form a single event. However, when comparing these 2n events to 1v1 events, a systematic

deviation in the p-side energy became apparent.

This is illustrated in the left diagram of Fig. 7.5. The expected kinematic line for 1v1

events is indicated in black. If the 2n events did not influence the p-side energy, the

n-side Eparticlc [1\/16\/}

i — QI, Ring 1

2 3
p-side channel [arb.]

4
x 108

n-side Eparticlc U\lev]

| —— Q1, Ring 6

Figure 7.4. Linear energy calibration of the CD detector. Shown are four representative rings
of quadrant 1. The calibrated n-side energies were used to determine the calibration of the
corresponding p-side strips. A multiplicity of one on both the n- and p-side of the DSSSD was

required.
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7.3. Energy Calibration of the CD Detector

corresponding data points would align along this linear correlation. Instead, a clear
parabolic-like deviation is observed, indicating that the summed n-side signal modifies the
baseline or charge collection on the p-side. Since the total energy used in the subsequent
analysis corresponds to the projection onto the p-side energy axis, this distortion produces
a double-peak structure, as shown in the right panel of Fig. 7.5 (black curve) for high

energies.

To correct for this effect, a quadratic function was fitted to the data points in the left
panel, describing the deviation as a function of the relative energy sharing between the two

coincident n-side hits. The derived correction function has the form

B Vo g B ) y1;p By (7.5)
cor| & =122 22 5 , .

n, sum n, sum n,sum

where F, is the energy deposited in one n-side strip and E,

n, sum

is the summed energy of

both coincident hits. This correction factor was determined individually for each quadrant

500000 7 1400 A
B 1p vs 2n events Q3 Rl/()/ —— Without correction
=== 1vl data J7 4 12004 ---- Correction for 2n eve"nts
4000001 Quadratic fit 1v2 /
E 3 1000 1
;5 300000 4 800 -
£
2200000 1 2 6004
=) 400
100000 -
200 A
0 T T 1 0 T T T T
0 200000 400000 100000 200000 300000 400000 500000
Eparticlc (P‘Slde) [keV] Eparticlc (p'Side) [kev]

Figure 7.5. Correction for events with multiplicity 2 on the n-side. The left panel shows the
correlation between p- and n-side energies for ring 10 of quadrant 3. The black dotted line indicates
the linear calibration function derived from multiplicity 1 events, corresponding to equal energies
on both sides. The red line represents a quadratic fit applied to the multiplicity 2 events on the
n-side, which is used to correct their energies. The right panel shows the projected p-side energy
spectrum before (black) and after (red) the correction. At 280 MeV the recoiling '**Pt nuclei are
visible, while the peak at 360 MeV shows the scattered ejectiles. For further details, see text.
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and ring of the CD detector. The effect of the correction is illustrated in Fig. 7.5 (right),
where the red spectrum shows the result after applying the correction. The single-particle
peak is clearly recovered with improved statistics, while the overall energy resolution of the
CD detector remains unaffected. The physical origin of this effect cannot be fully explained

here. A possible contribution from a baseline shift induced by the coincident 2n events has
been discussed in Ref. [24].
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Figure 7.6. Energy-calibrated kinematic spectra for all four quadrants of the CD detector are
shown on a logarithmic scale. Only particles detected in coincidence with a v ray are included.
All four quadrants show good agreement, and a clear separation between recoil- (bottom) and
ejectile-like (top kinematic line) nuclei is visible. The double-peak structure observed at higher
energies was corrected by applying the multiplicity 2 n-side event correction. Rings 9 and 10 of
quadrant 2 were electronically shortened and are therefore combined into a single ring.
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7.4. Kinematic Gates

7.4. Kinematic Gates

The final energy-calibrated spectra, corrected for 2n events, are shown in Fig. 7.6 for all
four quadrants of the CD detector. Only particles detected in coincidence with a v ray
are included. The energy response of the individual quadrants is in excellent agreement,
demonstrating the uniformity of the calibration. In quadrant 2, rings 9 and 10 were
electrically shorted, and therefore all events from this region were assigned to ring 9, leaving
ring 10 empty. Despite the rather thick 3.0 mg/ cm” Py target, a clear separation between
ejectile and recoil bands is observed in all quadrants, although some overlap occurs at the

smallest scattering angles.

To avoid applying gates on regions of overlap, Gaussian peak functions were fitted to both the

ejectile and recoil lines in the kinematic spectra.
Only regions that could be clearly attributed 100

to either ejectile or recoil events were in-

cluded in the gates. Since, in the subse- 8 1 —o— Measured ejectiles

B Rutherford 6 x 10* particles/s
quent y-ray analysis, spectra from several

f-angles are summed, it is essential to re-

Counts

move a consistent fraction of ejectile and re-

coil events across all rings. To achieve this,

the expected relative number of detected

2 4 6 8
Ring number

10 12 14 16

ejectiles was compared to the Rutherford

differential cross section, calculated for each
Figure 7.7. Measured and calculated ejectile

yields for all CD rings. The black bars show
the expected yields from the Rutherford cross

ring geometry. Only particle events were

included without the condition of a coinci-

dent ~ ray. The ratio between the measured
and calculated ejectile yields should remain
approximately constant for all scattering an-
gles if the assumed beam intensity is correct.
Figure 7.7 shows this comparison, where the
calculated Rutherford yields are normalized
to an assumed beam intensity of 6 x 10*

particles per second.

section assuming a beam intensity of 6 X 10*
particles per second, while the red points repre-
sent the measured ejectile counts. Rings 9 and 10
were combined due to the electrical short between
them. The good agreement between data and cal-
culation confirms the consistency of the assumed
beam intensity.

The projectile isotope was taken to be 134Te, consistent with the dominant composition of

the beam, which also contained a significant fraction of 134Ba, as discussed later. Rings 9
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and 10 were combined for the reasons mentioned above. The measured yields follow the
expected Rutherford trend very well, and the ratio of measured to calculated ejectiles is

close to unity across all angles, confirming the applied gates.

7.5. Particle-v Coincidences

The v-ray energies measured in coincidence with a detected particle as a function of the
time difference At are shown in Fig. 7.8. The prompt coincidence region is indicated in
black, while the random time region is shown in blue. The ratio of prompt to random
events, amounting to 26.8, is significantly enhanced compared to the %981 case. This
improvement mainly arises from the strongly reduced contribution of -delayed ~ rays.
Both **Sn and its daughter nucleus
13g} predominantly decay directly to 1500 .
the ground state of their respective
daughter nuclei, resulting in a much ;‘1000 :
lower number of v rays from delayed de- = 102
cays. In addition, the beam current dur- = 500

ing the ign experiment was reduced

by approximately a factor of ten com-

~1000 0 1000

pared to the "0Sn run. As discussed
At = tparticle - t'y [IlS]

in the following chapter, roughly half

of the incoming beam consisted of sta- Figure 7.8. y-ray energy as a function of the time

ble 134Ba, which does not contribute difference between the detected particle and the v ray.

[-delayed « rays populate the entire matrix, while

to random -ray background, but, as a prompt signals are concentrated around At = —50ns.

very collective nucleus, very much con-
tributes to the prompt events. These factors combined lead to a much cleaner particle-~y

coincidence spectrum.

7.6. Miniball Angle Determination

As already discussed for the previous experiment, the stable-beam reaction 22Ne(d,n)Q?’Na
does not provide sufficient information on the ¢ angles of the Miniball clusters. Since the
beam intensity in the radioactive beam experiment was expected to be significantly lower
than in the *°Sn experiment, it was assumed, prior to the experiment, that the RIB data

cannot be used to determine the ¢ angles in the same way as for the 2023 data.
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Figure 7.9. Left: Extracted ¢ angles of the Miniball segments with their statistical uncertainties
(black), and values after minimization. Right: measured Doppler-shifted energy of the 440 keV
transition in *’Na (black) and corrected energies after minimization (red). In both cases, the
minimization procedure yields good agreement with the expected values.

A Coulomb-excitation experiment with *Ne on a "' Ta target was therefore carried out
prior to the RIB experiment, but the resulting yields were not sufficient to reliably extract
the ¢ angles of each segment. Therefore, data from an earlier RIB experiment investigating
the Coulomb excitation of ‘**Yb were analyzed. This nucleus exhibits strong collective
behavior, as expected for a midshell nucleus. As a result, not only the first 2 state but also
higher-lying states were excited. The 2f state has a lifetime of about 600 ps and therefore
decays not at the target position but in flight between the target and the CD detector.
Using this transition for the determination of ¢ angles is not suitable, as the angles must

be referenced to the target position.

Instead, the decay of the 4? state was employed for the determination of the ¢ angles.
Figure 7.9 (left) shows the extracted ¢ angles (black) with their statistical uncertainties,
along with the values obtained after the minimization procedure. On the right-hand side,
the Doppler-shifted energy of the 440 keV transition in **Na is shown in red, together with
the corrected energies after minimization in black. Both plots demonstrate good agreement
between the expected values and the minimized results. In the present experiment, a
significant amount of "Ba was observed in the beam. Owing to its strong collectivity,
substantial excitation of the 2f state was observed and used to verify the ¢ angles determined
from the Yb calibration data.
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7.7. Target Excitation

The ~-ray spectrum gated on coincident detection of ejectiles and recoils and Doppler-
corrected for target-like nuclei is shown in Fig. 7.10. Several transitions in ipyg appear
as sharp peaks, indicating that the target was excited up to at least the 8? and 6; states.
Apart from the prominent ipy lines, only a weak 355keV transition from 0py s visible,
consistent with a target composition dominated by the desired isotope. However, the target
excitation was mainly caused by Coulomb excitation of isobaric components present in
the beam. A detailed analysis of the beam composition is therefore required to quantify
their respective contributions and to properly account for target-excitation effects in the

subsequent interpretation.

7.8. Beam Composition

Using the angles and distances determined in the previous sections, Doppler-corrected vy-ray
spectra were reconstructed. In Fig. 7.11, the spectrum is shown, Doppler-corrected for
the ejectiles. The 2? — O;L_S_ decay at 725keV of 190 is clearly visible and marked in
red. However, several additional lines from transitions corresponding to deexcitation of

1%4Ba. The much

stronger intensities of these transitions suggest that the majority of the beam consisted of

other A = 134 isobars are also present, most prominently from "1 Te and

—— Doppler-corrected for recoil
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Figure 7.10. Doppler-corrected y-ray spectrum of target-like recoils, gated on ejectiles and
recoils. The visible peaks are predominantly assigned to known transitions in 199pt. A weak
contribution from the 355keV transition in *°Pt is also observed.
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these contaminants.

Given that the half-life of '**Sn (t;/2 = 1.04s) is comparable to the charge-breeding time
(At = 0.23s), a considerable amount of BiSh s expected to be present in the beam,
produced by the [ decay of g during the breeding process. Therefore, the beam can be
inferred to contain at least four components: 134Sn, 134Sb, 134Te, and **Ba. The enhanced

background at around 600 keV comes from the target excitation.

While the presence of odd-odd isotopes between these even-even nuclei cannot be excluded,
no evidence for their excitation was observed during the experiment. Since v transitions in
the odd-odd isotopes typically occur at energies below 500 keV, a region dominated by the
strong collective transitions from the ipy target, the target material was changed to 200py,
for a period of 16 h. This allowed for a more sensitive search for low-energy transitions, in
particular from possible odd-odd beam contaminants. The spectra is added in Appendix
B.1. No decays of excited states from "1 or "**Cs were observed. One peak in each, the

uncorrected and the Doppler-corrected spectra may be attributed to excitations in g,

The background spectrum shown in Fig. 7.12 displays v rays emitted following the

1311, 134, _
5 | —— Doppler-corrected for ejectile
107991 25 2 05, J
g 10% 5 +134Ba+
”: Bigy 47 — 2§ 134T
84 2? - Ozs Y 134Ba
Z10% v
5
o
102 4
600 700 800 900 1000 1100 1200 1300
E. keV]

Figure 7.11. y-ray spectra Doppler-corrected for the ejectiles, gated on all detected ejectiles and
recoils. The 21 — Ogs. transition of 134Sn, which is of primary interest for this work, is highlighted
in red. In addition, several sharp transitions originating from other A = 134 isobars, in particular
134Te and 134Ba, are clearly visible. The relative intensities of these lines indicate that the beam
contained a significant fraction of these isotopes, rather than being composed purely of Bdgn.
Further details on the identification and relative contributions of the individual components are
discussed in the text.
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Figure 7.12. Background ~-ray spectrum measured without particle gating. Transitions assigned
to the S-decay chain along the A = 134 isobars — from 134gp through 13491 to 131Te — are marked,
as well as typical background lines originating from environmental radiation. No transitions
associated with unexpected isotopes were observed, confirming that the beam consisted solely of
isobars with mass number A = 134.

decay of nuclei in the beam. Transitions corresponding to the decay chain within the
A = 134 isobaric family are clearly identified and indicated in the figure, along with typical
environmental and target-related background lines. No additional transitions from isotopes
outside the A = 134 chain were observed, confirming that the beam composition was limited
to isobars with A = 134.

The method of estimating the relative beam composition by comparing y-ray intensities
in the background spectra, as successfully applied in the case of 130811, cannot be directly
transferred to the present data. On the one hand, 1B is stable, and its abundance in the
beam therefore cannot be deduced from v-ray decay signatures. On the other hand, the
majority of %181 nuclei decay directly to the ground state of 134Sb, while only 6(3) % [68]
populate excited states. This results in limited statistics for the corresponding v peaks and
introduces a relative uncertainty of approximately 50 % in their intensity determination. To
obtain a more reliable estimate of the contributions from the individual beam components,
the excitation of the target induced by each isotope was studied using a combination of
in-beam Coulomb-excitation data, background spectra, and complementary measurements
with an ionization chamber. The ionization-chamber measurements were carried out at

four different times during the experiment to monitor potential temporal variations in
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the beam composition. The methodology used to determine the beam composition from
these combined observables is described in detail in the following sections. First, the total
contributions of the long-lived "1Te and stable '*'Ba components are determined. This is

followed by an analysis of the 18n-t0-"**Sb ratio.

7.8.1. 134Te and 3*Ba

The Doppler-corrected, ejectile-gated -ray spectra are dominated by Coulomb excitation
of "*Te and "**Ba. The level scheme including Coulomb-excited states observed in these
beam-like isobars, as well as in the target-like isotope 194Pt, is shown in Fig. 7.13. In all

cases, an additional buffer state was included to account for possible unobserved feeding.

To quantify the respective contributions of *Ba and "'Te to the excitation of the "**Pt
target, the yields of the 21 — Og'S. transitions were analyzed. The underlying idea is to
determine the amount of " Pt target excitation by providing the measured total yields
from beam excitation (e.g. "¥1Ba and 134Te), together with the known matrix elements
of beam and target isotopes, as input to GOSIA2, and then inferring the corresponding

target-excitation yield.

134Ba 194Pt
31T 9835.9 keV I 8t 9849 keV 10}
2645 keV 2% 535 9 2689 keV 85
1 749
2300 keV 6+ 763
v
2100 keV 8F
1366 {
900 1926 keV g y | 6
| 51
1576 keV —f=—= 4 l 696 |
26454 | 1400 keV \J 4 1412keV _l_l_1115 6+
1279 keV oF 1930 1V o
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Figure 7.13. Level scheme of 134Te, 134Ba, and '"Pt as observed in the Coulomb-excitation

data. A buffer state was added at the top of each scheme to account for unobserved feeding.
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The matrix elements used for the 2] excitations are (21+HE2HO;.) = 0.827(7) eb for "*'Ba,
(27 |E2)107,) = 0.323(6) eb for *'Te, and (2 || E2||0,,) = 1.285(7) b for '*Pt. Matrix
elements, lifetimes, branching ratios, and multipolarities of higher-lying transitions in
these isotopes are listed in Tab. B.1 in Appendix B.2. Because feeding from higher-lying
states affects the population of the 2? levels, these quantities were included in the GOSIA2

calculations.

For the determination of y-ray yields, Gaussian functions were fitted to the corresponding
2] — O;F.S. photopeaks. To maximize statistics, the data were summed over all CD rings
while applying the kinematic gate on the ejectiles. In total, 132289(500) and 4 168(100)
counts were observed for the 2? — 0;_5. transitions in "**Ba and 134Te, respectively, and
694 002(1000) counts for the corresponding transition in the 1Pt target.

The **

yields accordingly. After correcting for detector efficiencies, normalized yields for the ejectile

Pt target enrichment of 96.45 % was taken into account by scaling the ejectile-induced

excitations were deduced.

For the GOSIA2 analysis, stopping powers and internal conversion coefficients were calculated
using SRIM and BRrIcc, respectively. The 9ipy target thickness of 3mg/ cm” results in
an energy loss of 80 MeV for the beam as it traverses the target. As in the s analysis,

the lower-energy gates applied to the beam-like particles suppress ejectiles scattered on the

8 : 5
— Parabolic fit 8 — Parabolic fit

61 ® Gosia2 result 0 Gosia2 resul;t
. : .
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134

(a) *'Ba (b) 4 Te

Figure 7.14. X2 dependence of the GOSIA2 fit on the assumed fraction of 194py target excitation
induced by (a) "**Ba and (b) "*Te. The solid curve shows a parabolic fit around the minimum;
the quoted uncertainty is defined by the X?nin + 1 criterion.
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upstream side of the target. For the present analysis, this effectively limits the maximum
beam energy to 585 MeV. Consequently, an energy interval of 510-585 MeV was adopted,
together with the full angular coverage of the CD, corresponding to scattering angles of
14.9°-50.4°,

The

measured (efficiency-corrected) ipg target yield and its uncertainty were scaled by trial

The fraction of target excitation induced by a given isotope is here defined as ;-

values of z; and used as input for the GOSIA2 calculations. GOSIA2 was then used to

isotope
integrate the beam-like and scaled target-like intensities over the ranges of beam energies
and scattering angles. Based on these integrated yields, a X2 minimization was performed

. o 2
with GOSIAZ2, resulting in a x~ value for each assumed ;.-

The determined X2 data points are shown in Fig. 7.14 for "Ba and "**Te with respect to

x A parabolic function was fitted in the vicinity of the minimum, and the uncertainty

isotope*
was extracted using the anm + 1 criterion. This procedure yields target-excitation fractions
of z1sap, = 40.0(9) % and 2131y = 44.1(9) %. The 15.8(13) % target excitation not attributed

to either *'Ba or "' Te is assigned to %181 and "*'Sb.

The 2, — 0;8. transition yields, integrated over 4 h intervals, are shown on the left-hand

side of Fig. 7.15. Applying the procedure described above, the time-dependent beam
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Figure 7.15. Time evolution of the beam composition deduced from Coulomb-excitation
data integrated over four-hour intervals. The 134T e fraction decreases with time, while the
1318, component increases. The remaining intensity is attributed to 134Sn+134Sb, which stays
approximately constant at the 10-20 % level over the course of the experiment.
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composition was deduced and is shown on the right-hand side of the same figure.

The relative contributions of **Ba and '*'Te in the beam exhibit a pronounced time
dependence: at the beginning of the measurement, the beam consisted almost exclusively
of 134Te, whereas the stable contaminant **Ba accumulated continuously during operation.
This led to an increasing Ba fraction and a corresponding reduction of the AT, component.
In contrast, the remaining ien+1%sh component stays nearly constant over the full

running period.

For the subsequent GOSIA2 analysis of 134811, the beam composition does not need to be
known at every point in time. The decisive quantity is the amount of target excitation
induced by %181, which serves as the normalization reference. Variations in the 134Te/ "'Ba

ratio therefore do not compromise the validity of the s analysis.

1348n
0keV 134Sb
Ty =1.05¢
12 ® 872 kev-l—l—.— 1-
554.0
gr2 839 ) 134G
318 kﬁV j——m— 2 279 keVm 7
13keV sl 13 el 1.~ 134

OkeVT,, = 0.78s Te
2631 keV m 1
2398 kcv-* +

1352 7i6
1576 keV 297 =
1279 keV —= —
1279

+

A

OkeV Ty = 41.8 min
Figure 7.16. Decay scheme along the A = 134 isobar chain from 134910 to '¥*Sb and **Te. The
7~ isomer in **Sb is included because a fraction of the delivered beam was observed to populate
this state. The subsequent decay sequence beyond 134T is omitted, as it is not relevant for
determining the 134Sn/ 134G], ratio in the beam. The arrow width is proportional to the absolute
intensity. For more information, see text.
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7.8. Beam Composition

7.8.2. 134Sn and 134Sb

Coulomb-excitation data cannot be used to determine the '>'Sh contribution in the beam.
On the one hand, only a few counts corresponding to excitations in %191 were observed
in the experiment with the lead target (shown in Appendix B.2); on the other hand, no
transition probabilities are known for 19h to date. Therefore, the S-delay v-ray data was

used instead. The decay scheme relevant for the 134811/ '¥1Sb ratio in the beam is shown in

7507 —— Total it = - Xe 0.7 + 0.4%
fffffff Sn10.3 £ 1.8%  —=—- Ba 36.6 £ 0.4%
§5m- ------- Sb 11.5 + 2.0% } Data
g ------- Te 40.9 + 0.3%
250 -
0 .
300 ,
—— Total it - Xe 0.0 £ 0.8%
o0 T Sn12.8 + 0.8% === Ba 50.0 + 0.7%
£ Sb 9.1+ 1.1% {  Data
Sl T Te 28.1 4+ 0.8%
400 A
—— Total it - Xe 0.0 £ 0.0% ¢
——————— Sn 7.6 + 1.0% — == Ba 70.8 + 0.7%
I ¢
= 200 Sb 3.7 £+ 1.3% ? Data
N Te 18.0 + 0.9%
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Figure 7.17. Ionization-chamber spectra recorded at four different times during the experiment

(panels (a)—(d), in chronological order). The measurements were taken once per day, starting

on the third day of the beam time. Gaussian peak functions were fitted to the individual Z

components to extract the beam composition shown in the legend. The relative beam composition

changes over the course of the experiment.
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Chapter 7. Data Analysis of 2025 Experiment

Fig. 7.16. For clarity, only the dominant decay branches are included. Since "1Sh has a
0 ground state, the 8 decay of Bign predominantly populates the ground state of 131g}
directly. The same holds for the decay of 18h into 134Te, where the ground state of e
is populated in the dominant branch. The half-lives of 180 and "*'Sb are short compared
to the duration of the experiment; therefore, a constant decay equilibrium can be assumed.
Under this assumption, the number of decays of "9n and 'S equals their respective

production rates.

The isotope 3191 exhibits an isomeric 7 state that decays via 5 decay. Figure 7.12 shows,
that ~-rays attributed to the g decay of this isomeric Sb have been measured. Consequently,
three contributions have to be considered in the background spectra: 134811, 134Sbg.s.7 and
134Sbis‘. For 134Sbis‘, the 1279keV transition can be used, which is populated with an
absolute intensity of 100(5) %. The ground state 134Sbg.s. is identified via the S-delayed ~
ray at 1352keV with an absolute intensity of 0.93(5) %. 1.1(5) % of the decaying 134Sbg.s'
isotopes emit a 1279keV v ray, this intensity was in the following analysis subtracted for

the identification of the isomeric 134Sbis..

The limiting factor for a precise determination of the '%18n fraction is the large uncertainty
of the absolute intensity of the 872keV transition in '>'Sn, I,,. = 6(3) %. This uncertainty
is largely driven by the limited knowledge of the ground-state feeding of the 8 decay;
therefore, using alternative y-ray transitions does not improve the achievable accuracy [152,
153].

To refine this value, ionization chamber (IC) measurements were performed at four different
times during the experiment. The chamber was mounted downstream of the experimental
setup, and the target was removed to minimize energy straggling. The IC data were
calibrated using well-defined reference points. When the primary proton beam on the
uranium target was switched off, no short-lived 4qn and "*'sb isotopes reached the charge-
breeding system, leaving only "Ba and "'Te in the beam. If the beam line between the
primary target and the EBIS was additionally blocked, only the noble gas xenon, remaining
in the EBIS chamber, was extracted. These three well-defined beam conditions provided

reliable calibration points for the IC spectra.

The resulting calibrated IC measurements are shown in Fig. 7.17. In this experiment,
the ionization chamber measured the energy loss (AFE) in the gas as a function of the
residual energy deposited in the silicon detector located downstream. Owing to its superior

resolution, the energy-loss signal was used for the calibration. Gaussian functions were fitted
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7.8. Beam Composition

to the peaks associated with the four expected beam components (134Sn, 134Sb, 134Te, and

134

134Ba), and an additional fit component was included for ™ Xe. The xenon contribution,

however, was found to be negligible and is therefore not considered further.

A clear temporal evolution of the beam composition is observed. At the beginning of the
measurement, the beam is dominated by ¥ Te. With time, the "ITe fraction decreases
while the "*'Ba component increases. This behavior is consistent with the trend inferred
from the Coulomb-excitation analysis shown in Fig. 7.15. The relative contributions of
%181 and "*'Sb also vary over the course of the experiment.

134 134
Sn+"""Sb beam components was

determined in the previous chapter. It is thus sufficient to determine the isn / (134Sb—|—134Sn)

The combined amount of target excitation induced by the

ratio in order to constrain the overall beam composition. The approach is to combine the

information from the ionization chamber—which provides the 180 to-"*'Sb ratio at four
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0.9 1
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Figure 7.18. Ratio of Sn/sn+sb for different assumed absolute intensities of the 872keV transition
in the decay of 3491, The measured ratios from the ionization chamber are compared to the
calculated values, and the corresponding absolute intensities are deduced for all four measurements.
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discrete times—with p-delayed ~-ray data. From the ionization chamber measurements,
ratios of 134Sn/(1348n+1348b) = 0.45(11), 0.58(4), 0.64(8), and 0.68(5) were obtained for

the four IC runs.

The p-delayed ~-ray spectra were analyzed in time windows spanning two hours before and
two hours after each ionization chamber run. The intensities of the 872keV, 1279keV, and
1352 keV transitions—associated with the decay of "**Sn, 134Sb77, and 134Sbg'5.,

were determined. The 1279 keV and 1352 keV peak intensities were corrected for the relative

respectively—

detection efficiency with respect to the 872keV line, as well as for their known absolute
~-ray intensities. Using these corrected counts, the ratio 134Sn/ (134Sn+1348b) was evaluated
as a function of the (unknown) absolute intensity of the 872keV transition. This procedure
was carried out using the peak intensities extracted for the time intervals before and after
each of the four ionization chamber runs. The resulting values are shown as black points in

Fig. 7.18 together with a parabolic fit function.

For each IC run, the independently measured value of *Sn/(***Sn+'%*Sb), together with its
1 o uncertainty, is indicated in the corresponding panel as a vertical red line. By projecting
this constraint onto the abscissa, the absolute intensity of the 872 keV transition is obtained
for each of the four runs. The resulting uncertainties for the absolute 872keV intensity and
the given uncertainty for the **Sn/(***Sn+'**Sb) values are highlighted as red rectangle.
The resulting values for Ig;, . are given for each ionization chamber run. The weighted

mean of the four determinations yields an absolute intensity of I, = 6.56(33) % for the

Table 7.2. Yields of the decay transitions observed for the 13481 and **Sb components in the
beam, together with their absolute intensities and the relative detection efficiency of the setup.
Using the corrected intensities, the relative contributions to the target excitation induced by the
three isotopes were determined. The ratios of 13476 and **Ba in the beam and for the target
excitation are added as well.

Isotope  E,  Counts Iys Efficiency Corr. Int. '*'Pt exc. Beam comp.
keV] 107 K K [10°] (%] V2]
S 872 256(10) 6.56(33) 8.01(2)  486(31)  6.98(60)  7.37(70)
Sh . 1352 48(2)  0.93(5)  6.02(2)  855(53)  5.42(68)  6.46(81)
PiSh. 1279 1443(3)  100(5)  6.24(2)  231(11)  3.41(41)  4.06(49)
e 40.0(9) 39.1(11)
"Ba 44.1(9) 43.0(11)

140



7.8. Beam Composition

—_
(a=)
w

|

4 bt
NI i

L] [
0®% ¢ oo

.
. ¢ o
0 00, 0, gette 0

it

134Sn/(134sn +134 Sb)

o
)

o
00

<
o

o
=

¢

¢

bt it
”*+*++ b

|
o

|

t

B-delayed ~-ray intensities corrected
for efficiency and intensity per 4h

}o13ign  I84gh. § 134Gy

: . — 0.0
0 50 100 150 0
Time after start of experiment [h]

50 100 150
Time after start of experiment [h]

Figure 7.19. Left: [-delayed v-ray intensities of the 872 1279 and 1352keV transitions of
134Sn7 134Sb77 and 134Sbg_s., respectively,integrated over 4 h of beam time. The shown yields are
corrected for efficiencies and absolute intensities of the transitions. Right: With these values the
ratio 134Sn/(134811—1—1348b) was determined for each time.

872keV transition in the decay of g,

Using this value, together with the yields of the 872, 1352, and 1279 keV transitions over the

course of the whole experiment, the fraction of target excitation induced by 134Sn, s
q 13

g.5.

an Sh,, was determined. The corresponding results are summarized in Table 7.2. A
total of 6.98(60) % of the observed target excitation is induced by 134811, corresponding to a

beam composition of 7.37(70) % "**Sn.

