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The work presented in this Ph.D. thesis focuses on the β-decay studies of neutronrich nuclei around the N=50 shell closure, with a particular interest in the population of high energy states around the neutron emission threshold. What is the structure of these states, are they Pygmy Dipole States (PDR), and how does beta-decay connect to PDR states are some of the questions that motivated this study. The research was conducted through two complementary experiments. The first was performed at the ALTO facility (Accélérateur Linéaire et Tandem d'Orsay) and aimed at studying β-delayed gamma spectroscopy of 82,83 Ge using PARIS (Photon Array for studies with Radioactive Ion and Stable beams) scintillators and HPGe detectors. The second

Titre : Structure nucléaire au seuil d'émission d'un neutron et en dessous explorée par la décroissance béta de 82,83 Ga et 86 As. Mots clés : Structure nucléaire, décroissance béta, résonance dipolaire pygmée, processus r, noyaux riches en neutrons, spectroscopie de désintégration, probabilité d'émission de neutrons.

Résumé : Le travail présenté dans cette thèse est axé sur l'étude de la décroissance β des noyaux riches en neutrons autour de la fermeture de couches N=50, en s'interessant particulièrement à la population des états de haute énergie, autour du seuil d'émission des neutrons. Quelle est la structure de ces états, s'agitil d'états dipolaires pygmées (PDR), comment la décroissance bêta est-elle liée aux états PDR sont quelques-unes des questions qui ont motivé cette étude. Les recherches ont été menées au moyen de deux expériences complémentaires. La première a été réalisée auprès d'ALTO (Accélérateur Linéaire et Tandem d'Orsay) et a été dédiée à l'étude de la spectroscopie γ-retardée de 82,83 Ge en utilisant les scintillateurs PARIS (Photon Array for studies with Radioactive Ion and Stable beams) et les détecteurs HPGe. La seconde expérience, visant à étudier la spectroscopie γ retardée de 86 Se, a été réalisée dans l'installation IGISOL (Ion Guide Isotope Separator On-Line) du JYFL Accelerator Laboratory de l'Université de Jyväskylä. Pour cette dernière expérience, le piège de Penning JYFLTRAP a été utilisé pour fournir des échantillons purs de 86 As et la spectroscopie gamma retardée β a été réalisée avec des détecteurs HPGe. Une analyse détaillée des deux expériences est présentée dans ce manuscrit. Les schémas de niveaux des noyaux fils de la décroissance β, 82 Ge (N=50), 83 Ge (N=51), et 86 Se (N=52), ont été mis à jour, et plus de 80 nouvelles transitions γ ont été observées. Des transitions gamma d'une énergie supérieure au seuil de séparation d'un neutron ont été détectées pour la première fois dans 82 Ge. De plus, de nouvelles transitions gamma suivant l'émission bêta retardée des neutrons ont été observées à la fois dans le 81 Ge et le 85 Se. Les demi-vies du 82,83 Ga et du 86 As ont été mesurées ainsi que les probabilités d'émission de neutrons, P n , du 83 Ga et du 86 As. Les états de haute énergie peuplés dans la décroissance β de 82 Ga se trouvent dans une région où l'on s'attend à ce que la PDR apparaisse. Les calculs QRPA et pnQRPA ont été effectués pour les distributions B(E1) et B(GT) pour 82 Ge. Les distributions calculées de la force de B(E1) montrent une force dipolaire basse compatible avec le PDR. La composition des états PDR calculés est accessible en termes d'excitations quasi-particulaires (qp) et aux densités de transition des neutrons et des protons. En comparant les spectres B(E1) et B(GT) expérimentaux et calculés et en gardant à l'esprit que la décroissance β ne peut se connecter aux états finaux qu'à travers des règles de sélection particulières, on discute la structure des états situés à haute énergie autour du seuil de séparation des neutrons peuplées par la décroissance bêta et qui se connectent directement à l'état fondamental ou à l'état 2 + dans 82 Ge, ainsi que de l'éventuel caractère dipolaire des transitions.

experiment, aiming at the study of β-delayed gamma spectroscopy of 86 Se, was carried out at the Ion Guide Isotope Separator On-Line (IGI-SOL) facility of the JYFL Accelerator Laboratory at the University of Jyväskylä. For the latter experiment, the JYFLTRAP Penning trap was used to provide pure samples of 86 As and the βdelayed gamma spectroscopy was performed with high-resolution germanium detectors. A detailed analysis of the two experiments is presented. The level schemes of the β-decay daughters, 82 Ge (N=50), 83 Ge (N=51), and 86 Se (N=52), were updated, and more than 80 new γ-ray transitions were observed. γ-ray transitions with energies higher than the neutron separation energy were detected for the first time in 82 Ge. In addition, new gamma-ray transitions following the beta-delayed neutron emission were observed in both 81 Ge and 85 Se. The halflives of 82,83 Ga and 86 As were measured as well as the neutron emission probabilities, P n , of both 83 Ga and 86 As.

The high-energy states populated in the βdecay of 82 Ga lie in a region where PDR is expected to appear. QRPA and pnQRPA calculations have been performed for the electric dipole B(E1) and Gamow-Teller strength B(GT) distributions for 82 Ge. Calculated B(E1) strength distributions show a low-lying dipole strength compatible with PDR. The composition of the calculated PDR states can be accessed in terms of quasi-particle (qp) excitations and neutron and proton transition densities. Comparing the experimental and calculated B(E1) and B(GT) distributions and keeping in mind that β-decay can only connect with final states through particular selection rules, this work discusses the structure of states populated by beta-decay lying at high energy around the neutron separation energy that connect directly to the ground or the 2 + state in 82 Ge and their eventual dipole character.

GENERAL INTRODUCTION

Nuclear physics is an intriguing and rapidly developing field that has played a crucial role in shaping our understanding of the universe. Nuclear physics is at the forefront of scientific research, from the energy that powers our homes and cities to the processes that drive the stars and the elements that make up our world. It fundamentally focuses on the behavior of protons and neutrons that make up the nucleus of atoms. The protons in the nucleus have a positive electric charge, while the neutrons have no electric charge. In the nucleus, the protons and neutrons are held together by the strong nuclear force, one of the four fundamental forces of nature. The number of protons in the nucleus, also known as the atomic number, determines the element to which an atom belongs. The number of neutrons in the nucleus, however, does not affect the element to which an atom belongs but determines the isotope of that element.

Nuclei can be classified into two main categories: stable and unstable. Stable nuclei are characterized by an infinite lifetime. Atomic nuclei are the building blocks of all matter around us. Unstable nuclei, also known as radioactive nuclei, are those that undergo radioactive decay by emitting radiation (α, β, γ, X-ray..), or in the case of heavier nuclei by emitting a nucleus heavier than an α-particle (cluster decay and nuclear fission). Most of these elements are not found in nature in large quantities and are usually produced artificially in the laboratory or in nuclear reactions that occur in the universe. Understanding the properties of unstable nuclei is essential for comprehending the processes that led to the formation of the elements and the properties of stars and galaxies. It is also crucial for applying nuclear physics in technology, including nuclear power, medical imaging, or cancer treatment.

The technical advances have made it possible to produce more exotic nuclei (i.e., further away from the valley of stability) and to collect data that constrain the nuclear models and highlight unusual behaviors that remain to be explained. Moreover, β-decay studies give access to phenomena governed by the weak interaction. Today, β-decay is still the subject of much experimental and theoretical research. β-decay studies are at the so-called « discovery frontier» meaning that even a low counting rate can provide important structure information. In the astro-physical field, the understanding of the nucleosynthesis of elements beyond iron is still limited by the models describing nuclear systems. Some key observables, such as half-lives or masses, are not always reliably reproduced. However, many exotic nuclei playing a key role in nucleosynthesis are very difficult or even impossible to produce and study in laboratories. This highlights the importance of the β-decay studies of nuclei far from the valley of stability to validate the theoretical models and increase their predictability. Not to mention that the β --decay process, converting a neutron into a proton, changes the element in question, making the β-decay studies important for elemental nucleosynthesis.

This thesis contributes to the current understanding of nuclear physics by presenting research on the structure of neutron-rich nuclei close to the doubly magic 78 Ni nucleus. This region is particularly interesting for the r-process since the first r-process abundance peak is located at A ≈ 80 close to 78 Ni , which is the first waiting point of the r-process (the point in the nuclear chart where the (n, γ) and (γ, n) reactions equilibrate allowing the nucleus to decay by β-decay). Beta decay spectroscopy of nuclei in this area is important to enhance our knowledge of the nuclear structure, which is beneficial in refining nucleosynthesis process modeling, that can impact the prediction of the r-process path [1].

Two beta-decay spectroscopy experiments were performed for this Ph.D. thesis project. The first was carried out at the ALTO facility at IJCLab, Orsay, in 2019. It was dedicated to studying the β-decay of 82 Ga and 83 Ga isotopes using high-purity germanium detectors and the PARIS array for gamma-ray detection. The second experiment of this thesis was performed in 2022 at the IGISOL facility at the University of Jyväskylä, Finland. It was dedicated to studying the decay of the neutron-rich 86 As, selected with the double Penning trap JYFLTRAP, and measured using high-purity germanium detectors. The physics background and motivation behind these experiments are presented in this manuscript's second and third chapters. The fourth chapter explains the experimental setup utilized for data collection in the two experiments. The fifth chapter describes the analysis of the obtained data. In the sixth chapter, we present the results obtained from studying all the nuclei, including level schemes, half-life measurements, and estimations of neutron emission probability. Furthermore, the seventh chapter compares some observed properties of the studied nuclei with HFB-QRPA and shell-model calculations. Finally, we conclude the study by providing some perspectives on the work conducted.

SELECTED EXPERIMENTAL AND THEORETICAL TOOLS FOR NUCLEAR STRUCTURE STUDIES 2.1 Beta and γ decay

In 1900, Henri Becquerel [2] identified β radiation to be an electron and called the process β -decay. Then, after the positron was identified in cosmic ray interactions by Carl David Anderson [3], β + decay was observed from 30 P by Frédéric and Irène Joliot-Curie in 1934 [4]. In the same year, Wick [5] and Yukawa [6] developed the theory of electronic capture, first observed in 1937 by Luiz Alvarez [7]. The continuous character of the energy spectrum of electrons emitted during a β --decay remained a mystery for many years. This effectively contradicts the energy conservation law in the hypothesis that only a β-particle would be emitted. Similarly, during a β-decay, the nucleus mass number is conserved, which implies an integer spin change. However, the emission of a single electron, carrying a spin of 1/2, induces a half-integer spin change. Faced with these contradictions, Wolfgang Pauli [START_REF] Pauli | Letter to physicists at Tubingen[END_REF], in 1930, proposed that a third, very light, and uncharged particle is involved in this disintegration process. He named it neutron, assumed it is in the nucleus, and is emitted during the decay. In 1933, Enrico Fermi [START_REF] Fermi | [END_REF] took up this formalism and renamed the particle a "neutrino." He also assumed that both the neutrino and the β particle are created in the process. Equation 2.1 summarizes the three β-decay processes. In the case of a neutron-rich nucleus, a β -decay occurs, corresponding to a neutron that transforms into a proton. While in the case of neutron-deficient nuclei, a β + decay or an electron capture (EC) occurs, transforming a proton into a neutron.

β -: A Z X N -→ A Z+1 X ′ N-1 + e -+ - ν e β + : A Z X N -→ A Z-1 X ′′ N+1 + e + + ν e EC : A Z X N + e --→ A Z-1 X ′′ N+1 + ν e (2.

1)

In equation 2.1, A Z X N represents a nucleus with Z protons (chemical element X), N neutrons, and a mass number A = Z+N. X' and X" denote the elements with Z+1 and Z-1 protons, respectively.

When considering neutron-rich nuclei far from the valley of stability, the β -decay can be illustrated in Fig. 2.1 below. The parent and daughter nucleus mass difference determines the energy window available for the decay process. This quantity is denoted Q β and must be positive for the process to take place. The decay can leave the daughter nucleus in an excited state. There are many excited states (or levels), and each has a different probability of being fed. This feeding is denoted I β . The nucleus then de-excites by one or more de-excitation γ-ray transitions. It is also possible that the populated level lies above the neutron emission threshold S n . A β-delayed neutron can then be emitted, and the produced nucleus has two neutrons fewer than the parent nucleus and one proton more.

In conclusion, the beta decay within a large Q β window provides valuable insights into the structure of the daughter nucleus through its access to a significant part of the excitation spectrum. Several observables, including log f t and I β , as well as the γ-decay of the excited states in the daughter nuclei, play critical roles in the work presented in this thesis. More explanations are provided in the coming sections. 

Comparative half-life

The weak interaction (beta decay) is weak compared with the strong interaction governing the initial and final states of the nuclei involved. Consequently, the transition rate λ of the decay from an initial state to a final state, commonly called Fermi's Golden Rule, can be written as [START_REF] Krane | Introductory nuclear physics[END_REF]:

λ = 2π h |V f i | 2 ρ(E f ) (2.2)
where ρ(E f ) represents the density of final states and V f i the matrix elements associated with the β-decay between the initial state i and the final state f. The decay probability is factorized in these three main factors:

1. A statistical factor p 2 e (Q β -T e ) 2 from the final states available for the emitted particles, where p e and T e are the momentum and kinetic energy of the β-particle, respectively. 2. The Fermi function F(Z ′ , p e ) that takes into account the influence of the Coulomb field of the nucleus, where Z' is the atomic number of the daughter nucleus. 3. The matrix elements |M f i | 2 , which contain all the spectroscopy information, meaning it is a measure of how the initial and final states connect through the weak interaction and a corrective term S(p e , q) to account for forbidden transitions.

N(p e ) ∝ p 2 e (Q β -T e ) 2 F(Z ′ , p e )|M f i | 2 S(p e , q) (2.

3)

The total decay rate can be rewritten, starting from equation 2.2, and integrating the N(p e ) expression 2.3 over all electron momenta. For the allowed β-decay, it is written as [START_REF] Krane | Introductory nuclear physics[END_REF]:

λ = G 2 |M f i | 2 2π 3 h7 c 3 p max e 0 F(Z ′ , p)p 2 e (Q β -T e ) 2 dp e (2.4) 
The Fermi integral depends only on Z ′ and the maximum electron energy E 0 , and it is expressed as 3 (m e c 2 ) 2 p max e 0 F(Z ′ , p e )p 2 e (E 0 -E e ) 2 dp e (2.5) where the constants in front of the integral are introduced to obtain a dimensionless value of f . By introducing the relation between the transition rate and the partial decay half-life (t 1/2 ), λ = ln2/t 1/2 , one obtains what is called the comparative half-life or the f t value :

f (Z ′ , E 0 ) = 1 (m e c)
f t 1/2 = f t = 2π 3 h7 ln2 G 2 |M f i | 2 m 5 e c 4 (2.6) 
Where G = 1.166371(6) × 10 5 GeV 2 [START_REF] Chitwood | [END_REF].The comparative half-life depends only on the weak nuclear matrix element between the initial and final states. The log ft values connected to different types of beta transitions are shown in Fig. 2.2.

Selection rules

Considering the initial angular momentum of the parent nucleus I i and final angular momentum of the daughter nucleus I f , the following relation denotes the total angular momentum conservation : where L represents the orbital angular momentum carried by the leptons (electron and antineutrino) system and S their spin. The allowed approximation implies L = 0, and Fermi also assumes that the β-decay does not change the spin of the nucleus, i.e., ∆I = I i -I f = S = 0. The lepton pair is thus emitted with two antiparallel spins; these transitions are called allowed Fermi transitions. Despite the success of the Fermi theory (shape of the β-spectrum, decay rate), some experiments indicated a violation of the Fermi transition selection rule (∆I = 1) [13]. Faced with these inconsistencies, Gamow and Teller [14] proposed, in 1936, to include the nuclear spin dependence in the decay process. This addition permits to allow transitions with nuclear spin change according to the relation 2.7: ∆I = S = 1, and this implies that the lepton pair is emitted with parallel spins. These transitions are called allowed Gamow-Teller transitions.

I i = I f + L + S (2.7)
The introduction of the nuclear spin change in β-decay thus allows transitions of type ∆I = 0, 1. The previously called allowed Fermi transitions (anti-parallel electron and antineutrino spins) are renamed super-allowed. They are a subcate-gory of the so-called allowed transitions characterized by L = 0. When L̸ = 0, i.e., when the lepton pair carries orbital angular momentum, we speak of forbidden β-transitions. Moreover, a non-zero value of this orbital angular momentum L can cause a parity change, the two being related by the following relation:

∆π = π i π f = (-1) L (2.8)
Table 2.1 summarizes the selection rules for various β-transitions. 

Beta-delayed gamma-ray transitions

As mentioned in section 2.1, a nucleus that undergoes beta decay can end up in an excited state in the daughter nucleus. One way for the nucleus to release this excess energy and return to a lower energy state is by emitting electromagnetic radiation in the form of γ-rays or conversion electrons. The energy of the γ-ray is equal to the energy difference between the initial and final states of the nucleus (nuclear recoil should be taken into consideration for the case of lighter nuclei and high γ-ray energies). During the transition from an initial state i to a final state f, the angular momentum is conserved, and the angular momentum selection rules are expressed as

|I i -I f | ≤ L ≤ |I i + I f | (2.9)
The anuglar momentum L, carried away by the emitted photon, is related to the multipolarity of the electromagnetic radiation emitted by the nucleus. The term "multipolarity" refers to the type of electromagnetic radiation. Transitions with L = 1 are referred to as dipole transitions, transitions with L = 2 are referred to as quadrupole transitions, and so on. The electromagnetic radiation can be either of electric (E) or magnetic (M) type for each L value. Electric and magnetic radiations are different in their parity. For each radiation type, the parity can be defined as

π γ (ML) = (-1) L+1 π γ (EL) = (-1) L (2.10)
The type of electromagnetic radiation emitted in a particular transition can be identified by considering the parity of the initial and final states of the nucleus as follows [START_REF] Krane | Introductory nuclear physics[END_REF] ∆π = No: L =even for electric, odd for magnetic, ∆π = Yes: L =odd for electric, even for magnetic, (2.11) where ∆π is the parity change between the initial and final state.

Probability of electromagnetic transition

Considering a transition by photon emission from an initial state i to a final state f, the γ-decay transition rate can be expressed as [START_REF] Ring | The nuclear many-body problem[END_REF] λ(σL,

I i -→ I f ) = 8π(L+1) hL[(2L+1)!!] 2 E γ hc 2L+1 B(σL, I i -→ I f ) (2.12)
where E γ is the energy of the emitted γ-ray and B(σL, I i -→ I f ) is the reduced transition probability. B(σL, I i -→ I f ) is determined by the initial and final states of a transition. Single-particle transitions only involve a single nucleon, resulting in a smaller transition probability compared to collective transitions, which typically involve multiple particles. The level of collectivity in a transition can be measured by comparing the observed transition probability to the estimated single-particle transition probability provided by the Weisskopf estimates [START_REF] Ring | The nuclear many-body problem[END_REF]:

B(EL, I i -→ I f ) = 1 4π 3 L+3 2 (1.2A 1/3 ) 2L B(ML, I i -→ I f ) = 10 π 3 L+3 2 (1.2A 1/3 ) 2L-2 h 2m p c 2 (2.13)
where m p is the mass of the proton. The transition probability in Weisskopf units (W.u.) is calculated as the ratio of the experimental value to the Weisskopf estimate. A pure single-particle transition probability is close to 1 W.u., whereas collective transitions have a significantly higher value.