Although this fraction appears small compared to the values obtained from the ionization-
chamber measurements, it is consistent with the overall experimental trend. The tellurium
and antimony components decrease rapidly over time: at the beginning of the experiment,
Sb and Te dominate the beam composition, while only a small amount of Sn is observed.
This is shown in Fig. 7.15 for the 1T component. In Fig. 7.19 the time evolution of the
ratio 134Sn/ (134Sn + 134Sb) is shown on the right, based on the time-dependent [(-delayed
~-ray yields. These are shown in Fig. 7.19 on the left, corrected for efficiency and absolute

intensity.

The intensity of the 1279 keV decay line from the isomeric 134Sbis‘ state decreases by about
a factor of four during the experiment, and the rate of the Coulomb-excited 2? — O;S_

transition in "' Te drops by more than a factor of two even before the first ionization-
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Chapter 7. Data Analysis of 2025 Experiment

chamber measurement. Thus, although the inferred Sn fraction in the beam is lower than
suggested by the ionization-chamber data, it is fully consistent with the observed temporal

evolution of the beam composition.

7.9. Gosia2 Analysis of the 2] State in '34Sn

The B(E2; 0;5‘ — 27) and Q,(2) values were deduced similar to the values in "*’Sn,

described in Sec.6.10. The X2 minimization was again performed with GOSIA2.

The data was divided into nine angular regions, corresponding to distinct ranges of scattering
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Figure 7.20. Particle-gated, Doppler-corrected y-ray spectra for the 13ZlSn(l%Pt,l%Pt)1348n
reaction correct for beam-like particles. Each panel corresponds to a distinct range in the ejectile
scattering angle, obtained by combining two adjacent rings of the CD detector. The red curves
represent Gaussian fits superimposed on a linear background, used to extract the intensity of the
21 — 0, transition at 725keV.
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7.9. GOSIA2 Analysis of the 2] State in n

angles for the detected ejectiles. For the ejectile kinematics, two adjacent rings of the CD
detector were combined in each case, while for the recoil-gated kinematics, the respective
recoil-angle ranges were used. The resulting Doppler-corrected ~-ray spectra are shown in
Fig. 7.20. The intensity of the 2 — 0;5. transition in '**Sn was determined by fitting a
Gaussian peak on top of a linear background to the experimental data. In total, 3396(150)
counts were assigned to this transition. To correct for impurities of the target material,
the extracted intensities were corrected by dividing by a factor of 96.45 % target content of
Pt The resulting yields were then used as input for the (GOSIA analysis to determine

the relevant electromagnetic matrix elements.

The observed yield of the 2? — Og_s_ transition in the *Pt target was scaled by a fac-
tor of 6.98(69) %, as determined in the previous chapter, and corrected for the relative
photopeak-efficiency difference between the 328 keV transition in Pt and the 725keV
transition observed in the ejectile channel. Since the excitation probability of the 2? state
in "'pt depends on the projectile charge Z and on the scattering angle #, an additional

angular-dependent correction was applied to account for the different effective Coulomb-
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Figure 7.21. Left: The 1o contour of the normalized total X2 surface as a function of the
transitional matrix element and the spectroscopic quadrupole moment of the 2] state in 134gn.
The X2 values were obtained with GOsIA2. For details of the analysis, see the text. Right:
The projection onto the resulting transitional (b) and diagonal (c¢) matrix elements and the x*
distribution around the minima, which is given as a red, vertical line
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excitation cross sections sampled by the individual detector rings. This correction factor

was determined separately for each ring using GOSIA2.

The total energy loss in the target and the integration range of the beam energy from
510-585 MeV has been discussed in the previous section. The scattering angles have been
determined based on the target-to-CD distance. Two rings were combined for ejectile-gated
spectra and the scattering range is given in Fig. 7.20 for each spectra. Stopping powers
and internal conversion coefficients were calculated using SRIM and BrIcc. All matrix
elements for '*'Pt listed in Table B.1 were included in the GOSIA2 analysis.

134
For

1707(57) ps was implemented as an additional constraint in the minimization procedure [112].

Sn, the first 4" state was included as a buffer state. Its known lifetime of 7(4;) =
No depopulating v-ray transitions from the 4" state were observed experimentally. The

GOSIA2 option OP, INTI was again used to integrate the measured yields over the scattering

angles and beam energy.

The transitional <2T||E2||0;_S_> and diagonal (2] || E2||2) matrix elements were then varied
simultaneously, and a total X2 was calculated with the OP ,MINT option for both the projectile

and the target excitation yields for each pair of matrix elements.

Figure 7.21 shows the X2 +1 contour surface as a function of the diagonal matrix element and
the corresponding spectroscopic quadrupole moment, where Q,(27) = 0.7579 x (27 || E2||2;),
on the left. A well-defined minimum is obtained at (2fHE2HO;.S.> = 0.212(13)
Q.(27) = 0.06f8;§f eb. This result is corroborated by the one-dimensional projections shown
on the right-hand side, taken at the best-fit values M, = <0;S.||E2H2Ir> = 0.212¢b (top)
and M,, = (27| E2||2]) = 0.081 eb (bottom).

«tat. €D and

The uncertainties arising from efficiency ratios and beam composition are already included
in these statistical errors. Additional systematic uncertainties were estimated by varying the
scattering angles according to a 0.5 mm uncertainty in the target-to-detector distance and
a 5% uncertainty in the target thickness, which translates into a corresponding uncertainty

in the beam energy of 5mm. Including these effects leads to final adopted values of

<2;F ||E2|| Og+s> = 0'212(13)stat.<5)syst. eb7
Qs (2?) = O'O6i8:§?stat.(3)sysb eb'

for the reduced E2 matrix element and the spectroscopic quadrupole moment, respectively.
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7.9. GOSIA2 Analysis of the 2] State in

From the extracted transition matrix element, the corresponding reduced transition strength
is obtained as
B(E2;0], — 27) = 0.0449(57) €’b’.

1 Vg.s.
For comparison, imposing QS(ZT) = 0 (consistent with a spherical, non-deformed ZIF state)
2

gives B(E2;01, — 27) = 0.046(4) ¢*b”.

) Vg.s.
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8. Discussion

The experimental results reported here provide the opportunity to test and constraint
shell-model descriptions in the vicinity of the Z = 50 N = 82 shell closure. The discussion
will proceed as follows. First, the new B(E?2; 0;:3. — 21+) values are compared to available
theoretical predictions, with particular emphasis on clarifying the origin of the deviations
between earlier experimental results and MCSM calculations, and on placing the findings
into the broader systematics along the Sn isotopic chain. Second, the newly determined

quadrupole moments are discussed and compared with theory.

The matrix elements obtained from the combined Coulomb-excitation and lifetime analysis
provide direct access to the reduced transition strengths. Table 8.1 summarizes the newly

130,134

deduced values in Sn and compares them to previously published results. The old

B(E2; O;S' — 21 values are taken from the conference proceedings [57-60], as no pear-
review literature is published to date. The 27 — 4] transition strength in 31 could not
be determined from the present data set; however, it was adopted as an external constraint
in the analysis and is therefore added for completeness, as well as the B(E?2; O;S_ —27)
value in doubly-magic **Sn from Ref. [23).

The lifetime of the 5; state determined in this thesis, 7 = 52(3) ns, is consistent with the
weighted average of earlier measurements, 7 = 54.8(22) ns [94, 102, 103]. Converting the
deduced matrix elements into reduced transition probabilities shows that the combined
approach of lifetime and Coulex substantially improves the precision for the B(E2;7, — 5,)
and B(E1; 4;r — 5, ) significantly compared to the literature, while the new values remain
compatible with previously reported results within uncertainties. The good agreement of
130g

n

the GOSIA2 analysis with the lifetime result underlines and confirms the accurate o

. . 130 . o .
and isomeric " 'Sn_- beam composition determination of this work.

Earlier tentative determinations of B(FE2; 0;5. — 25 in "*Sn and 134Sn—B(EZ) = 0.023(5)
and 0.029(5) €2b2, respectively — reported in the proceeding papers Refs. [57-60] — disagree

with the present values. This discrepancy can plausibly be attributed to (i) limited statistics
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in both Oak Ridge data sets and (ii) insufficient y-ray energy resolution in the i case,

130
Sn

which complicates peak separation and contaminant subtraction. In addition, for the
experiment performed at Oak Ridge, the beam-composition analysis relied on absolute
intensities of f-delayed v rays that have since been revised. A refined reassessment of
the beam composition indicates an increased fraction of isomeric 1308n77 in the beam,
which directly affects the normalization of Coulomb-excitation yields and, consequently, the
extracted B(E2; ()g_s. — 27) strength [154]. Taken together, these considerations provide a
consistent explanation for the discrepancy of the earlier values that are lower relative to

the present results.

8.1. 27 States in 30134Sn

The new B(FE2) information obtained for 0gn and, in particular, for 134311, since no
B(E2; O;S' — 27) values are known for A > 132 Sn isotopes, serves as a sensitive probe
of modern shell-model descriptions. These nuclei test both the choice of effective charges
and the degree to which excitations across the N = 82 gap (i.e. polarization and possible

breaking of the 32qy core) contribute to quadrupole collectivity.

Figure 8.1 compares the newly determined B(E2) values for BO-134Gn and "?Sn with
predictions from several theoretical approaches. The B(E2) value for 29 is taken from
Ref. [23], while those for 3961 and "**Sn are obtained in the present work. The gray bands

denote the corresponding experimental uncertainties.

Table 8.1. B(E)) values determined in this work for **'**Sn. The B(E2) values for Og.s. — 27

transitions for "°*'*4Sn are compared to values determined in Oak Ridge from Ref. [57-60]. For

completeness, the B(F2; 0;5. — 27) value in "*2Sn determined in Ref. [23] is added as well as the

B(E2;2{ — 47) value determined from lifetime measurements of Ref. [112].

Nucleus Transition Multipolarity B(AL)pis work B(oA)y

JT = T} 2 [’b’] [’
en o7, —2f E2 0.0486(57) 0.023(5)
7, =5, E2 0.0042(2) 0.0040(11)
47 =57 E1 71(3) x 10°°  72(10) x 107°
P80 o), —of E2 - 0.087(19)
Bisn o0, —2f E2 0.0449(57) 0.029(5)
2? — 4] E2 ~ 0.0241(9)
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Chapter 8. Discussion

The MCSM calculations by Togashi et al. [54] are carried out in a valence space comprising
the proton and neutron orbitals 1gq o, 2d5 5 5/9, 3812, 1y /9, 275, and 3p, 5. Owing to the
maximal dimension up to 7.5 x 1023, these calculations are beyond the reach of conventional
shell-model diagonalization methods. This is made tractable in the MCSM by diagonalizing
the Hamiltonian in a truncated space spanned by a stochastically generated set of deformed
Slater-determinant basis vectors. Consequently, the calculation can be performed across the
full tin isotope chain and, in the present case, provides theoretical values beyond 1B0-t3gy.
The underlying Hamiltonian is obtained through targeted modifications of selected two-body
matrix elements (TBMEs), which are subsequently kept fixed throughout the isotope chain;
importantly, these adjustments do not use information from the doubly-magic nucleus 28

130,134

and neighboring Sn. Effective charges of ¢, = 1.25¢ and e, = 0.75¢ are adopted

consistently for all tin isotopes.

The LSSM calculations of Naidja, Nowacki and Sieja (hereafter denoted NNS110) employ a
model space with neutron orbitals 1hy; 5, 2f; /5, 1hg 9, 2f5/9, 3p3/2, and 3p; , and proton
orbitals 1gg 5, 19;/5, 2d5/53/5, and 3s; , outside an inert 107y core, also spanning below
and above the "**Sn shell closure. As a starting point, a realistic interaction derived from
the CD-Bonn potential is used, renormalized within the V| ., framework and mapped onto
the chosen valence space using many-body perturbation theory, including all diagrams up
to second order. Details of the interaction construction are discussed in Refs. [56, 155],
while the results shown here are taken from Refs. [23, 24]. The calculations use effective
charges of ¢, = 1.68 ¢ and e, = 0.41e.

For 130811, results of different realistic shell models are also shown. The Sr88MHJM

interaction (in the following denoted as S core) is likewise rooted in the CD-Bonn
potential, with a renormalization performed via a G-matrix approach. The G matrix
is derived from the underlying nucleon—nucleon interaction, including core-polarization
corrections, and is subsequently adjusted to experimental data [63, 156, 157]. Single-particle
energies are inferred from the one-proton and one-neutron neighbors of 8SSr, and additional
monopole corrections are introduced to reproduce single-neutron particle energies and
single-proton hole energies in the tin isotopes. Furthermore, selected two-body matrix
elements are adjusted to optimize the agreement with experimental level energies in the tin
chain. The calculations were performed by A. Blazhev [158] and are taken from Ref. [86]
using an effective neutron charge of e, = 1.0e. The results are denoted as *Sr core in
Fig. 8.1.
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8.1. 2] States in 013G

A third realistic approach is included, based on a G-matrix renormalization of the CD-Bonn
nucleon—nucleon potential as developed by Banu et al. [69], but employing different valence-
space choices. In this framework, either an inert %91 core or, alternatively, a P71 core may
be adopted as the closed-shell reference. For completeness, the present comparison therefore
includes the results obtained with both core assumptions, and both sets of predictions are

shown in Fig. 8.1, marked with their used cores.

Beyond the doubly-magic nucleus 132811, the v(2f, /2) orbital becomes occupied and provides
the dominant degrees of freedom for neutron-rich systems above N = 82. Various shell-
model interactions have been developed for this region, based on an inert 29y core,
including empirical Hamiltonians (like SMPN) [15] as well as interactions derived from
realistic free nucleon—nucleon potentials such as CD-Bonn, renormalized either via G-matrix
approaches like CWG [15, 159] or through V|, techniques by Covello et al. [160].

The SMPN calculations, developed by Sarkar and Sakar (see Ref. [15, 16, 161] and citations
therein) are performed in the z50n82 valence space above an inert 28 core, with pro-

tons in the 7(1gy; 9, 2d; 9, 2d3 9, 381 2, L1y o) and neutrons in the v(1hg 9, 2f7 /5, 2f5 2, 3P3 /o,
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Figure 8.1. Results of various shell-model (SM) calculations (red) compared with the experimental
B(FE2; Ogs, — 27) values obtained in this work for "**'**Sn and by Rosiak et al. [23] for 182gn
(gray bands). MCSM results are from Ref. [54]; LSSM calculations based on ''°Zr (NNS110),
1008y 7y and ®*Sr cores from Refs. [69, 86, 155]. The latter is based on Ref. [157], values adopted
from Ref. [86]. For **Sn, results from empirical SMPN [15], realistic CD-Bonn, CWG [159],
and Vi, [160] interactions are shown, including models based solely on two-body effective

interactions [161].
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3Py j9; Li13)5) orbitals. The interaction is obtained by starting from the empirical CW5082 —
which was originally developed for the region above %P}, Hamiltonian and replacing
essentially all single-particle energies by experimentally determined values, except for 73s,
and v1i;3,,, which are taken from the established systematics used in the original SMPN
construction. Out of the total 2101 two-body matrix elements, 26 TBME are modified
using only the binding energies and low-lying spectra of the A = 134 isobars (134Sn7 134Sb,
134Te), thereby constraining in particular the v—v sector relevant for neutron-only valence
calculations. A key feature of SMPN is a reduced neutron—neutron pairing strength: several
diagonal v—v J =0, T' = 1 matrix elements are further weakened (about a factor of two
compared to CW5082) by adjustment to reproduce the binding energy of 1348n, reflecting

diminished nn pairing in the neutron-rich nuclei above N = 82.

The CWG calculation was also performed by Sarkar and Sarkar, and the results presented
here are taken from Ref. [15]. The interaction from Brown et al. [159] was applied here, with
%281 as a closed core. Notably, the interaction is applicable above or below the %281 shell
closure, by using the same proton but different neutron valence spaces. For N > 82, the
calculations assume an inert **Sn core, with protons in (097 /95 1ds 9, 1dg 9, 281 1, 0Ryy o)
and neutrons in v/(0hg 9, 1f7/2, 1f5/9, 2325 21 j2, 0i135). The residual interaction is derived
from a CD-Bonn G matrix and mapped onto the valence space using the )-box/folded-
diagram approach, including all non-folded diagrams through third order in G' and summing
folded diagrams to infinite order. Since only neutrons are active in the present valence
space, the relevant part is the nn sector; a global rescaling of the nn-renormalized G-matrix
by a factor of 0.90 was noted to slightly improve the 0gy spectrum. For the latter two

calculations, effective neutron charges of e, = 0.64 ¢ was used [15].

The shell-model interaction employed by Covello et al. [160] is derived from the re-
alistic CD-Bonn nucleon—nucleon potential, renormalized to a low-momentum interac-
tion Vi, (with cutoff A = 2.2 fm™"). An inert 281 core is assumed; for neutron-
rich Sn isotopes above N = 82 only neutrons are active in the 82-126 valence space
V(0hg 9, 1£7 /95 1595 2D3 /95 2D1 ja, 0iy3)5). The effective interaction Vg is obtained via the

Q—box/ folded-diagram expansion, including diagrams up to second order in V| and sum-

ow-k
ming folded contributions following the standard procedure. The perturbative evaluation is
carried out in a harmonic-oscillator basis with intermediate-state excitations taken up to
five shells above the Fermi surface. For E2 observables, their calculations use an effective

neutron charge of e, = 0.7¢ [160].
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All models, that are excluding excitation above the 2Sn shell closure, reproduce the
new experimental B(E2) value in "*°Sn reasonably well. The LSSM calculations of Banu,
employing either a 961 or a *Zr core and a valence space extending up to 132Sn, show
good agreement with the experimental value, while employing a *7r core enhances the
model space and the B(E2) value. Similarly, the SR88MHJM interaction shows a good
reproduction of the experimental result. By employing a bigger model space for the protons
and neutrons, the B(E2) value is described better. The largest model space of this three
LSSM interaction — with the employed *Sr core — describes the collectivity best. All

three calculations are in good agreement within the uncertainties of the experimental value.

The good reproduction of B(E2) values in even-even nuclei next to 281 is obtained
by employing enhanced effective neutron charges (here e, = 1.0e), which provides a
phenomenological representation of correlations excluded from the chosen configuration
space [162, 163].

In practice, these enlarged effective charges are used to compensate for missing contributions
from core polarization and core excitation. Core excitations correspond to cross-shell particle—
hole configurations in which nucleons are excited across a major shell gap, in this case above
the N = 82 or Z = 50 shell, thereby increasing the number of quadrupole configurations and,
typically, the attainable E2 collectivity. Core polarization denotes the induced response
of the core to the motion of valence nucleons; microscopically, it arises from couplings to
configurations outside the truncated valence space (e.g. collective core modes) and thus
renormalizes the effective E2 operator acting within that space, leading to larger calculated
B(E2) values than obtained with bare charges. Both effects therefore increase the effective
quadrupole strength beyond what is accessible in a restricted valence space, and their net

impact is commonly absorbed into enlarged effective neutron charges (see e.g., Ref [162,
163]).

In the LSSM descriptions of the tin isotopic chain west of 1328n, adopting e, = 1.0e
effectively accounts for the missing polarization and/or cross-shell contributions and yields

a very good reproduction of the experimental B(E2) strengths [69, 157].

In contrast, the calculations with the NNS110 interaction employs an extended model
space beyond the doubly-magic nucleus and provide a reasonable description of B(E2) in
%28n (Fig. 8.1), but they underpredict the new %S result by nearly a factor of two. The
discrepancy can be traced back to the effective charges used: e, = 0.41¢ and ¢, = 1.68 ¢

130,134

were chosen ad hoc to reproduce the earlier Sn value from the Oak Ridge experiment
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and the *>Sn result of Rosiak ef al. [23, 155]. As discussed in detail by Jungclaus et al. [108],
these effective charges differ significantly from empirical values in this region, e, = 0.54(1) e
and e, = 1.35(5) e. The isospin dependence of the effective charges was investigated by
comparing isomers based on similar proton but different neutron configurations in ®Cd

130
and

Cd, both two protons below the corresponding doubly-magic Sn isotope. It is worth
noting that Jungclaus et al. base their discussion on calculations performed with the same

NNS110 interaction, facilitating a direct comparison of the effective-charge systematics.

Since the 2? excitation in "*°Sn is predominantly based on neutron excitation, an enhanced
neutron effective charge increases the calculated transition strength through its quadratic
contribution to B(E2). For '*

component, the concomitantly reduced empirical proton charge tends to compensate, thereby

Sn, where the wave function contains a stronger proton

maintaining agreement with experiment. Interestingly, the same argument also accounts
for the discrepancy in 1?’A‘Sn, where these LSSM calculations again underpredict the new
experimental B(E2) value by nearly a factor of two. While the absolute B(E2) strengths
are not reproduced, the relative evolution between "0gn and "*'Sn is captured well: the
experimental ratio B(E2;'* Sn)/B(F2;"** Sn) = 1.08(11) compares nicely to the theoretical
value of 1.04. This further supports that the discrepancy originates from the effective-charge

prescription, not from the interaction.

The MCSM calculations employ an even bigger model space, symmetrically for protons
and neutrons, to describe the whole tin isotope chain between the two doubly-magic shell
closures "°Sn and "**Sn and beyond. Good agreement between MCSM calculations and the

130,134

experimental value in Sn is obtained. Consequently, the longstanding factor-of-two

discrepancy between this calculation and the old experimental values are now resolved.

In the region west of 132Sn, LSSM calculations in a valence space extending up to 241 have
been shown to reproduce the available B(E2) strengths well, especially for 981, In these
calculations, excitations across the N = 82 shell closure are not included; the dominant
configurations therefore correspond to (at most) two neutron holes below '**Sn, with no
particle excitations above the closed shell. By contrast, the additional LSSM calculations
considered for 134Sn, which employ an inner %28 core, fail to describe the present B(E?2)
strength (see Fig. 8.4).

All shown interactions underestimate the measured transition probabilities. Since these
calculations treat '>*Sn as an inert core, the structure of the Z;F state in "**Sn is generated

solely by neutron—neutron correlations, i.e. by two-neutron excitations. The persistent
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underprediction of B(E2; O:,;S. —>2f), largely independent of interaction type (empirical or
realistic), together with the ~ 40% deficit in B(E2;4, — 2]) reported previously [112],

indicates that one or more ingredients of the standard framework are insufficient.

As discussed for 130811, truncated LSSM calculations are only able to reproduce the experi-
mental findings by using enhanced effective charges. For 134Sn, the effective charges adopted
in SMPN and CWG calculations follow the values proposed by Sarkar and Sarkar [15, 161].
Within that framework, an effective neutron charge of e, ~ 0.62 ¢ (sometimes 0.64 ¢) was
used for N = 84 nuclei, motivated in part by the then-accepted small B(E2; Ogs. —27)
strength in "**Te, two-protons and two-neutrons outside of **Sn. In Ref. [164] this value
was reported as B(FE2; Ogs_ —2) = 0.103(15) €’b”. This value was later revised upward
in Ref. [98] to 0.122(18) ¢’b” after incorrect target thicknesses had been identified in
the previous analysis. Subsequently, Allmond et al. [165] reported a further increase to

B(E2;07, —27) = 0.181(15) ¢’b” in *°Te. With this revision of the *°Te value, the

) Vg s,
original justification for adopting e, ~0.62 e is correspondingly weakened.

For 134Sn, where proton excitations are suppressed by the Z = 50 closure and the closed
%291 core in the calculation, a moderately larger neutron effective charge yields a markedly
improved description using the SMPN interaction [15]. The present experimental value,
B(E2;0" = 27) = 0.0448(57) ¢’b®, is reproduced more closely, e.g., with e, ~ 0.72¢
than with e, = 0.62¢ (leading to 0.0366 versus 0.0271¢°b”) [161]. The description of
B(E2; 6f —>4IL) in "**Sn is likewise improved with the enhanced neutron charge [161].

A similar observation can be made for other effective interactions by Kartamyshev et
al. [166]. Here, reduced transition probabilities in the Sn isotope chain were calculated
using an interaction closely related to CWG, with an effective neutron charge of e, = 0.64 e,
which was scaled to the B(E2;6; — 47) value in "**Sn by Zhang et al. [109] and to
the B(F2;2] — Ogs.) strength determined at Oak Ridge [57-60]. In that work it was
already noted that reproducing the B(E2;6, — 4;) value in 181 would require a
larger neutron effective charge. Furthermore, their calculations underestimate the isomeric
B(E2; G;F — 4?) strengths in 136’138811, yielding 0.33 and 0.27 W.u., respectively, compared to
the experimental values of 0.57(9) and 0.36(8) W.u., which have been determined in Ref. [167].
The calculations of Ref. [166] are not shown in Fig. 8.4, since their B(E2; 2? — Ogs') results
in "'Sn is indistinguishable from the results from the CWG calculations, as they use a

similar interaction, and would not add further information in this representation.

Covello et al. adopt an effective neutron charge of e,, = 0.7 e, guided by the available £2
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transition data in "**Sn, in particular B(E2;2] — O;S_) and B(E2;6, — 4]). Within
a single, state-independent choice of e,, however, both transitions cannot be reproduced
simultaneously: the value e, = 0.7 e represents a reasonable compromise, but it tends to

overestimate the previously reported B(E?2; Q;F — Ogs.) strength while underestimating the
B(F2;6, — 47) transition.

This all supports the conclusion that the adopted effective neutron charges are too small.
In particular, the new B(FE2;2] — O;S.) value for **Sn determined in this work points to
a larger effective neutron charge than previously used, providing an important constraint
for theory. At the same time, the systematic underestimation of the 6; — 4, decays
of predominantly neutron isomeric 6? states in the heavier isotopes is consistent with
the need for an increased effective neutron charge. While e, = 0.64 e can accommodate
older results [57-60], enhanced effective neutron charge values provide a better overall

description of the E2 transition strengths associated with the isomeric decays, e.g., the

6;r —>4{r transitions in neutron-rich Sn nuclei, as well as the present 2f —>0;‘S' data.
The systematic need for an enhanced neu- 0,030

tron effective charge east of 280 points :i . e 130G,

to core-polarization contributions, which § 00251 —=— ¥Sn

appear to be underestimated in the calcu- ¢

lations employing e, ~ 0.62-0.70e. This £%0.020

is consistent with shell-model descriptions \Eﬂi

west of "**Sn, where the observed B(E2) sys- = 0-015 1 5 3 A z 6
tematics can be reproduced only by adopt- npnh

ing substantially increased neutron charges, Figure 8.2. Calculated B(E?2) strength in "*Sn

up to e, = 1.0e. In LSSM calculations re- (red) and **Sn (blue) employing the NNS110
stricted to the 1328n, the E2 strength in interaction and effective charges of e, = 1.68¢
and e, = 0.41 e truncated to different npnh ex-

134 citations. Data points extracted and taken from
citations, whereas in "~ Sn the collectivity Ref. [24].

%081 is dominated by two-neutron hole ex-

can arise only from two-neutron particle ex-

citations above N = 2.

Taken together, the deviations from the present B(E2) values suggest that the calculated
quadrupole collectivity remains too weak, indicating that a larger neutron effective charge

is required to reproduce the data within a fixed interaction.

Beside effective charges, the new data also elucidates the role of cross-shell excitations.

154



8.1. 2] States in 013G

101349 in which the number of particle—

Figure 8.2 summarizes NNS110 calculations for
hole excitations is varied, up to a truncation of 6p6h. Increasing the allowed excitations
from 2p2h (which is the minimal number of core excitation expected when moving two
neutrons away from " -Sn) to 6p6h enhances the predicted B(E2) values by 32% and
40 % for "*°Sn and 134Sn, respectively. This indicates that core excitations associated with
breaking the ¥2Sn core can account for more than one quarter of the total quadrupole
strength in these nuclei. Given ¥29n as a particularly strong closed-shell system, this is a
large effect and provides a natural explanation for why models that treat %281 as an inert

core tend to underestimate the E2 collectivity of the first excited 2" and 47 states in '*'S

n.
This also gives an explanation why only the the MCSM calculation with valence spaces

going below and above **Sn is able to reproduce the B (E2) value in 5.

Notably, the MCSM calculations that show the best overall agreement with the available
B(FE2) systematics adopt an effective neutron charge of e, = 0.75 e for all their performed
calculations. A. Jungclaus et al. pointed out that the isospin dependence of the effec-
tive charges manifests itself in the present mass region [108]. In this context, the new
experimental results from below and above the doubly-magic %29 shell closure, establish
a test for the MCSM calculations but also for LSSM calculations and a sensitive test of

isospin-dependent effective-charge prescriptions.

Indications for missing core-polarization contributions around the doubly-magic %281 core
have been discussed not only for neutron-rich systems, but also in other nuclei like the two-
proton neighbor "!Te. There, the enhanced B (E2; 21+ — O;.) strength has been attributed
to proton excitations coupled to vibrational modes of the "**Sn core [168], an effect that
predominantly influences the properties of the 2" state. In contrast, the experimental
results for the neutron-rich system %481 show marked discrepancies with theory for both the
2f and 41+ states. This points to a more general shortcoming in the present description of
neutron-dominated quadrupole collectivity above the N = 82 shell closure and, as discussed
above, is naturally interpreted as the consequence of missing core-polarization contributions

associated with cross-shell excitations across the N = 82 gap.

8.1.1. Evolution of Collectivity along the Sn Isotopic Chain

Figure 8.3 places the new experimental B(E2; O;F.S. — 2?) values obtained in this work into
the broader context of quadrupole collectivity along the tin isotopic chain. The compilation
includes experimental results for even—even Sn nuclei spanning N = 54 to N = 84, together

with several theoretical approaches frequently used to describe this region, namely LSSM
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100¢. 90 88
Sn, ' Zr or ~"Sr core (denoted

calculations employing empirical interactions with either an
“100Sn core”, “90Zr core” and “88Sr core”), and the MCSM results. The experimental
values shown are taken from Refs. [23, 70-85, 169]. Where multiple measurements exist
for a given nucleus, the gray band highlights the corresponding weighted mean, thereby
providing a compact visual guide to the current experimental database and its spread. Only
values published in this century in peer-reviewed journals are shown, together with the

results of this thesis.

A first general observation is that LSSM descriptions anchored to a fixed core and limited
to neutron excitation using a model space up to %231 do not provide a global description
of the full isotopic chain. While these interactions can achieve good agreement in restricted

mass regions — in particular, close to the %231 shell closure — their systematics follow
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Figure 8.3. Systematics of reduced quadrupole transition strengths B(E2; Og_s. — 2?) along the
even—even Sn isotopic chain from N = 54 to N = 84. The new experimental results from this
work are shown together with selected literature data and representative theoretical descriptions,
including LSSM calculations employing effective interactions based on 10OSm, D71 and *Sr cores
(“100Sn core”, “90Zr core” and “88Sr core”), and MCSM results. The gray band indicates the
weighted mean of the available experimental values in regions where multiple measurements exist
(see text).
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an approximately parabolic trend that is characteristic of a seniority-dominated evolution
within a limited neutron valence space. Such a behavior is qualitatively expected for E2
transitions governed predominantly by the filling of a single neutron orbital (or a small set
of orbitals) between major shell closures. Experimentally, however, the collectivity pattern
is more complex: the pronounced enhancement of B(E2) strengths in lighter Sn isotopes is
not captured by these LSSM calculations, as well as the flat, or decreasing trend in the

132
S

mid-shell nuclei. Furthermore, they are limited to nuclei above 81 and below n.

The enhanced collectivity for the lighter isotopes is reproduced by the MCSM calculations.
In the MCSM description, the increase of B(E2) strengths towards neutron-deficient
tin is associated with substantial proton excitations across the Z = 50 shell gap. In
particular, proton cross-shell configurations involving the 1gq,, — 2d; , excitation become
increasingly important for N =~ 54-64, with proton-excitation admixtures reaching the
level of > 30% in that region. This is discussed in detail in Ref. [54]. The resulting
strengthened proton—neutron quadrupole correlations enhance deformed components of
the wave functions and generate the characteristic “bump” in B(E2) strengths. In terms
of a simple occupancy picture, the number of proton holes in the 1gy 5, orbital reaches a
maximum (of order ~ 0.8 for the 2] state) around "9Sn and then decreases towards heavier

BO1G  This naturally explains why, in the vicinity

isotopes, becoming effectively 0 in
of 1?’QSn, the MCSM systematics approach a more seniority-like behavior similar to that
produced by restricted-valence LSSM calculations.

Around mid-shell, the experimental situation is less settled. Reduced B(FE2) values in
M40 were reported by Jungclaus et al. [78]; however, other measurements do not show a
comparably strong reduction, as illustrated by the results of Beuschlein et al. [73], Kundu et
al. [81], and Allmond et al. [71]. The spread of experimental values in this mass region limits
the extent to which a single theoretical description can be validated unambiguously, and it
remains an open issue whether the apparent deviations reflect genuine structural effects or
unresolved systematic differences between measurements based on various experimental

methods.

In the heavy-mass region approaching the doubly magic nucleus 28n and beyond, the
overall collectivity decreases, as expected for nuclei approaching a major shell closure and
for excitations increasingly dominated by neutron configurations above the N = 82 gap. In
this region, the new results from the present work provide an important anchor point: they

extend the set of experimentally constrained quadrupole strengths to the neutron-rich side
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of 132811, where theoretical predictions begin to diverge significantly and where additional
effects such as core polarization cross-shell admixtures, and the choice of effective charges
can play an important role. Consequently, the measurements reported here represent a
benchmark for models aiming at extrapolations further towards the neutron-rich tin isotopes

relevant to shell evolution and (indirectly) to astrophysical applications.

Overall, Fig. 8.3 underlines that a quantitatively reliable, unified description of B(FE?2)
systematics along the entire Sn chain requires (i) an explicit treatment of proton cross-shell
excitations in the lighter isotopes, (ii) a consistent handling of correlations and effective
charges in the vicinity of shell closures, and (iii) additional experimental constraints—
especially in regions where present data sets show significant scatter. The new experimental
information provided by this work contributes directly to this program by tightening
the constraints on collectivity on the neutron-rich side of 2GS, The result of this work
highlights the excellent agreement of the MCSM calculations with the new experimental
findings.

The deviations obtained with the NNS110 interaction are primarily driven by the adopted
effective charges. In LSSM calculations employing an inert 82gy core, the underestimated
B(FE?2) strength in 191 instead indicates missing core-polarization contributions associated
with cross-shell excitations across the N = 82 gap. The new experimental value therefore
provides a stringent test for theory and a valuable constraint for refining effective-charge

prescriptions in this mass region.

8.1.2. The N = 90 Shell Closure

Towards larger neutron number in the tin isotopic chain, several calculations based on
empirical shell-model interactions predict the emergence of a new subshell closure at N = 90,
commonly associated with the filling of the v2f; , orbital [16]. In contrast, calculations
employing realistic two-body interactions typically do not exhibit a pronounced closure at
this neutron number [159, 160]. Notably, recent ab initio studies report signs consistent
with increased shell effects around N = 90, such as an enhanced behavior of two-neutron
separation energies S, [14]. A similar observation has been made when incorporating an
effective three-body monopole contribution into a realistic interaction (CWG3M), which

leads to a markedly altered shell evolution [16].

The question whether a subshell closure emerges at N = 90 is not only of structural interest.

Shell effects in very neutron-rich nuclei influence nuclear masses and [-decay properties,
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and thereby affect calculated r-process abundance patterns. In particular, the persistence
or quenching of the N = 82 shell gap for lower mass isotones already has well-established
consequences for r-process modeling [23]. An additional structural change at N = 90 could
have a similarly strong impact on predicted abundances in the relevant mass region [170].
Direct experimental access to nuclei at and beyond N = 90 remains extremely challenging
— a total of five "*’Sn nuclei were observed in the only experimental report including such
exotic nuclei in 2018 [171]. Consequently, theoretical models must be constrained by

complementary observables in experimentally accessible nuclei just above %28,

In this context, the present work provides the first experimental results of collective
%291 shell closure through the E2 strength in 191

While it was shown, that realistic two-body interactions reproduce the essentially single-

quadrupole properties east of the n.
particle character of low-lying states in 3591 without invoking explicit three-body terms [78],
transition strengths probe different aspects of the effective interaction, including correlations
and core polarization. The fact that the measured B(E2) value in 81 is not reproduced
by the available theoretical approaches already at N = 84 (i.e. with only two valence
neutrons outside the >Sn core) limits the possibility to discriminate between empirical

and realistic interactions at present.

Plausible sources for the discrepancy include neutron effective charge, missing configuration
mixing such as cross-shell excitations, and an incomplete treatment of core-polarization
effects as discussed in the previous chapter. This situation emphasizes that a quantitatively
reliable description of neutron-dominated collectivity above the N = 82 shell gap is a

prerequisite for extrapolations towards N = 90.

Among the available large-scale approaches, MCSM calculations provide an overall good
description of known B(FE2) systematics in the vicinity of 2Sn. However, due to the
massive valence space and associated computational cost, current MCSM results are
restricted to nuclei with N < 90 and to a limited set of low-lying states. Moreover, despite
the impressive agreement for B(FE2; Ogs_ — 2]) strengths, deviations have been reported
for other transitions (e.g. B(E2;2] — 47) [86]) in mid-shell tin nuclei, and seniority-v = 2
isomers in the N > 82 region cannot presently be reproduced within the published MCSM
datasets. For these reasons, the existence of a putative N = 90 subshell closure cannot yet

be stringently predicted by MCSM.

To assess the trends of standard shell-model interactions in the experimentally accessible

region, Fig. 8.4 compares calculated and experimental systematics for 134‘Sn, 136811, and
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¥Sn. The left panel of Fig. 8.4 shows the 2f excitation energies, the middle panel the

calculated B(E2; 2? — 0;&) values (including the experimental point for 134tSn), and the
right panel the predicted v(2f; /2) contribution to the QIL wave function for the discussed
theoretical approaches. Here n = 2,4, 6 corresponds to the number of valence neutrons
beyond the N = 82 closed shell for A = 134,136, 138, respectively. The values for SMPN
and CWG interactions are taken from Ref. [15], the MCSM from Ref. [54] and CWG3M
from Ref. [16]. Experimental values are included where available.

For the Q;F excitation energies E (2?), the CWG interaction reproduces the well-known
near constancy of excitation energies along the even—even Sn chain beyond N = 82: for
N > 84 the calculated values, remain approximately flat, in qualitative agreement with the
experiment. Quantitatively, CWG exhibits a systematic positive offset of order ~ 50 keV
for the nuclei considered here. In contrast, the SMPN calculation show a pronounced
decrease of F (2?) with increasing neutron number, resulting in a clear disagreement with
the experimental trend in %0Sn and "**Sn. These distinct energy systematics correlate with

differences in the predicted microscopic structure.

As shown in the right panel of Fig. 8.4, the v(2f; /2) component remains comparatively
large and only weakly varying in SMPN, whereas it decreases substantially with increasing
mass number in the CWG calculation. Higher-lying orbitals, thus, have enhanced influence
on the 2] state in the CWG interaction compared to the SMPN, where the 2, is dominated
by the v f7, orbital.

This contrasting structural evolution is also reflected in the predicted quadrupole collectivity.
In a seniority-dominated single-j scenario, enhanced E2 strength is expected around mid-
shell. The SMPN predicts a clear maximum of B(E2;2, — Ogs.) in "*°Sn compared to
198G as shown in the mid-panel of Fig. 8.4. In contrast, CWG yields a monotonic
evolution of B(E2) along the isotopic chain, following the decreasing v(2f;,) component
implying a progressively smaller contribution of the 2f; 5 orbital to the 2? excitation.
This again highlights a key difference between the interactions: in CWG the v(2f; /2) and
v(1hy,y) single-particle orbitals lie close in energy, promoting a concurrent filling of both
configurations. In contrast, SMPN predicts a larger separation between these orbitals,
resulting in a predominantly sequential filling in which the v(2f; /2) orbital is filled first

before significant occupation of v(1h ) sets in.

Quantitatively, the predicted strengths diverge significantly: for 136Sn, CWG gives
B(E2;2] — O;S.) — 3.00 W.u. and SMPN 2.16 W.u., while for '**Sn the discrepancy
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increases to 4.33 W.u. (CWG) versus 1.60 W.u. (SMPN). At present, experimental informa-
tion on B(FE2) strengths in 061 and "**Sn is not available, preventing a decisive validation
of either predicted trend. For 134811, where a measured value exists, neither interaction
reproduces the observed strength within the present modeling. In these calculations, an
effective neutron charge of e,, = 0.64 e was employed; the remaining discrepancy suggests
that a refined treatment of effective charges and/or core-polarization effects, and possibly

additional configuration mixing, may be required for quantitative agreement.

Finally, the potential role of three-body contributions is highlighted by the work of Sarkar
and Sarkar [16], who demonstrated that augmenting the CWG Hamiltonian by a three-
body monopole term (CWG3M) drives the predicted systematics towards the empirical
SMPN-like behavior. Since this modification affects only nuclei with at least three valence
neutrons outside the '*>Sn core, its impact emerges at 0G0 For °Sn and 138811, CWG3M
predicts (2?) = 639keV and 633 keV, respectively. This improves the excitation-energy
systematics compared to the two-body CWG interaction, albeit with a deviation of com-
parable magnitude and opposite sign, i.e. an underestimation rather than the ~ 50 keV
overestimation observed for CWG in this mass region. At the same time, the inclusion of
the three-body term produces a pronounced modification further from stability: for g
it predicts £(2]) ~ 1.9MeV, compared to ~ 750keV without three-body contributions.

While spectroscopy of "8 remains experimentally demanding, discriminating signatures

n,
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Figure 8.4. Systematics of low-lying quadrupole properties in the even-even isotopes 134Sn,

136811, and "%Sn. Left: QT excitation energies compared to experiment. Middle: calculated
B(E2; 27— Ogs.) transition strengths, including the experimental value for 134gn. Right: predicted
V(Qf’?/Q) contribution to the QT wave function, with n = 2,4, 6 for A = 134, 136, 138, respectively.
CWG and SMPN denote the two shell-model interactions used in this work.
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Chapter 8. Discussion

of three-body effects may already be accessible at 90gn through transition strengths. In
particular, CWG3M yields a B(E2; 2? — 0;') value close to the SMPN result shown in
Fig. 8.4. A stringent test therefore appears feasible by (i) constraining effective charges using
the present work together with E2 data on long-lived states along the Sn chain (Refs. [112,
167]) and (i) measuring B(E2;2] — 0;.) in "*°Sn. Such a program would directly test the
predictive power of empirical interactions, realistic two-body Hamiltonians, and effective
three-body-modified interactions in the mass region that anchors extrapolations towards
the proposed N = 90 subshell closure. Notably, the calculated B(E2; 2f—> Of) systematics
obtained with the MCSM exhibit essentially the same overall trend as those predicted by
the SMPN interaction and by the CWG interaction when augmented by effective three-body
contributions (see Fig. 8.4).

The proposed subshell closure at N = 90 in the tin isotopes provides a particularly instructive
analogy to the calcium isotopic chain. In Ca, the v1f; , orbital is filled between N = 20
and N = 28, and realistic interactions historically failed to reproduce the experimentally
established N = 28 shell closure until three-nucleon forces were included [172]. Beside this
behavior similarity, the systematics of the first 2% excitation energies show a parallel in
the two regions. Following the doubly magic “Ca core, I/ (2?) energies decrease towards
a minimum near 44Ca, i.e. four neutrons above the closed shell and close to mid filling
of the v1f;, orbital, before rising again towards BCa. A closely related behavior is
observed experimentally beyond '**Sn: the evolution of E(2]) between **Sn and **Sn
is nearly flat and exhibits a tendency towards lower excitation energy near mid filling
of the v2f; , orbital. This parallelism reinforces the interpretation that the interplay of
pairing, quadrupole correlations, and monopole components of the effective interaction
within an f; ,-dominated valence space governs the low-lying quadrupole response in both
cases. From this perspective, the strong sensitivity of the predicted F (2?) systematics in
tin isotopes to effective three-body monopole terms is not unexpected. It may rather mirror

the mechanism that proved essential to describe shell evolution in the calcium chain.

8.2. Quadrupole Moments

The spectroscopic quadrupole moments QS(ZD extracted in this work are compared with
theoretical predictions and with available experimental information along the tin isotopic
chain in Fig. 8.5. Quadrupole moments probe the static quadrupole deformation associated
with the 2? state and therefore provide information complementary to transition strengths:

while B(E2) values quantify the collectivity of transitions, Q,(2;) constrain the shape
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8.2. Quadrupole Moments

character and the sign of the quadrupole deformation implied by the wave function of
the state itself. In a spherical vibrational limit, one expects small quadrupole moments,
whereas sizeable non-zero values point to static deformation or strong configuration mixing.
For nuclei close to shell closures, QS(2;F) is therefore a particularly sensitive observable
for testing the balance between single-particle and collective components in theoretical

descriptions.

On the experimental side, QS(Q;F) values are available in the stable mid-shell isotopes
M212490 [71] and in the neutron-richer isotopes '** "**Sn [70]. More recently, Park et al.
reported the quadrupole moment of the 2] state in 108 [86], which is the largest value
determined so far along the Sn isotopic chain and differs from zero at the 2 o level. The new
results presented here extend such measurements into the most exotic region yet accessed

for quadrupole moments in the vicinity of a doubly magic nucleus.

Within the present uncertainties, the extracted values are consistent with zero, underscoring
the pronounced spherical character of 281 and supporting an interpretation in which

the low-lying 2;r excitation in this region remains dominated by weakly collective neutron

N
50 55 60 65 70 75 80 85
0.81 %  Park 2025 # Allmond 2015 4  Lightbody 1976 %  Stelson 1970
0.6 4 Allmond 2011 Grétzer 1975 %  Kleinfeld 1970 ¥+  This work
0.4 1
’% 0 2 T T~ \ .
o L b - ﬂ JF\ r'* S ,
Q) - | . o [ T
— 00 3 oy
S 1 -
02- +
—0.4 -
0.6 - —— Voitenkoy e MCSM —-—- 888r
100 105 110 115 120 125 130 135

A

Figure 8.5. Systematics of spectroscopic quadrupole moments () (21+) in even—even tin isotopes.
The new values from this work are compared to existing experimental data for lighter and less
neutron-rich Sn nuclei as well as to representative theoretical predictions, including MCSM
calculations [54], QRPA results based on the Fayans energy-density functional (Voitenkov) [173,
174] and realistic LSSM calculations built on a 883 core [86, 157]. Experimental values are taken
from Refs. [70, 71, 86, 175-178§]
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configurations above the N = 82 shell gap, with limited admixture of deformed correlations.

Several theoretical approaches are shown in Fig. 8.5 for comparison. The MCSM results
are taken from Togashi et al. [54]. Self-consistent QRPA calculations based on the Fayans
energy-density functional were performed by Voitenkov [173, 174]. In addition, realistic
LSSM calculations built on a **Sr core are included; the interaction is described in Ref. [157],

and the numerical values are taken from Ref. [86].

Overall, the comparison shows that none of the available models provides a quantitatively
consistent description of QS(Q;F) over the isotopic chain. The MCSM predictions agree
with the present data within uncertainties for "%0gn and 134Sn, although the sign of the
quadrupole moment in 081 is not reproduced. Moreover, in the mid-shell region, the
MCSM tends to overestimate the magnitude of Q,(2]), which has been attributed to a
strong neutron quadrupole contribution in that mass range. The neutron-rich isotopes are
described quite well by the Fayans-QRPA results of Voitenkov, but the agreement of this
approach deteriorates rapidly towards lighter Sn nuclei, in some cases predicting even the
wrong sign and unrealistically large values. The realistic LSSM calculation exhibits smaller
deviations overall, yet it fails to reproduce the detailed systematic trend and does not
capture the observed evolution consistently across the isotopic chain. Interestingly, in the
light isotope 11OSn, the MCSM gives a reasonable description of the measured quadrupole
moment, consistent with its success in accounting for enhanced proton cross-shell excitations
that cause collectivity in the neutron-deficient region. For the nuclei studied in this work,
all calculations reproduce the small experimental values within the quoted uncertainties,

supporting a predominantly spherical structure next to the doubly-magic system.
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9. Summary

In summary, three Coulomb-excitation experiments were carried out with the Miniball
spectrometer at HIE-ISOLDE between 2022 and 2025 to determine precise B(E2; 0;_ — 2?)
values in "*’Sn and "*Sn. The main goal of this work was to resolve the discrepancy
between theoretical approaches and previously reported experimental values published in
conference proceedings, which differ strongly from state-of-the-art shell-model calculations,
and to obtain first reliable £2 strength information of first excited states east of 2gn.

130,134

Radioactive
206

Sn beams were accelerated to 4.4 MeV per nucleon and impinged on
Pb and 'Pt targets under safe Coulomb-excitation conditions. Recoiling nuclei were
detected using a DSSSD detector at target-to-CD distances between 24.5 and 33.8 mm.
rays detected in coincidence with the scattered particles were measured with the Miniball
spectrometer. Detailed investigations of the Miniball detector angles and the recoil velocities

enabled a precise Doppler correction.

The first experiment, conducted in 2022 with a 0gn beam, was the first Coulomb-excitation
experiment with Miniball at ISOLDE after L.S2 following the refurbishment of the spec-
trometer. The beam composition was analyzed using a single HPGe detector upstream of
the acceleration stage, yielding a fraction of 61(7) % 13OSng.S. in the beam. The experiment

resulted in a value of B(E2; Ogs. —27) = 0.0547]0 (stat.) (7)syst. ¢’b” in "*’Sn.

To improve the precision of this value, a follow-up experiment was performed in 2023.
The beam composition was determined by analyzing the S-delayed ~-ray spectra detected
with Miniball throughout the experiment. A dominant component of 66(2) % 13OSng_S. was
observed, while the remaining 34(2) % corresponded to the isomeric 1308n7— component.
In total, 14713(193) counts were observed in the 2 — O;. transition. This statistics
allowed us to subdivide the data into 16 rings, providing sensitivity to the spectroscopic
quadrupole moment. The experiment yielded B(E?2; Ogs. — 27) = 0.0486(57) ¢’b” and
Q.(27) = —0.06(15) eb. In addition, Coulomb excitation of the isomeric 1308n77 beam

component to the 5, state was observed. By combining lifetime information with the
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Chapter 9. Summary

Coulomb-excitation data, the transition strengths decaying transitions of the 5, state could
be determined with high precision.

Motivated by these results, the focus was shifted towards neutron-rich ign beyond the

291 shell closure. A first attempt to measure B(E2;0], — 2) in *'Sn was performed in

) Vg.s.
July 2024; however, the heating device used for sulfurization proved unstable under proton
irradiation. A follow-up experiment was therefore approved and conducted in October
2025. Besides 134811, the beam contained 134Te, 1348&1, and '

was deduced using a combination of Coulomb-excitation yields, ionization-chamber data,

Sb. The beam composition

and f-delayed y-ray information, resulting in 7.37(70) % of **Sn in the beam. A total
of 3396(150) counts were observed in the QIL — 0;5. transition, allowing the data to be
divided into nine angular ranges. This resulted in B(F2; 0;5, — 27) = 0.0449(57) €*b” and
Q,(27) = 0.0675 (stat.) (3),y. eb.

The B(E2; 0;5. — 27) values reported here provide the first precise determination of these
transition strengths in 08 and 134811, and the first such information for a tin isotope
beyond the 3281 shell closure besides the value published in conference proceedings. The

new results are not consistent with the values reported in these proceedings.

West of 132Sn, the experimental B(E2; 2? — ();_S.) values are generally well reproduced by
shell-model calculations in a valence space restricted to orbitals below 2Qn and without
explicit core excitations, provided comparatively large effective neutron charges of e, =~ 1.0e
are employed. With this choice, not only the %081 result obtained in this work but also

the systematics in lighter A > 120 Sn isotopes can be described.

By contrast, LSSM calculations for '¥19n that assume an inert ">>Sn core underestimate the
newly measured B(E2) strength when using the smaller effective charges typically adopted
in this region, e, = 0.62-0.7e. This persistent underprediction is attributed to missing
contributions from core polarization and core excitations, which are not fully accounted for

by the chosen effective charges.

Calculations employing enlarged valence spaces that span orbitals below and above s
also tend to yield B(FE2) values that are below the present experimental result. In particular,
the NNS110 interaction uses rather small effective charges compared to values deduced
empirically in this region by Jungclaus et al. [108]. The MCSM calculation, on the other
hand, is the only approach shown here that does not rely on experimental input from

1B0134q ) Tt shows good agreement for B(FE2; 21+ — Ogs‘) in "**Sn while also reproducing
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the B(F2;2] — O;S‘) value in *’Sn.

130,134
The new

Sn results thus resolve the previously reported tension between the conference-
proceedings value and the MCSM description, bringing experiment and theory into much
closer agreement. In contrast, the remaining discrepancy with the NNS110 interaction
suggests that renewed calculations employing the effective charges determined in Ref. [108]

would be valuable.

The extracted spectroscopic quadrupole moments QS(ZT) of neutron-rich tin isotopes provide
a benchmark for nuclear-structure theory. The present measurements extend quadrupole-
moment systematics to the most neutron-rich magic nucleus studied to date and yield

values consistent with zero, establishing pronounced sphericity.

The results provide direct experimental evidence for the doubly magic character of 29n
and impose tight constraints on effective interactions and model assumptions. The present
study extends precise electromagnetic-structure information to tin isotopes beyond the
¥2Sn shell closure in the vicinity of the r-process. They thus deliver nuclear-structure
input for modeling neutron-rich nuclei relevant to the formation of the second r-process

abundance peak and the synthesis of heavy elements in astrophysical environments.
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10. Outlook

Beside establishing new experimental input for theories beyond 1328n, the revised B(E2)
systematics are a first step towards the possible emergence of an N = 90 shell closure. Since
the interactions discussed in this thesis differ in their predictions around N = 90 while
yielding rather similar (and, in several cases, still imperfect) descriptions at 134Sn, additional
experimental constraints in more neutron-rich isotopes are required. In this respect, 05
is especially promising: as shown in this work, the predicted B(FE2) strengths in 0Gn and
%88n diverge significantly between interactions, providing a clear opportunity to test their
predictive power and to constrain the role of three-body contributions. Incorporating the
new experimental benchmarks to re-evaluate the effective charges will, in turn, allow clean

conclusions regarding the N = 90 shell closure.

Therefore, the next step of the experimental program with Miniball at ISOLDE after LS3 will
be investigations towards the most neutron-rich Sn isotopes. This will additionally provide
the opportunity to probe the microscopic origin of the structural modification predicted for
1998n by the NNS110 interaction [108, 167], in particular its impact on pairing and related
correlation effects. Since the same mechanism is expected to influence the structure of
the 2, state, an accurate determination of the B(F2) value for the O;F_S. — 2] transition
constitutes a sensitive and discriminating observable. The LS3 upgrade and the associated
increase in proton-beam energy are expected to substantially enhance the production rates
of very exotic nuclei, thereby rendering systems such as s experimentally accessible.
Complementary opportunities exist at RIKEN [179] and SPES [180] with AGATA [129]
and further access will become available with the start of operations at FAIR (GSI) [181],

enabling systematic studies of collectivity and shell evolution beyond %28,

As a short-term outlook, the new Coulomb-excitation data on 481 should be emphasized.
In the same data set Coulomb excitation of "“'Ba and "*'Te was observed as the dominant
beam composition. This is particularly valuable for 134Te, where experimental information
on excited-state properties is still scarce: the present data allow a more detailed and

quantitative analysis of its low-lying structure. Notably, the excitation of the 2; state
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was observed, for which no lifetime information is currently available and for which no
transition-strength values have been reported so far. The v-ray line from this state is
shown in Fig. 10.1. Coulomb excitation of the second 2" state in "' Te provides access to a
richer set of F2 matrix elements than the well-studied 21+ state, enabling a direct test of
how strongly the two valence protons are subject of 82qy core-polarization effects [168].

In combination with ~-ray branching ratios,

: +
the resulting B(E2) pattern for 2, offers a Ejectile + Recoil gate
test for modern shell-model descriptions of E BTe 9f — 0F,
the N = 82 region, including the balance *? 201
)

between proton-configuration mixing and 5
cross-shell core excitations [164, 182]. More- £ 107

. . . . O
over, if complementary information (mix-
ing ratios and/or lifetimes) reveals a sig- : : : |

. . 4 T 2200 2400 2600 2800

nificant M1 component in the 2, — 2, E, (keV)

decay, "Te becomes a sensitive testing

Figure 10.1. Spectra, gated on ejectiles and
recoils and Doppler-corrected for ejectiles shown
for high y-ray energies above 2 MeV. The decay

cently identified unambiguously in neigh- of the 24 into the Ogs. state is visible at an energy

boring **Te via a large B(M1;2; — 27) of 2465 keV.
values [183]. Taken together with ongoing

ground for the onset—or suppression—of

mixed-symmetry quadrupole dynamics, re-

“safe” Coulomb-excitation experiments around the Z = 50, N = 82 shell closures, these
matrix elements will help to chart how quadrupole collectivity develops when moving away

from doubly-magic g,

While state-of-the-art MCSM calculations have achieved an excellent unified description
of quadrupole collectivity along the Sn chain for first excited 27 states as demonstrated
in this work, confronting these approaches also with second-excited 2" states provides a
deeper and more discriminating validation of the underlying microscopic structure. In this
way, improved electromagnetic constraints in the N = 82 region will not only sharpen our
understanding of shell evolution and core polarization in the vicinity of 132811, but will also
contribute to more reliable modeling of neutron-rich nuclei and the nuclear-physics inputs

needed for r-process simulations [184].

Moreover, the newly determined transition strengths in the negative-parity states of 0gy
call for a dedicated comparison with modern shell-model calculations. Figure 10.2 summa-
rizes the dominant E3, F'1, and E2 decay branches of the 5, state across HE130gy, Any
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Chapter 10. Outlook

interpretation of the apparent trends—in particular the weakening of the E3 strength be-

128’130Sn—requilres a consistent theoretical description and, ideally,

tween 5; and 2, towards
additional experimental constraints. A particularly promising aspect of this systematics
is that the relevant states are expected to have rather clear two—quasiparticle character.
The 5, state is commonly associated with a v(d;,,®hy;,,) component with a possible
v(81/2®hy; ) admixture, while the 7, state is expected to be close to a pure v(ds 5 ®@hyy )

configuration (see, e.g., Refs. [185, 186]).