The Pygmy Dipole Resonance

In 1937, W. Bothe and W. Gentner [START_REF] Bothe | [END_REF] observed a significant increase in the effective cross section of the photo-dissociation of specific nuclei for the first time. A. Migdal successfully interpreted these resonances as a dipolar oscillation of protons and neutrons in the nucleus [17]. When the protons and neutrons oscillate in opposite phases, the resonances are called isovector resonances. The various studies carried out during the following years showed that these Giant Dipole Resonances (GDR) carry nearly 100% of the sum rule of the isovector electric dipole transition (E1) (Thomas-Reiche-Kuhn Sum Rule [18]). The remaining strength is then attributed to so-called Pygmy Dipole Resonances (PDR). The PDRs appear at lower energies than the GDRs, usually around the neutron emission threshold in neutron-rich nuclei, as studied in this thesis. The PDR is an oscillation mode where excess neutrons oscillate against a core consisting of protons and neutrons.

Several methods have been used to study PDR excitation and decay. For a more detailed description of the experimental techniques, see Ref. [19].

1. One method for studying dipole excitations is through real photon scattering, such as Nuclear Resonance by Fluorescence (NRF) [20]. This technique is highly selective for dipolar excitation states with J = 1 due to the angular momentum carried by the photon. However, NRF can only be used for stable or long-lived nuclei, which limits its applicability. An alternative approach is the Coulomb scattering method [21], which induces excitations by virtual photons from scattering on heavy targets followed by detection of de-excitation γ-rays or neutrons if the nucleus is excited above S n .. This method allows the study of unstable nuclei with short lifetimes, but lacks the J = 1 selectivity of NRF and is subject to background noise from radiation of atomic origin. To overcome this, the detection of a neutron emitted by the nucleus is used to distinguish nuclear excitations from electronic excitations. The resonances beyond the neutron emission threshold can be observed with a higher signal-to-noise ratio and the excitation energy can be reconstructed using the invariant-mass method.

2. The inelastic proton scattering at small scattering angles is an experimental method that can efficiently extract the total B(E1) strength. It yields additional information compared to the photon scattering method, which can provide only a part of the B(E1) strength. This method yields additional information compared to the (γ, γ') method, including strong fragmentation of the E1 strength [22], but it suffers from the same bias: it can only be used to study stable or long-lived nuclei.

3. Finally, the third technique used is the hadronic probe. It involves scattering light nuclei on the nuclei of interest and analyzing the Y (X, X' γ) reaction results. Thus, experiments involving α-particle scattering [23] or alternatively using 17 O [24] have allowed, in comparison with the (γ, γ' ) method, to refine the understanding of the intrinsic nature of the PDR. Nevertheless, the hadronic scattering method is less efficient in the selection of states of interest for pygmy dipole resonances (J π = 1 -), and it is restricted to stable nuclei.

The PDR's unique characteristic is the enhancement of E1 transitions rather than 1 -states. This means a medium-spin PDR may exist, which can be built on excited states. However, such PDR states are rarely available for the aforementioned conventional experimental methods. An opportunity for studying these states arises from β-decay experiments, which offer precursor-like specificity. Since exotic nuclei have high Q β values, β-decay has emerged as a new way for PDR research [25], which will be discussed in more detail in the upcoming chapter's section labeled 3.3.

Elements on the theoretical description of the atomic nucleus

The atomic nucleus is a system of A nucleons, differentiated in neutrons and protons by their isospin projection number, t z . The internal structure of the nucleons within the nucleus does not affect the low-energy nuclear structure, and the nucleons can be considered as basic spin 1/2 fermions. The nucleons interact through an exchange force that is the residual manifestation of the strong interaction between the quarks they are composed of. Protons, having a charge, also interact through electromagnetic force.

The nuclear Hamiltonian, which describes the behavior of this A-nucleon system, is the sum of the kinetic energies of the individual nucleons and the interaction potential between the nucleons. In order to calculate the stationary states such a system can occupy, in a non-relativistic approximation, one needs to solve the time-independent Schrödinger equation:

Ĥ |Ψ⟩ = E |Ψ⟩ (2.14) A ∑ i=1 - h2 2m ∆ i + A ∑ i<j W(i,j) |Ψ⟩ = E |Ψ⟩ (2.15)
where |Ψ⟩ represents A-body wave function having a total energy E and W the 2-body interaction. One usually separates in the Hamiltonian a nuclear average potential, allowing then to separate a single particle and a residual part in the equation 2.14 [START_REF] Brussaard | Shell-model applications in nuclear spectroscopy[END_REF].

Making the hypothesis that such a nuclear average potential exists, we then need to find the best one allowing for the minimization of the residual interaction. From this point, we can use two different formalisms to solve the A-body Schrödinger equation:

-The Hartree-Fock theory starts from a two-body interaction with some global parameterization, and then calculates the best mean-field potential by minimizing the total energy of the system based on a variational principle. The correlations are added beyond this mean-field approximation. -The nuclear shell model starts with a known, suitable potential (harmonic oscillator, Wood-Saxon ...). The solutions of this potential are then used as a basis for a further diagonalization of the residual interaction into a limited valence space 1 .

More about the nuclear shell model and a brief description of the particular mean field theory that is HFB+QRPA is presented in the next sections.

Nuclear shell model

In 1933, the existence of special numbers for which the nuclei are exceptionally stable was presented in Ref. [START_REF] Elsasser | [END_REF]. These numbers have been named magic numbers, and the nuclei having these numbers of protons or neutrons are called "magic nuclei" or "doubly magic" if both proton and neutron numbers are magic. The first of their features is that they are more bound than their neighboring nuclei. The second feature is higher energy of the first excited level compared to the neighboring nuclei.These magic numbers are 2, 8, 20, 28, 50, 82, and 126.

In the shell-model, each nucleon is considered to be moving independently within an average potential created by the interaction of all the nucleons. The Hamiltonian of equation 2.14 can then be written as:

Ĥ = A ∑ i=1 - h2 2m ∆ i + U(i) + A ∑ i<j W(i,j) - A ∑ i=1 U(i) = Ĥ(0) + V (2.16)
where U(i) is the single-particle potential, Ĥ(0) the independent-particle motion and V the residual interaction. The use of a suitable potential can make the residual interaction negligible in the independent-particle model. In 1949, a potential for individual particles that included a spin-orbit component was introduced [28,29]. The spin-orbit term split the energy levels with angular momentum quantum number l ≥ 1 into two, where the level with total angular momentum j=l+1/2 has lower energy than the level with j=l-1/2. The relevant part of the single-particle shell model levels for this work is illustrated in Fig. 2.3.

The independent particle model is limited in its ability to describe nuclei, as it can only accurately be applied for nuclei with magic numbers of protons and neutrons (± one or two nucleons). Additionally, this model presumes that nuclei are spherical in shape, an assumption that holds only for nuclei that are located close to closed shells. In other words, going further away from the magic numbers, it becomes mandatory to consider the residual interaction between the nucleons outside the closed shell (commonly referred to as the core) where the two-body interaction starts playing a significant role.

HFB+QRPA theoretical model

Hartree-Fock Bogolyubov

The Hartree-Fock method uses a set of equations called Hartree-Fock equations, which are based on the many-body Schrödinger equation and an effective force (called D1M Gogny force in this work) for the nucleon-nucleon interaction. The equations are solved iteratively until the convergence of wave functions and energies of the orbitals. This process is called self-consistent, and the result gives a set of single-particle wave functions that minimize the total energy of the system and describe the properties of the ground state of the nuclei. The Hartree-Fock Bogolyubov (HFB) method is an extension of the HF method that takes into account pairing correlations between nucleons. The HFB method describes these pairing correlations by introducing a pairing potential, which is treated on the same footing as the mean-field potential used in the HF method. Together, the mean-field and pairing potentials determine the properties of nuclei. The HFB method can be utilized to acquire the single-particle level spectrum related to one or multiple quasi-particle (qp) excitations. In this work, HFB calculations were performed to obtain the single-particle level spectrum associated with the ground state.

QRPA and pnQRPA approximations

QRPA refers to the Quasi-Particle Random-Phase Approximation for electromagnetic excitations and pnQRPA to QRPA charge-exchange excitations. These solutions are constructed from the quasi-particle states determined in Hartree-Fock-Bogolyubov calculations carried out with a harmonic oscillator basis, which supports either spherical or axial symmetry. The QRPA calculations construct a collective phonon state from coherent protons or neutrons excitations in the single-particle level spectrum acquired with HFB calculations. The phonon states obtained in a QRPA calculations represent collective vibrations in the nucleus of interest and are formed from a coherent superposition of proton-proton 2qp excitations and neutron-neutron 2qp excitations. However, in pnQRPA calculations, the coherent excitations resulting from proton-neutron 2qp excitations correspond to transitions from a mother nucleus to its daughter nucleus. A numerical tool based on this model has been developed by a team of the CEA-DAM of Bruyères-le-Châtel (a more detailed description can be found in Refs. [30,31]). The calculations performed using this tool for the decay of the 82 Ga to 82 Ge, together with the results of shell-model calculations for 86 Se are presented in chapter 7.

MOTIVATION TO STUDY NUCLEAR STRUCTURE

AROUND THE N=50 SHELL CLOSURE

Nuclear astrophysics: the r-process

The r-process, or the rapid neutron capture process [32], is a process that allows the creation of nuclei in a medium that is very hot (T ∼ 10 9 K) and very dense in neutrons (N n > 10 20 cm -3 ) by the capture of the latter, within a relatively short time (t ∼ 1s). This process is essential in elemental nucleosynthesis because it is the origin of half of the elements heavier than iron in the universe. For a long time, type II supernovae explosions have been considered the preferred astrophysical sites for the r-process [33] because of their explosive character. Nevertheless, the fusion of two highly dense bodies, like neutron stars or black holes, was also recognized as a possible site [34].

The observation of gravitational waves by the LIGO and Virgo collaborations [35,36] marked a turning point in the r-process studies. The GW170817 gravitational wave signal originating from two neutron-star mergers was observed, and it was followed 1.74 s later by a γ-ray burst (GRB 170817A) [36]. Following the merger, the AT2017gfo kilonova was observed, and it was driven by the radioactive decay of the r-process elements. Namely, the multiple neutron captures (n, γ) make the r-process path proceed far away from the valley of stability. The produced radioactive nuclei will decay back to the valley of stability, mainly via βdecays. Moreover, heavy neutron-rich nuclei can decay via fission to lighter-mass regions. The fission products can be later used as seed nuclei (fission recycling). These decays power the observed kilonova, which showed clear evidence of the r-process occurrence in neutron-star mergers and highlighted their importance in the production of r-process products.

A large fraction of nuclei formed with the r-process is experimentally unknown. Therefore, the calculations to model the phenomenon rely on theoretical calculation of the necessary input values for experimentally unknown nuclei. However, microscopic models have difficulties reproducing specific parameters such as half-lives, the masses of nuclei, and β-delayed neutron particle emission probabilities [37], especially far from the valley of stability.

It has also been shown [38] that pygmy dipole resonances can impact the calculations of neutron-capture reaction rates. Furthermore, the PDR above the neutron separation threshold enhances the reverse process of (γ, n) photodisintegration. Therefore, the PDR distribution relative to the neutron emission threshold of neutron-rich nuclei can significantly impact the formation of heavy elements in the universe [39,40,41].

Experimental knowledge of the N = 50 shell gap in the vicinity of 78 Ni

As seen in Fig. 2.3, the magic number N = 50 corresponds to the gap between the shell-model orbitals ν1g 9/2 and ν2d 5/2 . This gap emerges naturally in the shell model when the spin-orbit interaction is included. The same is true for the gap between the proton shells π1 f 7/2 and π1 f 5/2 corresponding to the magic number Z = 28, making the 78 Ni nucleus to be one of the most neutron-rich doubly magic nuclei.

In the following, we present the status of experimental knowledge regarding the N=50 shell gap and the magicity of 78 Ni.

Mass measurements

Mass measurements are an important tool in studying nuclear structure because they can provide information about the binding energies of atomic nuclei. The two-neutron separation energy, which is defined as the energy required to remove two neutrons from a nucleus, is a measure of the stability of a nucleus and is related to the binding energy of the nucleus. By measuring the masses of different atomic nuclei and calculating the two-neutron separation energy, it is possible to identify shell closures since it is expected to be much higher in the case of a closed shell. The two-neutron separation energy is defined as:

S 2n (Z, N) = [M(Z, N -2) + 2M( 1 n) -M(Z, N)]c 2 = B(Z, N) -B(Z, N -2) (3.
1) where M is the atomic mass and B is the binding energy of the considered nuclei. The atomic masses of neutron-rich isotopes of Zn, Ga, Ge, As, and Se have been measured using the JYFLTRAP Penning trap mass spectrometer of IGISOL at the University of Jyväskylä [43]. The evolution of S 2n as a function of the neutron number in the nickel region is shown in Fig. 3.1. The steep decrease when passing N = 50 can be observed for all nuclei and is characteristic of a shell closure. The evolution of the N = 50 shell gap is even more visible when looking at the evolution of S 2 n as a function of the proton number, shown in Fig. 3.1. The opening of the N = 50 gap when moving towards Ni (Z=28) is a signature of its magicity. 

β-decay half-lives

Evidence of the magicity of 78 Ni can be seen by examining the half-lives of nearby isotopes in the Z=27 to 31 isotopic chains. The pattern of β-decay half-lives for these isotopes is depicted in Fig. 3.2. The half-lives of neutron-rich nuclei with Z = 27-30 were measured at RIKEN [44]. The rapid decrease in half-life for nickel isotopes with N> 50 was interpreted as evidence for the magicity of the neutron number 50, meaning that the energy required to add the 51st neutron is very high. This would result in a large increase in the Q β value, leading to a significant decrease in the half-life.

Systematics of the first 2 + states

The evolution of the first 2 + state in the iron, nickel, zinc, germanium, and selenium isotopic chains is shown in Fig. 3.3. The magic signature of N = 50 is reflected by the sudden rise in the energy of the 2 + state when crossing the N=50 shell closure. At the same time, the Z=28 isotopic chain is observed at higher 46,47,48,49,50]. energy than the others, showing the magic character of Z=28.

Finally, the question of the 78 Ni magicity has been settled by Seastar at RIKEN in 2017 [51]. This experimental campaign allowed the spectroscopy of many neutron-rich nuclei from the RIBF (Radioactive Isotope Beam Factory) facility by coupling the MINOS (MagIc Numbers Off Stability) experimental setup with the γ spectrometer DALI2 (Detector Array for Low Intensity radiation 2). The steep rise at N=50 of the 2 + state energy is clearly visible (the blue plot of Fig. 3.3), providing direct experimental evidence for the N=50 magic character.

PDR at the N=50 shell closure

The experiments and theoretical investigations carried out to study the pygmy resonances made it possible to shed light on these resonances, but many questions remain open. Their nature, their degree of collectivity, and their location, for example, are still subject to discussion. Even for the nature of the isoscalarisovector separation of the PDR detected by the hadronic probe: does the isovector part correspond to the GDR's tail? These questions require diversification of experiments and a deepening of theoretical models. The work of [52] studied the E1 strength evolution in the stable N=50 isotones through NRF using polarized γ beams. Their work showed that a measurable portion of the dipole strength has been recorded at energy levels below 10 MeV, and there is a rise in relation to the N/Z ratio. By analyzing the development of the transition densities from 6 to 11 MeV, the authors arrived at a conclusion that, for all stable isotopes with N=50, the majority of the 1 -states located at energy levels less than 9 MeV possess properties typical of PDR states and that there is no significant increase of the PDR strength with increasing N/Z ratio. Nevertheless, there is a clear lack of data on PDR for unstable nuclei along isotonic chains. The difficulty of producing exotic nuclei along an isotonic chain for PDR studies, where usually one needs accelerated beams, is one of the main reasons. Moreover, systematic investigation of low-lying dipole modes using the canonical-basis time-dependent Hartree-Fock-Bogoliubov theory along the Z and N axis [53] shows a strong neutron shell effect, as can be seen in Fig. 3.4. The PDR fraction (the ratio of the energy-weighted E1 strengths below 10 MeV to the total E1 sum rule) increases by a factor of two to three in the most neutron-rich isotopes when crossing the N=50 shell closure. This means that higher PDR strength is expected around the 78 Ni region, which, on the other hand, calls for a different study tool more adequate to this region, e.g., the β-decay. Indeed, M. Scheck and his colleagues have recently shown that β-decay may be a new way to study the PDR [25]. They showed that γ-ray spectroscopy following high Q value β-decay could be exploited as a probe for revealing the structure of PDR in even-even nuclei. Their work showed that the β-decay populates only a fraction of the 1 -PDR states by comparing photon scattering data for 136 Xe(γ, γ ′ ) and 136 I[J π (GS)=1 -]-→ 136 Xe * β-decay. These states seem to have complex wave functions and they are very weekly populated in inelastic scattering (see Fig. 3.5). The advantage of studying PDRs via the β-decay path lies in its ability to access excitations both above and below the neutron emission threshold. It also makes it possible to study unstable nuclei with short lifetimes. On the other hand, only a fraction of the resonance would be accessible because of the quantum selection rules ( matching β-decay with PDR states' quantum numbers ).

In this regard, experiments of [54] and [55] have recently shown the importance of this method by observing high-energy γ de-excitations corresponding to dipole excitations that could be identified with pygmy resonances. The experiment described in [54] was performed at the ALTO facility in 2017. Unexpected high-energy β-delayed gamma-rays (8-9 MeV) were observed in the β-decay of 83 Ga (T 1/2 =308.1 (10) ms; Q β =11.719 (4) MeV [45] ) compared to the decay of 80 Ga. This experiment triggered the start of a program at ALTO (of which this Ph.D. project is part) to investigate the structure of neutron-rich isotopes around the N=50 shell closure. Microscopic calculations around the neutron separation energy using the QRPA method have revealed that the GT decay of deeply bound neutrons can cause coherent dipole oscillations (PDR). These oscillations can then lead to significant emission of E1 gamma-radiation. This effect is more pronounced in the decay of 83 Ga than in the decay of 80 Ga because of the rapid development of a neutron skin in nuclei with N> 50 [53].

The choice of the studied nuclei

Following the argumentation in the previous section, we have identified the best candidates to perform this study at the N=50 shell closure. The relevant information is summarized in Table 3.1. 