This makes the chain an attractive bench-

B(EL; 57 — 47) x 10*
B(E2;57 = 77)
B(E3;5;7 —.27)

mark for SM calculations with interactions
such as the StT8SMHJM interaction. If the
configurations are indeed as clean as antic-
ipated, the evolution of the B(E3), B(E?2),
and B(E1) strengths should be describable

within a coherent SM framework and may
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Figure 10.2. Transition strengths of the 5;

observable is the spectroscopic quadrupole .+t the 97, 47, and 7 states via E3, E1,

moment Q),(5; ), which would provide a di- and E2 transitions along the Sn isotopic chain
from ''®Sn to *°Sn. The E1 strengths are scaled

rect constraint on configuration mixing and b
by a factor of 10™.

could not be extracted reliably in the present

work. In this context, an on-line perturbed

angular correlation (PAC) program at ISOLDE (CERN) has been proposed to determine
electromagnetic moments of short-lived excited states in neutron-rich tin isotopes [187].
The campaign aims at the chain of 5 states up to 091 and includes selected 7~ and
10" states, with the goal of testing additivity for two—quasiparticle configurations and
quantifying mixing. Since a v(s; ;) component does not contribute to the quadrupole
moment, measured (), values—compared to single-hole reference states in neighboring odd-
mass Sn isotopes—can be used to assess the role of a v(d; /2) admixture. Complementary
off-line PAC measurements have been suggested to improve precision and control systematic
effects [188]. These ongoing efforts highlight the particular relevance of the 5, state as a
sensitive probe of two—quasiparticle structure and configuration mixing in the neutron-rich

Sn isotopes.

Progress on the structure of the 5, and 7, states in the neutron-rich Sn isotopes will thus
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require both (i) targeted experimental information on electromagnetic moments and key
transition branches and (ii) systematic SM calculations for the full isotopic chain. The
combination of these two ingredients is expected to provide a consistent interpretation of
the observed E3/FE2/FE1 strength evolution and to clarify the underlying configuration

content towards “'Sn.

Furthermore, the large uncertainties of the spectroscopic quadrupole moments along the
Sn isotopic chain motivate new high-precision measurements. For 114811, only a single
measurement is available, indicating a weak oblate character within its 1o uncertainty

HO12290 | the evaluated experimental quadrupole moments even exhibit

interval. For
inconsistent signs. As an example, Allmond et al. report Q,(27) = 0.17(8) eb for °Sn [71],
whereas Lightbody et al. obtain Q_(27) = —0.17(4) eb [176]. These discrepancies underline
the need for dedicated experiments that substantially reduce the present uncertainties and

establish a consistent systematics.

For the stable Sn isotopes, Coulomb-excitation measurements employing isotopically en-
riched Sn targets provide direct sensitivity to the spectroscopic quadrupole moments. Such
experiments can be carried out at existing facilities, for example using the EAGLE setup
in Warsaw [189] in combination with PIN-diode detectors or a DSSSD, as demonstrated
recently in Coulomb-excitation studies of ''°Cd with **S and "N beams [190]. Similar
measurements are also feasible at the Cologne tandem accelerator, for instance at the HORUS
spectrometer in conjunction with the existing silicon particle-detector setup SoNIC [191],

or by combining the ~-ray array with DSSSD detectors.

The SONIC setup is currently limited to proton and a-particle detection at three fixed
angles, but its energy resolution enables an event-by-event identification of target excitation
energies. The addition of a DSSSD detector would extend the accessible range of scattering
angles and facilitate the use of heavier projectiles. This, in turn, would allow the use of
beams with precisely known transition matrix elements of low-lying states, such as 24Mg,
where the lifetime of the 27 state is well-known with 7 = 1.96(5) ps [68]. In this case,
the target excitation could be normalized to the beam excitation, providing an additional

constraint for the extraction of electromagnetic matrix elements.

An alternative approach is to rely on information from the scattered particles. By employing
the Lycca (Lund—York—Cologne CAlorimeter), which combines large angular coverage and
granularity with an energy resolution of AE/FE < 1%, scattered « particles can be used

to determine the angle-dependent excitation cross sections. In contrast to conventional
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Chapter 10. Outlook

~v-ray based Coulomb-excitation measurements, the excitation path is directly observed,
providing direct access to both transitional and diagonal matrix elements. A related strategy
has recently been applied at the Q3D spectrometer by Garrett [192] using three different
scattering angles. Owing to its large angular acceptance and good energy resolution,
LyccA could enable a detailed investigation of E2 strength distributions and spectroscopic

quadrupole moments in stable nuclei, including the Sn isotopes.

Lastly, the 4? — 2? transition is considered in more detail. While the MCSM calculations
reproduce the energies and collectivity of the first excited 2" states convincingly, the
description of higher-lying states is less accurate. As shown on the left-hand side of
Fig. 10.3, the experimental systematics of B(E2;47 — 27) are not reproduced by the
calculations. At the same time, the available experimental values carry sizable uncertainties,

116,118 . . 106,108,128
Sn, and more exotic nuclei Sn. Notably,

126,130

in particular for the stable isotopes
no B(FE2; 4? — 2?) values are reported for Sn, and the first value for 891 became

available only recently.

To address this gap in 126811, a test experiment was already performed at the FN tandem

: : 18
accelerator of Cologne. A two-neutron transfer reaction was performed using an O
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Figure 10.3. Left: Experimental B(FE2; 47 — 2?) values along the Sn isotopic chain compared
to results from MCSM calculations. Experimental values are taken from NNDC [68], except for
106,108, 182], %8n [86], 1?®Sn [193], and **Sn [112]. Right: y-ray spectra measured following a
two-neutron transfer reaction in the CATHEDRAL spectrometer with a gate on particles detected
in the solar-cell array. Spectra are summed over six HPGe detectors at forward angles (black)
and five at backward angles (red) and normalized to the 908 keV 47 — 27 transition observed at
backward angles.
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beam on a '>'Sn target to populate excited states in 2Gn. The Cologne CATHEDRAL
(Coincidence Array at the Tandem accelerator for High-Efficiency Doppler Recoil And
LaBr,(Ce) fast-timing measurements) spectrometer was operated with six HPGe detectors
at forward angles and five at backward angles. Scattered oxygen isotopes were identified
by solar-cell detectors at backward angles. Using the Cologne plunger device, a stopper
foil was positioned at a distance of 250 pm behind the target to stop recoiling nuclei. The
measurement was carried out for 8 h.

Assuming a recoil velocity of v ~ 0.02 ¢ and an upper limit of 7(4;) < 25ps (motivated
by the decreasing trend of B(E2;4 — 27) towards heavier Sn isotopes and the value
7 =26(13) ps in '>°Sn), 80 % of the directly populated 4] states would decay in flight and
thus emit a Doppler-shifted ~ ray.

The measured spectra gated on the solar-cell detectors are shown on the right-hand side of
Fig. 10.3 for forward (black) and backward (red) detector angles. No Doppler-shift-related
difference is observed in the vicinity of the 908keV 4, — 27 transition. This indicates that
the 4;r state is not populated directly but predominantly via feeding from the 5, state
(T, /2= 10.8(7) ns), i.e. after the recoil has been stopped. Consequently, Doppler-shift-based
approaches are not suitable to constrain the lifetime of the 4;r state with this reaction and

setup.

Nevertheless, CATHEDRAL provides a perspective for lifetime measurements via fast-timing
by complementing the HPGe array with LaBr,(Ce) detectors. Recent work (e.g. Ref. [194])
demonstrates that the current experimental setup and data acquisition system can resolve
lifetimes on the order of 20 ps. Therefore, employing the full configuration of CATHEDRAL
(24 HPGe and eight LaBr,(Ce) detectors) together with increased beam time should enable

a determination of the presently unknown lifetime of the 4? state in '?°Sn.

Finally, while the results of this thesis underline the overall quality of the MCSM description
along the Sn isotopic chain, key questions in the vicinity of 281 remain open. In particular,
quadrupole moments and B(FE2) values involving higher-lying states are not yet described
consistently, and the existence of an N = 90 subshell closure is still under debate. At the
same time, the new B(E2) results presented here provide a direct experimental prove for the
doubly magic character of ¥29n and impose stringent constraints on effective interactions
and model assumptions. The present work therefore serves as a reference point for future
experimental campaigns and for further theoretical developments aimed at a quantitative

understanding of quadrupole collectivity on the neutron-rich side of 326,

173






A. Derivation of Formulas for Beamcomposition

130811, "%OQh and their daughter nuclei

It

In this appendix, formulas for the determination of
will be derived. The rate of isotopes per second in the beam is denoted by Ry ope state:

is assumed that at ¢ = 0, none of the species have accumulated in the target, i.e.,
130 130 130 130
N( Sng.s.)(o) = N( Snis)(o) = N( Sbgs)(o) = N( Sbls)(o) = 07

and that the incoming rates R of all four components remain constant over time. Figure 6.18

shows a simplified decay scheme of "08n and "Sn along with their daughter nuclei.

g.8. is?

Only ~-ray transitions with relative intensities exceeding 10 % are included. Individual
[b-decay branches of gL and 130SbiS are indicated, highlighting excited states that

g.s.
are exclusively populated by either the ground-state or isomeric decay, respectively. The
number of *’Sn, _ nuclei present at time ¢ is then given by:

g.s.

Riso A
130 Sn, . 13og, ¢
N (®sn,.) e (1)

N )\130
SngAsA

where t is the time after the experiment started and A is the decay constant. The same is
true for 130Snis_. Since 13OSbiS. is populated by 13OSb.S_, 13OSbiS. and Raso

) the change of
N(*Sb,, ) is given as

Sbis. !

leBOSbis, (t)

-
+ yRmOSn- (1 —e 1305“ist) — AlSOSb“ ngoSb. (t)

1Ss.

= RISOSbiS, + RlSOSng'S'

Here, y is the fraction of 13OSnis_ which is decaying into the isomeric state of 130SbiS and
highlighted in blue in Figure 6.18. This equation is a first-order linear inhomogeneous
differential equation of the general form:

dN (t)

7+)\N(t) = f(t),
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- t Y t
Where )\ = /\ISOSbis. and f(t) = RIBOSbiS. + RISOSng,S, (1 — € 13OS“gAs< ) +yRIBOSniS, (1 —e 13OSnis' )

First, the homogeneous part of the equation is analyzed. The homogeneous equation is:

NGy, (1)

i+ s, Vi, (6) =0

And the solution is given as:

() . —>\1305b‘ t
1305b15.<t> = Ce is.

where C' is an integration constant. To find a particular solution, the form:

130 —A130 t

(p) —Asog .
Nl?’OSb (t) = A+ Ble gs - B2€ n

is assumed. Substituting this into the original equation and differentiating:

(p)
d]\/vwoSbw (t) *)\1305 t —A130 t
= = —B; Az e "gs. — BoAso, € Shis.
dt 1 Sng.s. 2 Snis.
Substituting fong (t) and its derivative into the original equation:
—A130 t —A130 t
— Bl)\mosn e Srgs — BQAIBOSniS'e Snis.

g.s.
—A130 t

— A= t
+ )\13081D (A + Bye Sngs. 4 B,e 0800 )

R R 1 _)\13OSn t R 1 —>\130S t
= 1305]015. —+ 130g ( —e g-s. ) +vy 13051113.( —e is. )

g.s.
This can be grouped into constant terms:
)\BOSbi&A = RBOSbiS. + RBOSng_S, + waOSnis_'

which can be solved for A:

A RlSOSbiS' + RlSOSng'S, + lesosnis'

)\13OSbis_
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—A130 t
And terms with coeeficients of e Shgs.

_Bl)\mosng& + AlgOSbis.Bl = _R1305Hg_s.
leading to a value for Bj:
—Rmos
Ng.s.
Bl — A A .
13OSng_S, — Awogy

At t
Lastly terms with coeeficients of e Psni. are solved

_BZ)\BOSn- + )\130S B, = —yR13OSn

b

which gives the value for B,:

—lesosn

is.

B, =
2 .
)\mosn — >\13OSbis.

is.

The general solution is then the sum of the homogeneous and particular solutions:

—A130 t

_ Sh, .
NBOSbiS'(t) =Ce is.
ngOSbis' + R13osng's‘ + le3OSHis,

+
>\13OSbis_
RBOSng,& _Alsosn t
— e g.s.
)\13OSng‘S- - )\13OSbis,
R130 _
_ y Sni& AlSOSnis't
)\13OSniS- - AlgOSbis,

The initial condition Nisog, (0) = 0 is applied by substituting ¢ = 0 into the general

is.
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solution: .
NlSOSbis (0) = 06

RISOSbis. —+ RISOSng,S_ —+ yRISOSHis.

+
AlSOSbiS_

RISOSH

AlSOSn

5. 0
g5 e

— )\130
g.5. Sbis.
leBOSnisA 60

AlBOSn - )\13OSbis,

Since ¢ = 1, this simplifies to:

0=C_

R1308biS =+ ngOSn . —+ yRmoSn

_|_ . g. is.
)\130 Sbis,

RISOS

Ng.s.

)\130811 - AlBOSbis'

g.s.

yRISOSn

is.

)\130811 - )\IBOSbiS'

is.

Rearranging for C, it is found that:

o R13OSbiS‘ + Rmosng‘s. + leSOSni&

)\13051013.
N R130Sn
A130
SngAs.
yR13osn
D
130

g.s.

- >\13OSbis4

is.

- )\13OSbis,

is.
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RlSOSbiS' —+ ngOSng's‘ + lesosn

is.

NlSOSbis. (t) = (

)\ISOSbis.
Rlsosng . lesosn‘ —A130 t
+ 2 + Is. e Sbyg.
/\13OSng,s4 — )\1305]915. )\13osnis. — )\ISOSbiS,
N RlSOSbis + RlBOSng‘S, + leBOSnis.
)\IBOSbi&
RlBOSng.S_ _)‘w’osn t
— )\ )\ e g.s.
130 — A130
Sng.s SbisA
_ leSOSniS' e*)\1308nis t
ABOSHis‘ — )\1308bi&

The same is of course true for the number of 13OSbg.S' nuclei, which only depends on 1308nis

and RlsoSbgs .

The background spectra do not allow the number of 13081@15. nuclei to be measured, but the
respective activities instead. These are defined as A(t) = AN(¢) and for the activities of

the four beam components these equations apply:

A t
Alsosn (t) = RISOSng'S‘ (1 —e 1308“g~3» )

g.s.

141308Il

is

A
(t) = ngOSn- <1 —e 1:)’()Snist)

R13OSbis, + ngUSng'sA + yR13OSn

is.

AlsOSbisA<t> = AISOSbisA <—

AlsoSbiS'
N RBOSng.& L+ waoSni& >€_>‘1305b- t
AlSOSng.s. — )\BOSbis. AlSOSniS, — AlsoSbis'
+ RlSOSbis. + RlSOSng_s' + waoSni&
R1308n ~ 130 ¢
— 130 g5 e Shg.s.
Sbig, A130 — 130
sngs. Sbis.
A\ lezsosnig _)\1308 t
— A130 = € Vis.
Sbys. _
s AlSOSniS, )\ISOSbiS,
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AlSOSb

g.s.

Riso + (1 — Y Riso 1—9)R Y
(t) = Aiang, (— sy, + 1 7V fovs,, + S ) P
g.s

)\IBOSbiS' )\130Sn - )\IBOSbiS'

+ RlBOSbg_S' + (1 — y)R13osniS‘
(1 - y>R13osn. —A130 t

— 130 e Snjs.
Sbis. 130 — 130 )
A Sby

Snjg

.S.

For t — oo this simplifies to

Al?)Osn (t) - RISOSn

g.s.

AlSOSn (t) - RISOSn

is is

g.s.

A13OSbis,(t) = R1308bis‘ -+ RlBOSng‘S, —+ leBOSnis.

Auog, (8) = Ruog, + (1 —y)Riwog,
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B.1. Low-energy Coulomb-excitation with a 2°°Pb target

Figure B.1 presents vy-ray spectra obtained with kinematic gates on both target-like recoils
and beam-like ejectiles. The spectrum on the left is shown without Doppler correction,
whereas the spectrum on the right is Doppler-corrected for the ejectiles. In the uncorrected
spectrum, a peak at 162keV is visible, which may indicate excitation associated with the
134Sb77 component of the beam. In the Doppler-corrected spectrum, a peak at 318 keV is
observed, corresponding to population of the 2, state via the 0, — 2, excitation and its

subsequent 2, — 1; decay.

600 1200

—— no Doppler-correction —— Doppler-corrected for ejectiles
BiSh: 57 — 7, PP PP !

/

Ut
o
o

Counts per 2 keV
1SN
(e
o

Counts per 4 keV

1000 A
BiSh . 27 — 17

800

300 A 600 1

100 150 200 250 300 350 400 100 150 200 250 300 350 400
E, (keV) E, (keV)

Figure B.1. ~y-ray spectra for the 2025 13481 Coulomb-excitation experiment using a 26py,
target, obtained with kinematic gates on recoils and ejectiles. Left: spectrum without Doppler
correction. Right: the same spectrum Doppler-corrected for the ejectiles.

B.2. Matrix Elements in A = 134 Isobars and %Pt

Table B.1 lists the matrix elements adopted for the GOSIA2 analysis for the A = 134
beam composition. In addition to observed excited states, a buffer state was introduced to
effectively account for possible feeding from unobserved higher-lying states.
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Table B.1. Transition data for selected states in '**Ba, "**Te and Pt from NNDC [195] if not
other stated. Values used as input values for the GOSITA analysis.

E, T I E BR  Mult. 4 B(A\L) | (AL)
T [keV]  [ps] keV]  [%] AL (W] eb""?]
134Ba
27 6047 7.39(13) 0T 6047 100 E2 - 33.6(6) 0.827(7)
2y 1168 3.90(1.15) 27 563.3 21.47(6) M1 -7.4(9) 7(3)x10°°  0.079(17)
E2  -7.4(9)  73(22) 1.22(18)
0" 1168.0 100 E2 - 0.42(13)  0.093(14)
47 14006 1.20(13) 27 7959 100.00  E2 - 52(6) 1.38(8)
25 2326 0.01(1) E2 - 0.16(16)  0.077(77)
6,  2299.7 - 47 899.1 100 E2 - - -
8, 28359 - 6, 536.0 100 E2 - - -
134Te
2, 12791 1.14(5) 07 1279.0 100 E2 - 5.1(2)" 0.323(6)
25 24649 <1440 0" 24653 100"  E2 - - -
2F 11859 9"  MI/E2 - - -
47 1576.1 1960(160) 27 297.0 100 E2 - 4.3(4) 0.40(2)
194Pt
27 3285  60.1(6) 0" 3285 100 E2 - 49.5(5)  1.285(7)
27 6220 50.5(58) 07 622.0 13.7(2) E2 - 0.28671:  0.007717
27 2036 100 E2  02208) 89712 172t
M1 0.22(8) 8875 x10° 0.028"%
47 8114  5.34(29) 2] 4829 100 E2 ~ 85.1% 2.26(6)
4712295 5.48(87) 27 6075 100 E2 - 215", 1.147}°
47 4181 14.6(14) E2 >3 18" 1.0%2
M1 >3 9.272 % 10" 0.122775,
27 901.0 8.6(11) E2 - 0.26%7 0.12(2)
67 14120 2.31(72) 47 600.6 100 E2 - 670 2.4+
6; 19259 1.88(29) 45 6964 100 - - - =
6, 514.0  6(4) - - - -
47 11145 12(4) - - - -
87 20997 1.59(43) 6 687.7 100 E2 - 5071 238730
8, 2680.3 0887 6, 7634 100 E2 - 53712 24512
107 28487 15250 8" 749.0 100 E2 - 341 2.18(27)

Z:.Values for 27 state are taken from Ref. [168].
" NNDC values are given without uncertainty.

182



Bibliography

[1]

[12]

J. Chadwick. “Possible existence of a neutron”. Nature 129 3252 (1932), pp. 312-312
(cit. on p. 9).

W. M. Elsasser. “Sur le principe de Pauli dans les noyaux”. French. J. Phys. Radium
5 (1934). 7e série, Part 11, pp. 389-397 (cit. on p. 9).

W. M. Elsasser. “Sur le principe de Pauli dans les noyaux”. French. J. Phys. Radium
5 (1934). 7e série, Part III, pp. 635-639 (cit. on p. 9).

S. G. Nilsson. “Binding States of Individual Nucleons in Strongly Deformed Nuclei”.
Dan. Mat. Fys. Medd. 29 16 (1955) (cit. on p. 10).

A. Bohr and B. R. Mottelson. Nuclear Structure, Vol. I: Single-Particle Motion.
New York: W. A. Benjamin, 1969 (cit. on p. 10).

K. L. G. Heyde. The Nuclear Shell Model. Springer, 1994 (cit. on p. 10).

M. G. Mayer. “On closed shells in nuclei. II”. Phys. Rev. 75 12 (1949), p. 1969
(cit. on p. 11).

O. Haxel, J. H. D. Jensen and H. E. Suess. “On the "magic numbers" in nuclear
structure”. Phys. Rev. 75 11 (1949), p. 1766 (cit. on p. 11).

T. Otsuka, R. Fujimoto, Y. Utsuno, B. A. Brown, M. Honma and T. Mizusaki.
“Magic Numbers in Exotic Nuclei and Spin-Isospin Properties of the NN Interaction”.
Phys. Rev. Lett. 87 (2001), p. 082502 (cit. on p. 12).

T. Otsuka, Y. Utsuno, R. Fujimoto, B. Brown, M. Honma and T. Mizusaki.
“Frontiers and challenges of the nuclear shell model”. Eur. Phys. J. A 13 1 (2002),
pp. 69-74 (cit. on p. 12).

R. Kanungo, C. Nociforo, A. Prochazka, T. Aumann, D. Boutin, D. Cortina-Gil,
B. Davids, M. Diakaki, F. Farinon, H. Geissel, R. Gernhauser, J. Gerl, R. Janik,
B. Jonson, B. Kindler, R. Knobel, R. Kriicken, M. Lantz, H. Lenske, Y. Litvinov, B.
Lommel, K. Mahata, P. Maierbeck, A. Musumarra, T. Nilsson, T. Otsuka, C. Perro,
C. Scheidenberger, B. Sitar, P. Strmen, B. Sun, I. Szarka, I. Tanihata, Y. Utsuno,
H. Weick and M. Winkler. “One-Neutron Removal Measurement Reveals >0 as a
New Doubly Magic Nucleus”. Phys. Rev. Lett. 102 (2009), p. 152501 (cit. on p. 12).

K. Wimmer, T. Kroll, R. Kriicken, V. Bildstein, R. Gernhauser, B. Bastin, N. Bree,
J. Diriken, P. Van Duppen, M. Huyse, N. Patronis, P. Vermaelen, D. Voulot, J. Van

183


http://dx.doi.org/10.1103/PhysRevLett.87.082502
http://dx.doi.org/10.1140/epja1339-11
http://dx.doi.org/10.1140/epja1339-11
http://dx.doi.org/10.1103/PhysRevLett.102.152501

Bibliography

[13]

[14]

de Walle, F. Wenander, L. M. Fraile, R. Chapman, B. Hadinia, R. Orlandi, J. F.
Smith, R. Lutter, P. G. Thirolf, M. Labiche, A. Blazhev, M. Kalkiihler, P. Reiter,
M. Seidlitz, N. Warr, A. O. Macchiavelli, H. B. Jeppesen, E. Fiori, G. Georgiev,
G. Schrieder, S. Das Gupta, G. Lo Bianco, S. Nardelli, J. Butterworth, J. Johansen
and K. Riisager. “Discovery of the Shape Coexisting 07 State in 32Mg by a Two
Neutron Transfer Reaction”. Phys. Rev. Lett. 105 (2010), p. 252501 (cit. on p. 12).

D. Steppenbeck, S. Takeuchi, N. Aoi, P. Doornenbal, M. Matsushita, H. Wang, H.
Baba, N. Fukuda, S. Go, M. Honma, J. Lee, K. Matsui, S. Michimasa, T. Motobayashi,
D. Nishimura, T. Otsuka, H. Sakurai, Y. Shiga, P.-A. Soderstrom, T. Sumikama,
H. Suzuki, R. Taniuchi, Y. Utsuno, J. J. Valiente-Dobén and K. Yoneda. “Evidence
for a new nuclear ‘magic number’ from the level structure of *'Ca”. en. Nature
502 7470 (2013), pp. 207-210 (cit. on p. 12).

A. Mollaebrahimi, C. Walls, T. Dickel, T. Miyagi, A. Sieverding, C. Andreoiu, J.
Ash, B. Ashrafkhani, I. Belosevic, J. Bergman, C. Brown, T. Brunner, J. Cardona,
L. Egoriti, G. Gelinas, G. Gwinner, Z. Hockenbery, J. D. Holt, A. Jacobs, S. Kakkar,
B. Kootte, J. Lassen, E. M. Lykiardopoulou, S. Malbrunot-Ettenauer, G. Martinez-
Pinedo, S. F. Paul, W. R. Pla3; M. P. Reiter, A. Ridley, C. Scheidenberger, R. I.
Thompson, Y. Wang, M. E. Wieser and A. A. Kwiatkowski. “Precision Mass
Measurements Reveal Low Neutron Pairing in Tin beyond N = 82 and Its Impact
on Stellar Nucleosynthesis”. Phys. Rev. Lett. 134 (2025), p. 232701 (cit. on pp. 12,
27, 158).

S. Sarkar and M. S. Sarkar. “Structure of even-even A = 138 isobars and the yrast

spectra of semi-magic Sn isotopes above the 280 core”. Phys. Rev. C 78 (2008),
p. 024308 (cit. on pp. 12, 149-150, 153, 160).

S. Sarkar and M. S. Sarkar. “New phenomenon in exotic neutron-rich Sn isotopes:
role of 3-body force”. J. Phys.: Conf. Ser. Vol. 267. 1. I0P Publishing. 2011,
p. 012040 (cit. on pp. 12, 149, 158, 160-161).

B. Brown. “The nuclear shell model towards the drip lines”. Prog. Part. Nucl. Phys.
47 2 (2001), pp. 517-599 (cit. on p. 12).

A. N. Bohr and B. R. Mottelson. Nuclear Structure (in 2 volumes). World Scientific
Publishing Company, 1998 (cit. on pp. 13, 29).

K. S. Krane. Introductory Nuclear Physics. Wiley, 1987 (cit. on p. 13).

A. Dewald, O. Moller and P. Petkov. “Developing the Recoil Distance Doppler-Shift
technique towards a versatile tool for lifetime measurements of excited nuclear states”.
Prog. Part. Nucl. Phys. 67 3 (2012), pp. 786839 (cit. on p. 13).

T. Czosnyka, D. Cline and C. Y. Wu. “GOSIA — A program for Coulomb-excitation
analysis”. Bull. Am. Phys. Soc. 28 (1983), p. 745 (cit. on pp. 13, 24).

184


http://dx.doi.org/10.1103/PhysRevLett.105.252501
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1103/ctyj-ls15
http://dx.doi.org/10.1103/PhysRevC.78.024308
http://dx.doi.org/10.1103/PhysRevC.78.024308
http://dx.doi.org/https://doi.org/10.1016/S0146-6410(01)00159-4
http://dx.doi.org/https://doi.org/10.1016/S0146-6410(01)00159-4
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2012.03.003

Bibliography

23]

28]

[29]

M. Zielinska, L. P. Gaffney, K. Wrzosek-Lipska, E. Clément, T. Grahn, N. Kesteloot,
P. Napiorkowski, J. Pakarinen, P. Van Duppen and N. Warr. “Analysis methods of
safe Coulomb-excitation experiments with radioactive ion beams using the GOSIA
code”. Fur. Phys. J. A 52 4 (2016), p. 99 (cit. on pp. 13, 22-23, 25).

D. Rosiak, M. Seidlitz, P. Reiter, H. Naidja, Y. Tsunoda, T. Togashi, F. Nowacki,
T. Otsuka, G. Colo, K. Arnswald, T. Berry, A. Blazhev, M. J. G. Borge, J. Cederkall,
D. M. Cox, H. De Witte, L. P. Gaffney, C. Henrich, R. Hirsch, M. Huyse, A. Illana, K.
Johnston, L. Kaya, T. Kroll, M. L. L. Benito, J. Ojala, J. Pakarinen, M. Queiser, G.
Rainovski, J. A. Rodriguez, B. Siebeck, E. Siesling, J. Snall, P. Van Duppen, A. Vogt,
M. von Schmid, N. Warr, F. Wenander and K. Zell. “Enhanced Quadrupole and
Octupole Strength in Doubly Magic 297, Phys. Rev. Lett. 121 (2018), p. 252501
(cit. on pp. 13, 27-29, 31, 43, 59, 146-149, 152, 156, 159).

D. P. Rosiak. “Coulomb excitation of doubly-magic 132Sn at HIE-ISOLDE and
development of escape-suppression shields for the MINIBALL spectrometer”. PhD
thesis. Universitat zu Koln, 2018 (cit. on pp. 14, 22, 76, 78, 82, 103, 126, 148, 154).

K. Alder and A. Winther. Electromagnetic Excitation: Theory of Coulomb Excitation
with Heavy lons. North-Holland, 1956 (cit. on pp. 14, 22).

K. Alder and A. Winther. Electromagnetic Excitation: Theory of Coulomb Excitation
with Heavy lons. North-Holland, 1975 (cit. on pp. 15, 22, 24).

D. Cline, T. Czosnyka, A. B. Hayes, P. Napiorkowski, N. Warr and C. Y. Wu.
GOSTA User Manual for Simulation and Analysis of Coulomb Excitation Experiments.
Version: May 10 2012. Gosia Steering Committee. 2012 (cit. on pp. 15, 22, 24-25).