The 82 Ge nucleus

In even-even nuclei, PDR states built on the ground state are 1 -states, and in order to populate them in β-decay, the parent nucleus has to have a low-spin ground state, high Q β , and relatively high Q βn 1 values. The N=50 nucleus, 82 Ge (Z=32, N=50), is a very compatible candidate (see 82 Ga decay chain in Fig. 3.6). A laser spectroscopy measurement of 82 Ga suggests that the spin is 2 [56]; however, the spins of 1 and 3 could not be ruled out. If we start from the assumption that the ground state is (2 -), then the allowed β-decays can populate 1 -, 2 -, and 3 - states in 82 Ge, while the first-forbidden β-decay transition can populate states from 0 + to 4 + in 82 Ge. Thus, we would expect to observe E1 γ-ray transitions from the 1 -to the 0 + ground state of 82 Ge, which is the signature of the PDR in this nucleus. Furthermore, 82 Ga has a large Q β value, 12.484 (3) MeV [42], with a relatively low S n value of 7.194 (3) MeV [42], which makes the population of levels around S n very probable. Despite this, no γ-ray transitions are reported from states above the neutron separation threshold and the highest β-delayed γ transition reported is at 5.3 MeV. 82 Ge has been studied many times by various methods. The first method was the β-decay of 82 Ga, which was used to investigate the structure of 82 Ge in 1981 [57] and in 2016 [58] . 82 Ge was also studied via the β-delayed neutron emission from 83 Ga in 2010 [59] and in 2017 [60,[START_REF] Testov | Effect of shell closure N = 50 and N = 82 on the structure of very neutronrich nuclei produced at ALTO : measurements of neutron emission probabilities and half lives of nuclei at astrophysical r-processes path[END_REF] . On the other hand, direct reactions are another production mechanism that can be utilized to study higher-spin states in 82 Ge. Several experiments have used direct reactions to generate and study this nucleus, as in Refs. [START_REF] Rz Ąca-Urban | [END_REF], [63], [64] and [START_REF] Thisse | Étude des états particule-trou dans les noyaux de la région du Ni avec le spectromètre ν-Ball[END_REF].

1

The energy difference between Q β value and S n value. 

The 83 Ge nucleus

Even though the work of [54] showed high-energy γ-transitions emitted from states 2-3 MeV above the neutron separation energy in 83 Ga, the resolution of the detector used was not good enough for these γ-ray transitions to be identified precisely. Hence, we decided to study the 83 Ge (Z=32, N=51) again, but this together with 82 Ge in the same experiment to identify the γ-ray transitions that belong to the β and β-n decay channels of 83 Ga. The 83 Ga β-decay chain is presented schematically in Fig. 3.7.

The ground-state spins of 83 Ga and 83 Ge were deduced from systematic trend studies [START_REF] Perru | [END_REF] to be (5/2 -) and (5/2 + ), respectively. This means a first-forbidden β-transition between the ground states is likely to happen. In addition, 3/2 -, 5/2 -and 7/2 -states can be populated in 83 Ge by allowed β-decay transitions, while the first forbidden ones can populate states from 1/2 + to 9/2 + in 83 Ge. The Q β value of 83 Ga is 11.719 (4) MeV [42], and the neutron separation energy in 83 Ge is at 3.632 (3) MeV [42], making the population of neutron-unbound states very probable. The structure of 83 Ge has been extensively researched at HRIBF through the reactions of 2 H( 82 Ge,p) 83 Ge [67,68] and β-decay of 83,84 Ga produced in proton-induced fission of 238 U [59]. Furthermore, at ALTO, the 83 Ge was studied through neutron-induced fission [START_REF] Perru | [END_REF], photo-induced fission of 238 U [69,70], and β-decay of 83 Ga [71,[START_REF] Delafosse | Etude des dérives monopolaires neutron au-delà du 78Ni par spectroscopie gamma avec BEDO à ALTO et AGATA au GANIL[END_REF].

The 86 Se nucleus

The As isotopes around the N=50 shell closure are similar to their Ga isotones in that they have large Q βn windows, which makes studying their β-decay a reliable way to populate energy levels near S n . We decided to study the β-decay of 86 As to 86 Se (Z=34, N=52), going thus two protons less exotic than the gallium to germanium decay experiment. The β-delayed neutron branch has been measured using the BELEN detector setup at the IGISOL facility to be P n = 35.5(6) % [START_REF] Agramunt | [END_REF].

The β-decay chain of the 86 As ground state is shown in Fig. 3.8. No γ-transitions were measured from states above S n even though the Q βn window is 5.38 MeV.

The structure of 86 Se has been studied using a variety of experimental methods. One of the main methods is the β-decay of 86 As. This method was used in the 1970s [74,75], for example, and more recently in 2015 [76,77] . In addition, Ref. [78] used the β-n decay of 86 As to provide new information about the structure of 86 As. Furthermore, 86 Se was also studied at Vanderbilt University, Nashville, Tennessee, via prompt γ-ray spectroscopy of 252 Cf spontaneous fission [79] [80]. Also, at the INFN Legnaro National Laboratory, 86 Se was studied by a recoil distance Doppler shift (RDDS) experiment in 2015 [81]. No β-delayed γ transitions have been reported above 4.7 MeV in 86 Se. This leaves a gap of about 2 MeV between the highest populated state observed in β-decay and the neutron separation energy. 

EXPERIMENTAL METHODS

In this chapter, the methods used to perform the two experiments addressed in this Ph.D. will be described. To assist the reader, NRI15 will be used for the experiment performed at ALTO facility, and I281 will be used for the experiment performed at IGISOL facility.

The NRI15 experiment

The first experiment of this work was dedicated to studying the β-decay of 82 Ga and 83 Ga isotopes at the ALTO 1 facility.

Radioactive ion beams at the ALTO facility

The neutron-rich gallium isotopes of interest were produced at the ALTO, an experimental platform belonging to the IJCLab 2 [82]. The historical part of this installation consists of a 15 MV electrostatic negative ion accelerator of the Van de Graaff type known as a Tandem. It was put into operation in 1972 to answer the time's major questions concerning the structure of nuclei and reaction mechanisms using stable beam induced reactions. The more recent part of ALTO has been operational since 2006 and concerns the production of radioactive ISOL3 beams. The developments and the constant improvement of the techniques for producing radioactive nuclei have made it possible to obtain many essential results both in fundamental research (nuclear structure, nuclear reactions, nuclear astrophysics) as well as in applied research (nuclear safety). As we can see in Fig technique is a method used in many large accelerators around the world, such as ISOLDE (CERN), SPIRAL (GANIL), ISAC (TRIUMF), and others. It has benefited from many recent technical contributions to meet the experimental constraints of physicists (exoticism, intensity). This production technique can be broken down into the following steps:

-creation of radioactive nuclei, -diffusion out of the target, -effusion to the ionisation source, -ionisation, -extraction, -separation.

The ions of interest are accelerated to a few tens of keV. An extra step of postacceleration can be used in order to reach a kinetic energy of a few to about 10 MeV/nucleon. A history of the invention of the ISOL technique and the need for it is presented in Ref. [START_REF] Verney | [END_REF].

Different methods can be used to produce the radioactive beams for ISOL techniques. ALTO's method consists of bombarding a thick UC x target with a light and a high-intensity primary beam. The target is heated to promote the diffusion and effusion of radioactive atoms from it. It should be noted that, unlike in-flight production techniques, the kinematics of the nuclear reaction are not preserved, which means all the energy of the primary beam is deposited in the target, and the reaction products are thermalized and neutralized. These atoms are extracted from the target, ionized, and then accelerated to form a beam of 30-60 keV energy.

Regarding the experiment under consideration, the 82,83 Ga ions were produced by photo-induced fission. The photo-fission is briefly defined as follows: accelerated electrons interact with atoms, creating a continuous gamma-ray emission that initiates the fission process in the target. The procedure starts with accelerating an electron beam at 50 MeV by a linear accelerator (see Fig. 4.2). This beam is then incident on a uranium carbide target (UC x ) [START_REF] Tusseau-Nenez | [END_REF]. The target is placed in a Ta oven in order to facilitate the diffusion of fission products. After being ionized by LASER, these products are then selected in mass by the magnetic spectrometer PARRNe ( M ∆M = 1500) and finally guided through the beamline by a set of electrostatic dipoles and quadrupoles to the BEDO setup.

BEDO experimental setup

BEDO is an experimental setup aiming to study exotic neutron-rich nuclei by β-decay [83,54]. It was developed as a continuation of a research project in the N =50 region towards 78 Ni, initiated in the early 2000s at ALTO. It is composed of a tape station for the implantation and evacuation of the radioactivity, a plastic detector for beta-decay tagging, and different instruments for the detection of the delayed radioactivity emitted after beta decay (HPGe or scintillators for gamma decay) 

Tape and measurement cycle

The selected radioactive beam is implanted on an Al-coated mylar tape. A dedicated engine (see Fig. 4.3) allows moving the tape to follow a defined pattern in time. The whole system is maintained under the same vacuum as the beamline. In order to avoid accumulating long-lived daughter activities of the studied 82,83 Ga nuclei, the tape was periodically moved with cycles adapted to the nucleus of interest's half-life. A cycle started when a "clean" tape area was positioned at the beam level, which is called a "collection point." First, the tape was left for 0.5 s with no beam for "background measurement" (t bck ). Then, the beam was implanted at this point for a specified time, which is called the "collection time"(t c ). The nuclei implanted on the tape and their descendants β-decayed during a second period called "decay time"(t d ) without beam implantation. At the end of this period, the tape was moved until the accumulated activity was sufficiently far ( ≈ 1.3 m) from the collection point. During the tape's movement, the beam was deflected. The time behavior for the activity of the collected sample for a cycle that is represented in Fig. 4.4 is described by Eq. :

A(t) = ϕ(1 -e -λt ) t 0 < t ≤ t 1 ϕ(e -λt 1 -1)e -λt t 1 < t < t 2 (4.1)
where:

-A is the parent nucleus activity, ϕ represents the ion of interest production rate, λ is its decay constant, -t 0 is the starting time of the cycle, -t 1 is the time when the accumulation stops (t 0 +t bck +t c ), -and t 2 is the cycle ending time (t 0 +t bck +t c +t d ).

These equations were later applied to get the βγ-gated activity during the data analysis. The details of tape settings during the experiment are listed in Table 4.1. Moreover, the collection point of the beam was surrounded by a BC408 plastic detector (called 4πβ) covering about 74 % of the solid angle and placed under vacuum to detect the β particles. The thickness of this detector was 3 mm in order to be almost insensitive to γ-radiation.

Table 4.1:

The choice of the tape cycles for the measurements of the 82,83 Ga decays. The half-lives are taken from [45].

Isotope T 1/2 (ms) t bck (s) t c (s) t d (s) 82 Ga 599 0. -Three PARIS 5 clusters, each composed of nine phoswich detectors [91], were utilized in the experiment. The PARIS array had a total efficiency of approximately 1.5% at 5 MeV, with each cluster positioned 12 cm away from the centeral source. More details about PARIS can be found in section 4.1.2.3. -A segmented small EXOGAM CLOVER detector from the prototype series was also used in this experiment, with an energy range set to 10 MeV. The measured efficiency of the CLOVER detector was 0.41(4)% at 1.17 MeV, with the detector placed 7 cm away from the source. At 1.3 MeV, the energy resolution of the CLOVER detector was 2.43(1) keV. -A coaxial HPGe6 detector of type EUROGAM-1 was also utilized, positioned at zero degrees with respect to the beam, with an efficiency of 2.12(2)% at 1.17 MeV. The detector was located 50 mm from the calibration source and had an energy resolution of 2.60(1) keV at 1.3 MeV.

The PARIS detector

The PARIS project aims to study nuclear structures and reaction dynamics. The aim is to detect γ-rays of widely varying energy and multiplicity emitted during fusion-evaporation or fusion-fission reactions, for example. In this work, PARIS was used for the first time in a beta decay experiment. The PARIS detector setup was designed to be as efficient as possible in the energy range from 50 keV to 40 MeV and also with good energy resolution at low energies. Furthermore, as neutrons may be produced by some reactions, a time resolution of less than one nanosecond allows discrimination of neutrons from γ-rays by the time of flight.

Other essential qualities of this detector are that it has good granularity, it is modular and transportable. The PARIS detector consists of clusters containing 9 phoswiches in an aluminum cup transparent to γ-rays and lined with a reflector to collect the optical photons produced inside the phoswiches (see Fig. 4.6). The The two crystals of LaBr 3 (Ce) and NaI(Tl) are coupled to a common photomultiplier, so each phoswich had only one output signal. In principle, the presence of a single photomultiplier to recover the scintillation photons from two different crystals may sound challenging. However, studies already carried out show that the decay times of these two crystals are different enough to separate the signals correctly. Indeed, knowing the time of the two signals produced by the crystals, separating them by taking the fast component for LaBr 3 (Ce) and the slow one for NaI(Tl) is totally sufficient. This can be seen in Fig. 4.7 where the photons absorbed predominantly in one or both of the crystals can be distinguished. The Q-long and Q-short in Fig. 4.7 correspond to the charge collected in a long and a short time gate, respectively. Based on the difference in the time constant of each crystal, it is possible to distinguish signals from different crystals. If there is only interaction in the LaBr 3 (Ce) crystal, Q-short and Q-long should be equivalent. This results in corresponding events appearing along the x=y line in Fig. 4.7. However, if there is an interaction just in the NaI(Tl) crystal, Q-long will be greater than Q-short. The events shown in the red triangle in the figure are those recorded when the γ rays are interacting in both crystals simultaneously. The energy deposited in one phoswich is obtained by the off-line add-back procedure of the energies deposited in both parts of the phoswich. The procedure of the analysis will be explained in chapter 4.

FASTER data-acquisition system

FASTER (Fast Acquisition SysTem for nuclEar Research) is a modular digital acquisition system developed at LPC-Caen, France [START_REF] Fontbonne | Acquisition multiparamétrique de signaux de décroissance radioactive pour la correction des défauts instrumentaux : application à la mesure de la durée de vie du 19Ne[END_REF]. It is based on a synchronized tree model and can handle up to a few hundred signals. FASTER hardware is composed of two parts :

-the daughterboards connected to detectors -the motherboards in charge of communication, synchronization, and different functions programming on embarked FPGAs.

The system is trigger-less, with data from each detector being timestamped (10 MHz clock distribution). In our experiment, we used two types of daughter boards: CARAS and MOHSAR.

The MOHSAR (MOdule for Signal Acquisition, High Resolution) daughterboard provides 4-channel readout with a frequency sampling of 125 MHz and a 14-bit resolution depth. It can be used with a dynamic input range of ± 1V, ± 2V, ± 5V, and ± 10V. For our experiment, it was used for the HPGe preamplifier readout, providing time-stamp, TDC and amplitude measurements.

The CARAS (CARte d'Acquisition du Signal) daughter-board provides 2channel readout with a frequency sampling of 500 MHz and a 12-bit resolution depth. It has a dynamic input range of up to 2.2V. It was used for PARIS, and plastic photo-multipliers readout providing time-stamp, TDC, and charge measurements.

The detectors' management by the computer was done through the faster_GUI interface, which allows the user to monitor the module's status, the number of events recorded, and the acquisition time. The user can use this interface to launch the acquisition, record the data in .fast format, switch the channels on and off, and access the control panel of each module. The control panel of each module allows the user to configure the detectors.

The data recorded by FASTER in .fast files can be converted into .root or other files using libraries coded in C/C++. The analysis of the NRI15 data was done using a code developed in this thesis to transform the data into C++ objects (TTree, TH1, TH2 and TGraph) provided by the ROOT libraries.

The I281 experiment

The second experiment of this PhD thesis, I281, was carried out at the IGISOL facility at the University of Jyväskylä, Finland, in 2022. It was dedicated to studying the β-decay of 86 As. The experimental details are provided in the following subsections.

Radioactive ion beams at the IGISOL facility

In section 4.1.1, the ISOL technique was introduced. The method used at ALTO is, as already mentioned, based on bombarding a thick target with light and intense primary beam. In the early 1980s, a gas-cell-based ion-guide method was developed at the University of Jyväskylä [START_REF] Ärje | [END_REF]. With the Ion Guide Isotope Separator On-Line (IGISOL) technique, any type of target can be used. This technique has the advantage of being faster than the typical ISOL technique, and most importantly, it is chemically insensitive, which was the main reason why the I281 experiment was performed at the IGISOL facility where the 86 As beam can be produced with good intensity. In the 1990s, the second phase of IGISOL, called IGISOL-2, was transferred to the Ylistönrinne campus and connected to a new K130 heavy ion cyclotron that can deliver beams with energies of up to 130 Q 2 /A MeV. In 2003, IGISOL-2 was upgraded to IGISOL-3. The new system featured improved radiation shielding. The former system's ion guide was replaced by a SPIG [START_REF] Karvonen | Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms[END_REF] for driving the ions into the mass separator. Then in 2010, the IGISOL facility was moved to a new experimental hall, where, in 2014, it was improved to the latest upgrade IGISOL-4 [START_REF] Moore | International Conference on ElectroMagnetic Isotope Separators and Techniques Related to their Applications[END_REF].

The radioactive ion beam at IGISOL can be produced in two ways:

1. Light-particle-induced fission reactions; 2. Fusion reactions induced by medium-heavy beams;

The beams are delivered by the K130 or MCC30 cyclotron onto a thin target in both cases.

The front end of the facility is explained in Fig. 4.8, and the layout of IGISOL is shown in Fig. 4.9. In the 86 As experiment, 25 MeV protons with a typical beam intensity of 10 µA were impinging onto 15 mg/cm 2 thick natural uranium target at the fission ion guide at IGISOL. In a gas cell filled with helium, the reaction products were guided to an exit cavity by the gas flow, and the sextupole ion guide SPIG, then the ions were extracted from the gas cell and accelerated to 30 q keV. In most cases, the charge state of the ions q was +1. The ions were then selected based on their mass-to-charge ratio using the 55°dipole magnet with a resolving power of M ∆M = 500. Then, the ions could be driven using an electrostatic switchyard either to the spectroscopy line, the radio-frequency cooler-buncher (RFQ) [START_REF] Nieminen | [END_REF], or to the cesium atom trap station [97]. In this work, the ions were decelerated on their way to the cooler-buncher, where they were cooled using helium buffer gas and then bunched at an energy of 800 eV as short bunches, typically 10 -15 µs
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JYFLTRAP double Penning trap for beam purification

A Penning trap, named after the Dutch physicist Frans Michel Penning, can be explained as an instrument that uses a homogeneous magnetic field and a quadrupolar electric field to confine charged particles [98] [99]. It is used to perform very precise mass measurements in principle, but it can also be used as a purification system in decay spectroscopy experiments to deliver an isotopically or even isomerically pure beam. The Penning trap at the IGISOL facility, JYFLTRAP [100], has two cylindrical Penning traps: The ion bunches from the RFQ cooler-buncher were then transported to the first trap of JYFLTRAP. The first trap contained helium buffer gas, and it was used in this work to select the 86 As + ions for the decay spectroscopy using the mass-selective buffer-gas cooling technique [START_REF] Savard | [END_REF]. In this technique, all ions in the first trap were first excited to a larger radius using a dipolar magnetron excitation. Then, a mass-selective quadrupolar excitation was applied for 100 ms at the RF frequency of 1250437 Hz corresponding to the cyclotron frequency of the 86 As + ions (see the excitation scan in Fig. 4.11). The slow magnetron motion was converted into the much faster cyclotron motion, and the ions collided more with the helium atoms and were centered in the trap center. The centered selected ions could finally be extracted using a diaphragm of 2 mm diameter to the second trap and to the decay spectroscopy setup after it. 