A. Winther and K. Alder. “Relativistic Coulomb Excitation”. Nucl. Phys. A 319
(1979), pp. 518-532 (cit. on p. 22).

D. Cline. “Nuclear Shapes Studied By Coulomb Excitation”. Nuclear Structure
1985. Ed. by R. Broglia, G. Hagemann and B. Herskind. Amsterdam: Elsevier,
1985, pp. 313-326 (cit. on p. 23).

H. J. Wollersheim. “Kernstruktur schnell rotierender Atomkerne”. Habilitation.
Universitat Frankfurt am Main, 1992 (cit. on pp. 23-24).

C. Henrich. “Investigation of collectivity in the neutron-rich "?Xe”. PhD thesis.
Technische Universitat Darmstadt, 2020 (cit. on p. 23).

J. de Boer and A. Winther. Coulomb excitation. Ed. by A. de-Shalit and H.
Feshbach. North-Holland, 1970 (cit. on p. 24).

A. Winther and J. de Boer. “A computer program for Coulomb excitation”. Nuclear
Physics A26 (1965), pp. 538-546 (cit. on p. 24).

D. Cline, C. Y. Wu and T. Czosnyka. CEGRY: A code for gamma-ray angular
correlations. Internal Report, University of Rochester. 1986 (cit. on p. 25).

185


http://dx.doi.org/10.1140/epja/i2016-16099-8
http://dx.doi.org/10.1103/PhysRevLett.121.252501
http://dx.doi.org/10.1016/0375-9474(79)90528-1
http://dx.doi.org/10.1016/0375-9474(79)90528-1

Bibliography

[35]

[36]

[37]

[40]

[41]

D. Cline, C. Y. Wu, S. W. Yates, C. T. Zhang, T. Czosnyka and C. W. Beausang.
“Coulomb excitation of ''"Pd: A unique matrix element solution”. Phys. Rev. Lett.
57 (1986), p. 2920 (cit. on p. 25).

P. Hampson, J. F. Smith, P. G. Jones, D. Cline and C.Y. Wu. “Lifetime measurement
in ""°Pd”. Nucl. Phys. A 476 (1988), pp. 468-480 (cit. on p. 25).

W. D. Kulp, D. Cline, C. Y. Wu, J. Srebrny, C. Droste, J. Zylicz, C. W. Beausang
and J. L. Durell. “Shape coexistence in W-Os-Pt nuclei”. Phys. Rev. C 68 (2003),
p. 054309 (cit. on p. 25).

C. W. Beausang, D. Cline, C. Y. Wu, M. R. Dimmock, J. F. Smith and T. Czosnyka.
“Extended shape studies with GOSIA”. Nucl. Phys. A 495 (1988), p. 375 (cit. on
p. 25).

J. Srebrny, T. Czosnyka, C. Droste, J. Zylicz, K. Gulda, K. Starosta, C. W. Beausang
and D. Cline. “Nuclear structure of Pt isotopes via Coulomb excitation”. Nucl.
Phys. A 766 (2006), p. 25 (cit. on p. 25).

P. Petkov, J. Srebrny, J. Zylicz, C. Droste, T. Czosnyka, K. Starosta, C. W. Beausang
and D. Cline. “Analysis of W-Os-Pt isotopes with GOSIA”. Eur. Phys. J. A 21
(2004), p. 109 (cit. on p. 25).

A. Gadea, E. Clément, N. Warr, G. Schrieder, Z. Podolyak, P. H. Regan, G. S.
Simpson, T. Czosnyka, J. Srebrny, D. Cline and C. W. Beausang. “Shape coexistence
in transitional nuclei”. Phys. Rev. Lett. 95 (2005), p. 022502 (cit. on p. 25).

M. Scheck, A. Hilliard, D. Cline, C. Y. Wu, N. Warr, P. H. Regan, A. Gadea, J.
Srebrny and C. W. Beausang. “Evolution of nuclear shapes in the mass 70 region”.
Phys. Rev. C 85 (2012), p. 014323 (cit. on p. 25).

J. Ljungvall, E. Clément, A. Gorgen, M. Lebois, J. Srebrny, T. Czosnyka, D. Cline,
C. W. Beausang, A. Gadea and G. S. Simpson. “Coexisting shapes in neutron-rich
rare earths”. Phys. Rev. Lett. 100 (2008), p. 102502 (cit. on p. 25).

A. Ansari, J. Srebrny, J. Zylicz, C. Droste, T. Czosnyka, D. Cline and C. W.
Beausang. “Quadrupole collectivity in rare earth nuclei”. Nucl. Phys. A 865 (2011),
p. 1 (cit. on p. 25).

J. F. Smith, T. Czosnyka, J. Srebrny, C. Droste, J. Zylicz, D. Cline, C. W. Beausang
and C.Y. Wu. “Coulomb excitation of actinides”. Phys. Rev. C' 71 (2005), p. 014309
(cit. on p. 25).

L. P. Gaffney, P. A. Butler, M. Scheck, A. B. Hayes, F. Wenander, M. Albers, B.
Bastin, C. Bauer, A. Blazhev, S. Bonig, N. Bree, J. Cederkéll, T. Chupp, D. Cline,
T. E. Cocolios, T. Davinson, H. De Witte, J. Diriken, T. Grahn, A. Herzan, M.
Huyse, D. G. Jenkins, D. T. Joss, N. Kesteloot, J. Konki, M. Kowalczyk, T. Kroll,
E. Kwan, R. Lutter, K. Moschner, P. Napiorkowski, J. Pakarinen, M. Pfeiffer, D.
Radeck, P. Reiter, K. Reynders, S. V. Rigby, L. M. Robledo, M. Rudigier, S. Sambi,

186



Bibliography

[47]

[48]

M. Seidlitz, B. Siebeck, T. Stora, P. Thoele, P. Van Duppen, M. J. Vermeulen, M.
von Schmid, D. Voulot, N. Warr, K. Wimmer, K. Wrzosek-Lipska, C. Y. Wu and

M. Zielinska. “Studies of pear-shaped nuclei using accelerated radioactive beams”.
Nature 497 7448 (2013), pp. 199-204 (cit. on pp. 25, 43).

I. Arcavi, G. Hosseinzadeh, D. A. Howell, C. McCully, D. Poznanski, D. Kasen, J.
Barnes, M. Zaltzman, S. Vasylyev, D. Maoz and S. Valenti. “Optical emission from
a kilonova following a gravitational-wave-detected neutron-star merger”. Nature
551 7678 (2017), pp. 64-66 (cit. on p. 26).

M. R. Drout, A. L. Piro, B. J. Shappee, C. D. Kilpatrick, J. D. Simon, C. Contreras,
D. A. Coulter, R. J. Foley, M. R. Siebert, N. Morrell, K. Boutsia, F. D. Mille,
T. W.-S. Holoien, D. Kasen, J. A. Kollmeier, B. F. Madore, A. J. Monson, A.
Murguia-Berthier, Y.-C. Pan, J. X. Prochaska, E. Ramirez-Ruiz, A. Rest, C. Adams,
K. Alatalo, E. Banados, J. Baughman, T. C. Beers, R. A. Bernstein, T. Bitsakis,
A. Campillay, T. T. Hansen, C. R. Higgs, A. P. Ji, G. Maravelias, J. L. Marshall,
C. M. Bidin, J. L. Prieto, K. C. Rasmussen, C. Rojas-Bravo, A. L. Strom, N. Ulloa,
J. Vargas-Gonzalez, Z. Wan and D. D. Whitten. “Light curves of the neutron star
merger GW170817/SSS17a: Implications for r-process nucleosynthesis”. Science
358 6370 (2017), pp. 1570-1574 (cit. on p. 26).

D. Kasen, B. Metzger, J. Barnes, E. Quataert and E. Ramirez-Ruiz. “Origin of
the heavy elements in binary neutron-star mergers from a gravitational-wave event”.
Nature 551 7678 (2017), pp. 80-84 (cit. on p. 26).

A. J. Levan, B. P. Gompertz, O. S. Salafia, M. Bulla, E. Burns, K. Hotokezaka,
L. Izzo, G. P. Lamb, D. B. Malesani, S. R. Oates, M. E. Ravasio, A. R. Escorial,
B. Schneider, N. Sarin, S. Schulze, N. R. Tanvir, K. Ackley, G. Anderson, G. B.
Brammer, L. Christensen, V. S. Dhillon, P. A. Evans, M. Fausnaugh, W.-f. Fong,
A. S. Fruchter, C. Fryer, J. P. U. Fynbo, N. Gaspari, K. E. Heintz, J. Hjorth, J. A.
Kennea, M. R. Kennedy, T. Laskar, G. Leloudas, I. Mandel, A. Martin-Carrillo,
B. D. Metzger, M. Nicholl, A. Nugent, J. T. Palmerio, G. Pugliese, J. Rastinejad,
L. Rhodes, A. Rossi, A. Saccardi, S. J. Smartt, H. F. Stevance, A. Tohuvavohu,
A. van der Horst, S. D. Vergani, D. Watson, T. Barclay, K. Bhirombhakdi, E. Breedt,
A. A. Breeveld, A. J. Brown, S. Campana, A. A. Chrimes, P. D’Avanzo, V. D’Elia,
M. D. Pasquale, M. J. Dyer, D. K. Galloway, J. A. Garbutt, M. J. Green, D. H.
Hartmann, P. Jakobsson, P. Kerry, C. Kouveliotou, D. Langeroodi, E. L. Floc’h,
J. K. Leung, S. P. Littlefair, J. Munday, P. O’'Brien, S. G. Parsons, I. Pelisoli, D. I.
Sahman, R. Salvaterra, B. Sbarufatti, D. Steeghs, G. Tagliaferri, C. C. Thone, A. de
Ugarte Postigo and D. A. Kann. “Heavy-element production in a compact object
merger observed by JWST”. Nature 626 8000 (2024), pp. 737-741 (cit. on p. 27).

V. H. Phong, S. Nishimura, G. Lorusso, T. Davinson, A. Estrade, O. Hall, T.
Kawano, J. Liu, F. Montes, N. Nishimura, R. Grzywacz, K. P. Rykaczewski, J.
Agramunt, D. S. Ahn, A. Algora, J. M. Allmond, H. Baba, S. Bae, N. T. Brewer,

187


http://dx.doi.org/10.1038/nature12073
http://dx.doi.org/10.1038/nature24291
http://dx.doi.org/10.1038/nature24291
http://dx.doi.org/10.1126/science.aaq0049
http://dx.doi.org/10.1126/science.aaq0049
http://dx.doi.org/10.1038/nature24453
http://dx.doi.org/10.1038/s41586-023-06759-1

Bibliography

[52]

[53]

[54]

[55]

C. G. Bruno, R. Caballero-Folch, F. Calvino, P. J. Coleman-Smith, G. Cortes, 1.
Dillmann, C. Domingo-Pardo, A. Fijalkowska, N. Fukuda, S. Go, C. J. Griffin,
J. Ha, L. J. Harkness-Brennan, T. Isobe, D. Kahl, L. H. Khiem, G. G. Kiss, A.
Korgul, S. Kubono, M. Labiche, I. Lazarus, J. Liang, Z. Liu, K. Matsui, K. Miernik,
B. Moon, A. I. Morales, P. Morrall, N. Nepal, R. D. Page, M. Piersa-Sitkowska,
V. F. E. Pucknell, B. C. Rasco, B. Rubio, H. Sakurai, Y. Shimizu, D. W. Stracener, T.
Sumikama, H. Suzuki, J. L. Tain, H. Takeda, A. Tarifeno-Saldivia, A. Tolosa-Delgado,
M. Woli niska-Cichocka, P. J. Woods and R. Yokoyama. “g-Delayed One and Two
Neutron Emission Probabilities Southeast of *°Sn and the Odd-Even Systematics
in r-Process Nuclide Abundances”. Phys. Rev. Lett. 129 (2022), p. 172701 (cit. on
p. 27).

A. R. Vernon, R. F. G. Ruiz, T. Miyagi, C. L. Binnersley, J. Billowes, M. L. Bissell,
J. Bonnard, T. E. Cocolios, J. Dobaczewski, G. J. Faroog-Smith, K. T. Flanagan, G.
Georgiev, W. Gins, R. P. de Groote, R. Heinke, J. D. Holt, J. Hustings, A. Koszorts,
D. Leimbach, K. M. Lynch, G. Neyens, S. R. Stroberg, S. G. Wilkins, X. F. Yang
and D. T. Yordanov. “Nuclear moments of indium isotopes reveal abrupt change at
magic number 82”. Nature 607 7918 (2022), pp. 260265 (cit. on p. 27).

D. W. Luo, J. Z. Zhang, Z. H. Li, Y. Y. Cheng, H. Hua, H. Watanabe, G. Lorusso,
C. X. Yuan, S. Nishimura, H. Baba, G. Benzoni, F. Browne, K. Y. Chae, Z. Q. Chen,
F. C. L. Crespi, P. Doornenbal, N. Fukuda, R. Gernhauser, G. Gey, C. Y. Guo,
N. Inabe, T. Isobe, D. X. Jiang, Y. Jin, H. S. Jung, A. Jungclaus, D. Kameda, G. D.
Kim, Y. K. Kim, I. Kojouharov, F. G. Kondev, T. Kubo, N. Kurz, Y. K. Kwon,
G. J. Lane, X. Q. Li, J. L. Lou, A. Montaner-Piza, K. Moschner, F. Naqvi, L. Ni,
M. Niikura, H. Nishibata, A. Odahara, R. Orlandi, Z. Patel, Z. Podolyak, H. Sakurai,
H. Schaffner, G. S. Simpson, P.-A. Séderstrom, K. Steiger, T. Sumikama, H. Suzuki,
H. Takeda, J. Taprogge, Z. Vajta, A. Wendt, H. Y. Wu, J. Wu, C. Xu, Z. Y. Xu, A.
Yagi, Y. L. Ye, K. Yoshinaga, S. Q. Zhang, S. Y. Zhang and Z. X. Zhou. “Seniority
Structure in Neutron-Rich Nucleus 128Ag: Evidence for Robustness of N = 82 Shell
Closure in Silver Isotopes”. Phys. Rev. Lett. 134 (2025), p. 232502 (cit. on p. 27).

T. Togashi, Y. Tsunoda, T. Otsuka, N. Shimizu and M. Honma. “Novel Shape
Evolution in Sn Isotopes from Magic Numbers 50 to 82”. Phys. Rev. Lett. 121 (2018),
p. 062501 (cit. on pp. 27, 29-30, 33, 59, 61, 148-149, 157, 160, 163-164).

K. L. Jones, A. S. Adekola, D. W. Bardayan, J. C. Blackmon, K. Y. Chae, K. A.
Chipps, J. A. Cizewski, L. Erikson, C. Harlin, R. Hatarik, R. Kapler, R. L. Kozub,
J. F. Liang, R. Livesay, Z. Ma, B. H. Moazen, C. D. Nesaraja, F. M. Nunes, S. D.
Pain, N. P. Patterson, D. Shapira, J. F. Shriner, M. S. Smith, T. P. Swan and J. S.
Thomas. “The magic nature of ¥29n explored through the single-particle states of
3807, Nature 465 7297 (2010), pp. 454-457 (cit. on pp. 27, 30-31).

188


http://dx.doi.org/10.1103/PhysRevLett.129.172701
http://dx.doi.org/10.1038/s41586-022-04818-7
http://dx.doi.org/10.1103/wq9m-trj8
http://dx.doi.org/10.1103/PhysRevLett.121.062501
http://dx.doi.org/10.1103/PhysRevLett.121.062501
http://dx.doi.org/10.1038/nature09048

Bibliography

[58]

[59]

[60]

[61]

H. Naidja, F. Nowacki and K. Sieja. “Spectroscopic properties of neutron rich
nuclei beyond 291 and seniority mixing”. J. Phys.: Conf. Ser. Vol. 580. 1. IOP
Publishing. 2015, p. 012030 (cit. on pp. 28, 148).

D. Radford, C. Baktash, J. Beene, B. Fuentes, A. Galindo-Uribarri, J. Gomez del
Campo, C. Gross, M. Halbert, Y. Larochelle, T. Lewis, J. Liang, J. Mas, P. Mueller,
E. Padilla, D. Shapira, D. Stracener, R. Varner, C.-H. Yu, C. Barton, M. Caprio,
D. Hartley and N. Zamfir. “Nuclear structure studies with heavy neutron-rich RIBS
at the HRIBF”. Nucl. Phys. A 746 (2004). Proceedings of the Sixth International
Conference on Radioactive Nuclear Beams (RNB6), pp. 83-89 (cit. on pp. 28-29,
31-32, 61, 146-147, 153-154).

D. Radford, C. Baktash, C. Barton, J. Batchelder, J. Beene, C. Bingham, M. Caprio,
M. Danchev, B. Fuentes, A. Galindo-Uribarri, J. Gomez del Campo, C. Gross, M.
Halbert, D. Hartley, P. Hausladen, J. Hwang, W. Krolas, Y. Larochelle, J. Liang,
P. Mueller, E. Padilla, J. Pavan, A. Piechaczek, D. Shapira, D. Stracener, R. Varner,
A. Woehr, C.-H. Yu and N. Zamfir. “Coulomb excitation and transfer reactions
with rare neutron-rich isotopes”. Nucl. Phys. A 752 (2005). Proceedings of the 22nd
International Nuclear Physics Conference (Part 2), pp. 264-272 (cit. on pp. 28-29,
31-33, 61, 146-147, 153-154).

J. Beene, R. Varner, C. Baktash, A. Galindo-Uribarri, C. Gross, J. Gomez del
Campo, M. Halbert, P. Hausladen, Y. Larochelle, J. Liang, J. Mas, P. Mueller,
E. Padilla-Rodal, D. Radford, D. Shapira, D. Stracener, J.-P. Urrego-Blanco and
C-H. Yu. “Coulomb excitation studies of *'*'Sn”. Nucl. Phys. A 746 (2004).
Proceedings of the Sixth International Conference on Radioactive Nuclear Beams
(RNB6), pp. 471-474 (cit. on pp. 28-29, 31, 35, 146-147, 153-154).

R. L. Varner, J. R. Beene, C. Baktash, A. Galindo-Uribarri, C. J. Gross, J. Gémez
del Campo, M. L. Halbert, P. A. Hausladen, Y. Larochelle, J. F. Liang, J. Mas, P. E.
Mueller, E. Padilla-Rodal, D. C. Radford, D. Shapira, D. W. Stracener, J.-P. Urrego-
Blanco and C.-H. Yu. “Coulomb excitation measurements of transition strengths
in the isotopes 214G The 4th International Conference on Exotic Nuclei and
Atomic Masses. Ed. by C. J. Gross, W. Nazarewicz and K. P. Rykaczewski. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2005, pp. 391-394 (cit. on pp. 28, 31-32,
146-147, 153-154).

T. J. Gray, J. M. Allmond, A. E. Stuchbery, C.-H. Yu, C. Baktash, A. Gargano,
A. Galindo-Uribarri, D. C. Radford, J. C. Batchelder, J. R. Beene, C. R. Bingham,
L. Coraggio, A. Covello, M. Danchev, C. J. Gross, P. A. Hausladen, N. Itaco, W.
Krolas, J. F. Liang, E. Padilla-Rodal, J. Pavan, D. W. Stracener and R. L. Varner.
“Early Signal of Emerging Nuclear Collectivity in Neutron-Rich 2957, Phys. Rev.
Lett. 124 (2020), p. 032502 (cit. on p. 28).

189


http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.056
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.056
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2005.02.040
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2005.02.040
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.143
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.143
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.143
http://dx.doi.org/10.1103/PhysRevLett.124.032502
http://dx.doi.org/10.1103/PhysRevLett.124.032502

Bibliography

[62]

[63]
[64]

[65]

G. Georgiev, A. Stuchbery and M. Allmond. Single-particle structure, effective

proton charge, and emerging collectivity around %290, Tech. rep. Geneva: CERN,
2021 (cit. on p. 28).

T. Faestermann, M. Gorska and H. Grawe. “The structure of %8 and neighbouring
nuclei”. Prog. Part. Nucl. Phys. 69 (2013), pp. 85-130 (cit. on pp. 28, 148).

M. Pfiitzner and C. Mazzocchi. “Nuclei near and at the proton dripline”. Handbook
of Nuclear Physics. Springer, 2022, pp. 1-41 (cit. on p. 29).

K. Auranen, D. Seweryniak, M. Albers, A. D. Ayangeakaa, S. Bottoni, M. P. Carpen-
ter, C. J. Chiara, P. Copp, H. M. David, D. T. Doherty, J. Harker, C. R. Hoffman,
R. V. F. Janssens, T. L. Khoo, S. A. Kuvin, T. Lauritsen, G. Lotay, A. M. Rogers, J.
Sethi, C. Scholey, R. Talwar, W. B. Walters, P. J. Woods and S. Zhu. “Superallowed
a Decay to Doubly Magic %gp 7, Phys. Rev. Lett. 121 (2018), p. 182501 (cit. on
p. 29).

C. B. Hinke, M. Béhmer, P. Boutachkov, T. Faestermann, H. Geissel, J. Gerl, R.
Gernhauser, M. Gorska, A. Gottardo, H. Grawe, J. L. Grebosz, R. Kriicken, N.
Kurz, Z. Liu, L. Maier, F. Nowacki, S. Pietri, Z. Podolyak, K. Sieja, K. Steiger,
K. Straub, H. Weick, H.-J. Wollersheim, P. J. Woods, N. Al-Dahan, N. Alkhomashi,
A. Atac, A. Blazhev, N. F. Braun, I. T. Celikovié, T. Davinson, I. Dillmann, C.
Domingo-Pardo, P. C. Doornenbal, G. de France, G. F. Farrelly, F. Farinon, N. Goel,
T. C. Habermann, R. Hoischen, R. Janik, M. Karny, A. Kagkas, I. M. Kojouharov, T.
Kroll, Y. Litvinov, S. Myalski, F. Nebel, S. Nishimura, C. Nociforo, J. Nyberg, A. R.
Parikh, A. Prochazka, P. H. Regan, C. Rigollet, H. Schaffner, C. Scheidenberger,
S. Schwertel, P.-A. S6derstrom, S. J. Steer, A. Stolz and P. Strmen. “Superallowed
Gamow—Teller decay of the doubly magic nucleus 0607 Nature 486 7403 (2012),
pp. 341-345 (cit. on p. 29).

D. Lubos, J. Park, T. Faestermann, R. Gernhéduser, R. Kriicken, M. Lewitowicz,
S. Nishimura, H. Sakurai, D. S. Ahn, H. Baba, B. Blank, A. Blazhev, P. Boutachkov,
F. Browne, 1. Celikovi ¢, G. de France, P. Doornenbal, Y. Fang, N. Fukuda, J.
Giovinazzo, N. Goel, M. Gorska, S. Ilieva, N. Inabe, T. Isobe, A. Jungclaus, D.
Kameda, Y. K. Kim, I. Kojouharov, T. Kubo, N. Kurz, Y. K. Kwon, G. Lorusso,
K. Moschner, D. Murai, I. Nishizuka, Z. Patel, M. M. Rajabali, S. Rice, H. Schaffner,
Y. Shimizu, L. Sinclair, P.-A. Séderstrom, K. Steiger, T. Sumikama, H. Suzuki,
H. Takeda, Z. Wang, N. Warr, H. Watanabe, J. Wu and Z. Xu. “Improved Value for
the Gamow-Teller Strength of the Sn Beta Decay”. Phys. Rev. Lett. 122 (2019),
p. 222502 (cit. on p. 29).

National Nuclear Data Center (NNDC). Evaluated Nuclear Structure Data File
(ENSDF). Accessed: 2024-11-12. 2024 (cit. on pp. 29, 82, 85, 87, 103, 111, 114, 132,
171-172).

190


http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2012.10.002
http://dx.doi.org/10.1103/PhysRevLett.121.182501
http://dx.doi.org/10.1038/nature11116
http://dx.doi.org/10.1038/nature11116
http://dx.doi.org/10.1103/PhysRevLett.122.222502
http://dx.doi.org/10.1103/PhysRevLett.122.222502

Bibliography

[71]

[73]

[74]

A. Banu, J. Gerl, C. Fahlander, M. Gorska, H. Grawe, T. R. Saito, H.-J. Wollersheim,
E. Caurier, T. Engeland, A. Gniady, M. Hjorth-Jensen, F. Nowacki, T. Beck, F.
Becker, P. Bednarczyk, M. A. Bentley, A. Biirger, F. Cristancho, G. d. Angelis,
Z. Dombradi, P. Doornenbal, H. Geissel, J. Grebosz, G. Hammond, M. Hellstrom,
J. Jolie, I. Kojouharov, N. Kurz, R. Lozeva, S. Mandal, N. Marginean, S. Muralithar,
J. Nyberg, J. Pochodzalla, W. Prokopowicz, P. Reiter, D. Rudolph, C. Rusu, N. Saito,
H. Schaffner, D. Sohler, H. Weick, C. Wheldon and M. Winkler. «1%q) studied
with intermediate-energy Coulomb excitation”. Phys. Rev. C' 72 (2005), p. 061305
(cit. on pp. 29-30, 36, 149, 151).

J. M. Allmond, D. C. Radford, C. Baktash, J. C. Batchelder, A. Galindo-Uribarri,
C. J. Gross, P. A. Hausladen, K. Lagergren, Y. Larochelle, E. Padilla-Rodal and
C.-H. Yu. “Coulomb excitation of **"**'**Sn”. Phys. Rev. C 84 (2011), p. 061303
(cit. on pp. 29, 156, 163).

J. M. Allmond, A. E. Stuchbery, A. Galindo-Uribarri, E. Padilla-Rodal, D. C.
Radford, J. C. Batchelder, C. R. Bingham, M. E. Howard, J. F. Liang, B. Manning,
S. D. Pain, N. J. Stone, R. L. Varner and C.-H. Yu. “Investigation into the semimagic

nature of the tin isotopes through electromagnetic moments”. Phys. Rev. C' 92
(2015), p. 041303 (cit. on pp. 29, 156-157, 163, 171).

V. M. Bader, A. Gade, D. Weisshaar, B. A. Brown, T. Baugher, D. Bazin, J. S.
Berryman, A. Ekstrom, M. Hjorth-Jensen, S. R. Stroberg, W. B. Walters, K. Wimmer
and R. Winkler. “Quadrupole collectivity in neutron-deficient Sn nuclei: %8n and
the role of proton excitations”. Phys. Rev. C' 88 (2013), p. 051301 (cit. on pp. 29,
156).

M. Beuschlein, V. Werner, U. Friman-Gayer, J. Kleemann, O. Papst, N. Pietralla,
E. Agiksoz, U. Ahmed, S. Aslanidou, L. Atar, T. Beck, M. Berger, I. Brandherm, D.
Choudhury, A. Coban, M. L. Cortés, A. D’Alessio, J. Hauf, M. Hilcker, K. E. Ide, J.
[saak, I. Jurosevic, P. Koseoglou, R. Kern, C. Kremer, C. M. Nickel, F. Niederschuh,
H. Pai, K. Prifti, P. C. Ries, G. Steinhilber, T. Stetz, M. Tamkas, M. Thiirauf,
J. Vogel, J. Wiederhold, R. Zidarova and M. Zweidinger. “Electric quadrupole
excitation strengths of H216.1206) from nuclear resonance fluorescence”. Phys. Rev.
C' 110 (2024), p. 054304 (cit. on pp. 29-30, 156-157).

J. Cederkall, A. Ekstrom, C. Fahlander, A. M. Hurst, M. Hjorth-Jensen, F. Ames,
A. Banu, P. A. Butler, T. Davinson, U. D. Pramanik, J. Eberth, S. Franchoo, G.
Georgiev, M. Gérska, D. Habs, M. Huyse, O. Ivanov, J. Iwanicki, O. Kester, U.
Koster, B. A. Marsh, O. Niedermaier, T. Nilsson, P. Reiter, H. Scheit, D. Schwalm,
T. Sieber, G. Sletten, I. Stefanescu, J. Van de Walle, P. Van Duppen, N. Warr,
D. Weisshaar and F. Wenander. “Sub-Barrier Coulomb Excitation of " Sn and
Its Implications for the '8 Shell Closure”. Phys. Rev. Lett. 98 (2007), p. 172501
(cit. on pp. 29-30, 156).

191


http://dx.doi.org/10.1103/PhysRevC.72.061305
http://dx.doi.org/10.1103/PhysRevC.84.061303
http://dx.doi.org/10.1103/PhysRevC.92.041303
http://dx.doi.org/10.1103/PhysRevC.92.041303
http://dx.doi.org/10.1103/PhysRevC.88.051301
http://dx.doi.org/10.1103/PhysRevC.110.054304
http://dx.doi.org/10.1103/PhysRevC.110.054304
http://dx.doi.org/10.1103/PhysRevLett.98.172501

Bibliography

[75]

[76]

[80]

P. Doornenbal, P. Reiter, H. Grawe, H. J. Wollersheim, P. Bednarczyk, L. Caceres,
J. Cederkéll, A. Ekstrom, J. Gerl, M. Gérska, A. Jhingan, I. Kojouharov, R. Kumar,
W. Prokopowicz, H. Schaffner and R. P. Singh. “Enhanced strength of the 2? — 0;_

transition in '"*Sn studied via Coulomb excitation in inverse kinematics”. Phys. Rev.
C' 78 (2008), p. 031303 (cit. on pp. 29-30, 156).

A. Ekstrom, J. Cederkéll, C. Fahlander, M. Hjorth-Jensen, F. Ames, P. A. Butler,
T. Davinson, J. Eberth, F. Fincke, A. Gorgen, M. Goérska, D. Habs, A. M. Hurst,
M. Huyse, O. Ivanov, J. Iwanicki, O. Kester, U. Koster, B. A. Marsh, J. Mierzejewski,
P. Reiter, H. Scheit, D. Schwalm, S. Siem, G. Sletten, I. Stefanescu, G. M. Tveten,
J. Van de Walle, P. Van Duppen, D. Voulot, N. Warr, D. Weisshaar, F. Wenander
and Zielinska. “O;rs — Q;F Transition Strengths in %G and "*®Sn”. Phys. Rev. Lett.
101 (2008), p. 012502 (cit. on pp. 29-30, 156).

G. Guastalla, D. D. DiJulio, M. Gorska, J. Cederkall, P. Boutachkov, P. Golubev, S.
Pietri, H. Grawe, F. Nowacki, K. Sieja, A. Algora, F. Ameil, T. Arici, A. Atac, M. A.
Bentley, A. Blazhev, D. Bloor, S. Brambilla, N. Braun, F. Camera, Z. Dombradi, C.
Domingo Pardo, A. Estrade, F. Farinon, J. Gerl, N. Goel, J. Grebosz, T. Habermann,
R. Hoischen, K. Jansson, J. Jolie, A. Jungclaus, I. Kojouharov, R. Knoebel, R.
Kumar, J. Kurcewicz, N. Kurz, N. Lalovig, E. Merchan, K. Moschner, F. Naqvi,
B. S. Nara Singh, J. Nyberg, C. Nociforo, A. Obertelli, M. Pfitzner, N. Pietralla,
Z. Podolyak, A. Prochazka, D. Ralet, P. Reiter, D. Rudolph, H. Schaffner, F. Schirru,
L. Scruton, D. Sohler, T. Swaleh, J. Taprogge, Z. Vajta, R. Wadsworth, N. Warr,
H. Weick, A. Wendt, O. Wieland, J. S. Winfield and H. J. Wollersheim. “Coulomb
Excitation of "**Sn and the Strength of the '%Sn Shell Closure”. Phys. Rev. Lett.
110 (2013), p. 172501 (cit. on pp. 29, 156).

A. Jungclaus, J. Walker, J. Leske, K.-H. Speidel, A. Stuchbery, M. East, P. Boutachkov,
J. Cederkall, P. Doornenbal, J. Egido, A. Ekstrom, J. Gerl, R. Gernhauser, N. Goel,
M. Gorska, 1. Kojouharov, P. Maier-Komor, V. Modamio, F. Naqvi, N. Pietralla,
S. Pietri, W. Prokopowicz, H. Schaffner, R. Schwengner and H.-J. Wollersheim.
“Evidence for reduced collectivity around the neutron mid-shell in the stable even-
mass Sn isotopes from new lifetime measurements”. Phys. Lett. B 695 1 (2011),
pp. 110-114 (cit. on pp. 29-30, 156-157, 159).

G. J. Kumbartzki, N. Benczer-Koller, K.-H. Speidel, D. A. Torres, J. M. Allmond,
P. Fallon, I. Abramovic, L. A. Bernstein, J. E. Bevins, H. L. Crawford, Z. E. Guevara,
G. Gurdal, A. M. Hurst, L. Kirsch, T. A. Laplace, A. Lo, E. F. Matthews, I. Mayers,
L. W. Phair, F. Ramirez, S. J. Q. Robinson, Y. Y. Sharon and A. Wiens. “Z = 50
core stability in "% from magnetic-moment and lifetime measurements”. Phys.
Rev. C' 93 (2016), p. 044316 (cit. on pp. 29, 156).

A. Kundu, S. Santra, A. Pal, D. Chattopadhyay, R. Raut, R. Palit, M. S. R. Laskar,
F. S. Babra, C. S. Palshetkar, B. K. Nayak and S. Kailas. “Measurement of the

192


http://dx.doi.org/10.1103/PhysRevC.78.031303
http://dx.doi.org/10.1103/PhysRevC.78.031303
http://dx.doi.org/10.1103/PhysRevLett.101.012502
http://dx.doi.org/10.1103/PhysRevLett.101.012502
http://dx.doi.org/10.1103/PhysRevLett.110.172501
http://dx.doi.org/10.1103/PhysRevLett.110.172501
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2010.11.012
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2010.11.012
http://dx.doi.org/10.1103/PhysRevC.93.044316
http://dx.doi.org/10.1103/PhysRevC.93.044316

Bibliography

[31]

[82]

[83]

[84]

[30]

21+ level lifetime in "*’Sn by the Doppler shift attenuation method: Evidence of
enhanced collectivity”. Phys. Rev. C 100 (2019), p. 034327 (cit. on pp. 29, 156).

A. Kundu, M. S. R. Laskar, R. Palit, R. Raut, S. Santra, N. Shimizu, T. Togashi, E.
Ideguchi, H. Pai, S. Ali, F. S. Babra, R. Banik, S. Bhattacharya, S. Biswas, B. Das,
P. Dey, R. Donthi, A. Goswami, S. Jadhav, G. Mukherjee, B. S. Naidu, S. Rajbanshi,
L. P. Singh, H. P. Sharma, S. S. Tiwary and A. T. Vazhappilly. “New lifetime
measurement for the 2? level in '"*Sn by the Doppler-shift attenuation method”.
Phys. Rev. C 103 (2021), p. 034315 (cit. on pp. 29, 156-157).

M. Siciliano, J. Valiente-Dobén, A. Goasduff, F. Nowacki, A. Zuker, D. Bazzacco,
A. Lopez-Martens, E. Clément, G. Benzoni, T. Braunroth, F. Crespi, N. Cieplicka-
Orynczak, M. Doncel, S. Ertiirk, G. de France, C. Fransen, A. Gadea, G. Georgiev,
A. Goldkuhle, U. Jakobsson, G. Jaworski, P. John, I. Kuti, A. Lemasson, T. Marchi,
D. Mengoni, C. Michelagnoli, T. Mijatovi¢, C. Miiller-Gatermann, D. Napoli, J.
Nyberg, M. Palacz, R. Pérez-Vidal, B. Saygi, D. Sohler, S. Szilner, D. Testov, M.
Zielinska, D. Barrientos, B. Birkenbach, H. Boston, A. Boston, B. Cederwall, J.
Collado, D. Cullen, P. Désesquelles, C. Domingo-Pardo, J. Dudouet, J. Eberth, F.
Egea-Canet, V. Gonzalez, L. Harkness-Brennan, H. Hess, D. Judson, A. Jungclaus,
W. Korten, M. Labiche, A. Lefevre, S. Leoni, H. Li, A. Maj, R. Menegazzo, B.
Million, A. Pullia, F. Recchia, P. Reiter, M. Salsac, E. Sanchis, O. Stezowski and
C. Theisen. “Pairing-quadrupole interplay in the neutron-deficient tin nuclei: First
lifetime measurements of low-lying states in 106108y, Phys. Lett. B 806 (2020),
p. 135474 (cit. on pp. 29, 156, 172).

M. Spieker, P. Petkov, E. Litvinova, C. Miiller-Gatermann, S. G. Pickstone, S. Prill,

P. Scholz and A. Zilges. “Shape coexistence and collective low-spin states in Htdgy

studied with the (p,p ) Doppler-shift attenuation coincidence technique”. Phys.
Rev. C' 97 (2018), p. 054319 (cit. on pp. 29, 156).

C. Vaman, C. Andreoiu, D. Bazin, A. Becerril, B. A. Brown, C. M. Campbell, A.
Chester, J. M. Cook, D. C. Dinca, A. Gade, D. Galaviz, T. Glasmacher, M. Hjorth-
Jensen, M. Horoi, D. Miller, V. Moeller, W. F. Mueller, A. Schiller, K. Starosta,
A. Stolz, J. R. Terry, A. Volya, V. Zelevinsky and H. Zwahlen. “Z = 50 Shell Gap
near °Sn from Intermediate-Energy Coulomb Excitations in Even-Mass 100=12gy)
Isotopes”. Phys. Rev. Lett. 99 (2007), p. 162501 (cit. on pp. 29, 156).

J. Bryssinck, L. Govor, V. Y. Ponomarev, F. Bauwens, O. Beck, D. Belic, P. von
Brentano, D. De Frenne, T. Eckert, C. Fransen, K. Govaert, R.-D. Herzberg, E.
Jacobs, U. Kneissl, H. Maser, A. Nord, N. Pietralla, H. H. Pitz and V. Werner.
“Systematic study of electric quadrupole excitations in the stable even mass Sn
nuclei”. Phys. Rev. C 61 (2000), p. 024309 (cit. on pp. 29, 156).

J. Park, R. A. Lopez, J. Cederkall, C. Fahlander, P. Golubev, A. Knyazev, E. Rickert,
J. Iwanicki, K. Wrzosek-Lipska, A. Blazhev, P. Reiter, D. Rosiak, M. Seidlitz, N.
Warr, P. A. Butler, L. P. Gaffney, T. Berry, D. M. Cox, J. Pakarinen, T. Kroll,

193


http://dx.doi.org/10.1103/PhysRevC.100.034327
http://dx.doi.org/10.1103/PhysRevC.103.034315
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2020.135474
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2020.135474
http://dx.doi.org/10.1103/PhysRevC.97.054319
http://dx.doi.org/10.1103/PhysRevC.97.054319
http://dx.doi.org/10.1103/PhysRevLett.99.162501
http://dx.doi.org/10.1103/PhysRevC.61.024309

Bibliography

[90]

[91]

[92]

[93]

C. Henrich, M. Schilling, C. Stahl, M. von Schmid, G. Rainovski, C. Berger, C.
Berner, R. Gernhéuser, A. Illana, H. De Witte, M. Gérska, T. Habermann, S. Saha,
G. de Angelis, M. J. G. Borge, O. Tengblad, T. Otsuka and Y. Tsunoda. “First
Measurement of the Quadrupole Moment of the 2? State in "’Sn”. Phys. Rev. Lett.
135 (2025), p. 222502 (cit. on pp. 29, 148-149, 159, 163-164, 172).

M. Gérska. “Trends in the Structure of Nuclei near '*’Sn”. Physics 4 1 (2022),
pp. 364-382 (cit. on p. 29).

[. Talmi. “Generalized seniority and structure of semi-magic nuclei”. Nucl. Phys. A
172 1 (1971), pp. 1-24 (cit. on p. 29).

K. Allaart, E. Boeker, G. Bonsignori, M. Savoai and Y. Gambhir. “The broken pair
model for nuclei and its recent applications”. Phys. Rep. 169 4 (1988), pp. 209-292
(cit. on p. 29).

J. Blomqvist. “Single-particle states around double-magic 2807, Proc. 4th Int.
Conf. on Nuclei Far from Stability. 1981, pp. 536-541 (cit. on p. 30).

N. Warr, J. Van de Walle, M. Albers, F. Ames, B. Bastin, C. Bauer, V. Bildstein,
A. Blazhev, S. Bonig, N. Bree, B. Bruyneel, P. A. Butler, J. Cederkéll, E. Cl ’ement,
T. E. Cocolios, T. Davinson, H. De Witte, P. Delahaye, D. D. DiJulio, J. Diriken,
J. Eberth, A. Ekstrom, J. Elseviers, S. Emhofer, D. V. Fedorov, V. N. Fedosseev, S.
Franchoo, C. Fransen, L. P. Gaffney, J. Gerl, G. Georgiev, R. Gernhéuser, T. Grahn,
D. Habs, H. Hess, A. M. Hurst, M. Huyse, O. Ivanov, J. Iwanicki, D. G. Jenkins,
J. Jolie, N. Kesteloot, O. Kester, U. Koster, M. Krauth, T. Kroll, R. Kriicken, M.
Lauer, J. Leske, K. P. Lieb, R. Lutter, L. Maier, B. A. Marsh, D. Miicher, M. Miinch,
O. Niedermaier, J. Pakarinen, M. Pantea, G. Pascovici, N. Patronis, D. Pauwels,
A. Petts, N. Pietralla, R. Raabe, E. Rapisarda, P. Reiter, A. Richter, O. Schaile, M.
Scheck, H. Scheit, G. Schrieder, D. Schwalm, M. Seidlitz, M. Seliverstov, T. Sieber,
H. Simon, K.-H. Speidel, C. Stahl, I. Stefanescu, P. G. Thirolf, H.-G. Thomas, M.
Thiirauf, P. Van Duppen, D. Voulot, R. Wadsworth, G. Walter, D. Weisshaar, F.
Wenander, A. Wiens, K. Wimmer, B. H. Wolf, P. J. Woods, K. Wrzosek-Lipska and
K. O. Zell. “The Miniball spectrometer”. Eur. Phys. J. A 49 3 (2013), p. 40 (cit. on

p. 31).
M. Fraser, R. Catherall, A. P. Bernardes, B. A. Marsh, Y. Kadi, K. Johnston, J.

Lettry and T. Stora. “The HIE-ISOLDE Project”. Nucl. Instrum. Methods Phys.
Res. B 376 (2016), pp. 204—208 (cit. on pp. 31, 38, 42).

R. Catherall, W. Andreazza, M. Breitenfeldt, A. Dorsival, G. J. Focker, T. P. Gharsa,
T. Giles, R. Heinke, K. Johnston, O. Kester, S. Kold, U. Koster, S. Marzari, J.
Mendez, N. Menna, L. Merminga, A. Mistry, M. Pahl, M. Pantea, M. Pasini, L.
Penescu, J. P. Ramos, H. L. Ravn, B. Roussiere, K. Rykaczewski, T. Stora, A.
Teigelhofer, J. C. Thomas, P. Van Duppen and F. Wenander. “The ISOLDE
facility”. J. Phys. G: Nucl. Part. Phys. 44 9 (2017), p. 094002 (cit. on pp. 31, 37).

194


http://dx.doi.org/10.1103/7ysn-8y1w
http://dx.doi.org/10.1103/7ysn-8y1w
http://dx.doi.org/https://doi.org/10.1016/0375-9474(71)90112-6
http://dx.doi.org/https://doi.org/10.1016/0375-9474(71)90112-6
http://dx.doi.org/https://doi.org/10.1016/0370-1573(88)90108-1
http://dx.doi.org/10.1140/epja/i2013-13040-9
http://dx.doi.org/10.1016/j.nimb.2016.03.009
http://dx.doi.org/10.1016/j.nimb.2016.03.009
http://dx.doi.org/10.1088/1361-6471/aa7eba

Bibliography

[94]

[95]

[96]

[98]

[100]

B. Fogelberg, K. Heyde and J. Sau. “Energy levels and transition probabilities in
130Sn”. Nucl. Phys. A 352 2 (1981), pp. 157-180 (cit. on pp. 32-33, 107, 146).

D. Kameda, T. Kubo, T. Ohnishi, K. Kusaka, A. Yoshida, K. Yoshida, M. Ohtake,
N. Fukuda, H. Takeda, K. Tanaka, N. Inabe, Y. Yanagisawa, Y. Gono, H. Watanabe,
H. Otsu, H. Baba, T. Ichihara, Y. Yamaguchi, M. Takechi, S. Nishimura, H. Ueno,
A. Yoshimi, H. Sakurai, T. Motobayashi, T. Nakao, Y. Mizoi, M. Matsushita, K. Ieki,
N. Kobayashi, K. Tanaka, Y. Kawada, N. Tanaka, S. Deguchi, Y. Satou, Y. Kondo,
T. Nakamura, K. Yoshinaga, C. Ishii, H. Yoshii, Y. Miyashita, N. Uematsu, Y.
Shiraki, T. Sumikama, J. Chiba, E. Ideguchi, A. Saito, T. Yamaguchi, I. Hachiuma,
T. Suzuki, T. Moriguchi, A. Ozawa, T. Ohtsubo, M. A. Famiano, H. Geissel, A. S.
Nettleton, O. B. Tarasov, D. Bazin, B. M. Sherrill, S. L. Manikonda and J. A. Nolen.
“Observation of new microsecond isomers among fission products from in-flight fission

of 345 MeV /nucleon ***U”. Phys. Rev. C' 86 (2012), p. 054319 (cit. on p. 32).

R. Dunlop, C. E. Svensson, C. Andreoiu, G. C. Ball, N. Bernier, H. Bidaman, V.
Bildstein, M. Bowry, D. S. Cross, I. Dillmann, M. R. Dunlop, F. H. Garcia, A. B.
Garnsworthy, P. E. Garrett, G. Hackman, J. Henderson, J. Measures, D. Miicher,
B. Olaizola, K. Ortner, J. Park, C. M. Petrache, J. L. Pore, J. K. Smith, D. Southall,
M. Ticu, J. Turko, K. Whitmore and T. Zidar. “f decay and (-delayed neutron
decay of the N = 82 nucleus 4, Ing,”. Phys. Rev. C 99 (2019), p. 045805 (cit. on
p. 32).

D. C. Radford, C. Baktash, J. R. Beene, B. Fuentes, A. Galindo-Uribarri, C. J. Gross,
P. A. Hausladen, T. A. Lewis, P. E. Mueller, E. Padilla, D. Shapira, D. W. Stracener,
C.-H. Yu, C. J. Barton, M. A. Caprio, L. Coraggio, A. Covello, A. Gargano, D. J.
Hartley and N. V. Zamfir. “Coulomb Excitation of Radioactive 19215515010 Beams
and the Low B(E2) of *Te”. Phys. Rev. Lett. 88 (2002), p. 222501 (cit. on p. 33).

M. Danchev, G. Rainovski, N. Pietralla, A. Gargano, A. Covello, C. Baktash, J. R.
Beene, C. R. Bingham, A. Galindo-Uribarri, K. A. Gladnishki, C. J. Gross, V. Y.
Ponomarev, D. C. Radford, L. L. Riedinger, M. Scheck, A. E. Stuchbery, J. Wambach,
C.-H. Yu and N. V. Zamfir. “One-phonon isovector 21+,MS state in the neutron-rich

nucleus "**Te”. Phys. Rev. C 84 (2011), p. 061306 (cit. on pp. 33, 153).

D. Kumar, T. Bhattacharjee, S. S. Alam, S. Basak, L. Gerhard, L. Knafla, A.
Esmaylzadeh, M. Ley, F. Dunkel, K. Schomaker, J. .-. Régis, J. Jolie, Y. H. Kim,
U. Koster, G. S. Simpson and L. M. Fraile. “Lifetimes and transition probabilities
for low-lying yrast levels in °'**Te”. Phys. Rev. C 106 (2022), p. 034306 (cit. on
p. 33).

B. A. Brown, N. J. Stone, J. R. Stone, I. S. Towner and M. Hjorth-Jensen. “Magnetic
moments of the 2] states around 2807, Phys. Rev. C 71 (2005), p. 044317 (cit. on
p. 33).

195


http://dx.doi.org/https://doi.org/10.1016/0375-9474(81)90374-2
http://dx.doi.org/10.1103/PhysRevC.86.054319
http://dx.doi.org/10.1103/PhysRevC.99.045805
http://dx.doi.org/10.1103/PhysRevLett.88.222501
http://dx.doi.org/10.1103/PhysRevC.84.061306
http://dx.doi.org/10.1103/PhysRevC.106.034306
http://dx.doi.org/10.1103/PhysRevC.71.044317

Bibliography

[101]

[102]

[103]

[104]

[105]

[106]

F. L. Blanc, L. Cabaret, E. Cottereau, J. E. Crawford, S. Essabaa, J. Genevey,
R. Horn, G. Huber, J. Lassen, J. K. P. Lee, G. L. Scornet, J. Lettry, J. Obert,
J. Oms, A. Ouchrif, J. Pinard, H. Ravn, B. Roussiere, J. Sauvage and D. Verney.
“Charge-radius change and nuclear moments in the heavy tin isotopes from laser
spectroscopy: Charge radius of 32qn 7, Phys. Rev. C' 72 (2005), p. 034305 (cit. on
pp. 33-34, 90, 116).

S. Pietri, A. Jungclaus, M. Gérska, H. Grawe, M. Pfiitzner, L. Céceres, P. Detistov,
S. Lalkovski, V. Modamio, Z. Podolyak, P. H. Regan, D. Rudolph, J. Walker, E.
Werner-Malento, P. Bednarczyk, P. Doornenbal, H. Geissel, J. Gerl, J. Grebosz, I.
Kojouharov, N. Kurz, W. Prokopowicz, H. Schaffner, H. J. Wollersheim, K. Andgren,
J. Benlliure, G. Benzoni, A. M. Bruce, E. Casarejos, B. Cederwall, F. C. L. Crespi, B.
Hadinia, M. Hellstrom, R. Hoischen, G. Ilie, A. Khaplanov, M. Kmiecik, R. Kumar,
A. Maj, S. Mandal, F. Montes, S. Myalski, G. Simpson, S. J. Steer, S. Tashenov
and O. Wieland. “First observation of the decay of a 15 seniority v = 4 isomer in
5807, Phys. Rev. C 83 (2011), p. 044328 (cit. on pp. 34, 146).

V. Piau, A. Gook, S. Oberstedt, A. Oberstedt, A. Chebboubi, O. Litaize and M.
Vidali. “Characterization of isomers produced by the spontaneous fission of 20t
with the VESPA setup”. Eur. Phys. J. A 61 1 (2025), p. 5 (cit. on pp. 34, 146).

C. Gorges, L. V. Rodriguez, D. L. Balabanski, M. L. Bissell, K. Blaum, B. Cheal, R. F.
Garcia Ruiz, G. Georgiev, W. Gins, H. Heylen, A. Kanellakopoulos, S. Kaufmann, M.
Kowalska, V. Lagaki, S. Lechner, B. Maaf}, S. Malbrunot-Ettenauer, W. Nazarewicz,
R. Neugart, G. Neyens, W. Nortershauser, P.-G. Reinhard, S. Sailer, R. Sanchez,
S. Schmidt, L. Wehner, C. Wraith, L. Xie, Z. Y. Xu, X. F. Yang and D. T. Yordanov.
“Laser Spectroscopy of Neutron-Rich Tin Isotopes: A Discontinuity in Charge Radii
across the N = 82 Shell Closure”. Phys. Rev. Lett. 122 (2019), p. 192502 (cit. on
pp. 34-35).

L. Caceres, M. Gorska, A. Jungclaus, M. Pfiitzner, H. Grawe, F. Nowacki, K. Sieja,
S. Pietri, D. Rudolph, Z. Podolydk, P. H. Regan, E. Werner-Malento, P. Detistov,
S. Lalkovski, V. Modamio, J. Walker, K. Andgren, P. Bednarczyk, J. Benlliure,
G. Benzoni, A. M. Bruce, E. Casarejos, B. Cederwall, F. C. L. Crespi, P. Doornenbal,
H. Geissel, J. Gerl, J. Grebosz, B. Hadinia, M. Hellstrom, R. Hoischen, G. Ilie,
A. Khaplanov, M. Kmiecik, I. Kojouharov, R. Kumar, N. Kurz, A. Maj, S. Mandal,
F. Montes, G. Martinez-Pinedo, S. Myalski, W. Prokopowicz, H. Schaffner, G. S.
Simpson, S. J. Steer, S. Tashenov, O. Wieland and H. J. Wollersheim. “Spherical
proton-neutron structure of isomeric states in 5 0d”, Phys. Rev. C 79 (2009),
p. 011301 (cit. on p. 34).

H. Watanabe, G. Lorusso, S. Nishimura, Z. Y. Xu, T. Sumikama, P.-A. Soderstrom,
P. Doornenbal, F. Browne, G. Gey, H. S. Jung, J. Taprogge, Z. Vajta, J. Wu, A.
Yagi, H. Baba, G. Benzoni, K. Y. Chae, F. C. L. Crespi, N. Fukuda, R. Gernhauser,
N. Inabe, T. Isobe, A. Jungclaus, D. Kameda, G. D. Kim, Y. K. Kim, I. Kojouharov,

196


http://dx.doi.org/10.1103/PhysRevC.72.034305
http://dx.doi.org/10.1103/PhysRevC.83.044328
http://dx.doi.org/10.1140/epja/s10050-024-01470-9
http://dx.doi.org/10.1103/PhysRevLett.122.192502
http://dx.doi.org/10.1103/PhysRevC.79.011301
http://dx.doi.org/10.1103/PhysRevC.79.011301

Bibliography

[107]

[108]

[109]

110]

F. G. Kondev, T. Kubo, N. Kurz, Y. K. Kwon, G. J. Lane, Z. Li, C.-B. Moon, A.
Montaner-Piza, K. Moschner, F. Naqvi, M. Niikura, H. Nishibata, D. Nishimura, A.
Odahara, R. Orlandi, Z. Patel, Z. Podolyak, H. Sakurai, H. Schaffner, G. S. Simpson,
K. Stelger H. Suzuki, H. Takeda, A. Wendt and K. Yoshinaga. “Isomers in *pq

and "*°Pd: Evidence for a Robust Shell Closure at the Neutron Magic Number 82 in
Exotlc Palladium Isotopes”. Phys. Rev. Lett. 111 (2013), p. 152501 (cit. on p. 34).

H. Watanabe, G. Lorusso, S. Nishimura, T. Otsuka, K. Ogawa, Z. Y. Xu, T.
Sumikama, P.-A. Séderstrom, P. Doornenbal, Z. Li, F. Browne, G. Gey, H. S.
Jung, J. Taprogge, Z. Vajta, J. Wu, A. Yagi, H. Baba, G. Benzoni, K. Y. Chae,
F. C. L. Crespi, N. Fukuda, R. Gernhéduser, N. Inabe, T. Isobe, A. Jungclaus, D.
Kameda, G. D. Kim, Y. K. Kim, I. Kojouharov, F. G. Kondev, T. Kubo, N. Kurz,
Y. K. Kwon, G. J. Lane, C.-B. Moon, A. Montaner-Piza, K. Moschner, F. Naqvi, M.
Niikura, H. Nishibata, D. Nishimura, A. Odahara, R. Orlandi, Z. Patel, Z. Podolyék,
H. Sakurai, H. Schaffner, G. S. Simpson, K. Steiger, H. Suzuki, H. Takeda, A. Wendt
and K. Yoshinaga. “Monopole-Driven Shell Evolution below the Doubly Magic
Nucleus '**Sn Explored with the Long-Lived Isomer in 26pgr, Phys. Rev. Lett. 113
(2014), p. 042502 (cit. on p. 34).

A. Jungclaus, M. Gorska, M. Mikotajczuk, J. Acosta, J. Taprogge, S. Nishimura,
P. Doornenbal, G. Lorusso, G. S. Simpson, P.-A. Séderstrom, T. Sumikama, Z. Xu,
P. Kumar, G. Martinez-Pinedo, F. Nowacki, P. Van Isacker, H. Baba, F. Browne,
N. Fukuda, R. Gernhéuser, G. Gey, N. Inabe, T. Isobe, H. S. Jung, D. Kameda, G. D.
Kim, Y.-K. Kim, I. Kojouharov, T. Kubo, N. Kurz, Y. K. Kwon, Z. Li, H. Sakurai,
H. Schaffner, Y. Shimizu, K. Steiger, H. Suzuki, H. Takeda, Z. Vajta, H. Watanabe,
J. Wu, A. Yagi, K. Yoshinaga, G. Benzoni, S. Bonig, K. Y. Chae, J.-M. Daugas, F.
Drouet, A. Gadea, S. Ilieva, F. G. Kondev, T. Kroll, G. J. Lane, A. Montaner-Piza,
K. Moschner, F. Naqvi, M. Niikura, H. Nishibata, A. Odahara, R. Orlandi, Z. Patel,
Z. Podolyak and A. Wendt. “Excited-State Half-Lives in 0Cd and the Isospin
Dependence of Effective Charges”. Phys. Rev. Lett. 132 (2024), p. 222501 (cit. on
pp. 34, 152, 155, 166-168).

C. T. Zhang, P. Bhattacharyya, P. J. Daly, R. Broda, Z. W. Grabowski, D. Nisius,
I. Ahmad, M. P. Carpenter, T. Lauritsen, L. R. Morss, W. Urban, J. L. Durell,
W. R. Phillips, M. J. Leddy, A. G. Smith, B. J. Varley, N. Schulz, E. Lubkiewicz,
M. Bentaleb and J. Blomqvist. “(f, /2)2 multiplet and E2 effective charge in é(3)4Sn84”.
Z. Phys. A 358 1 (1997), pp. 9-10 (cit. on pp. 35, 153).

A. Korgul, W. Urban, T. Rzaca-Urban, M. Rejmund, J. L. Durell, M. J. Leddy,
M. A. Jones, W. R. Phillips, A. G. Smith, B. J. Varley, N. Schulz, M. Bentaleb,
E. Lubkiewicz, I. Ahmad and L. R. Morss. “Properties of N=84, even-even nuclei
populated in the spontaneous fission of *8Cm”. Eur. Phys. J. A7 2 (2000), pp. 167
176 (cit. on p. 35).