Tape and measurement cycle

The 86 As + ions selected with JYFLTRAP were extracted from the trap and implanted into an Al-coated mylar tape located at the center of the detection setup inside the plastic beta detector's frame (see Fig. of 86 As was again based on its half-life (945 ms [45]). The details are listed in Table 4.2.

Table 4.2:

The choice of the tape cycle for the measurement of the 86 As decay and half-life. Another cycle was defined during the experiment in order to re-measure the half-life of 86 As, as there is only one measurement with a reasonable precision that is found in the literature (T 1 2 = 945 (8) ms [45]). The details of the half-life measurement cycle can be found in Table 4.2. The implantation point of the tape was surrounded by a 3π∆Eβ scintillator detector that was used to tag the beta-decay electrons and was located at the center of the decay station. The accumulation and decay curve of 86 As with the spectroscopy measurement cycle.

The γ detection setup

The data analysis of the NRI15 experiment showed that most of the high-energy gamma lines could be seen clearly in the CLOVER detector, which is why this experiment was based only on HPGe detectors since the energy range of interest (up to 7 MeV) can be fully covered by the CLOVER detectors with an energy resolution of ∼ 2.3 keV at 1.3 MeV. In addition, CLOVER detectors have excellent peak-to-background ratio and provide very clean gamma spectra resulting from beta decay. Therefore, the decay setup in this experiment was composed of 5 HPGe detectors, as shown in Fig. 4.15. The HPGe detectors were dedicated to gamma spectroscopy, constituting:

-Three CANBERRA segmented CLOVER detectors from IFIN-HH [103] with an average range set to 10 MeV. (Efficiency of the three detectors in add-back mode = 2.04 (1) % at 1.17 MeV, source placed at 7 cm from each one); -Two Canberra GC7020 coaxial germanium detectors, one with a longer nose (GC7020L) and the other one with a standard configuration (GC7020S). The energy range for GC7020L was set to 3.5 MeV (Efficiency at 1.17 MeV = 0.340 (5) %) while the GC7020S had an average energy range of 2.8 MeV (Efficiency at 1.17 MeV = 0.326 (5) %); The signals from all the detectors and the timing signals produced by the JYFLTRAP timing card were sent to the Nutaq digital data acquisition system.

Nutaq data-acquisition system

The Nutaq hardware [104] was used during the I281 experiment at IGISOL for data acquisition, and the Java-based Grain software [105] was used for the online analysis. The Nutaq digital data acquisition system had one 16-channel highspeed multichannel acquisition platform called the VHS-ADC card with a 105 MHz sample rate. With this system, it was possible to record up to 105 MBPS, allowing high-speed data transfer. The trap timing and detector preamplifier signals were all coupled to Nutaq DAQ via an offset and amplifier unit box. The signals accepted by the Nutaq system were from -1V to +1V, so to be able to benefit from the 2V digitization range, the preamplifier signals had to be modified before being sent to the DAQ. The signal's baseline was therefore set to -1V since the height of the signals has to be within ± 1V range. The data from each detector were timestamped and recorded in triggerless mode. They were then converted into .root files using a C++ code to reconstruct the βγ and βγγ events in the offline analysis.

DATA ANALYSIS

After converting the faster files from the NRI15's experiment at ALTO, and the Nutaq files from the I281's experiment at IGISOL, into ROOT files, all the recorded data were stored in ROOT trees with branches that could be manipulated easily during the analysis process depending on the need. The considered physical events were those originating only from beta decay. In that case, the beta particle detection signal was considered the reference signal to reconstruct the physical events from the raw data.

Time alignment and calibration of the detectors

Synchronisation of the signals

The data taken at IGISOL had the time signals well aligned already, so this step was not needed for the data analysis of I281. However, in the case of the NRI15 experiment at ALTO, the reference times for the detectors were not the same (for example, due to different signal rising times or cable lengths.), and they needed to be shifted to one random value, but it had to be the same for all the detectors. The effect of the time shift correction is monitored in Fig. 5.1.

Energy calibration

At IGISOL

In order to calibrate the HPGe detectors in energy, sources of 152 Eu and 133 Ba, placed 1 cm away from the collection point, were used. These sources provided calibration points up to 1.4 MeV, but our energy range of interest went up to 6-7 MeV in the case of the 86 As measurements. Therefore, part of the beam time was dedicated to collecting data on the A= 86 mass since many A=86 isobars have well-known spectroscopic information; for example, gamma-ray transitions are known up to around 6.7 MeV in 86 Kr [106]. The Nutaq electronics present excellent linearity over a large energy range: a calibration with a first-degree polynomial was sufficient. The alignment of the different detectors was checked by plotting the spectra obtained by the different detectors on the same histogram, as shown in Fig. 5.2.

At ALTO

The energy calibration of the detectors at ALTO was not as simple. Due to possible DAQ instabilities, a gain drift was noticed in the gamma detectors. In fact, before realizing this problem, the energy calibration was done using 152 Eu, 60 Co, 207 Bi, and 137 Cs sources for the low-energy part and for the high-energy region an AmBe source surrounded by nickel plates which gave a γ-ray at 4439.8 keV (AmBe 1 ) and another one at 8998.6 keV (AmBe + Ni 2 ). After applying the obtained calibration coefficients to the data, all spectra from HPGe detector crystals were summed up to get a combined gamma spectrum from all the Ge detectors, but the energy resolution had completely deteriorated. To identify the source of the problem, the raw data were checked file by file. One could see by superimposing spectra from the same crystal but with data registered at different times that the peaks did not overlap exactly. An example is shown in Fig. 5.3. The only possible solution for this issue was to check all the raw data files, make groups of the files with the same gain, and calibrate each group individually for each crystal. However, in this case, it is not wise to use the calibration sources file recorded at the beginning of the experiment since the gain was drifting with time. In other words, it was crucial to take the calibration points from each group of physics files independently to avoid this problem. Luckily, in the 82,83 Ga collected data, there are known gamma-ray transitions up to 6 MeV, enough to perform the energy calibration over an important part of the energy range of interest. This procedure 1 Am -→ α + 9 Be -→ was lengthy but gave a linear fit of the calibration curve when applied to all the Ge detectors. The energy resolution was then checked for all the Ge detectors summed, and the FWHM at 1 MeV was 2.5 keV (while it was 2.43 keV for a single crystal). The linearity check is shown in Fig. 5.4. We note that this procedure was not applied to the data from PARIS, since the gain drift was on the order of a few keV, which is within the scintillator energy resolutions (FWHM/Eγ ≃ 4.5 % at 661 keV for LaBr 3 and ≃ 7 % at 661 keV for NaI).

Efficiency calibration

At IGISOL

The efficiency calibration of the HPGe detectors at IGISOL up to 1.4 MeV was performed using the standard calibration sources ( 152 Eu and 60 Co) placed 1 cm away from the collection point at IGISOL. The efficiency ε(Eγ) of a detector at a given energy E γ is given by equation 5.1.

ε(E γ ) = N(E γ ) AtI γ (5.1)
where:

-N (E γ ): the area of the photo peak at energy E γ (background subtracted); -A: is the activity of the source at the time of the measurement; -t: the acquisition time; -I γ : the absolute branching ratio of the considered transition.

The beta decay measurement of 86 As at IGISOL required a large energy detection range since the Q β value is 11541 (4) keV [107]. Therefore, using the standard calibration sources alone would not have been enough to perform the efficiency calibration over the entire energy range. However, this was anticipated, and a source of 56 Co was prepared before the experiment by irradiating with protons an additional iron foil in the IGISOL target chamber. The efficiency was determined in the following way:

1. The efficiency was determined up to 1.4 MeV using standard calibration sources. 2. The strongest line in the decay of 56 Co was identified and fitted using a Gaussian function in order to get the peak area (number of counts). In this case, the most intense peak was the one at 846.7 keV (99.9 % of absolute intensity). 3. The gamma lines of interest were selected, and for each one, it was possible to estimate N emitted : number of emitted γ-rays relative to the 846.7 keV line using the relative intensities from the literature [107]. 4. Then the number of detected gamma rays ( N detected ) at each energy of interest was extracted by fitting the peaks. 5. The ratio N detected N emitted gave an efficiency value at each energy (ε rel , relative to 846.7 keV) that needed an extra correction factor to fit with the efficiency curve's trend obtained with the standard sources. 6. The correction factor was obtained using a gamma line from the 56 Co decay spectrum that has an energy below 1.4 MeV (to be able to estimate the efficiency (ε cal ) at this energy from the present efficiency curve). In this measurement, the transition at 846.7 keV was the best candidate since it has the highest intensity. The relative efficiency values obtained in the previous step were then corrected to ε cal (846.7 keV) and added to the efficiency points for fitting, in addition to the points from the standard sources.

After getting efficiency data points up to 4 MeV using the 56 Co source and more up to 6 MeV using the collected data of A= 86 mass (using the same procedure), all data points were fitted using the following function:

ε(Eγ) = exp(p 0 -(p 1 + p 2 exp(-p 3 E))exp(-p 4 E)log( E E 0 )) (5.2)
The efficiency curve is shown in Fig. 5.5, where all the parameters obtained from a least-squares fit are listed.

Note that for the whole data set of this experiment, the AddBack procedure was applied. This procedure consists of reconstructing the energy of a photon after it has deposited part of its energy by Compton scattering in one of the four crystals of a Clover detector and the rest in its neighboring crystal. For this, we sum the energy deposited in the first crystal with the energy deposited in the second crystal if these energies are deposited in the crystals in a compatible time window corresponding to the response time of the detectors (∆T γγ ≤ 50 ns). The β-detection efficiency was found to be 30 ± 4% (Fig. 5.7). It was obtained by comparing the peak area between the single gammas and the β-gated gamma spectra.

At ALTO

For the NRI15 experiment, the gamma detection efficiency of the detectors was determined using a 152 Eu source. This source provides points up to 1.4 MeV, as already mentioned. Unlike in the I281 experiment, no 56 Co source or any other physical source was prepared to get higher-energy calibration points. Therefore, numerical simulations were mandatory to cover the Q β windows in 82 Ga and 83 Ga decays (12.5 MeV and 8.7 MeV, respectively). This was done using the SToGS package, developed by the Lyon group [108], based on GEANT4 [109]. The geometry of the Clover detector, as well as PARIS, were defined in the SToGS package. The Coaxial Ge detector showed some efficiency problems, most probably due to the summing effect since it was placed 5 cm away from the collection point; thus, it was excluded, and the Clover detector was enough as a high-resolution detector. The most straightforward method to use them was to reproduce the detection efficiency values acquired with the 152 Eu source at the low energy range and then go higher in energies up to 8 MeV (the highest value needed for this analysis) with 100 keV energy steps. The obtained points were then fitted using equation 5.2 for the Clover (sum of 4 crystals) and the PARIS detector (sum of 3 clusters, taking into account only the LaBr 3 events due to its better energy resolution). The corresponding efficiency curves, along with fitting parameters, are presented in Fig. 5.8. Moreover, comparing the peak areas in the β-gated gamma spectrum to the ungated ones was also used to find the beta-detection efficiency, which was equal to 74 (3) % for this experiment (see Fig. 5.9).

γ-spectrum construction

In the beta decay of neutron-rich nuclei, the gamma spectrum can be contaminated by ambient activity or possible collection off the tape, for instance. This background was suppressed by using the βγ coincidence technique. In other words, from the energy-calibrated γ-spectra, only events in coincidence with an event in the β-detector were selected. This technique was applied to both data sets from NRI15 and I281 experiments, using two different analysis codes but with the same principle. These programs looked for events in the β detector, then took all the γ events before and after within a 50 ns time window. This condition allowed keeping only the γ events from the electromagnetic de-excitation of a nucleus after a β decay and thus strongly suppressed the background in the spectrum. An illustrative example is given in Fig. 5.10 from the 86 As decay data set.

Coincidence matrices

The next step after obtaining the β-gated gamma spectra was to identify the observed lines and associate them with the de-excitation of a particular nucleus. To do so, there are two possibilities:

-The first is to be able to relate the gamma line to a known transition by studying the βγγ coincidences. -The second is to look at the evolution of the γ activity over time because this temporal distribution depends on the lifetime of the parent nucleus through the Bateman equations.

The procedure to extract the coincidences information can be summarized as follows:

1. The peak of interest was selected to get the βγ-gated gamma spectrum.

2. The background on the left and right sides of the peak of interest was selected to get an average-background spectrum. 3. This spectrum was then used to get a background-subtracted gamma-gated spectrum. 86 As obtained with the IGISOL decay station (black), compared to the β-gated γ-spectrum (red). 4. The gamma lines seen in the gamma-gated spectrum were marked. Then, the coincidence was double-checked by gating on these lines to see if the original gamma transition was observed in the "inverse gate."

In the following subsections, the different coincidence matrices are presented. In order to avoid overloading this part with 2D histograms, only the 82 Ga matrices are presented as an explanatory example. βγγ matrix

For the β-decay of 82 Ga, the matrix obtained is shown in Fig. 5.11. This matrix has the βγγ coincidence events recorded using the HPGe detectors of the decay setup at ALTO. Each crystal from the Clover detector was treated as a separate detector (add-back was not applied to build the coincidence matrix). The coincidence window between the beta and gamma time window was set to 50 ns. The anti-diagonals observed in these matrices are due to the Compton scattering coincidences.The sum of the two energies deposited is equal to the energy of the incident photon, whatever the energy deposited in the first crystal.

The comparison between the projection spectrum of this matrix and the beta-gated gamma spectrum is shown in Fig. 5.12. This comparison is helpful, for example, when building the level scheme since it helps distinguish the transitions going directly to the ground state from those feeding excited states.

βγ -T matrix

This matrix has on the Y-axis the time assigned by the acquisition to the Ge event (i.e., the time difference between a beta-validated gamma event and the beginning of a tape cycle) and on the X-axis the energy deposited in the Ge detector, as shown in Fig. 5.13.

As mentioned before, the time evolution of the β-delayed γ-ray activity depends on the lifetime of the parent nucleus. For example, γ-ray transitions de-exciting the levels in 82 Ge populated via the beta decay of 82 Ga into 82 Ge have a time behavior depending on the lifetime of 82 Ga.

This matrix was used to validate the time behavior of a specific gamma ray by gating on the gamma energy and fitting the corresponding decay curve using the Bateman equations. An example is shown in Fig. 5.14.

In order to construct the decay schemes of 82,83 Ga and 86 As, the βγ, βγγ and βγ -T matrices constructed as described above were used. In the following chapter, the results of this analysis are presented. 

RESULTS

The following chapter includes the spectroscopy results obtained from the two experiments. For the construction of the level scheme, βγγ was used to identify transitions in cascade, and βγ spectra were used to count the number of events in each identified peak. The time behavior of each transition was used as a filter for assigning the γ-transition to a specific decay. High energy γ-transitions were validated only if at least the full-peak and the first-escape peak were identified. And additional verification step was applied by comparing the full-energy peak to escape peaks counts ratio (see Fig. 6.1 for explanation). After the level scheme construction, the beta-decay feeding probabilities and the associated log ft were calculated. The PARIS spectra were analyzed very scarcely, given the amount of new spectroscopy data obtained using only the HPGe detectors in the NRI15 ALTO experiment. A full analysis of PARIS will be done at a later stage and will not be presented here.

6.1 βγ spectra for the decays of 82 Ge, 83 Ge and 86 

Se

During a measurement cycle, not only the decay of the implanted ions ( 82,83 Ga and 86 As) was observed, but also the decay of the descendants, at least the ones having up to a few seconds lifetime. The total numbers of implanted ions are presented in Table 6.1. The beta-gated gamma spectrum is presented for the beta decay of 82 Ga in Figs. 6.2 and 6.3, for the beta decay of 83 Ga in Fig. 6.4 and for the beta decay of 86 As in Figs. 6.5 and 6.6. The γ activities from the different generations of the descendants can be seen in the γ-spectra. From Figs. 3.6, 3.7 and 3.8, one can see that all the daughter nuclei have significantly longer half-lives. Thus, their gamma-ray transitions can be distinguished easily by fitting their temporal behavior using the matrix of Fig. 5.13 for the 82 Ga decay daughters (and similar matrices for 83 Ga and 86 As). All the unidentified peaks that have no coincidence and unclear time distribution are summarized in Table 6.2. Table 6.1: Average implantation count rates and the total number of implanted 82,83 Ga and 86 As.

Average Implantation rate [ions/s] Total number of implanted ions 82 Ga 6005 (667) 57384118 (6379112) 83 Ga 118 (5) 13923928 (279031) 86 As 142 (32) 9103595 (2069820)

6.2 βγγ coincidence analysis for the decays of 82,83 Ga and 86 

As

In the following sections, the βγγ coincidence analysis is described. It was applied to reconstruct the γ-ray cascades by assigning the γ-transitions to the decay of the parent nucleus of interest. For each studied γ-ray transition, the procedure started by gating around it in the βγγ matrices (similar to the one in Fig. 5.11 ), with a subtraction of the background as already explained in section 5.3, to obtain a projection spectrum (energy distribution spectrum) in coincidence with the selected energy. Then, the peaks observed in the γ-gated spectrum were checked one by one. The random coincidences were minimized, thanks to the background subtraction. Then, an "inverse-gate" procedure was applied in order to confirm the real coincidences. For example, if gating on a γ 1 line showed coincidence with γ 2 and γ 3 lines, the γ 1 line should be present in the γ 2 and γ 3 gated spectra to be a convincing coincidence. Furthermore, the relative intensities (calculated using the number of counts of a peak and the γ efficiency at this energy, relative to the intensity of the strongest peak) were used
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82 Ga

The investigation of the decay of 82 Ga led to the discovery of 45 new excited states in 82 Ge and three new excited states in 81 Ge. The research also assigned a total of 76 gamma transitions to 82 Ge, with 54 of them observed for the first time in this study. The γ-ray transitions previously reported in [58,85] were confirmed and marked with an a in Table 6.3.

The 1348.1-keV γ-ray transition

The most intense peak in 82 Ge is the one corresponding to the 2 + 1 → 0 + 1 1348.1-keV transition. The de-excitation of higher energy states mainly feeds this energy level, and 31 γ-ray transitions were observed in coincidence with the 1348.1 keV γ-ray transition (see Fig. 82 Ge. The gamma-ray transitions identified to be feeding the 2 + state are marked with red dots.

The 3848.2-keV γ-ray transition in 82 Ge

The 3848.2-keV γ-ray transition, placed tentatively as a direct transition to the ground state in [58], was seen in this work in coincidence with 867.39, 1348.1, and 2216.04 keV γ-rays, as shown in Fig. 6.8. The 2826-, 3360-, 4269-and 5326-keV γ-ray transitions in 82 

Ge

In the work of [58], the γ-ray transitions at 2826, 3361, 4270 and 5326 keV were previously attributed to 82 Ge. In this work, these transitions have now been identified as escape peaks of 3848.2, 4382.7, 5291.79 and 5837.5 keV transitions, respectively. Escape peaks were identified unambiguously through γγ-coincidences (coincidence with 511 keV, see Figs. 6.9, 6.10, 6.11 and 6.12) and by comparing the full-energy peak to escape peaks counts ratio ( see Fig. 6.1).