197


http://dx.doi.org/10.1103/PhysRevLett.111.152501
http://dx.doi.org/10.1103/PhysRevLett.113.042502
http://dx.doi.org/10.1103/PhysRevLett.113.042502
http://dx.doi.org/10.1103/PhysRevLett.132.222501
http://dx.doi.org/10.1007/s002180050269
http://dx.doi.org/10.1007/PL00013594
http://dx.doi.org/10.1007/PL00013594

Bibliography

[111]

[112]

[113]

[114]

[115]
[116]

[117)

G. Lorusso, S. Nishimura, Z. Y. Xu, A. Jungclaus, Y. Shimizu, G. S. Simpson,
P.-A. Séderstrom, H. Watanabe, F. Browne, P. Doornenbal, G. Gey, H. S. Jung,
B. Meyer, T. Sumikama, J. Taprogge, Z. Vajta, J. Wu, H. Baba, G. Benzoni, K. Y.
Chae, F. C. L. Crespi, N. Fukuda, R. Gernhauser, N. Inabe, T. Isobe, T. Kajino,
D. Kameda, G. D. Kim, Y.-K. Kim, I. Kojouharov, F. G. Kondev, T. Kubo, N.
Kurz, Y. K. Kwon, G. J. Lane, Z. Li, A. Montaner-Piza, K. Moschner, F. Naqvi,
M. Niikura, H. Nishibata, A. Odahara, R. Orlandi, Z. Patel, Z. Podolyak, H. Sakurai,
H. Schaffner, P. Schury, S. Shibagaki, K. Steiger, H. Suzuki, H. Takeda, A. Wendt,
A. Yagi and K. Yoshinaga. “3-Decay Half-Lives of 110 Neutron-Rich Nuclei across
the N = 82 Shell Gap: Implications for the Mechanism and Universality of the
Astrophysical r Process”. Phys. Rev. Lett. 114 (2015), p. 192501 (cit. on p. 35).

M. Piersa-Sitkowska, A. Korgul, J. Benito, L. M. Fraile, E. Adamska, A. N. Andreyev,
R. Alvarez-Rodriguez, A. E. Barzakh, G. Benzoni, T. Berry, M. J. G. Borge, M.
Carmona, K. Chrysalidis, J. G. Correia, C. Costache, J. G. Cubiss, T. Day Goodacre,
H. De Witte, D. V. Fedorov, V. N. Fedosseev, G. Fernandez-Martinez, A. Fijatkowska,
H. Fynbo, D. Galaviz, P. Galve, M. Garcia-Diez, P. T. Greenlees, R. Grzywacz,
L. J. Harkness-Brennan, C. Henrich, M. Huyse, P. Ibanez, A. Illana, Z. Janas, K.
Johnston, J. Jolie, D. S. Judson, V. Karanyonchev, M. Kici fiska-Habior, J. Konki, t..
Koszuk, J. Kurcewicz, 1. Lazarus, R. Lic a, A. Lopez-Montes, H. Mach, M. Madurga,
I. Marroquin, B. Marsh, M. C. Martinez, C. Mazzocchi, K. Miernik, C. Mihai, N.
M arginean, R. M arginean, A. Negret, E. Nacher, J. Ojala, B. Olaizola, R. D. Page,
J. Pakarinen, S. Pascu, S. V. Paulauskas, A. Perea, V. Pucknell, P. Rahkila, C.
Raison, E. Rapisarda, K. Rezynkina, F. Rotaru, S. Rothe, K. P. Rykaczewski, J.-M.
Régis, K. Schomacker, M. Sitkowski, G. Simpson, C. Sotty, L. Stan, M. St anoiu, M.
Stryjczyk, D. Sanchez-Parcerisa, V. Sanchez-Tembleque, O. Tengblad, A. Turturic a,
J. M. Udias, P. Van Duppen, V. Vedia, A. Villa, S. Vinals, R. Wadsworth, W. B.
Walters, N. Warr and S. G. Wilkins. “First -decay spectroscopy of "*In and new
fB-decay branches of "**In”. Phys. Rev. C 104 (2021), p. 044328 (cit. on pp. 35, 144,
147, 153, 162, 172).

J. Erler, N. Birge, M. Kortelainen, W. Nazarewicz, E. Olsen, A. M. Perhac and M.
Stoitsov. “The limits of the nuclear landscape”. Nature 486 7404 (2012), pp. 509-512
(cit. on p. 37).

O. Sorlin and M.-G. Porquet. “Nuclear magic numbers: New features far from
stability”. Prog. Part. Nucl. Phys. 61 2 (2008), pp. 602-673 (cit. on p. 37).
B. Jonson. “Light dripline nuclei”. Phys. Rep. 389 1 (2004), pp. 1-59 (cit. on p. 37).

Y. Kadi, M. Aiche, A. B. Bernardes, R. Catherall, J. Lettry, B. A. Marsh, M. Pasini
and T. Stora. “The HIE-ISOLDE Project at CERN: Status and Challenges”. J.
Phys.: Conf. Ser. Vol. 312. 2011, p. 052005 (cit. on pp. 38, 42).

M. J. G. Borge and K. Riisager. “HIE-ISOLDE, the project and the physics
opportunities”. Fur. Phys. J. A 52 (2016), p. 334 (cit. on pp. 38, 42).

198


http://dx.doi.org/10.1103/PhysRevLett.114.192501
http://dx.doi.org/10.1103/PhysRevC.104.044328
http://dx.doi.org/10.1038/nature11188
http://dx.doi.org/https://doi.org/10.1016/j.ppnp.2008.05.001
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2003.07.004
http://dx.doi.org/10.1140/epja/i2016-16334-4

Bibliography

[118]

119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

127]

[128]

ISOLDE Collaboration. ISOLDE Facility Layout. https://isolde.cern/layout.
Accessed: 2025-05-27 (cit. on p. 38).

P. Delahaye, V. N. Fedosseev, B. A. Marsh and K. D. A. Wendt. “Development of a
resonance ionization laser system for selective ionization of tin isotopes at ISOLDE
RILIS”. Nucl. Instrum. Methods Phys. Res. B 268 7-8 (2010), pp. 1600-1605 (cit. on
p. 39).

T. D. Goodacre, J. Billowes, K. Chrysalidis, D. V. Fedorov, V. N. Fedosseev,
B. A. Marsh, P. L. Molkanov, R. E. Rossel, S. Rothe, C. Seiffert and K. D. A.
Wendt. “RILIS-ionized mercury and tellurium beams at ISOLDE, CERN”. Hyperfine
Interactions 238 1 (2017), p. 41 (cit. on p. 39).

L. Penescu, J. Lettry and T. Stora. “The FEBIAD ion source at CERN-ISOLDE:
Status and prospects”. Nucl. Instrum. Methods Phys. Res. B 266 19-20 (2008),
pp. 4415-4419 (cit. on p. 40).

V. N. Fedosseev, V. I. Mishin, H. L. Ravn, J. Lettry and T. Stora. “Laser ion source
development at CERN-ISOLDE”. Review of Scientific Instruments 79 2 (2008),
02A906 (cit. on p. 40).

K. Blaum, T. Kroll and et al. “Recent advances in mass spectrometry and their
impact on nuclear physics”. Phys. Rep. 425 1 (2006), pp. 1-78 (cit. on p. 40).

Y. Kudryavtsev, V. Fedosseev, J. Lettry, V. Mishin and T. Stora. “Development of
molecular beams at ISOLDE for high-purity radioactive ion beams”. Nucl. Instrum.
Methods Phys. Res. B 266 19-20 (2008), pp. 4401-4405 (cit. on p. 40).

F. Ames, G. Bollen, P. Delahaye, O. Forstner, G. Huber, O. Kester, K. Reisinger
and P. Schmidt. “Cooling of radioactive ions with the Penning trap REXTRAP”.
Nucl. Instrum. Methods Phys. Res. A 538 1 (2005), pp. 17-32 (cit. on p. 41).

F. Wenander. “Charge breeding of radioactive ions with EBIS and EBIT”. Journal
of Instrumentation 5 10 (2010), p. C10004 (cit. on p. 41).

A. Ostrowski, S. Cherubini, T. Davinson, D. Groombridge, A. Laird, A. Musumarra,
A. Ninane, A. di Pietro, A. Shotter and P. Woods. “CD: A double sided silicon
strip detector for radioactive nuclear beam experiments”. Nucl. Instrum. Methods
Phys. Res. A 480 2 (2002), pp. 448-455 (cit. on p. 45).

B. Moon, W. Korten, K. Wimmer, P. Doornenbal, T. Rodriguez, N. Aoi, H. Baba,
F. Browne, C. Campbell, S. Chen, H. Crawford, H. de Witte, C. Fransen, H. Hess,
E. Ideguchi, S. Iwazaki, J. Kim, N. Kitamura, A. Kohda, T. Koiwai, B. Mauss,
R. Mizuno, M. Niikura, T. Parry, P. Reiter, H. Sakurai, D. Suzuki, R. Taniuchi,
S. Thiel and Y. Yamamoto. “Triaxial deformation of neutron-rich Zr nuclei explored
by high-resolution in-beam ~-ray spectroscopy”. Phys. Lett. B 858 (2024), p. 139047
(cit. on p. 43).

199


https://isolde.cern/layout
http://dx.doi.org/10.1016/j.nimb.2010.01.082
http://dx.doi.org/10.1007/s10751-017-1398-6
http://dx.doi.org/10.1007/s10751-017-1398-6
http://dx.doi.org/10.1016/j.nimb.2008.05.101
http://dx.doi.org/10.1016/j.nimb.2008.05.101
http://dx.doi.org/10.1063/1.2818744
http://dx.doi.org/10.1063/1.2818744
http://dx.doi.org/10.1016/j.physrep.2005.10.011
http://dx.doi.org/10.1016/j.nimb.2008.05.099
http://dx.doi.org/10.1016/j.nimb.2008.05.099
http://dx.doi.org/https://doi.org/10.1016/j.nima.2004.08.119
http://dx.doi.org/10.1088/1748-0221/5/10/C10004
http://dx.doi.org/10.1088/1748-0221/5/10/C10004
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(01)00954-8
http://dx.doi.org/https://doi.org/10.1016/S0168-9002(01)00954-8
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2024.139047

Bibliography

[129]

[130]

[131]

132]

[133]
[134]

[135]

[136]
[137]

[138]

[139]

J. Eberth, H. Hess, P. Reiter, S. Bertoldo, C. Carraro, G. Maggioni, D. R. Napoli,
W. Raniero and D. D. Salvador. “Agata detector technology: recent progress and
future developments”. Eur. Phys. J. A 59 8 (2023), p. 179 (cit. on pp. 44, 168).

P. Papadakis, D. M. Cox, G. G. O’Neill, M. J. G. Borge, P. A. Butler, L. P. Gaffney,
P. T. Greenlees, R.-D. Herzberg, A. Illana, D. T. Joss, J. Konki, T. Kroll, J. Ojala,
R. D. Page, P. Rahkila, K. Ranttila, J. Thornhill, J. Tuunanen, P. Van Duppen,
N. Warr and J. Pakarinen. “The SPEDE spectrometer”. Fur. Phys. J. A 54 3
(2018), p. 42 (cit. on p. 46).

S. Leoni, G. Benzoni, S. Bottoni, A. Bracco, F. Camera, F. Crespi, L. Iskra, C.
Porzio, S. Ziliani, B. Fornal, P. Bednarczyk, N. Cieplicka-Orynczak, A. Maj, K.
Rusek, D. Bazzacco, D. Mengoni, F. Recchia, J. Valiente-Dobon, F. Gramegna, T.
Marchi, R. Raabe, P. Van Duppen, M. Sferrazza, G. Georgiev, P. Reiter, A. Blazhev,
M. Seidlitz, N. Warr, T. Kroell, A. Hartig, C. Henrich, I. Homm, C. Surder, H.
Rhee, R. Gernhauser, C. Berner, D. Mucher, K. Wimmer, M. Carpenter, S. Zhu,
R. Janssens, M. Kowalska, N. Marginean, R. Marginean, R. Lica, C. Clisu and C.
Ur. Spectroscopy of particle-phonon coupled states in 193G by the cluster transfer
reaction '*?Sn on 'Li: an advanced test of nuclear interactions. Tech. rep. Status
Report for experiment IS595. Geneva: CERN, 2019 (cit. on p. 48).

O. Tarasov and D. Bazin. “LISE++ : design your own spectrometer”. Nucl. Phys.
A 746 (2004). Proceedings of the Sixth International Conference on Radioactive
Nuclear Beams (RNB6), pp. 411-414 (cit. on pp. 54, 92).

U. Koster. Private communication. 2022 (cit. on p. 57).

T. Kibédi, T. Burrows, M. Trzhaskovskaya, P. Davidson and C. Nestor. “Evaluation
of theoretical conversion coefficients using Brlcc”. Nucl. Instrum. Methods Phys.
Res. A 589 2 (2008), pp. 202—229 (cit. on pp. 59, 104).

J. F. Ziegler, M. Ziegler and J. Biersack. “SRIM — The stopping and range of
ions in matter (2010)”. Nucl. Instrum. Methods Phys. Res. B 268 11 (2010). 19th
International Conference on Ion Beam Analysis, pp. 1818-1823 (cit. on pp. 59, 104).

Miniball Collaboration. MiniballSort. Version 1.2. 2024 (cit. on p. 62).

B. Wilkins, M. Fluss, S. Kaufman, C. Gross and E. Steinberg. “Pulse-height defects
for heavy ions in a silicon surface-barrier detector”. Nucl. Instrum. Methods 92 3
(1971), pp. 381-391 (cit. on p. 66).

M. Reese, J. Gerl, P. Golubev and N. Pietralla. “Automatic intrinsic calibration
of double-sided silicon strip detectors”. Nucl. Instrum. Methods Phys. Res. A 779
(2015), pp. 6368 (cit. on p. 67).

L. P. Gaffney. kinsim: Kinematics simulations for Coulomb-excitation experiments
at Miniball. GitHub repository. accessed 2025-07-18 (cit. on pp. 68, 123).

200


http://dx.doi.org/10.1140/epja/s10050-023-01093-6
http://dx.doi.org/10.1140/epja/i2018-12474-9
http://dx.doi.org/10.1140/epja/i2018-12474-9
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.063
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.063
http://dx.doi.org/https://doi.org/10.1016/j.nuclphysa.2004.09.063
http://dx.doi.org/https://doi.org/10.1016/j.nima.2008.02.051
http://dx.doi.org/https://doi.org/10.1016/j.nima.2008.02.051
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/https://doi.org/10.1016/0029-554X(71)90414-9
http://dx.doi.org/https://doi.org/10.1016/0029-554X(71)90414-9
http://dx.doi.org/https://doi.org/10.1016/j.nima.2015.01.032
http://dx.doi.org/https://doi.org/10.1016/j.nima.2015.01.032

Bibliography

[140]

[141]
[142]

[143]
[144]

[145]

[146]

R. Kern. “Isovector One-Quadrupole-Phonon Excitations of Heavy Vibrational
Nuclei”. Technische Universitdt Darmstadt, 2021 (cit. on p. 69).

L. Gaffney. Private communication. 2024 (cit. on pp. 71, 122).

C. A. Stone. “Experimental and Theoretical Characterization of Effective Interactions
Near *?Sn”. PhD thesis. Maryland U., College Park, 1987 (cit. on p. 85).

A. Kerek, P. Carlé and J. McDonald. “Properties of é;’OTe78 as observed in the 40
min S-decay of 130Sb”. Nucl. Phys. A 198 2 (1972), pp. 466480 (cit. on p. 85).

O. Helene. “Upper limit of peak area”. Nucl. Instrum. Methods 212 1 (1983),
pp. 319-322 (cit. on p. 102).

S. Pietri, A. Jungclaus, M. Gérska, H. Grawe, M. Pfiitzner, L. Céceres, P. Detistov,
S. Lalkovski, V. Modamio, Z. Podolyak, P. H. Regan, D. Rudolph, J. Walker, E.
Werner-Malento, P. Bednarczyk, P. Doornenbal, H. Geissel, J. Gerl, J. Grebosz, I.
Kojouharov, N. Kurz, W. Prokopowicz, H. Schaffner, H. J. Wollersheim, K. Andgren,
J. Benlliure, G. Benzoni, A. M. Bruce, E. Casarejos, B. Cederwall, F. C. L. Crespi, B.
Hadinia, M. Hellstrom, R. Hoischen, G. Ilie, A. Khaplanov, M. Kmiecik, R. Kumar,
A. Maj, S. Mandal, F. Montes, S. Myalski, G. Simpson, S. J. Steer, S. Tashenov
and O. Wieland. “First observation of the decay of a 15 seniority v = 4 isomer in
5Sn”. Phys. Rev. C 83 (2011), p. 044328 (cit. on p. 107).

S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, D.
Axen, S. Banerjee, G. Barrand, F. Behner, L. Bellagamba, J. Boudreau, L. Broglia,
A. Brunengo, H. Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman,
G. Cosmo, P. Degtyarenko, A. Dell’Acqua, G. Depaola, D. Dietrich, R. Enami, A.
Feliciello, C. Ferguson, H. Fesefeldt, G. Folger, F. Foppiano, A. Forti, S. Garelli,
S. Giani, R. Giannitrapani, D. Gibin, J. J. G. Cadenas, I. Gonzalez, G. G. Abril,
G. Greeniaus, W. Greiner, V. Grichine, A. Grossheim, S. Guatelli, P. Gumplinger,
R. Hamatsu, K. Hashimoto, H. Hasui, A. Heikkinen, A. Howard, V. Ivanchenko,
A. Johnson, F. W. Jones, J. Kallenbach, N. Kanaya, M. Kawabata, Y. Kawabata,
M. Kawaguti, S. Kelner, P. Kent, A. Kimura, T. Kodama, R. Kokoulin, M. Kossov,
H. Kurashige, E. Lamanna, T. Lampén, V. Lara, V. Lefebure, F. Lei, M. Liendl,
W. Lockman, F. Longo, S. Magni, M. Maire, E. Medernach, K. Minamimoto, P. M.
de Freitas, Y. Morita, K. Murakami, M. Nagamatu, R. Nartallo, P. Nieminen, T.
Nishimura, K. Ohtsubo, M. Okamura, S. O’Neale, Y. Oohata, K. Paech, J. Perl,
A. Pfeiffer, M. G. Pia, F. Ranjard, A. Rybin, S. Sadilov, E. D. Salvo, G. Santin, T.
Sasaki, N. Savvas, Y. Sawada, S. Scherer, S. Sei, V. Sirotenko, D. Smith, N. Starkov,
H. Stoecker, J. Sulkimo, M. Takahata, S. Tanaka, E. Tcherniaev, E. S. Tehrani,
M. Tropeano, P. Truscott, H. Uno, L. Urban, P. Urban, M. Verderi, A. Walkden,
W. Wander, H. Weber, J. P. Wellisch, T. Wenaus, D. C. Williams, D. Wright, T.
Yamada, H. Yoshida and D. Zschiesche. “GEANT4—a simulation toolkit”. Nucl.
Instrum. Methods Phys. Res. A 506 3 (2003), pp. 250-303 (cit. on p. 108).

201


http://dx.doi.org/https://doi.org/10.1016/0375-9474(72)90702-6
http://dx.doi.org/https://doi.org/10.1016/0167-5087(83)90709-3
http://dx.doi.org/https://doi.org/10.1016/0167-5087(83)90709-3
http://dx.doi.org/10.1103/PhysRevC.83.044328
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8

Bibliography

[147)

148
[149]

[150]

[151]

[152]

[153]

[154]
[155]

J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, G. Barrand,
R. Capra, S. Chauvie, R. Chytracek, G. Cooperman, G. Cosmo, P. Degtyarenko,
A. Dell’Acqua, G. Depaola, D. Dietrich, R. Enami, A. Feliciello, H. Fesefeldt, G.
Folger, F. Foppiano, A. Forti, S. Garelli, S. Giani, R. Giannitrapani, D. Gibin,
J. J. G. Cadenas, I. Gonzalez, G. G. Abril, G. Greeniaus, W. Greiner, V. Grichine,
A. Grossheim, S. Guatelli, P. Gumplinger, R. Hamatsu, K. Hashimoto, H. Hasui,
A. Heikkinen, A. Howard, V. Ivanchenko, A. Johnson, F. W. Jones, J. Kallenbach, N.
Kanaya, M. Kawabata, Y. Kawabata, M. Kawaguti, S. Kelner, P. Kent, A. Kimura,
T. Kodama, R. Kokoulin, M. Kossov, H. Kurashige, E. Lamanna, T. Lampén, V.
Lara, V. Lefebure, F. Lei, M. Liendl, W. Lockman, F. Longo, S. Magni, M. Maire,
E. Medernach, K. Minamimoto, P. M. de Freitas, Y. Morita, K. Murakami, M.
Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K. Ohtsubo, M. Okamura, S.
O’Neale, Y. Oohata, K. Paech, J. Perl, A. Pfeiffer, M. G. Pia, F. Ranjard, A. Rybin,
S. Sadilov, E. D. Salvo, G. Santin, T. Sasaki, N. Savvas, Y. Sawada, S. Scherer,
S. Sei, V. Sirotenko, D. Smith, N. Starkov, H. Stoecker, J. Sulkimo, M. Takahata,
S. Tanaka, E. Tcherniaev, E. S. Tehrani, M. Tropeano, P. Truscott, H. Uno, L.
Urban, P. Urban, M. Verderi, A. Walkden, W. Wander, H. Weber, J. P. Wellisch,
T. Wenaus, D. C. Williams, D. Wright and H. Yoshida. “Geant4 developments and
applications”. IEEE Trans. Nucl. Sci. 53 1 (2006), pp. 270-278 (cit. on p. 108).

N. Warr. Private communication. 2025 (cit. on p. 108).

K. Debertin and R. G. Helmer. Gamma- and X-Ray Spectrometry with Semicon-
ductor Detectors. Amsterdam: North-Holland, 1988 (cit. on pp. 110, 120).

V. Zobel, J. Eberth, U. Eberth and E. Eube. “*Ra as calibration standard for
Ge(Li) spectrometers”. Nucl. Instrum. Methods 141 2 (1977), pp. 329-336 (cit. on
p. 120).

R. Gehrke, R. Helmer and R. Greenwood. “Precise relative v-ray intensities for
calibration of Ge semiconductor detectors”. Nucl. Instrum. Methods 147 2 (1977),
pp. 405-423 (cit. on p. 120).

B. Fogelberg, B. Ekstrom, L. Sihver and G. Rudstam. “Decays of "18n and 0”
"Sh”. Phys. Rev. C 41 (1990), R1890-R1894 (cit. on p. 138).

J. Shergur, A. Wohr, W. B. Walters, K.-L. Kratz, O. Arndt, B. A. Brown, J.
Cederkall, I. Dillmann, L. M. Fraile, P. Hoff, A. Joinet, U. Koster and B. Pfeiffer.
“Level structure of odd-odd "**Sb populated in the g decays of 18185g 7 Phys.
Rev. C 71 (2005), p. 064321 (cit. on p. 138).

J. M. Allmond. Private communication. 2025 (cit. on p. 147).

H. Naidja and F. Nowacki. “Spectroscopic properties and collectivity beyond 2qn7,
Acta Phys. Pol. B 48 3 (2017), p. 587 (cit. on pp. 148-149, 152).

202


http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/https://doi.org/10.1016/0029-554X(77)90784-4
http://dx.doi.org/https://doi.org/10.1016/0029-554X(77)90276-2
http://dx.doi.org/https://doi.org/10.1016/0029-554X(77)90276-2
http://dx.doi.org/10.1103/PhysRevC.41.R1890
http://dx.doi.org/10.1103/PhysRevC.71.064321
http://dx.doi.org/10.1103/PhysRevC.71.064321

Bibliography

[156]

[157]

158]
[159]

[160]

[161]

[162]

[163]

[164]

0. Kavatsyuk, C. Mazzocchi, Z. Janas, A. Banu, L. Batist, F. Becker, A. Blazhev, W.
Briichle, J. Déring, T. Faestermann, M. Gérska, H. Grawe, A. Jungclaus, M. Karny,
M. Kavatsyuk, O. Klepper, R. Kirchner, M. La Commara, K. Miernik, I. Mukha,
C. Plettner, A. Plochocki, E. Roeckl, M. Romoli, K. Rykaczewski, M. Schadel, K.
Schmidt, R. Schwengner and J. Zylicz. “Beta decay of s Bur, Phys. J. A 313
(2007), pp. 319-325 (cit. on p. 148).

H. Grawe, K. Straub, T. Faestermann, M. Goérska, C. Hinke, R. Kriicken, F. Nowacki,
M. Bohmer, P. Boutachkov, H. Geissel, R. Gernhauser, A. Gottardo, J. Grbosz, N.
Kurz, Z. Liu, L. Maier, S. Pietri, Z. Podolyak, K. Steiger, H. Weick, H. Wollersheim,
P. Woods, N. Al-Dahan, N. Alkhomashi, A. Atac, A. Blazhev, N. Braun, I. Celikovi¢,
T. Davinson, 1. Dillmann, C. Domingo-Pardo, P. Doornenbal, G. Farrelly, F. Farinon,
G. de France, J. Gerl, N. Goel, T. Habermann, R. Hoischen, R. Janik, M. Karny,
A. Kagkasg, I. Kojouharov, T. Kroll, M. Lewitowicz, Y. Litvinov, S. Myalski, F. Nebel,
S. Nishimura, C. Nociforo, J. Nyberg, A. Parikh, A. Prochézka, P. Regan, C. Rigollet,
H. Schaffner, C. Scheidenberger, S. Schwertel, P.-A. S6derstrom, S. Steer, A. Stolz
and P. Strmen. “The (6") isomer in '*Sn revisited: Neutron and proton effective
charges close to the double shell closure”. Phys. Lett. B 820 (2021), p. 136591 (cit. on
pp. 148-149, 151, 163-164).

A. Blazhev. Private communication. 2022 (cit. on p. 148).

B. A. Brown, N. J. Stone, J. R. Stone, I. S. Towner and M. Hjorth-Jensen. “Magnetic
moments of the 2f states around '**Sn”. Phys. Rev. C 71 (2005), p. 044317 (cit. on
pp. 149-150, 158).

A. Covello, L. Coraggio, A. Gargano and N. Itaco. “Shell-model study of exotic Sn
isotopes with a realistic effective interaction”. J. Phys.: Conf. Ser. Vol. 267. 1. IOP
Publishing. 2011, p. 012019 (cit. on pp. 149-150, 158).

S. Sarkar and M. S. Sarkar. “Shell model calculations with modified empirical
Hamiltonian in the **Sn region”. Eur. Phys. J. A 21 1 (2004), pp. 61-66 (cit. on
pp. 149, 153).

R. du Rietz, J. Ekman, D. Rudolph, C. Fahlander, A. Dewald, O. Moéller, B. Saha,
M. Axiotis, M. A. Bentley, C. Chandler, G. de Angelis, F. Della Vedova, A. Gadea,
G. Hammond, S. M. Lenzi, N. M arginean, D. R. Napoli, M. Nespolo, C. Rusu and
D. Tonev. “Effective Charges in the fp Shell”. Phys. Rev. Lett. 93 (2004), p. 222501
(cit. on p. 151).

F. Raimondi and C. Barbieri. “Core-polarization effects and effective charges in
O and Ni isotopes from chiral interactions”. Phys. Rev. C' 100 (2019), p. 024317
(cit. on p. 151).

D. C. Radford, C. Baktash, J. R. Beene, B. Fuentes, A. Galindo-Uribarri, C. J. Gross,
P. A. Hausladen, T. A. Lewis, P. E. Mueller, E. Padilla, D. Shapira, D. W. Stracener,
C.-H. Yu, C. J. Barton, M. A. Caprio, L. Coraggio, A. Covello, A. Gargano, D. J.

203


http://dx.doi.org/10.1140/epja/i2006-10217-3
http://dx.doi.org/10.1140/epja/i2006-10217-3
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2021.136591
http://dx.doi.org/10.1103/PhysRevC.71.044317
http://dx.doi.org/10.1140/epja/i2003-10198-7
http://dx.doi.org/10.1103/PhysRevLett.93.222501
http://dx.doi.org/10.1103/PhysRevC.100.024317

Bibliography

[165]

[166]

[167]

[168]

[169]

[170]

Hartley and N. V. Zamfir. “Coulomb Excitation of Radioactive 19215515010 Beams

and the Low B(E2) of '**Te”. Phys. Rev. Lett. 83 (2002), p. 222501 (cit. on pp. 153,
169).

J. M. Allmond, A. E. Stuchbery, C. Baktash, A. Gargano, A. Galindo-Uribarri, D. C.
Radford, C. R. Bingham, B. A. Brown, L. Coraggio, A. Covello, M. Danchev, C. J.
Gross, P. A. Hausladen, N. Itaco, K. Lagergren, E. Padilla-Rodal, J. Pavan, M. A.
Riley, N. J. Stone, D. W. Stracener, R. L. Varner and C.-H. Yu. “Electromagnetic
Moments of Radioactive "**Te and the Emergence of Collectivity 2p @ 2n Outside
of Double-Magic **Sn”. Phys. Rev. Lett. 118 (2017), p. 092503 (cit. on p. 153).

M. P. Kartamyshev, T. Engeland, M. Hjorth-Jensen and E. Osnes. “Effective
interactions and shell model studies of heavy tin isotopes”. Phys. Rev. C' 76 (2007),
p. 024313 (cit. on p. 153).