The 486.44-keV γ-ray transition in 82 Ge

Furthermore, the 486.44-keV γ-ray transition seen in the βn-decay of 83 Ga in the work of [60] linking the 2702.5 keV level to the second 2 + excited state in 82 Ge (see Fig. 6.13), is confirmed in this work.

The 3014.8-keV excited state in 82 

Ge

Likewise, the excited state at 3014.8 keV reported in Ref. [60] is confirmed in this work based on the coincidences observed between the 727.97-, 938.75-and 1348.1-keV γ-ray transitions (Fig. 6.14).

The 2524.2-keV excited state in 82 Ge

Additionally, the existence of the excited level at 2524.2 keV was reported in ref. [60]. We confirm this by the coincidences observed between the 1176.4-and 1348.1-keV γ-ray transitions (see Fig. 6.15). The 2524.2-keV level was reported for the first time in [63]. However, it was proposed to be de-excited by the 191.4-keV transition to the 0 + state at 2333.3 keV and 2524.7 keV to the ground state. This is not the case neither in this work nor in the work of [60] where the same state is populated by β-n decay of 83 Ga. Therefore, the assigned (2 + ) spin-parity needs to be reconsidered. Nevertheless, this case was discussed in Ref. [START_REF] Thisse | Étude des états particule-trou dans les noyaux de la région du Ni avec le spectromètre ν-Ball[END_REF] where the 82 Ge produced via fission of 232 Th was studied. In fact, the 2524 keV state was observed in Ref. [START_REF] Thisse | Étude des états particule-trou dans les noyaux de la région du Ni avec le spectromètre ν-Ball[END_REF] with a direct transition to the ground state of 82 Ge, and it is not populated by any γ-transition. The intensity of this γ-transition based on the same work is I γ (2524 keV)= 22 % , which means that the 2524-keV state was produced in a non-yrast low-energy (2 + ) state with high intensity, which is not so probable due to the 232 Th fission properties. The same work proposed (4 + ) as a spin for the 2524.7 keV level. This indeed matches better with the log ft value calculated in this work for the population of this state (log ft = 7.4) that falls in the range of a first-forbidden transition type leading to a (4 + ) state taking into account the (2 -) spin of the 82 Ga parent nucleus and the β-decay selection rules.

The 2934.8-keV excited state in 82 

Ge

In addition, the excited state at 2934.8 keV energy was previously reported to de-excite by a cascade of 646, 938.75 and 1348.1 keV gamma transitions. However, in this study, the γ-ray transition at 646 keV was not observed, but the 2934.8-keV state was reconstructed with a different combination of γ-rays at 1586.66 and 1348.1 keV energy (see Fig. 

States above the neutron separation threshold in 82 Ge

In all the studies mentioned earlier, the highest excited state reported is 377 keV below the neutron separation energy (S n = 7.194 MeV [42]) in 82 Ge. However, this work reports, for the first time, excited states around S n and above, up to 7.89 MeV. This last excited state decays directly to the ground state, and the transition was observed in the PARIS spectrum. The high-energy gamma-ray transitions were assigned unambiguously to 82 Ge based on the following. Looking at the decay chain of 82 Ga in Fig. 3.6, the Q βn window is 5.290 (3) MeV, meaning it is impossible to have gamma transitions with higher energies in 81 Ge. The Q β window of 82 Ge is 4.690 (4) MeV, and of 81 Ge is 6.242 (3) MeV, which rules out the possibility of assigning gamma-ray transitions with energies higher than that to 81,82 As. The half-life of 81 As is too large compared to the tape cycle, so it did not contaminate the data. However, 82 As, which has a Q β window of 7.488 (4) MeV, can be present, but the 82 Se gamma-ray transitions can be distinguished easily due to the difference between their apparent half-lives and the 82 Ga half-life. The apparent half-lives of all the selected 82 Ge gamma-ray transitions are compatible with the 82 Ga half-life.

The energy levels populated above S n are at 7191, 7214.1, 7410.1, 7839.20, and 7890.75 keV. These states decay directly to the 0 + ground state of 82 Ge. Nevertheless, some states around S n de-excite to excited states, mainly to the two first 2 + excited states.

Yet, there were a couple of exceptional excited states that decayed both to the ground and excited states. For instance, gating on the 4396.75 keV γ-line results in a strong coincidence with the 985 and 1348.1 keV γ-ray transitions (known to be connected), which leads to the proposition of a new excited state at 6729.8 keV. This excited state was also observed by placing a gate on the 4016.37 keV transition, which reveals a coincidence with both 1348.1 and 1365.1 keV transitions that are again known to be in cascade (Figs. 6.17 and 6.18). All βγγ coincidences in 82 Ge are summarized in Table 6.3, the relative intensities of the different transitions were calculated with respect to the 1348.1 keV energy transition of 82 Ge. The gamma-ray transitions in the beta-n daughter, 81 Ge, are marked in Figs. 6.2 and 6.3 with green triangles and are listed in Table 6.4. The gamma-ray transitions at 574.63, 961.7, 1189.15, 2312.47, 3505.5, and 4037.4 keV in 81 Ge are seen for the first time in the β-n channel. Three new excited states were tentatively identified in the β-decay of 83 Ga. This finding was based on the observation of three γ-ray transitions, which were detected for the first time during this research. The energy levels at 248.76 keV, 1045 keV, and 1237 keV in 83 Ge, reported in all previous works mentioned in section 3.4.2 ([59], [69], [58], [71] and [START_REF] Delafosse | Etude des dérives monopolaires neutron au-delà du 78Ni par spectroscopie gamma avec BEDO à ALTO et AGATA au GANIL[END_REF] ) are confirmed in this work.

The 248.76-keV γ-ray transition in 83 Ge

At 248.76 keV, there is a known doublet resulting from the beta decays of 83 Ga to 83 Ge (Eγ=247.7 (3) keV [45]) and 82 Ge to 82 As (Eγ=249.1 (5) keV [45]) at the end of the beta-n decay chain. To get the 248.76 keV gamma intensity corresponding to 83 Ge, the contribution of 82 As should be subtracted. The strongest gamma-ray transition in 82 As populated via the beta decay of 82 Ge is at 1091 keV. The 248.76 keV line's intensity, relative to this line, is 4 %, as reported in [56]. Based on the prior statement, the intensity of 248.76 keV coming from 82 As was calculated, and the remaining intensity was assigned to the 83 Ga beta decay. Due to the low statistics, the 798 keV gamma-ray transition previously reported in coincidence with the 248.76-keV gamma-ray transition (in Refs. [58] and [69]) could not be seen either in the beta-gated gamma spectrum of 83 Ge or in the 81 Ge, the βn daughter of 82 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

E γ (keV)

I γ (%) E i (keV) γγ 215.54 (1) 6.8 (7) 894. 54 248.76 keV gated spectrum. Only one transition, 1204.48 keV, was observed in coincidence with the 248.76-keV transition. This was also observed in Refs. [69], [58], [71] and [START_REF] Delafosse | Etude des dérives monopolaires neutron au-delà du 78Ni par spectroscopie gamma avec BEDO à ALTO et AGATA au GANIL[END_REF], confirming the energy level at 1453.24 (1) keV.

The 1452.9-keV γ-ray transition in 83 

Ge

Our work also confirms the direct transition at 1452.9 (6) keV linking this state to the ground state, as observed in [71]. The gate on the 1452.9 keV gammaray transition shows a gamma-ray peak at 2570 keV. This coincidence was also established by observing the 2570-keV gated spectrum, which showed a gammaray peak at 1452.9 keV (see Figs. The 1119-and 1240-keV new excited states in 83 

Ge

Two additional new energy levels located at 1119 and 1240 keV were added to the decay scheme of 83 Ga in this work (see Fig. 6.22). In the 1119.15-keV gamma-gated spectrum, as shown in Fig. 6.21, a gamma-ray peak at 121.29 keV is observed. The inverse gamma gate at 121.29 keV shows a line at 1119.15 keV, which confirms the coincidence between these two gamma transitions. 12) keV γ-line in 83 Ge.

The 1246.3-and 2909.91-keV γ-ray transitions in 83 

Ge

In addition, a 1246.3-keV gamma transition directly populating the ground state of 83 Ge was seen clearly in the beta-gated gamma spectrum of Fig. 6.4 confirming what was reported by [START_REF] Delafosse | Etude des dérives monopolaires neutron au-delà du 78Ni par spectroscopie gamma avec BEDO à ALTO et AGATA au GANIL[END_REF], [71] and [58]. Moreover, the gamma-ray transition at 2909.91 keV, reported for the first time in the work of M. Alshudifat [58], was also observed and added to the 83 Ga decay scheme of this work.

All the identified gamma-ray transitions in 83 Ge and their relative intensities are reported in Table 6.5. The gamma-ray transitions resulting from the 83 Ga beta-n decay are listed in Table 6.6, and they were all observed previously [START_REF] Delafosse | Etude des dérives monopolaires neutron au-delà du 78Ni par spectroscopie gamma avec BEDO à ALTO et AGATA au GANIL[END_REF].

86 As

Through the analysis of 86 As β-decay, this research identified 30 new excited states and 32 new gamma-ray transitions in 86 Se. In total, the study observed 48 gammaray transitions in 86 Se, while also reporting for the first time the identification of six gamma-ray transitions in 85 Se resulting from the beta-delayed neutron decay of 86 As. All the known gamma transitions reported in literature [77,76], were confirmed in this work (except for the four uncertain gamma-ray peaks reported at 674 [77], 613, 1943, and 3025 keV [76]). 12) keV in 83 Ge. All energies are given in keV. Table 6.5: List of γ-ray transitions (E γ ) observed in the β-decay of 83 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(13)%) in the beta-n daughter 83 Ge and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical. 12) 2.9 (7) 2713.7 ( 1) -

E γ (keV) I γ (%) E i (
The 704-keV γ-ray transition in 86 

Se

The strongest transition populated in the beta decay of 86 As is the 704-keV gammaray transition from the first 2 + state to the ground state of 86 Se. The βγγ coincidence spectrum gated on the 704-keV gamma-ray transition is presented in Fig. 6.23. It shows 16 gamma-ray peaks in coincidence with the 704-keV transition, of which 10 were observed for the first time in this work. All the coincidences are listed in Table 6.7. 86 Se. The gamma-ray transitions identified to be feeding the 2 + state at 704.2 keV are marked with red dots.

The 144.85-keV γ-ray transition in 86 Se

The lowest energy gamma-ray transition attributed to 86 Se was observed at 144.85 keV. This line is seen in coincidence with the two gamma rays at 694.8 and 704.2 keV (see Fig. 6.24). The cascade of these three gamma transitions puts the energy level at 1543.9 keV (see Fig. 6.25), which was already reported in Ref. [76] based on the coincidence of the two known gamma rays at 839.7 and 704.2 keV. The absolute and relative intensities of the 144.85-keV γ-ray transition were corrected for the internal conversion coefficient (α = 0.209 [110]). 

The 1473.5-1476.7 keV doublet in 86 Se

The work of Materna et al. [77] reported a gamma transition at 1476 keV feeding the 704 keV level in 86 Se. However, a closer look at the 1476 keV peak shows that the structure of the peak is not perfectly Gaussian, which is a sign of an existence of a doublet (see Fig. 6.26). A gate placed on the left or right side of the peak reveals a difference between the lines in coincidence. When the gate is placed on the higher energy part at 1476.7 keV, the 704.2 keV appears, confirming its place in the level scheme of [77], presented in Fig. 6.27. Nevertheless, placing the gate on the left side of the peak at 1473.5 keV shows a strong coincidence with the 863.5 keV and 704.2 keV gamma-ray transitions, as illustrated in Fig. 6.26. The corresponding inverse gates confirm the coincidences, adding a new level at 3041.2 keV to the level scheme of 86 Se (see the partial level scheme in Fig. 6.28).

The 2028.2-keV γ-ray transition in 86 Se

The gamma-ray transition at 2028.2 keV, already observed in Ref. [77], is seen in the beta-gated spectrum in Fig. 6.5. However, placing a gate at 2028.2 keV does not show a coincidence with the 1503.97 keV gamma-ray transition contrary to what was reported in Ref. [77]. This transition was proposed to originate from a level at 4236.8 keV in Ref. [77]. Our analysis did not find a coincidence between the 2028.2 keV and 1503.97 keV transitions. As a result, the 2028.2 keV gamma-ray transition must be feeding the first 2 + level since this is the only coincidence seen in the gamma-gated spectrum of Fig. 6.29.

The 1865-keV γ-ray transition in 86 Se

The 1865-keV gamma transition reported to be the 4236.8 -→ 2372.3 keV transition in 86 Se in [77] is also placed differently in this work. The 1865-keV gated gammaray spectrum shows only a gamma-ray peak at 704.2 keV. Hence, in the 86 Se level scheme of this work, the 1865-keV gamma transition is placed to feed the 704.2 keV level.

The 2350-keV γ-ray transition in 86 

Se

In the 704-keV gated spectrum, a coincidence with a 2350-keV gamma-ray transition was noticed. The peak at 2350 keV was observed in the beta-gated gamma spectrum of 86 Se but considered at the beginning as a daughter activity since there is a known gamma-ray transition at this energy in the decay of 86 Br to 86 Kr. The 86 Kr gamma-ray transition is reported at 2349.37 (12) keV, with a relative intensity of 15.7 % [45]. The most intense gamma transition observed in the betagamma decay of 86 Br is at 1564.60 (7) keV [45], and it can also be observed in the beta-gated gamma spectrum of 86 Se. However, the number of counts of the most intense 86 Kr gamma-ray transition, 1564.6 keV (532 (39) counts), is lower than the number of counts of the 2350-keV peak (558 (38) counts), and these numbers are not corrected for the detection efficiency. This confirms the contribution of 86 As decay in the gamma-ray transition at 2350 keV. The contribution of 86 Kr was calculated using the efficiency-corrected number of counts observed in the 1564.6 keV transition together with the known intensity ratio of the 2349.37-keV and 1564.6-keV transitions. The 86 Kr contribution was subtracted to get the correct intensity corresponding to 86 Se, which resulted in relative gamma intensity I γ =1.3(2) % in 86 Se.

The 1399-keV γ-ray transition in 86 Se

There is another known doublet at 1399 keV resulting from the beta decays of 86 As to 86 Se (E γ =1399.1 (2) keV [45]) and the beta daughter 86 Se to 86 Br (Eγ=1399.0 (3) keV [45]). The contribution of the 86 Se beta decay was also calculated, and the relative gamma intensity of the 1399 keV gamma-ray transition in 86 Se resulting from the decay of 86 As was concluded to be 9.0 (6) %. 86 As ground state and the 4236.5-keV and 4783.9-keV excited states of 86 

Spin-parities of the

Se

The ground-state spin-parity of 86 As was suggested in [76] to be (1 -, 2 -). The states populated in 85 Se by the beta-n decay of 86 As have spin-parities ranging from 1/2 + to 9/2 + (see Fig. 6.35). The fact that we observe states with spinparities higher than 7/2 + (9/2 + ) makes it reasonable to exclude the 1 -from the possibilities of the 86 As ground state spin-parity. Therefore, in our spin-parity assignments, we will consider that the ground state of 86 As has (2 -) as spin-parity.

The states at 4236.5 (1) keV, 4783.9 (4) keV, and 5345.9 (2) keV are populated with higher intensities than those around them. They also have log f t values <6.5, which fall within the log f t distribution of allowed transitions [12] (see Fig. 2.2). Therefore, we suggest that the 4236.5 (1) keV, 4783.9 (4) keV, and 5345.9 (2) keV states are populated via allowed beta transitions. The spin-parities previously assigned to the states at 4236.5 (1) keV, and 4783.9 (4) keV are (2,3,4 + ). Starting from (2 -) ground state spin parity of 86 As, the allowed transitions can populate 1 -,2 -or 3 -spin parity levels in 86 Se. The 4236.5 (1) keV state is connected only to the first 2 + state, which means it cannot be a 1 -because it is not connected to the 0 + ground state. Therefore, (2 -, 3 -) for the spin and parity of the 4236.5 (1) keV state is proposed. On the other hand, the 4783.9 (4) keV state is connected to both 0 + ground state and 2 + excited states of 86 Se, which favors 1 -over 2 -or 3 -. As a result, the 4783.9 (4) keV state is suggested to have spin-parity (1 -). The state with energy 5345.9 (2) keV was observed to have a direct connection to the 0 + ground state in 86 Se. This observation indicates a preference for 1 -over 2 -or 3 - spin-parity. Thus, (1 -) spin-parity is suggested for the 5345.9 (2) keV state in 86 Se.

The neutron separation energy in 86 Se is at 6160.8 (3.6) keV [42]. In this work, 11 new gamma transitions were observed de-exciting states between 4-6 MeV, but no levels above the neutron separation energy could be established.

New γ-ray transitions in βn-daughter 85 Se

The gamma-ray transitions in 85 Se, following the beta-delayed neutron emission from 86 As, are all seen for the first time in this work. The only tentative transition was seen at 1114.87 keV in [76] where it was not possible to disentangle the contributions from β-n decay of 86 As and β-decay of 85 As (coming from the beta-n decay of 86 Ge). In this work, we had a pure sample of 86 As and are sure that no contribution came from 86 Ge or 85 As.

All the gamma rays assigned to the 86 Se and 85 Se, together with their corresponding relative intensities and coincidences, are summarized in Tables 6.7 and 6.8, respectively. The relative intensities were calculated compared to the 704.2-keV transition in 86 Se. Table 6.7: List of γ-ray transitions (E γ ) observed in the β-decay of 86 As, with their relative intensity to the most intense 704-keV transition (I γ = 100(8)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical. 85 Se, the βn daughter of 86 As, with their relative intensity to the 704-keV transition (I γ = 100(8)%) in 86 6.3 Proposed level-schemes for the decays of 82,83 Ga and 86 As

E γ (keV) I γ (%) E i (

Absolute gamma intensities

The absolute intensity of a transition was determined according to the following equation:

I abs γ = N(E γ ) ε(E γ )ε β N parent (6.1)
The N(E γ ) corresponds to the number of events in the peak of the spectrum of interest obtained from a Gaussian fit at the transition energy E γ . This value was therefore corrected by the ε(Eγ) and ε β , corresponding to the γ and beta detector efficiencies, respectively. N parent is the number of parent nuclei decaying during the measurement time.

Beta-decay branching ratios

The beta-decay branching ratios were calculated using the following equation:

I β = N γOUT -N γI N ε β N parent (6.2)
where N γ is the number of events in the peak of a γ-transition also obtained through a Gaussian fit corrected for the γ efficiency ε(E γ ). The "IN" and "OUT" mean the number of events populating and depopulating the state of interest, respectively. Note that the beta branching ratio value corresponds to an upper value because it is possible that one or more unobserved transitions populate the state, which would lead to an overestimation of the branching ratio.

The log ft values

The log ft values were calculated using the National Nuclear Data Center log ft program [111]. The uncertainties on I abs γ abs and I β were obtained by error propagation.

The decay schemes of 82 Ga, 83 Ga, and 86 As presented in this section, summarize all the assumptions made earlier. The transitions marked in red are seen for the first time in this work. 82 Ge fed by the beta-decay of 82 Ga up to 3092.4 keV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red. The log f t values marked with "u" were calculated with a uniqueness condition. Note: level scheme not to scale for visualization purposes. 82 Ge fed by the beta-decay of 82 Ga, de-excitations from levels at 3-5 MeV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and the tentatively placed in red dashed lines. Note: level scheme not to scale for visualization purposes. 82 Ge fed by the beta-decay of 82 Ga de-excitations from levels at 5-6.6 MeV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red. Note: level scheme not to scale for visualization purposes. 82 Ge fed by the beta-decay of 82 Ga, de-excitations from levels at 6.6-8 MeV. The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black and newly identified in red. The neutron separation energy is indicated in blue. The log f t value marked with "u" was calculated with a uniqueness condition. Note: level scheme not to scale for visualization purposes. 

(5/2 + ,7/2,9/2 + ) 2547. 81 Ge fed by the beta-delayed neutron emission of 82 Ga. The width of the arrows is proportional to the relative intensity of the transitions, noted next to the transition energy given above the arrows. Levels and transitions known from the previous studies are plotted in black, newly identified in solid red lines. The "*" is to mark the γ-ray transitions with uncertain placement. Note: level scheme not to scale for visualization purposes. 83 Ge fed by the beta-decay of 83 Ga. The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and the tentatively placed in red dashed lines. The neutron separation energy is indicated in blue. Note: level scheme not to scale for visualization purposes. 82 Ge fed by the beta-delayed neutron emission of 83 Ga. The width of the arrows is proportional to the relative intensity of the transitions, noted next to the transition energy given above the arrows. Note: level scheme not to scale for visualization purposes. 86 Se fed by the beta-decay of 86 As up to 3832.8 keV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and uncertain in red dashed lines. The log f t values marked with "u" were calculated with a uniqueness condition. The "*" is to mark the γ-ray transitions with tentative placement. Note: level scheme not to scale for visualization purposes. 86 Se fed by the beta-decay of 86 As, de-excitations from levels at 4-6 MeV. The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and tentative in red dashed lines. The log f t value marked with "u" was calculated with a uniqueness condition. The "*" is to mark the γ-ray transitions with uncertain placement. Note: level scheme not to scale for visualization purposes. 85 Se fed by the beta-delayed neutron emission of 86 As. The width of the arrows is proportional to the relative intensity of the transitions, noted next to the transition energy given above the arrows. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and tentative in red dashed lines. Note: level scheme not to scale for visualization purposes.

E (keV) 0 + 0.0 2 + 1348.10 (1) (2 + ) 2216.10 (5) 4 + 2286.86 (2) 0 

P n measurement for 83 Ga and 86 As nuclei

When the Q β value exceeds the neutron separation energy (S n ), or in other words, in the case of a positive Q βn value, the process of β-delayed neutron emission is energetically allowed, which means that the β-decay can be followed by neutron emission. This happens especially in very neutron-rich nuclei. The fraction of the total decay that proceeds via a neutron emission from the daughter nucleus is called the β-delayed neutron branching ratio P n .

The following procedure was used to determine the P n values for 83 Ga and 86 As1 (in the description of the steps, 83 Ga is used as an example, the treatment for 86 As was similar):

-Step 1: Calculate the number of 82 Ge nuclei that β-decayed to 82 As (N decay ( 82 Ge)) using an 82 As γ-ray with known absolute intensity. -Step 2: Calculate the number of 82 Ge that did not have enough time to decay within the cycle (N le f t ( 82 Ge)) due to its relatively long half-life (compared to the measurement cycle time). Summing this number to the one we get from step 1 gives the total number of 82 Ge produced from the decay of 83 Ga (N tot ( 82 Ge)). -Step 3: Calculate the number of 83 Ga produced in total (N tot ( 83 Ga)) using the Bateman equations (via the result from step 1). The P n is calculated as the ratio between the total number of 82 Ge produced in the decay of 83 Ga and the number of implanted 83 Ga nuclei (Eq. (6.3)).

P n = N tot ( 82 Ge) N tot ( 83 Ga) (6.3) 
In order to calculate N decay ( 82 Ge), the 1092-keV gamma-ray transition following the beta decay of 82 Ge to 82 As was used. There is no beta-delayed neutron branch in the beta decay of 82 Ge. The absolute intensity of the 1092 keV γ-ray peak is I γabs = 77.4 % [112], therefore, the total number of 82 Ge that have decayed during the measurement cycle was :

N decay ( 82 Ge) = N γ I γabs = 5421638 0.774 = 7004701(783612), (6.4) 
where N γ is the number of counts of the 1092 keV line corrected for γ and βefficiencies.

One can use the Bateman equations to estimate the number of decayed 82 Ge daughter nuclei as a function of the 83 Ga production rate, which can be used later on to deduce the number of 83 Ga implanted in total. The number of 82 Ge that decayed, is equal to 82 Ge β-decay activity on the tape A d multiplied by the time interval

N decay ( 82 Ge)(t) = A d (t) × ∆t, (6.5) 
The activity on the tape can be expressed using the Bateman equations in terms of accumulation and decay cycle as follows A p (t) = ϕ(1e -λ p t ) t 0 < t ≤ t 1 ϕ(1e -λ p t 1 )e -λ p t t 1 < t < t 2 (6.6)

A d (t) =    ϕ λ d λ p -λ d (e -λ p t -e -λ d t ) + (1 -e -λ d t ) t 0 < t ≤ t 1 A p (t 1 ) λ d λ p -λ d (e -λ p t -e -λ d t ) + A d (t 1 )e -λ d t t 1 < t < t 2 (6.7)
where A p is the parent nucleus activity ( 83 Ga) and A d is the activity of the daughters. ϕ represents 83 Ga production rate, λ p is the parent's decay constant which is equal to ln(2)/T1 2 ( 83 Ga) (λ d is the daughter's), t 0 seconds is the starting time of the cycle (+ 0.5 seconds of background collection), t 1 is the moment where the accumulation stops (2 seconds in this case) and t 2 is the cycle ending time (0.5 seconds background collection + 2 seconds accumulation time + 2 seconds decay time in total). The number of decayed 82 Ge was then calculated using Eqs. (6.5) and (6.7)

N decay ( 82 Ge) = t1 t0 ϕ λ d λ p -λ d (e -λ p t -e -λ d t ) + (1 -e -λ d t ) dt + t2 t1 A p (t 1 ) λ d λ p -λ d
(e -λ p te -λ d t ) + A d (t 1 )e -λ d t dt = 0.69 × ϕ, (

with t 0 =0.5, t 1 =2.5 and t 2 =4.5 s.

Moving now to step 2, the decay part of our cycle for the case of 83 Ga was 2 seconds, which is not enough time for the 82 Ge to decay out completely, due to the fact that it has a longer β-decay half-life (4.56 (26) s [45]).The number of 82 Ge ions that will not have the time to decay out can be extracted from the simple decay equation

N le f t ( 82 Ge) = N( 82 Ge) × 1 2 t T 1/2 , (6.9) 
or

N le f t ( 82 Ge) = t2 t0 1 2 t2-t T 1/2 × A d (t) × ∆t, (6.10) 
where T 1/2 is the β-decay half-life of 82 Ge. Substituting the activity Eq. (6.7) in Eq. (6.10) we get N le f t ( 82 Ge) = 1.039 × ϕ. (6.11) From Eq. (6.8) and (6.11) we can deduce that the total number of produced 82 Ge is equal to 1.73 ϕ, which means that about 60 % of the created 82 Ge did not have the opportunity to decay. This obtained factor can be now used to correct the total counts of the 1092 keV γ-ray transition in the 82 Ge β-decay channel N decay ( 82 Ge) (Eq. (6.4)) to extract the correct 82 Ge number of counts produced by the 83 Ga βn-decay N tot ( 82 Ge) = 1.60 × N decay ( 82 Ge) = 11207522(1259724).

(6.12)

The third step consists of calculating the number of 83 Ga produced in total, which can be extracted from the Bateman equations straight away since 83 Ga has a short half-life (308 ms) which makes the cycle decay time more than enough for it to decay out completely. Therefore, the total number of produced 83 Ga is then

N tot ( 83 Ga)(t) = A p (t) × ∆t, (6.13) 
Replacing A p by the corresponding values from Eq. (6.6) and integrating over the cycle's time we get

N tot ( 83 Ga) = ϕ t1 t0 (1 -e -λ p t ) dt + t2 t1
(e -λ p t 1 -1)e -λ p t dt = 2.295 × ϕ, (6.14) with t 0 =0.5, t 1 =2.5 and t 2 =4.5 seconds. Now to calculate the exact number of counts of 83 Ga we need to find ϕ, which can be deduced from Eq. (6.4) and (6.8). 

From Eq. (6.15) we deduce that ϕ = 6180619 (775856). Using this value in Eq. (6.14) we can deduce that the number of counts of 83 Ga produced in total is N tot ( 83 Ga)=14184519 (1782539). Finally, we can calculate the neutron emission probability, P n value, using the ratio shown in Eq. ( 6.3), Pn = N tot ( 82 Ge) N tot ( 83 Ga) = 11207522 (1259724) 14184519 (1782539) = 0.79 (0.13) = 79 (13)%. (6.16) This value falls between the published 83 Ga P n values measured using the neutron time-of-flight technique in Refs. [113], [55] and [71] (see Table 6.9). The 86 As beta-delayed neutron branching ratio was calculated using the same procedure, and the obtained P n value was 35 (9) %. The P n value of 86 As has been measured at IGISOL using the BELEN detector setup to be P n =35.5 (6) % [START_REF] Agramunt | [END_REF]. Thus, there is an excellent agreement between this work and [START_REF] Agramunt | [END_REF]. [71] , 62.8 (25) [113], 56 (7) [55] 35.5 (6) [START_REF] Agramunt | [END_REF] 6.5 Half-life measurements of 83,82 Ga and 86 

As

The decay of the parent nucleus feeds the excited states in its daughter that promptly decay by γ-ray emission. Thus, the excited states of the daughter nucleus have an apparent lifetime equal to the β lifetime of the parent nucleus. Using the βγ -T matrices, similar to the one in Fig. 5.13, the decay curves of different nuclei can be obtained by setting gates centered on the most intense gamma-ray transitions for each nucleus. The Bateman equations already mentioned (Eqs. 6.6 and 6.7) were used to fit the time behavior of each gamma transition to get the lifetime. Most half-lives of the beta-delayed gamma transitions observed in 83,82 Ge and 86 Se were measured and used to validate the attribution of these transitions to the corresponding decay of the parent nucleus. A selected set of γ-ray transitions and their fitted half-lives is shown in Fig. 6.36.

As illustrated in Fig. 6.36, there is a clear trend in the T 1/2 values. Specifically, we observed several sigma deviations from the T 1/2 determined from the low-energy γ-ray transitions. This is interpreted as being due to the Compton background coming from beta-decay descendants that was not subtracted. As a result, we decided to use the more advanced Markov chain Monte Carlo method [START_REF] Stryjczyk | Shape coexistence in the nickel (Z= 28) and mercury (Z= 80) regions probed through decay studies[END_REF] for the most intense peaks of each nucleus. Using this method, we determined the half-lives by fitting the number of events associated with the selected gamma-ray transitions over time (see Fig. 6.37). A detailed description of the fitting approach can be found in Ref. [START_REF] Stryjczyk | Shape coexistence in the nickel (Z= 28) and mercury (Z= 80) regions probed through decay studies[END_REF]. The model used is the exponential decay model, A(t) = Ae -ln(2) T 1/2 t , and the likelihood function was constructed by assuming that the counts in each bin follow a Poisson distribution.

For clarity, we have tabulated the selected γ-ray transitions, their respective fitting ranges, and the half-lives obtained from both evaluated data and our work in Table 6.10. Table 6.10: The half-lives of 82 Ga , 83 Ga and 86 In this chapter, we will review the significant results of the work presented in this thesis and, where possible, present a comparison with calculations performed in shell-Model or QRPA formalisms.

Cumulative β-decay intensity of 82 Ga

Several new states were identified in 82 Ge, with many of them located at energies higher than 4 MeV and up to 7.9 MeV. The γ-decay spectrum was constructed almost exclusively using high-resolution HPGe detectors. Even if the efficiency is dropping dramatically above a few MeV in such detectors, they are still competitive in measuring high-energy γ-rays in β-decay experiments due to a very good peak-to-background ratio. Although the pandemonium effect [START_REF] Hardy | [END_REF] cannot be totally excluded, here the focus is on the β-decay strength at and around neutron threshold in very neutron-rich nuclei and how it can be enhanced by particular nuclear structure (see Ref. [71] and references therein). In Fig. 7.1, the previously measured cumulative ΣI β distribution for the β-decay of 82 Ga is compared to the present work. The total β-strength is comparable with what was previously measured, but its distribution is shifted towards higher energies. The most striking difference can be seen above 6 MeV, where a significant increase in the cumulative distribution relative to the evaluated data is observed. log f t values were calculated for all the measured β-transitions (see Fig. 6.30). States at low energy in 82 Ge are mainly populated through forbidden transitions, as they have log f t values higher than 6.5. At higher energies, several states have lower log f t values. From log f t values, one can calculate the Gamow-Teller strength B(GT). Its cumulative distribution in 82 Ge, presented in Fig. 7.2, was calculated. The same steep increase as in cumulative ΣI β can be observed after 6 MeV, with the same structure: one step around 6 MeV and a second step around 7 MeV. 82 Ge. Only allowed transitions that have log f t < 6.5 are considered (see Ref. [12])

The ground-state spin and parity of 82 Ga was tentatively assigned as I π =2 - [45]. In this case, allowed β-transitions should populate states in 82 Ge with spins 1, 2, or 3 and negative parities. Thus, the states above 6 MeV with log f t<6.5 have negative parities and a spin lower or equal to 3. Among these states, two groups [6.2-6.4] MeV and [7.1-7.9] MeV decay directly to the 0 + ground state. With the experimental setup used in this work, the γ-ray multipolarity could not be determined, at least for transitions to the ground state of the daughter nucleus. However, it is reasonable to assume that the states falling in these two groups are 1 -states. The single-particle transition probabilities for electromagnetic transitions, B(σL), see Eq. 2.13, drop by about three orders of magnitude for electric transitions from L to L+1 for the same energy, and the electric transitions are typically around 30 times stronger than magnetic transitions of the same multipolarity. In order to compete with neutron emission or transitions to other lower-lying states, the transitions leading to the ground state have to be fast. Therefore, E1 is the most likely multipolarity for these transitions.

The populated states above S n were not included in the B(GT) distribution as the log(ft) is not compatible with our rule of defining an allowed transition. This is likely due to missed feeding to these states as they can also decay by neutron emission.

In the following, the calculated B(GT) and B(E1) distributions obtained with an HFB+(pn)QRPA formalism [30,116] are reported. The interaction used was Gogny D1M, and the same interaction was used to calculate the HFB ground state and the QRPA excited states. This QRPA formalism can be applied for spherical and axially deformed nuclei and can calculate not only proton-proton (pp) or neutron-neutron (nn) quasi-particles (qp), but also proton-neutron (pn) qp allowing for the calculation of B(GT) strength.

The resulting cumulative B(GT) strength obtained from the calculations is presented in Fig. 7.3, where the experimental B(GT) was superimposed on the calculated B(GT) by shifting the energy scale such that the steep increase in both strength distributions is aligned. The distributions were calculated for a 82 Ga ground-state spin of both 2 and 3. The shapes of the distributions are very similar, but there is a slightly better agreement with the data when considering the spin to be 2. The good agreement between calculations and experiment allows us to suppose that the HFB states and the pnQRPA calculations using D1M Gogny interaction give good results for this region of nuclei. This should also be the case for the QRPA calculations performed within the same framework for the excitation spectrum of 82 Ge.

Dipole strength distribution in 82 Ge

The electric dipole distribution in 82 Ge was thus calculated and is presented in Fig. 7.4. The spectrum was corrected for the spurious center-of-mass motion even though these spurious states hardly mix with the calculated 1 -states. It can be immediately observed that the calculated spectrum is several MeV higher in energy than the states that were tentatively assigned to be 1 -based on the measurement. It is known that one usually needs to couple the QRPA states with collective states, like phonon-excitations (see, for example, Ref. [52] and references therein).

To test the isoscalar-isovector composition of the calculated electric dipole ν ↓ kν = -(5/2) + from 2d5/2 π ↑ kπ = (1/2) -from 2p3/2 or 1f5/2

Hyp. ground state J=2 - β = 0.08, EHFB = -696.7

} k tot = -2 - Cumulative B(GT) in 82 Ga blocked → 82 Ge ν ↓ kν = -(5/2) + from 2d5/2 π ↑ kπ = (1/2) -from 2p3/2 or 1f5/2

Σ E Σ K=0,±1 GT K Σ E GT exp B↓(GT) (Mev -1
Hyp. ground state J=3 - β = 0.08, EHFB = -696.7

} k tot = -2 - Cumulative B(GT) in 82 Ga blocked → 82 Ge states, the isoscalar dipole operator (r 3 Y 10 (r)), was used. The result is presented in Fig. 7.5. By comparing the two figures, one can see that the low-lying dipole strength has an important isoscalar character, and this can be seen by comparing the ratios between the strength around 17 MeV (where the GDR is situated and that has an isovector character) and below 11 MeV (where these low lying states are calculated) both for B(E1) and B(IS1) distributions.
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In order to assign a PDR-like behavior to a nuclear state, one needs to fulfill the following conditions: i. the neutron transition densities should show an enhancement at the surface of the nucleus, or the proton and neutron densities are out of phase, and ii. the state should not carry more than a few percent of the total electric dipole strength. All the states below 11 MeV carry a very small percentage of the total dipole strength. Concerning the transition densities behavior, only two of them, at 9.6 MeV and 10.8 MeV, approach the PDR description (Fig. 7.6), but their evolution inside the nucleus is complex.

As said earlier, the QRPA states overestimate the energies and the strength of the calculated states. In order to see the effect of the coupling with phonon states, the E1 spectrum of 82 Ge was calculated using relativistic QRPA (RQRPA) and relativistic quasiparticle time-blocking approximation (RQTBA), with the NL3 interaction (see Ref. [119] and references therein for the details of the calculations). These calculations do not include the deformation of nuclei, but this should not be a problem as 82 Ge is calculated to have a very small β-deformation. The results are presented in Fig. 7.7. The transition densities for the lowest calculated state using RQTBA (multiplied by r 2 ) show a very nice PDR-like behavior (see Fig. 7.8).

To conclude, the observed experimental states between 6 and 8 MeV are compatible with a spin/parity of 1 -. Axially deformed QRPA calculations for B(GT) show nice agreement with the experimental B(GT) spectrum obtained from the ex- periment, but the B(E1) strength distribution is several MeV higher than what was observed experimentally. In addition, the lowest states calculated within QRPA formalism described in [30] have transition density distributions only slightly compatible with PDR. Calculations, which take into account coupling of the quasiparticle RPA states with phonon excitations (RQTBA), provide a more fragmented B(E1) distribution and are shifted to lower energies and closer to what we observe to be 1 -states, with the lowest state having a nice PDR-like transition density distributions.