G. S. Simpson, G. Gey, A. Jungclaus, J. Taprogge, S. Nishimura, K. Sieja, P.
Doornenbal, G. Lorusso, P.-A. Séderstrom, T. Sumikama, Z. Y. Xu, H. Baba, F.
Browne, N. Fukuda, N. Inabe, T. Isobe, H. S. Jung, D. Kameda, G. D. Kim, Y.-K.
Kim, I. Kojouharov, T. Kubo, N. Kurz, Y. K. Kwon, Z. Li, H. Sakurai, H. Schaffner,
Y. Shimizu, H. Suzuki, H. Takeda, Z. Vajta, H. Watanabe, J. Wu, A. Yagi, K.
Yoshinaga, S. Bonig, J.-M. Daugas, F. Drouet, R. Gernhéuser, S. Ilieva, T. Kroll,
A. Montaner-Piza, K. Moschner, D. Miicher, H. Naidja, H. Nishibata, F. Nowacki,
A. Odahara, R. Orlandi, K. Steiger and A. Wendt. “Yrast 6" Seniority Isomers of
013867 Phys. Rev. Lett. 113 (2014), p. 132502 (cit. on pp. 153, 162, 168).

A. E. Stuchbery, J. M. Allmond, A. Galindo-Uribarri, E. Padilla-Rodal, D. C.
Radford, N. J. Stone, J. C. Batchelder, J. R. Beene, N. Benczer-Koller, C. R. Bingham,
M. E. Howard, G. J. Kumbartzki, J. F. Liang, B. Manning, D. W. Stracener and
C.-H. Yu. “Electromagnetic properties of the 2? state in "*'Te: Influence of core
excitation on single-particle orbits beyond %26n7, Phys. Rev. C' 88 (2013), p. 051304
(cit. on pp. 155, 169, 182).

P. Doornenbal, S. Takeuchi, N. Aoi, M. Matsushita, A. Obertelli, D. Steppenbeck,
H. Wang, L. Audirac, H. Baba, P. Bednarczyk, S. Boissinot, M. Ciemala, A. Corsi,
T. Furumoto, T. Isobe, A. Jungclaus, V. Lapoux, J. Lee, K. Matsui, T. Motobayashi,
D. Nishimura, S. Ota, E. C. Pollacco, H. Sakurai, C. Santamaria, Y. Shiga, D. Sohler
and R. Taniuchi. “Intermediate-energy Coulomb excitation of %8n: Moderate E?2
strength decrease approaching 100Gy, Phys. Rev. C 90 (2014), p. 061302 (cit. on
p. 156).

A. Jungclaus, P. Doornenbal, J. Acosta, V. Vaquero, F. Browne, M. Cortes, A.
Gargano, T. Koiwai, H. Naidja, R. Taniuchi, J. Tostevin, K. Wimmer, A. Algora,
H. Baba, A. Fernandez, N. Lalovi¢, E. Nacher, B. Rubio and H. Sakurai. “Position
of the single-particle 3/2 state in %5Sn and the N = 90 subshell closure”. Phys. Lett.
B 851 (2024), p. 138561 (cit. on p. 159).

204


http://dx.doi.org/10.1103/PhysRevLett.88.222501
http://dx.doi.org/10.1103/PhysRevLett.118.092503
http://dx.doi.org/10.1103/PhysRevC.76.024313
http://dx.doi.org/10.1103/PhysRevC.76.024313
http://dx.doi.org/10.1103/PhysRevLett.113.132502
http://dx.doi.org/10.1103/PhysRevC.88.051304
http://dx.doi.org/10.1103/PhysRevC.90.061302
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2024.138561
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2024.138561

Bibliography

[171]

[172]

[173]

[174]

[175]

[176]

[177]

178]

[179]

[180]

Y. Shimizu, T. Kubo, N. Fukuda, N. Inabe, D. Kameda, H. Sato, H. Suzuki, H.
Takeda, K. Yoshida, G. Lorusso, H. Watanabe, G. S. Simpson, A. Jungclaus, H. Baba,
F. Browne, P. Doornenbal, G. Gey, T. Isobe, Z. Li, S. Nishimura, P.-A. Soderstrom, T.
Sumikama, J. Taprogge, Z. Vajta, J. Wu, Z. Xu, A. Odahara, A. Yagi, H. Nishibata,
R. Lozeva, C. Moon and H. Jung. “Observation of New Neutron-rich Isotopes
among Fission Fragments from In-flight Fission of 345 MeV /nucleon 238U: Search
for New Isotopes Conducted Concurrently with Decay Measurement Campaigns”. J.
Phys. Soc. Jpn. 87 1 (2018), p. 014203 (cit. on p. 159).

J. D. Holt, T. Otsuka, A. Schwenk and T. Suzuki. “Three-body forces and shell
structure in calcium isotopes”. J. Phys. G: Nucl. Part. Phys. 39 8 (2012), p. 085111
(cit. on p. 162).

D. Voitenkov, S. Kamerdzhiev, S. Krewald, E. E. Saperstein and S. V. Tolokonnikov.
“Self-consistent calculations of quadrupole moments of the first 2° states in Sn and
Pb isotopes”. Phys. Rev. C' 85 (2012), p. 054319 (cit. on pp. 163-164).

S. Fayans, S. Tolokonnikov, E. Trykov and D. Zawischa. “Nuclear isotope shifts
within the local energy-density functional approach”. Nucl. Phys. A 676 1 (2000),
pp. 49-119 (cit. on pp. 163-164).

R. Graetzer, S. M. Cohick and J. X. Saladin. “Quadrupole moments of 27 states of
even tin isotopes”. Phys. Rev. C' 12 (1975), pp. 1462-1468 (cit. on p. 163).

J. W. Lightbody, S. Penner, S. P. Fivozinsky, P. L. Hallowell and H. Crannell.
“Electron scattering from vibrational nuclei”. Phys. Rev. C' 14 (1976), pp. 952-964
(cit. on pp. 163, 171).

A. Kleinfeld, R. Covello-Moro, H. Ogata, G. Seaman, S. Steadman and J. De Boer.
“Reorientation measurements in ' Sn and '>'Sn”. Nucl. Phys. A 154 3 (1970),
pp- 499-512 (cit. on p. 163).

P. H. Stelson, F. K. McGowan, R. L. Robinson and W. T. Milner. “Static Quadrupole
Moment of the First 2+ States of the Even Tin Nuclei”. Phys. Rev. C' 2 (1970),
pp. 2015-2022 (cit. on p. 163).

T. Kubo, M. Ishihara, N. Inabe, H. Kumagai, I. Tanihata, K. Yoshida, T. Nakamura,
H. Okuno, S. Shimoura and K. Asahi. “The RIKEN radioactive beam facility”.
Nucl. Instrum. Methods Phys. Res. B 70 1 (1992), pp. 309-319 (cit. on p. 168).

T. Marchi, G. Prete, F. Gramegna, A. Andrighetto, P. Antonini, M. Ballan, M.
Bellato, L. Bellan, D. Benini, G. Bisoffi, R. Pegoraro, A. Pisent, M. Poggi, S. Pavinato,
L. Pranovi, D. Pedretti, C. Roncolato, M. Rossignoli, L. Sarchiapone, D. Scarpa, J. J.
Valiente Dobon, V. Volpe, A. Vescovo and D. Zafiropoulos. “The SPES facility at
Legnaro National Laboratories”. J. Phys.: Conf. Ser. Vol. 1643. 1. IOP Publishing,
2020, p. 012036 (cit. on p. 168).

205


http://dx.doi.org/10.7566/JPSJ.87.014203
http://dx.doi.org/10.7566/JPSJ.87.014203
http://dx.doi.org/10.1103/PhysRevC.85.054319
http://dx.doi.org/https://doi.org/10.1016/S0375-9474(00)00192-5
http://dx.doi.org/https://doi.org/10.1016/S0375-9474(00)00192-5
http://dx.doi.org/10.1103/PhysRevC.12.1462
http://dx.doi.org/10.1103/PhysRevC.14.952
http://dx.doi.org/https://doi.org/10.1016/0375-9474(70)90122-3
http://dx.doi.org/https://doi.org/10.1016/0375-9474(70)90122-3
http://dx.doi.org/10.1103/PhysRevC.2.2015
http://dx.doi.org/10.1103/PhysRevC.2.2015
http://dx.doi.org/https://doi.org/10.1016/0168-583X(92)95947-P

Bibliography

[181]

[182]

[183]

[184]
[185]
[186]
187]
[188]

[189)]

[190]

P. Spiller and G. Franchetti. “The FAIR accelerator project at GSI”. Nucl. Instrum.
Methods Phys. Res. A 561 2 (2006). Proceedings of the Workshop on High Intensity
Beam Dynamics, pp. 305-309 (cit. on p. 168).

Y. X. Yu, Q. Y. Chen, C. Qi and G. J. Fu. “Shell model description of the N = 82
isotonic chain with a new effective interaction”. (2025) (cit. on p. 169).

T. Stetz, H. Mayr, V. Werner, N. Pietralla, Y. Tsunoda, T. Otsuka, G. Rainovski,
T. Beck, R. Borcea, S. Calinescu, C. Costache, I. E. Dinescu, K. Gladnishki, K. E.
Ide, A. N. Tonescu, D. Kocheva, P. Koseoglou, R. Lica, N. Marginean, C. Mihali,
R. E. Mihai, C. M. Nickel, C. R. Nita, L. Stan, S. Toma and R. Zidarova. “Isolated
mixed-symmetry 2" state of the radioactive neutron-rich nuclide **Te”. Phys. Rev.
C 112 3 (2025), p. 034325 (cit. on p. 169).

G. Martinez-Pinedo and K. Langanke. “Nuclear quests for the r-process”. FEur.
Phys. J. A 59 (2023), p. 67 (cit. on p. 169).

J. A. Pinston et al. “Isomerism and systematics in neutron-rich Sn isotopes”. Phys.
Rev. C' 61 (2000), p. 024312 (cit. on p. 170).

J. A. Pinston and J. Genevey. “Nuclear isomers far from stability: a review”. J.
Phys. G 30 (2004), R57 (cit. on p. 170).

Nuclear moments of excited states in neutron-rich Sn isotopes studied by on-line
PAC. CERN-INTC-2020-022, INTC-P-550. 2020 (cit. on p. 170).

Nuclear moments of excited states in neutron-rich Sn isotopes studied by on-line
PAC (Addendum). INTC-P-550-ADD-1. 2024 (cit. on p. 170).

J. Mierzejewski, J. Srebrny, H. Mierzejewski, J. Andrzejewski, W. Czarnacki, C.
Droste, E. Grodner, A. Jakubowski, M. Kisielinski, M. Komorowska, A. Kordyasz,
M. Kowalczyk, J. Kownacki, A. Pasternak, J. Perkowski, A. Stolarz, M. Zielinska
and R. Anczkiewicz. “EAGLE—the central European Array for Gamma Levels
Evaluation at the Heavy Ion Laboratory of the University of Warsaw”. Nucl. Instrum.
Methods Phys. Res. A 659 1 (2011), pp. 84-90 (cit. on p. 171).

I. Z. Pietka, K. Wrzosek-Lipska, P. E. Garrett, M. Zielinska, L. Prochniak, A.
Nannini, M. Rocchini, T. Abraham, P. Aguilera, Z. T. Ahmed, J. M. Allmond,
F. Angelini, M. Balogh, F. L. Bello Garrote, J. Benito, H. Bidaman, V. Bildstein,
D. Brugnara, S. Buck, C. Burbadge, S. Carollo, J. Cederkall, M. Chiari, R. Coleman,
G. Colombi, G. Colucci, A. Diaz Varela, D. T. Doherty, S. Dutt, F. Ercolano, A.
Ertoprak, R. Escudeiro, F. Galtarossa, A. Goasduff, B. Géngora-Servin, A. Gottardo,
A. Gozzelino, B. Greaves, K. Hadynska-Klek, J. Heery, S. F. Hicks, Z. Huang, D.
Hymers, A. Illana, J. Iwanicki, G. Jaworski, B. Jigmeddorj, D. Kalaydjieva, M.
Kisielinski, R. Kjus, M. Komorowska, N. Kope¢, M. Kowalczyk, J. Kowalska, K. Z.
Krutul-Bitowska, R. Kumar, A. Mai Quynh, N. Marchini, T. Marchlewski, K. R.
Mashtakov, M. Matejska-Minda, D. Mengoni, C. Michelagnoli, P. J. Napiorkowski,
D. R. Napoli, B. Olaizola, M. Palacz, S. Pannu, E. Pasquali, J. Pellumaj, E. E. Peters,

206


http://dx.doi.org/https://doi.org/10.1016/j.nima.2006.01.043
http://dx.doi.org/https://doi.org/10.1016/j.nima.2006.01.043
http://dx.doi.org/https://doi.org/10.1016/j.nima.2006.01.043
http://dx.doi.org/10.1103/l6dj-yfz7
http://dx.doi.org/10.1103/l6dj-yfz7
http://dx.doi.org/10.1140/epja/s10050-023-00987-9
http://dx.doi.org/10.1140/epja/s10050-023-00987-9
http://dx.doi.org/10.1103/PhysRevC.61.024312
http://dx.doi.org/10.1103/PhysRevC.61.024312
http://dx.doi.org/https://doi.org/10.1016/j.nima.2011.08.037
http://dx.doi.org/https://doi.org/10.1016/j.nima.2011.08.037

Bibliography

[191]

[192]

193]

[194]

[195]

R. M. Pérez-Vidal, S. Pigliapoco, E. Pilotto, F. Recchia, K. Rezynkina, E. Sahin,
J. Samorajczyk-Pysk, M. Saxena, M. Sedlék, J. Srebrny, A. Stolarz, K. Stoychev,
C. E. Svensson, A. Tucholski, A. Trzcinska, S. Valbuena, J. J. Valiente-Dobon, J. L.
Wood, S. W. Yates, L. Zago, . Zanon, G. Zhang and T. Zidar. “Probing Low-energy
States in ' "Cd Using Coulomb Excitation”. Acta Phys. Pol. B 18 2 (2025), 2-A26
(cit. on p. 171).

S. G. Pickstone, M. Weinert, M. Farber, F. Heim, E. Hoemann, J. Mayer, M. Miischer,
S. Prill, P. Scholz, M. Spieker, V. Vielmetter, J. Wilhelmy and A. Zilges. “Combining
~v-ray and particle spectroscopy with SONICQHORUS”. Nucl. Instrum. Methods
Phys. Res. A 875 (2017), pp. 104-110 (cit. on p. 171).

P. E. Garrett, M. Zielinska, A. Bergmaier, T. R. Rodriguez, D. Kalaydjieva, M.
Siciliano, H. Bidaman, V. Bildstein, C. Burbadge, A. D. Varela, D. T. Doherty,
T. Faestermann, K. Hadynska-Klek, R. Hertenberger, N. Keeley, A. Laffoley, A. D.
MacLean, M. Mahgoub, A. J. Radich, M. Rocchini, P. Spagnoletti, S. Triambak,
M. Vandebrouck and K. Wrzosek-Lipska. “Coulomb excitation of "Ru with *C
and '°0”. Phys. Rev. C 106 (2022), p. 064307 (cit. on p. 172).

M. Llanos-Expdésito, J. Benito, L. M. Fraile, A. Illana, J. Acosta, A. Algora, B. Andel,
A. N. Andreyev, S. Antalic, M. Araszkiewicz, R. A. Bark, C. Bernerd, N. Bernier,
B. Bhengu, D. Bittner, M. J. G. Borge, J. A. Briz, K. Chrysalidis, T. E. Cocolios,
C. Costache, J. G. Cubiss, U. Datta, H. De Witte, N. Encina, A. Esmaylzadeh,
Z. Favier, D. Fernandez, C. Ferrera, H. O. U. Fynbo, V. Garcia-Tavora, G. Georgiev,
M. Gérska, R. Heinke, J. L. Herraiz, P. M. Jones, J. Jolie, D. S. Judson, A. Jungclaus,
M. Karny, A. Korgul, U. Koster, T. Kroll, M. Labiche, S. Lalkovski, B. Lesch, M.
Ley, R. Lic a, M. Madurga, N. M arginean, B. A. Marsh, K. Miernik, C. Mihali,
M. Mikolajczuk, J. Mi st, J. R. Murias, E. Nacher, C. Neacsu, V. M. Nouvilas,
S. Ntshangase, B. Olaizola, J. N. Orce, C. A. A. Page, R. D. Page, J. Pakarinen,
P. Papadakis, A. Perea, M. Piersa-Sitkowska, Z. Podolyak, J.-M. Régis, J. Rog, S.
Rothe, B. Rozwoda, V. Sanchez-Tembleque, K. Solak, S. Stegemann, M. Stepaniuk,
A. Stoica, M. Stryjczyk, O. Tengblad, A. Turturica, G. Turturica, J. M. Udias, S.
Ujeniuc, P. Van Duppen, I. Vasilev, M. von Tresckow, N. Warr, Z. Yue and S. Zajda.
“Structure of '**Sn selectively populated in the g decay of the S ground state”.
Phys. Rev. C 111 (2025), p. 064310 (cit. on p. 172).

M. Ley, L. Knafla, J. Jolie, A. Esmaylzadeh, A. Harter, A. Blazhev, C. Fransen, A.
Pfeil, J.-M. Régis and P. Van Isacker. “Lifetime measurements in "Mo: Investigation

of seniority conservation in the N = 50 isotones”. Phys. Rev. C' 108 (2023), p. 064313
(cit. on p. 173).

A. A. Sonzogni. “Full Evaluation”. Nuclear Data Sheets 103 (2004). Published 31
July 2004, p. 1 (cit. on p. 182).

207


http://dx.doi.org/10.5506/APhysPolBSupp.18.2-A26
http://dx.doi.org/https://doi.org/10.1016/j.nima.2017.09.016
http://dx.doi.org/https://doi.org/10.1016/j.nima.2017.09.016
http://dx.doi.org/10.1103/PhysRevC.106.064307
http://dx.doi.org/10.1103/PhysRevC.111.064310
http://dx.doi.org/10.1103/PhysRevC.108.064313
http://dx.doi.org/10.1016/j.nds.2004.07.001
http://dx.doi.org/10.1016/j.nds.2004.07.001




List of Figures

1.1.
1.2.
1.3.
1.4.

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.

3.1.
3.2.
3.3.

4.1.
4.2.
4.3.

5.1.
5.2.
5.3.
5.4.
5.5.
5.6.

6.1.
6.2.
6.3.
6.4.
6.5.
6.6.
6.7.
6.8.
6.9.

Single particle energies in different potentials . . . . . . .. .. ... ... 10
Schematic view of Coulomb-excitation . . . . . ... ... ... .. .... 14
First and second order excitation path . . . . . . ... .. ... ... ... 18
Influence of quadrupole moment on point like yields . . . . . . . .. . . .. 22
Nuclear chart around Sn . . . . . . . .. ..o 26
Energies and B(E2) values in Sn isotope chain . . . . . . . ... ... ... 29
"0Sn Coulex Oak Ridge . . . . . . . . 32
Levelscheme St . . . . . . . 34
490 Coulex Oak Ridge . . . . . . . . . . 35
B(E2) deviation of theory . . . . . .. .. ... ... ... ... 36
Schematic layout of the ISOLDE hall . . . . . ... ... ... ....... 38
Miniball spectrometer . . . . . . .. ... L 44
DSSSD detector . . . . . . .. 45
Target ladder 2022 . . . . . . . . .. 46
Target wheel of 2023 experiment and plunger chamber . . . . . . . . . .. 49
Target wheel 2025 . . . . . . . . . ..o 50
2By spectrum and resolution of Miniball spectrometer . . . . . . . . . .. 53
Measured kinematics of " Sn beam onto > Pb target . . . ... ... L 54
Position determination with stable beam data . . . . . . .. .. ... ... b}
Full y-ray background spectra . . . . . . . ... ... .o 56
Spectra for beam composition . . . . . ... 58
Doppler-corrected ~v-ray spectra . . . . . . . . ..o 60
Miniball calibration . . . . . . . . . ... 63
Uncorrected v-ray energy vs. time . . . . . . . .. . ... ... 64
Time-dependent energy calibration . . . . . . .. .. ... ... ... ... 65
DSSSD calibration . . . . . . . ... 67
Simulated and experimental kinematics . . . . . . . ... ... ... 68
Threshold adjustment of the DSSSD . . . . .. .. ... ... ... .... 69
Target-CD distance determination . . . . . . . .. . ... ... ... .... 71
Particle-y time differences . . . . . . .. ..o oL 73
Prompt, random, and subtracted y-ray spectra . . . . . . . ... ... ... 74

209



List of Figures

6.10.
6.11.
6.12.
6.13.
6.14.
6.15.
6.16.
6.17.
6.18.
6.19.
6.20.
6.21.
6.22.
6.23.

6.24.

6.25.

6.26.

6.27.
6.28.
6.29.
6.30.
6.31.
6.32.

6.33.

6.34.
6.35.
6.36.
6.37.
6.38.

7.1.
7.2.
7.3.
7.4.
7.5.
7.6.
7.7.

Miniball angle determination using stable beam data . . . . .. .. .. ..
Miniball angles definition . . . . . . . . . .. ... ... ... L.
Miniball ¢ determination using in-beam data . . . . . . . . ... ... ...
Exemplary ¢-determination segment 4 cluster 0 crystal 0 . . . . .. . . ..
Miniball ¢ angles calculated vs. measured . . . . . .. .. ... ... ...
Fit of CD spectra . . . . . . . . . . . ..
Background ~-ray spectra . . . . .. ...
Full Doppler-corrected ~y-ray spectra . . . . . . . . . ... ... ... ...
Decay scheme of 130811%5_, 13OSnis' and their daughter nuclei . . . . . . . ..
Beam composition analysis . . . . .. .. ..o
Decay curve fit after experiment . . . . . . . . ... ... L.,
Energy of scattered 091 nuclei with respect to scattering angle . . . . . .
Doppler-corrected ~v-ray energy for different assumed velocities . . . . . . .
Doppler-corrected v-ray spectra gated on beam-like reaction products and
corrected for USn. . ...
Doppler-corrected ~-ray spectra gated on beam-like reaction products and
corrected for " Pb. . . . ..o
Doppler-corrected y-ray spectra gated on target-like reaction products and
corrected for "'Sn. ...
Doppler-corrected -ray spectra gated on target-like reaction products and
corrected for “°Ph. . . . ...
Upper limit of two-step excitation . . . . . . . . .. ... ... ... .. ..
X2 surface plot resulting from GOSIA2 analysis . . . . . .. ... ... ...
Stopped 1221keV transition and 5 decay . . . .. .. ... ... ... ..
Levelscheme St . . . . . . .
Gate on 89keV transition. . . . . . .. ..o
GEANT4 visualization of the Miniball spectrometer surrounding the plunger
chamber . . . . .. L
Comparison of experimental efficiency measured at target position and
efficiencies determined from simulated ~-ray spectra . . . . . . . .. .. ..
Fit of deexciting v-ray lines after excitation of the long-lived 5, state . . .
Time matrix around the 1221keV line. . . . . . . . . .. ... ... ....
Lifetime determination of 5, state . . . . . . .. ... ... ... ... ..
Level scheme adopted for the GOSIA2 analysis of the isomeric sequence . .
GOSIA2 analysis for matrix elements associated with the 5, state . . . ..

Energy calibration Miniball spectrometer . . . . . . . . . . ... ... ...
Efficiency calibration of Miniball . . . . . . . . ... ... ... ... .. ..
Distance determination using an v source . . . . . . . . . . ... ... ...
Energy calibration of DSSSD . . . . . . .. ... oo
Correction of CD for 2nevents . . . . . . . . . . ... ... ... .. ....
Calibrated kinematic spectra . . . . . . . . . . . . ... ... ... ...
Comparison of Rutherford cross-section and experimental intensities . . . .

96

98

210



List of Figures

7.8. ~7-ray energy with respect to time after start of expeirment . . . . . . . .. 128
7.9. Determination of geometric parameters of Miniball spectrometer . . . . . . 129
7.10. Doppler-corrected v-ray spectrum of target-like recoils gated on detected

ejectiles and recoils . . . . . ..o 130
7.11. Doppler-corrected -ray spectra of the ejectiles, gated on all detected ejectiles

and recoils . . . . .. 131
7.12. Background ~v-ray spectrum measured without particle gating . . . . . . . 132
7.13. Level scheme of 134Te, 134Ba, and Pt . 133
7.14. X2 dependence of the GOSIA2 fit on the assumed fraction of ipy target

excitation induced by e and ®Ba . ... 134
7.15. Time evolution of A = 134 isobars in the beam . . . . . . . ... ... ... 135
7.16. Decay scheme of the A = 134 isobar chain . . . . . . ... ... ... ... 136
7.17. Ionization-chamber measurements at four different times during the experiment137
7.18. Determination of S#/sn4sb ratio in beam . . . . . ... L0000 139
7.19. Time evolution of "**Sn and "*Sb in the beam . . . . . . . . . . ... ... 141

7.20. Particle-gated, Doppler-corrected v-ray spectra for the ejectile kinematics . 142
7.21. The 1o contour of the normalized total X2 surface as a function of the
transitional matrix element and the spectroscopic quadrupole moment of the
2] state in BASn 143

8.1. Comparison of new experimental findings with different theoretical approaches149
8.2. Dependence of calculated B(E2) value from truncation to npnh excitations 154
8.3. Systematics of reduced quadrupole transition strengths B(E2;0;, — 27)

along the even—even Sn isotopic chain . . . . . . . . . .. .. .. g. ..... 156
8.4. Systematics of low-lying quadrupole properties in the even-even isotopes

13481&, 13681&, and S0 L. 161
8.5. Systematics of spectroscopic quadrupole moments QS(2T) in even—even tin

ISOtopes . . . . e 163
10.1. Second 2] state in Blhe 169
10.2. 5 systematics along the Sn isotopic chain . . . . . . ... ... ... ... 170
10.3. Systematics of B(E2;47 — 27) and 4] — 27 spectrain *°Sn . . . . . .. 172
B.1. Low-energy ~-ray spectra from the s experiment . . . . . ... ... .. 181

211



List of Tables

212

6.1.
6.2.
6.3.
6.4.
6.5.

7.1.
7.2.

8.1.

B.1.

Coverage of individual sectorsof CD . . . . . . ... ... ... .. ... 72
Geometrical parameters of the Miniball clusters after optimization . . . . . 79
Resulting beam composition . . . . . . .. ... ... L. 89
Fit results of intensity of observed decaying v-ray transitions . . . . . . . . 101
Uncorrected yields and efficiency-corrected intensities used for the GOSIA2

analysis of the 5, excitation . . . . . ... ... ... 112
Angular coverage of the CD rings . . . . . . .. .. ... ... ... ... 122
B18n and "USb decay yields . . ... 140
Comparison of new and evaluated B(E2) values . . . . ... ... ... .. 147
Known electromagnetic properties in beam- and target-like nuclei . . . . . 182



	Introduction
	Nuclear Shell Model
	Experimental Observables in Nuclear Physics
	Electromagnetic Transition Strengths

	Coulomb Excitation as a Tool to Investigate Nuclear Structure
	Semi-classical Particle Trajectories in Coulomb Excitation
	Coulomb Excitation as First-Order Perturbation Theory
	Coulomb Excitation in Second-Order Perturbation Theory
	Safe Coulex

	The Gosia code

	Physics Case
	The Sn Isotope Chain Between the Doubly-Magic Nuclei 100Sn and 132Sn
	The Special Role of 132Sn and its even-even Neighbors

	Previous Experiments in 130Sn
	The isomeric 7-1 and 5-1 States in 130Sn

	Previous experiments in 134Sn

	The Radioactive Ion Beam Facility ISOLDE, CERN
	Target Design and Materials
	Ion Sources at ISOLDE
	Mass Separation at ISOLDE

	High-Energy Beam Preparation at ISOLDE
	The Miniball Spectrometer

	Experimental Details
	First Beamtime: Coulex of 130Sn in November 2022
	Second Beamtime: Coulex of 130Sn in October 2023
	Third Beamtime: Coulex of 134Sn in July 2024
	Fourth Beamtime: Coulex of 134Sn in October 2025

	Data Analysis of 2022 Experiment
	Miniball Calibration
	CD Calibration
	Miniball Angle Determination
	Beam Composition
	Experimental Result of 2022 Experiment

	Data Analysis of 2023 Experiment
	Data Acquisition and Preprocessing
	Miniball Calibration
	CD Calibration
	Threshold and Multiplicity
	Position of the CD Detector

	Particle- Coincidences
	Miniball Angle Determination
	 Determination

	Kinematic Gates
	Beam Composition
	Ratio of 130Sn and 130Sb in Beam
	Decay Spectra During Experiment
	Decay Spectra After Experiment

	0+g.s. 2+1 Excitation in 130Sn
	Velocity Determination of Ejectiles and Recoils
	Determination of -ray yields
	Two-step Excitation

	Gosia2 Analysis of 2+1 State
	7-1 5-1 Excitation in 130Sn
	Miniball Efficiency at CD Position
	Determination of -ray Yields
	Lifetime Analysis
	Gosia2 Analysis of the 5-1 State


	Data Analysis of 2025 Experiment
	Miniball Calibration
	Position of the CD Detector
	Energy Calibration of the CD Detector
	Correction for Events with two n-side Hits

	Kinematic Gates
	Particle- Coincidences
	Miniball Angle Determination
	Target Excitation
	Beam Composition
	134Te and 134Ba
	134Sn and 134Sb

	Gosia2 Analysis of the 21+ State in 134Sn

	Discussion
	2+1 States in 130,134Sn
	Evolution of Collectivity along the Sn Isotopic Chain
	The N=90 Shell Closure

	Quadrupole Moments

	Summary
	Outlook
	Derivation of Formulas for Beamcomposition
	134Sn Beam Composition
	Low-energy Coulomb-excitation with a 206Pb target
	Matrix Elements in A=134 Isobars and 194Pt

	Literature
	List of figures
	List of tables