Shell-model predictions of the states in 86 Se

To obtain more insight into the observed levels in 86 Se, shell-model calculations were performed in a large valence space comprising the (1f 5/2 , 2p 3/2 , 2p 1/2 , 1g 9/2 ) orbitals for protons and the (2d 5/2 , 3s 1/2 , 1g 7/2 , 2d 3/2 ,1h 11/2 ) orbitals for neutrons, outside the 78 Ni core. The effective interaction utilized in this study was based on the interaction described in Refs. [120,121] although the proton-proton part of the interaction was updated to reproduce the available data in N = 50 isotones [122]. These same calculations were used to compare with the experimental spectrum from [77]. In Ref. [77], few selected states were used for the comparison. Figure 7.9 shows the total calculated spectrum up to 7.2 MeV with the inclusion of newly calculated 1 -states. Given the valence space used for the calculations, negative- parity states necessarily include one proton excitation into the πg 9/2 orbital.

Based on the β-delayed gamma-ray transitions, the β decay of 86 As feeds states at 4236.5 keV and 4783.9 keV more strongly than the other states above 4 MeV. The 4236.5 keV is given a tentative spin assignment of (2 -, 3 -) in this work, in agreement with the shell-model prediction of a 3 -state at 4333.6 keV. This state has a very fragmented composition according to the shell-model calculations. It dominantly consists of seniority-4 configurations which make up 38.1% of all configurations.

The 4783.9 keV state has been tentatively assigned as a (1 -) state in this work. This is also supported by the shell-model calculations, predicting 1 -states at 4521.4 keV and 4631.7 keV. The state at 5345.9 (2) keV was also tentatively assigned as (1 -) in this work based on its low log f t value and decay to the 0 + ground state. The shell-model prediction for the 1 -state at 5329.25 keV fits very well with this state. The 1 -states typically have a leading configuration of (π 1f 5/2 ) 4 (π 2p 3/2 ) 1 (π 1g 9/2 ) 1 (ν 2d 5/2 ) 2 , with a one broken proton pair and one broken neutron pair.

For the other states, the experimental spin-parities could not be constrained and therefore, the comparisons to the shell-model calculations were not feasible.

Cumulative β-decay intensity of 86 As

In Fig. 7.10, the previously measured cumulative ΣI β distribution for the β-decay of 86 As is compared to the present work. As for the case of 82 Ga β-decay, the total strength does not change, but the distribution shifts towards higher energies.

The cumulative B(GT) strength for the beta decay of 86 As (see Fig. 7.11) was determined using the same shell-model framework as for the level scheme of 86 Se. The calculation was done for the beta decay of a 2 -state because the experimental range, making this a significant region to study the impact of nuclear properties on the final abundances. r-process reaction network calculations for a narrow range of entropy and electron fraction Y e conditions have shown remarkable agreement with the solar r-process abundances in the first r-process abundance peak region at A ≈ 80 [127], allowing for a sensitive study of the impact of nuclear properties on the final abundances.

Studied beta decays and the r process

As discussed in Section 3.1, beta-decay half-lives and beta-delayed neutron branching ratios P n are important inputs for the r-process calculations. In this work, the determined beta-decay half-lives of 82,83 Ga and 86 As are in agreement with the previous literature values. Since the studied nuclei are still rather close to stability and the competition between the beta decays and neutron captures does not play a central role, the newly measured half-lives do not significantly change the final abundances of the process. However, the beta-delayed neutron branching ratios can drastically alter the local r-process abundance peak structure by shifting abundances from a mass number A to a mass number A -1 (or A -2 in the case of beta-delayed two-neutron emission) when r-process material is decaying back to stability [START_REF] Nikas | Journal of Physics: Conference Series[END_REF].

In this thesis, the β-delayed neutron branching ratio P n was determined for 83 Ga and 86 As. For 86 As, the result is in good agreement with the more precise P n measurement performed with the BELEN detector at IGISOL [START_REF] Agramunt | [END_REF] and therefore the impact on the r process was not studied. For 83 Ga, the P n values reported in the literature vary a lot, from 56(7)% [55] and 62.5(25)% [113] to 85(4)% [60]. The new P n value determined in this thesis, P n =79(13)%, confirms that the betadelayed neutron branching is large for this beta decay. The impact of this new P n value on the r-process abundances in the first r-process peak region was studied using the nuclear reaction network code GSINet. A parameterized thermodynamic evolution assuming a free homologous expansion according to [START_REF] Lippuner | [END_REF] was used for astrophysical conditions with an electron fraction 0.30 ≤ Y e ≤ 0.39 and entropy S = 10k b /baryon. These moderately neutron-rich conditions lead to a negligible amount of neutron captures at late times when the material is decaying to stability and beta-decays dominate the material flow. Figure 7.12 shows the solar r-process abundances from Ref. [130], together with the results from the r-process calculations. The abundances Y are determined as Y = X/A, where X is the mass fraction, and are normalized to 10 6 silicon atoms. The calculations were performed using the P n value from this work, P n = 79(13)%, and the values reported by Winger et al. [113] (P n = 62.5(25)%) and Madurga et al. [55] (P n = 56(7)%) . Otherwise, the nuclear data used for the r-process calculations were kept the same in all calculations. From the lower panel of Fig. 7.12, one can clearly see that the larger beta-delayed neutron branching shifts material from A = 83 to A = 82 and leads to changes of up to ≈ 25% in the abundances at A=83 depending on which P n value is adopted. The P n value determined in this thesis is in agreement with the value reported in Ref. [60] (P n = 85(4)%) and confirms that the beta-delayed neutron branching is close to 80 % for 83 Ga. It also reproduced the observed r-process pattern better in the region A = 82 -84, with a steeper dip in the abundances from A = 84 to A = 83. 

.12: Top: The solar r-process abundances in the first r process abundance peak region (red data points) normalized to 10 6 silicon atoms, adopted from Ref. [130], in comparison with the calculated r-process abundances adopting the P n value of 83 Ga from this work (green line), from Winger et al. [113] (blue line) and Madurga et al. [55] (orange line). The abundances have been averaged for 0.37 ≤ Y e ≤ 0.39. Bottom: Change, in %, between the r-process abundances calculated using the P n value from this work and the literature values from Winger et al. [113] (black line) and Madurga et al. [55] (grey line). Figure courtesy of Stylianos Nikas.

Enhanced E1 strength above the neutron emission threshold and the r process

This thesis aimed at observing gamma-ray transitions from highly excited states in 82,83 Ge and 86 Se fed via beta decays of 82,83 Ga and 86 As, respectively, in order to explore the PDRs and enhanced E1 strength above at around the neutron separation energy. In 82 Ge, gamma-ray transitions from states above the neutron separation energy (S n = 7195(3) keV [42]), located at 7214.1 keV, 7410.1 keV, 7839.2 keV and 7890.75 keV, to the 0 + ground state were observed. Taking into account that the ground state of 82 Ga has J π = (2 -), these would be ideal candidates for E1 transitions from above the neutron emission threshold. The enhanced E1 strength has an impact on the r-process calculations, see e.g. Refs. [131,132,133,134,135]. In the r process, the neutron captures typically occur resonantly to unbound states, although direct captures can also play a role in the r process [136]. The populated unbound states can decay via an emission of a neutron or via gamma-ray transitions. Thus, an increased gamma-ray transition probability of a neutron-unbound state will increase the population of the ground ) 81 Ge(n, ) 82 Ge rate REACLIB BRUSLIB Talys rates Talys phenomenological models Talys semi-microscopic models 82 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB [148] and BRUSLIB [149]. beta-Oslo method [135] might provide more complete information on the gamma strength around the neutron threshold. ) 82 Ge(n, ) 83 Ge rate REACLIB BRUSLIB Talys rates Talys phenomenological models Talys semi-microscopic models 83 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB [148] and BRUSLIB [149]. ) 85 Se(n, ) 86 Se rate REACLIB BRUSLIB Talys rates Talys phenomenological models Talys semi-microscopic models 86 Se reaction rate. See the text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB [148] and BRUSLIB [149]. This Ph.D. thesis was centered on the study of β-decay in neutron-rich nuclei around the N=50 shell closure, with a particular focus on the high-energy states around the neutron emission threshold. This research aimed to determine the structure of these states, identify whether they are Pygmy Dipole Resonance (PDR) states, and investigate if and how β-decay is connected to PDR states. To achieve this, two complementary experiments were conducted. The first experiment utilized PARIS scintillators and HPGe detectors to study β-delayed gamma spectroscopy of 82,83 Ge at the ALTO facility. The second experiment used the JYFLTRAP Penning trap to provide pure samples of 86 As for the study of βdelayed gamma spectroscopy of 86 Se, which was performed with high-resolution germanium detectors at the IGISOL facility of the JYFL Accelerator Laboratory at the University of Jyväskylä.

The data analysis yielded updated level schemes of 82,83 Ge and 86 Se and enabled the observation of over 80 new γ-ray transitions, including those with energies above the neutron separation energy for the first time in 82 Ge. Furthermore, new γ-ray transitions in both 81 Ge and 85 Se, which are β-n daughters of 82 Ga and 86 As, respectively, were also observed in this study.

Half-lives of 82 Ga, 83 Ga, and 86 As were measured, and the reported values of 608 (7) ms, 314 (7) ms, and 905 +29 -26 ms, respectively, are in agreement with previous measurements. Furthermore, the neutron emission probabilities of 83 Ga and 86 As were calculated. The impact of the updated β-delayed emission rates on the production of the A ≈ 80 region of the first r-process peak was also investigated, revealing a 10% increase in the abundance at A=82 and around 25% reduction in the abundance at A=83.

Additionally, QRPA and pnQRPA calculations were performed to analyze the electric dipole and Gamow-Teller strength distributions for 82 Ge. By comparing the experimental and calculated B(E1) and B(GT) distributions, the structure and dipole character of the high-energy states that were populated by the β-decay of 82 Ga were discussed. As a result, it was possible to conclude that the β-decay of 82 Ga populates states compatible with a 1 -spin-parity between 6 and 8 MeV in 82 Ge, however, their PDR character could not be firmly confirmed. Furthermore, shell-model calculations were performed for 86 Se, and the calculated spectrum was compared to selected states showing agreement with the newly assigned spin and parities in 86 Se.

The data acquired with the PARIS scintillators for 82,83 Ge were not explored in this thesis. This was partially due to the wealth of spectroscopic data from the high-resolution detection part of the setup in the ALTO experiment. The analysis of PARIS spectra remains to be done. In order to do this, one needs to simulate the response function of the PARIS setup carefully and employ unfolding techniques to extract the decay information from the spectrum [150].

It is obvious from the work presented in this study that the measurement of low-energy dipole strength in (very) neutron-rich nuclei is not an easy task. The experimental methods allowing for this type of investigation are basically limited only to β-decay studies. The low production rates of these nuclei makes it difficult, if not impossible, to measure the multipolarity of the observed γ-rays depopulating states at high energy. A systematic study along the N=50 isotonic chain starting close to stability and going towards the nuclei measured in this thesis and using different experimental techniques where possible could help in bringing more light on how the dipole strength evolves with « exoticity » of the nuclei.

Previously, the β-decay of 86 As was examined at IGISOL and the β-delayed neutron emission was measured with the MOdular Neutron time-of-flight Spec-tromeTER (MONSTER). The experiment detected robust β-delayed neutron branches from states around 1 MeV above the neutron emission threshold. However, as no gamma-ray transitions above S n were observed in 86 Se in this work, the competition between the β-delayed neutron and gamma emission in the neutron-unbound states in 86 Se remained unanswered. The observed neutron structure could not be connected to gamma-ray de-excitations. One possible explanation is the insufficient statistics of 86 As during the beam time, which could be attributed to problems with the gas purification system at IGISOL. The measurement can be replicated at IGISOL using the same decay setup with improved statistics due to various factors. First, in order to prevent the molecular formation of 86 As + ions, it is important that the helium gas used by the cooler-buncher is purified, removing reactive gases such as H 2 O and O 2 . To achieve this, the cold-trap gas purification system can be employed. The Multi-Reflection Time-of-Flight Mass Separator (MR-TOF), recently installed into the IGISOL beam line, can provide quicker mass separation, which can be another option to enhance the statistics at the decay setup. It should be noted that the primary beam intensity at the Accelerator Laboratory is now two times more intense than during our experiment, which partially compensates for the low efficiency of the germanium detectors. Despite the lower statistics, the purity of the 86 As beam allowed for unambiguous identification of many gamma transitions in 85 Se following the β-delayed neutron emission. In future, combining these data with the β-delayed neutron data would yield a better understanding of the excitation energies of the states in 86 Se populated via β decay of 86 As.

New, more exotic neutron-rich nuclei will become accessible for experiments via improved detection methods at new or upgraded radioactive beam facilities.

With their higher Q β values and lower neutron separation energies, new possibilities for β-decay studies exploring the nuclear structure at and around the neutron threshold will become available in the future. This thesis has provided an important step in this respect with the studies in the N=50 region.

La physique au seuil d'émission d'un neutron (S n ) apporte une importante quantité d'informations utiles pour l'astrophysique nucléaire, la physique des réacteurs, la formation des clusters dans le noyau ou plus généralement la structure nucléaire, etc. Dans les noyaux stables et proches de la stabilité, S n se situe autour de 8 MeV et en dehors de la fenêtre en énergie où la décroissance β est énergétiquement permise (Q β ≥ 0). En s'éloignant de la vallée de la stabilité, la fenêtre Q β augmente en même temps que S n diminue en énergie jusqu'à ce que, en atteignant la "drip-line", le neutron supplémentaire ne puisse plus être lié dans le noyau par l'interaction forte. Avant même d'arriver à la "drip-line", ces variations en énergie ouvrent des canaux de décroissance de plus en plus exotiques, comme β-n ou β-2n. Cette région des noyaux exotiques riches en neutrons est le terrain de jeu du processus astrophysique de capture rapide des neutrons (processus r) qui est responsable de la production d'éléments lourds dans l'Univers. Le processus r nécessite une bonne compréhension des propriétés des états fondamentaux des noyaux riches en neutrons, telles que leurs masses, leurs durées de vie et leurs probabilités d'émission de neutrons retardés, qui sont autant d'éléments cruciaux pour les calculs du chemin que ce processus astrophysique rapide suit [151]. De plus, les taux de capture des neutrons et une bonne compréhension de la distribution de la force γ dans ces noyaux sont impératifs pour la modélisation de ce processus. La force dipolaire domine la distribution de la force γ dans les noyaux. Il a été observé (voir, par exemple, [19]) que dans les noyaux riches en neutrons elle possède une composante à basse énergie (par rapport à la Résonance Dipolaire Géante) que nous appelons Résonance Dipolaire Pygmée (PDR). Les modèles astrophysiques montrent que la présence de la PDR autour du seuil S n pourrait influencer l'abondance des noyaux plus lourds (A∼130) car elle interfère avec l'équilibre des processus (γ,n) et (n,γ) en augmentant les taux (n,γ) [152]. Du point de vue de la structure nucléaire, la PDR peut être conceptualisée comme l'oscillation d'un peau de neutrons contre un noyau avec un nombre équilibré de protons et neutrons. Des questions sur sa nature isoscalaire ou isovectorielle [134], sur sa composition en quelques (quasi-)particules ou (très) collective (voir, par exemple, [153,154]), sur la manière dont elle peut être peuplée par des processus tel que la décroissance β [25], restent ouvertes et doivent être répondues pour mettre plus de lumière sur cette organisation particulière de la matière nucléaire dans le noyau.

Le travail présenté dans cette thèse en cotutelle entre l'Université Paris-Saclay et l'Université de Jyväskylä est axé sur l'étude de la décroissance β des noyaux riches en neutrons autour de la fermeture de couches N=50, en s'intéressant plus particulièrement à la population des états de haute énergie, situés autour du seuil d'émission d'un neutron. Quelle est la structure de ces états, s'agit-il d'états dipolaires pygmées (PDR) et, si c'est le cas, comment la décroissance β est-elle liée aux états PDR sont quelques-unes des questions qui ont motivé cette étude. Les recherches ont été menées au moyen de deux expériences complémentaires. La première a été réalisée auprès d'ALTO (Accélérateur Linéaire et Tandem d'Orsay) et a été dédiée à l'étude par spectroscopie γ-retardée de 82,83 Ge en utilisant le détecteur PARIS [START_REF] Maj | PARIS White Book. Henryk Niewodniczanski Institute of Nuclear Physics[END_REF] et des détecteurs HPGe. Les faisceaux de 82,83 Ga ont été obtenus à partir de la photo-fission induite sur une cible de UCx par le rayonnement de freinage d'un faisceau d'électrons accélérés à 50 MeV par un accélérateur linéaire. En employant une technique de type ISOL, associée à une ionisation par LASER et à une séparation en masse par le spectromètre magnétique PARRNe (M/∆M = 1500), des faisceaux de 82 Ga et 83 Ga ont été sélectionnés et implantés sur une bande en mylar aluminisée qui permet d'évacuer la radioactivité selon un cycle spécifique d'accumulation et de décroissance pour chaque noyau étudié. La décroissance des noyaux radioactifs a été observée dans un scintillateur plastique (BC408) qui détecte l'électron β émis avec une efficacité de l'ordre de 75%. Le détecteur PARIS (environ 1.5% d'efficacité à 5 MeV) et des détecteurs HPGe (avec une efficaicté d'environs 2.5% à 1.173 MeV) placés autour du point d'implantation (voir Fig. 9.1) ont été utilisés pour détecter le rayonnement γ émis en coïncidence avec les électrons β. La seconde expérience, visant à étudier la spectroscopie γ retardée par β de 86 Se, a été réalisée auprès de l'installation IGISOL (Ion Guide Isotope Separator On-Line) [START_REF] Moore | International Conference on ElectroMagnetic Isotope Separators and Techniques Related to their Applications[END_REF] du JYFL Accelerator Laboratory de l'Université de Jyväskylä. Les noyaux radioactifs riches en neutrons ont été produits par la fission d'Uranium naturel induite par un faisceau de protons de 25 MeV avec une intensité de 10 µA. Le guide d'ions IGISOL permet l'extraction des fragments de fission dans un flux de gaz (He). En sortie les fragments acquièrent 30 qkeV d'énergie, sont sélectionnés par un dipôle magnétique (M/∆M = 500) et ensuite décélérés à 800 eV. En aval d'IGISOL, le piège de Penning JYFLTRAP [START_REF] Eronen | Three decades of research using IGISOL technique at the University of Jyväskylä: A Portrait of the Ion Guide Isotope Separator On-Line Facility in Jyväskylä[END_REF] a été utilisé pour obtenir un faisceau pur de 86 As avant l'implantation sur une bande magnétique entourée par un détecteur plastique (efficacité ∼30%) Comme déjà mentionné, cet étude s'intéresse à des états autour du seuil d'émission d'un neutron, S n , peuplés par décroissance β et qui se connectent directement avec l'état fondamental du noyau fils (ou des états 2 + de basse énergie) par des transitions γ. Ceci implique donc la caractérisation du dispositif expérimentale de détection γ sur une large plage en énergie. La calibration en énergie des détecteurs HPGe utilisés dans les deux expériences a été faite en utilisant des sources standard, des transitions connues est observées dans la chaîne de décroissance β des masses 82 et 83 (à ALTO) ou 86 (à IGISOL). Pour couvrir le spectre jusqu'à ∼ 8 MeV, nous avons aussi utilisé à ALTO une source d'AmBe placée dans un récipient en polyéthylène et entouré des feuilles de nat Ni, dispositif permettant de produire par capture des neutrons thermiques des γ de 9 MeV. Les détecteurs PARIS ont été calibrés de la même manière. Pour la calibration en efficacité γ du système utilisé à IGISOL, nous avons utilisé des sources standards, une source de 56 Co et des transitions connues dans la chaîne de décroissance de la masse A=86 qui ont permis d'avoir un mesure de l'efficacité photoélectrique pour des énergies jusqu'à ∼6.3 MeV. A ALTO, nous avons utilisé seulement des sources standard pour avoir une mesure de l'efficacité jusqu'à ∼1.4 MeV et pour avoir une estimation de l'efficacité jusqu'à 8 MeV, nous avons fait des simulations GEANT4 en utilisant le package SToGS [108]. En même temps, les simulations ont été utilisées pour avoir une estimation des rapports entre les événements γ observés dans les détecteurs avec un dépôt complet d'énergie, un dépôt avec un échappement de 511 keV ou un dépôt avec un échappement de 2x511 keV et ceci en fonction de l'énergie du γ incident. Ces estimations ont été utilisées comme condition pour assigner des pics observés dans les spectres γ à des transitions entre deux états. D'autres critères pour assigner des pics γ dans le spectre mesuré à des transitions dans le noyau étudié ont été : i. la durée de vie mesurée en sélectionnant le pic γ d'un évènement βγ doit être celle du noyau parent; ii. dans certains cas, les coïncidences avec des transitions γ déjà connues sont utilisées comme critère; iii. l'observation de 511 keV en coïncidence avec un pic γ est utilisé comme critère pour considèrer que le pic corresponds à une mesure avec simple ou double échappement de 511 keV. Une analyse détaillée des deux expériences est présentée dans ce manuscrit. Les schémas de niveaux des noyaux fils de la décroissance β, 82 Ge (N=50), 83 Ge (N=51), et 86 Se (N=52), ont été construits et plus de 80 nouvelles transitions γ ont été observées. La décroissance de 82 Ga a mener à l'identification de 45 nouveaux états excités dans le noyau fils, 82 Ge, et trois supplémentaires dans le noyau β-n, 81 Ge. La durée de demi-vie mesurée, T β ( 82 Ga) = 608(7) ms, est en accord la valeur NNDC évaluée, 600(2) ms. Au totale, 76(6) % de la décroissance β a été mesurée en coïncidence avec des γ's. En considérant la valeur évaluée P n ( 82 Ga) = 22.7(20) %, on peut déduire que la transition β vers l'état fondamentale de 82 Ge est compatible avec zéro. Concernant le spectre d'excitation de 82 Ge, nous avons observé pour la première fois la population des états au dessus du seuil d'émission de neutron (S n ( 82 Ge) = 7.195(3) MeV) par décroissance β-γ. Ces états se désexcitent vers l'état fondamentale de 82 Ge. Considérant la compétition avec l'émission de neutron, il est raisonnable de considérer que le rayonnement γ ainsi émis soit électrique dipolaire et que ces états excités aient un moment angulaire totale I π = 1 -. D'autres états liés d'énergie supérieure à 6 MeV ont aussi des caractéristiques compatibles avec un moment angulaire totale I π = 1 -. Ces résultats ont été comparés avec des calculs QRPA [30,116] et RQTBA [START_REF] Litvinova | [END_REF]. En utilisant les méthodes des références [30,116], les distributions théoriques de la force dipolaire (B(E1)) et de la distribution de Gamow-Teller (B(GT)) dans 82 Ge ont été confrontées aux observations. Les calculs reproduisent bien la distribution B(GT) expérimentale, mais ne prédisent pas des états I π = 1 -en dessous de 9.5 MeV. Le modèle RQTBA, en couplant des états QRPA de 2-qp avec 1 phonon, permet de calculer des états dipolaires autour de 8 MeV dont un état à 7.84 MeV qui présente toutes les caractéristiques d'un état Pygmée dipolaire. Il n'est pourtant pas évident de conclure sur la population des états PDR par décroissance β, car le calcul de la force Gamow-Teller n'a pas été effectué dans la même base. Ces calculs seront faites dans un futur proche. Trois nouveaux états ont été ajoutés au spectre d'excitation de 83 Ge. La durée de demi-vie mesurée, T β ( 83 Ga) = 314(7) ms, est en accord la valeur NNDC évaluée, 308(10) ms. Les valeurs P n de 83 Ga rapportées dans différents travaux antérieurs s'étalent entre 50 % et 90 % [55,113,60]. Nous avons mesuré une probabilité d'émission d'un neutron P n ( 83 Ga) = 79(13) %, compatible avec [60]. L'impact de cette nouvelle mesure sur la production des éléments stables dans la région de masse A ∼ 80 par le processus r a été calculé, révélant une augmentation de 10 % de l'abondance à A = 82 et une réduction d'environ 25 % de l'abondance à A = 83. La décroissance de 86 As a mener à l'identification de 30 nouveaux états excités dans le noyau fils, 86 Se, et six états supplémentaires dans le noyau β-n, 85 Se. La durée de demi-vie mesurée, T β ( 86 As) = 905 29 26 ms, est en accord la valeur NNDC évaluée, 945(8) ms. La valeur mesurée de P n ( 86 As) = 35(9) % confirme une mesure antérieure [START_REF] Agramunt | [END_REF]. A partir de la décroissance β-n, nous avons pu contraindre la valeur du moment angulaire totale de l'état fondamentale de 86 As à ⃗ I = ⃗ 2. Des Pour tous les noyaux étudiés, nous avons calculé l'impact des différents calculs de la distribution de la force E1 sur le taux du processus de capture d'un neutron, (n,γ). Les modèles phénoménologiques prédisent des taux de réaction jusqu'à un ordre de magnitude supérieurs aux taux obtenus avec des modèles sémi-microscopiques. En même temps, tous les modèles montrent un taux de capture radiative des neutrons beaucoup plus important pour 85 As(n,γ) 86 As et 81 Ge(n,γ) 82 Ge que pour 82 Ge(n,γ) 83 Ge, le dernier impliquant la capture d'un neutron sur un noyau pair-pair. Ceci est cohérent avec les valeurs de chaleurs de réaction.

Les travaux présentés dans cette étude montrent clairement que la mesure de la force dipolaire à basse énergie dans les noyaux (très) riches en neutrons n'est pas une tâche facile. Les méthodes expérimentales permettant ce type d'investigation sont fondamentalement limitées aux études par décroissance β. Les faibles taux de production de ces noyaux font qu'il est difficile, voire impossible, de mesurer la multipolarité des rayons γ de haute énergie observés en coïncidence avec le β-électron. Ce travail de thèse à aussi montrer la pertinence des mesures de spectroscopie γ de haute résolution jusqu'à ∼ 8 MeV en utilisant des détecteurs à base de Ge. Une étude systématique le long de la chaîne isotonique N = 50 commençant près de la stabilité et allant vers les noyaux mesurés dans le cadre de cette thèse et en utilisant différentes techniques expérimentales lorsque cela est possible, pourrait aider à suivre l'évolution de la force dipolaire en fonction de l'"exotisme" des noyaux. De nouveaux noyaux riches en neutrons, plus exotiques, deviendront bientôt accessibles aux expériences grâce à des méthodes de détection et production améliorées dans des installations de faisceaux radioactifs nouvelles ou modernisées. Cette thèse a permis de franchir une étape importante à cet égard grâce aux études de la structure nucléaire au seuil des neutrons.
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 221 Figure 2.1: Diagram illustrating the β-decay of a neutron-rich nucleus with Z protons and N neutrons.

Figure 2 . 2 :

 22 Figure 2.2: Systematics of log ft values. Reprinted figure from [12], with permission from Elsevier.

Figure 3 . 1 :

 31 Figure 3.1: Two-neutron separation energies of (top) the Z = 29 to 36 isotopic and (bottom) the N = 46 to isotonic chains. Data are taken from Ref. [42].

Figure 3 . 2 :

 32 Figure 3.2: Experimental β-decay half-lives of the Z = 27 to 31 isotopic chains as a function of neutron number. Data are taken from Refs. [44, 45].

Figure 3 . 3 :

 33 Figure 3.3: Systematics of the first excited 2 + state in the Z = 28 to 40 isotopic chains as a function of neutron number. Data are taken from Refs. [45, 46, 47, 48, 49, 50].

Figure 3 . 4 :

 34 Figure 3.4: The PDR fraction as a function of the neutron number for even-even isotopes with Z = 28-50, and N ≥ Z. Reprinted figure with permission from [53]. Copyright (2023) by the American Physical Society.
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 351 Figure 3.5: 1 -candidate states in 136 Xe. Part (a) shows B(E1) strength distribution as extracted from (γ, γ' ) reaction. In part (b) the 1 -population intensity in the β-decay of 136 I is shown, and part (c) shows the ground-state branching ratios from the β-decay. The levels populated in both reactions are marked with red. Reprinted figure with permission from [53]. Copyright (2023) by the American Physical Society.

Figure 3 . 8 :

 38 Figure 3.8: Decay chain of 86 As. The data are taken from Ref. [45].

  . 4.1, the experimental hall 110 of ALTO contains the following tools and instruments: 1 Accélérateur Linéaire et Tandem d'Orsay 2 Laboratoire de Physique des 2 Infinis Irène Joliot Curie, Paris Saclay University/CNRS, Orsay, France -BEDO 4 [83, 54]: a set of detectors dedicated to β-delayed decay spectroscopy using γ-spectroscopy (and Fast Timing) , electron spectroscopy or neutron spectroscopy with the MONSTER [84] neutron spectrometer; -TETRA [85]: 3 He counter for β-delayed neutron emission probability measurements ; -PolarEx [86]: Low-temperature nuclear orientation and nuclear magnetic resonance; -LINO: Laser Spectroscopy and Laser-Assisted Nuclear Orientation; -MLLTRAP [87]: Double Penning trap for mass measurements and trapassisted decay studies; -CoeCo [88]: A decay station dedicated to beta-delayed conversion electron spectroscopy. It is composed of a movable tape collector for beam collection and descendant activity control. Close to the collection point are placed a plastic detector for beta tagging and a HPGe detector for gamma-ray spectroscopy. A Si(Li) junction is placed 15 cm away for electron spectroscopy. At ALTO, radioactive ion beams are produced by the ISOL technique. The ISOL

Figure 4 . 1 :

 41 Figure 4.1: Overview of the Radioactive Beam cave of ALTO facility.In this work, the detection system used to study the82,83 Ga isotopes was installed at the BEDO setup.
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 42 Figure 4.2: A schematic view of the beam production at ALTO.
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 43 Figure 4.3: The tape station in BEDO.

Figure 4 . 4 :

 44 Figure 4.4: The principle of the tape controller: the upper diagram shows the velocity of the tape with respect to the cycle, and the bottom one shows the evolution of the activity on the tape as a function of time.
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 245 Figure 4.5: A photograph of the BEDO detectors' arrangement.
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 46 Figure 4.6: PARIS cluster and a phoswich detector.

Figure 4 . 7 :

 47 Figure 4.7: Explanatory figure to show how to distinguish signals from different crystals in one PARIS phoswich. The data are taken from the 60 Co source files. See text for the explanation.

Figure 4 . 8 :Figure 4 . 9 :

 4849 Figure 4.8: Schematic of the IGISOL ion guide.

1 . 2 .

 12 The purification trap: A gas-filled trap explicitly dedicated to beam purification. The precision trap: Used for high precision mass measurements. The two traps consist of a series of gold-plated electrodes of 1046 mm length located inside a 7 T superconducting magnet (figure 4.10).
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 410 Figure 4.10: Top: The JYFLTRAP Penning trap superconducting magnet. Bottom: The gold-plated electrodes of the JYFLTRAP [101]

Figure 4 . 11 :

 411 Figure 4.11: A scan of the quadrupole excitation frequency in the first trap of JYFLTRAP showing the different isobars at mass number A=86.

Figure 4 . 12 :

 412 Figure 4.12: The collection point at the center of the decay station.
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 413 Figure 4.13: The IGISOL tape station as seen from the inside.
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 4 Figure 4.14:The accumulation and decay curve of86 As with the spectroscopy measurement cycle.

Figure 4 . 15 :

 415 Figure 4.15: A photo of the IGISOL post-trap decay setup.
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 51 Figure 5.1: The time distribution of the coaxial HPGe detector (FWHM = 12.9 ns), the Clover detector (FWHM = 11.4 ns) (left) and the PARIS array (FWHM = 2.6 ns) (right) with respect to the β time signal.
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 52 Figure 5.2: The 152 Eu spectrum obtained using the 14 germanium crystals of the IGISOL decay setup after energy calibration. Each color represents a crystal. Inset: The residuals as a function of the energy. Points above 1.4 MeV were obtained from the β-decay of 86 Br.
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 53 Figure 5.3: Part of a 83 Ga raw data spectrum from the coaxial Ge detector, showing the difference in the centroids' positions with respect to the number of file.

52

 52 

Figure 5 . 4 :

 54 Figure 5.4: 82 Ga β-gated γ spectra with all the collected data from the four Clover crystals each one plotted with a different color. Inset: The residuals as function of the energy.
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 55 Figure 5.5: The absolute efficiency curve of the whole detection setup at IGISOL. Note that the detectors had different energy ranges: the long and short standard coaxial GC7020 detectors had energy ranges up to 2.8 and 3.6 MeV, respectively, while the ranges for the Clover detectors were up to 9 MeV.
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 56 Figure 5.6: Addback efficiency as a function of the energy.
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 57 Figure 5.7: The β-detection efficiency of the IGISOL plastic scintillator obtained by comparing γ-ray intensities without and with the β-gate.
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 5859510 Figure 5.8: The absolute efficiency curves of the Clover detector (top) and the PARIS detector (bottom), the points in green are the experimental data points, the ones in black are those obtained with GEANT4 and the line in red curve is the fit function.

Figure 5 . 11 :

 511 Figure 5.11: Part of the βγ HPGeγ HPGe matrix obtained for the β-decay of 82 Ga.

Figure 5 .

 5 Figure 5.12: β-gated γ-spectrum of 82 Ga obtained with the BEDO decay station (black), compared to the projected β-gated γγ-spectrum (in red).

Figure 5 .

 5 Figure 5.13: βγ -T matrix obtained by the β-decay of 82 Ga.

Figure 5 .

 5 Figure 5.14: βγ-gated time spectrum fitted with the Bateman equations (gate on the 1348-keV γ-transition in 82 Ge).

Figure 6 . 1 :

 61 Figure 6.1: Geant4 simulation of the NRI15 Clover detector's response up to 8 MeV to monitor how the number of counts in the first-and second-escape peaks changes compared to the number of counts in the full-energy peak as a function of energy.

Figure 6 . 2 :

 62 Figure 6.2: The β-gated γ-spectra from the 82 Ga decay for the energy ranges of (a) 0-1 MeV, (b) 1-2 MeV, (c) 2-3 MeV and (d) 3-4 MeV. The observed peaks are associated with the different activities using the symbols shown in the top panel. E represents the escape peaks, and X the unidentified lines.
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 63646566 Figure 6.3: The β-gated γ-spectra from the 82 Ga decay for the energy ranges of (a) 4-5 MeV, (b) 5-6 MeV, (c) 6-7 MeV and (d) 7-8 MeV. The observed peaks are associated with the different activities using the symbols shown in the top panel. E represents the escape peaks, and X the unidentified lines.

  6.7).

Figure 6 . 7 :

 67 Figure 6.7: γ-ray spectrum gated on the 1348.1 keV gamma-ray transition in82 Ge. The gamma-ray transitions identified to be feeding the 2 + state are marked with red dots.

Figure 6 . 8 :

 68 Figure 6.8: The βγγ coincidence spectrum gated on the 3848.2 keV transition in 82 Ge.

  6.16).

Figure 6 . 9 :

 69 Figure6.9: The βγγ coincidence spectrum gated on the 3848.2 keV transition in82 Ge (a), its first-escape peak (b) and its second-escape peak (c). These figures show that the peak at 2826 keV represents the second-escape peak of the 3848.2 keV transition and not a direct transition to the ground state of82 Ge.

Figure 6 . 10 :

 610 Figure 6.10:The βγγ coincidence spectrum gated on the 4382.72 keV transition in82 Ge (a), its first-escape peak (b) and its second-escape peak (c). These figures show that the peak at 3361 keV represents the second-escape peak of the 4382.72 keV transition and not a direct transition to the ground state of82 Ge.
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 611 Figure 6.11:The βγγ coincidence spectrum gated on the 5291.79 keV transition in82 Ge (a), its first-escape peak (b) and its second-escape peak (c). These figures show that the peak at 4270 keV represents the second-escape peak of the 5291.79 keV transition and not a direct transition to the ground state of82 Ge.
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 612 Figure6.12: The βγγ coincidence spectrum gated on the 5837.5 keV transition in82 Ge (a), its first-escape peak (b) and its second-escape peak (c). These figures show that the peak at 5326 keV represents the second-escape peak of the 5837.5 keV transition and not a direct transition to the ground state of82 Ge.
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 613 Figure 6.13: Partial decay scheme to determine the energy of the state at 2701.66(3) keV in82 Ge. All energies are given in keV.

Figure 6 . 14 :

 614 Figure 6.14: Partial decay scheme to determine the energy of the state at 3014.8(1) keV in Ge. All energies are given in keV.

Figure 6 . 15 :

 615 Figure 6.15: Partial decay scheme to determine the energy of the state at 2524.2(1) keV in Ge. All energies are given in keV.

Figure 6 . 16 :

 616 Figure 6.16: Partial decay scheme to determine the energy of the state at 2934.8(1) keV in 82 Ge. All energies are given in keV.
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 617 Figure 6.17: Top: The βγγ coincidence spectrum gated on 4396.75 keV γ-line in 82 Ge. Bottom: The βγγ coincidence spectrum gated on 4016.37 keV γ-line in 82 Ge.

Figure 6 . 18 :

 618 Figure 6.18: Partial decay scheme to determine the energy of the state at 6729.9(4) keV in 82 Ge. All energies are given in keV.

  6.19 and 6.20 ) revealing a new neutron unbound state at 4022.6 keV (S n ( 83 Ge) = 3632.7 (3.3) keV[42]) observed for the first time in this work.
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 619 Figure 6.19: Top: The βγγ coincidence spectrum gated on 1452.9 (6) keV γ-line in Ge. Bottom: The βγγ coincidence spectrum gated on 2570 (1) keV γ-line in 83 Ge.

Figure 6 . 20 :

 620 Figure 6.20: Partial decay scheme to determine the energy of the state at 4022.6(2) keV in Ge. All energies are given in keV.
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 621 Figure 6.21: Top: The βγγ coincidence spectrum gated on 1119.15 (6) keV γ-line in 83 Ge . Bottom: The βγγ coincidence spectrum gated on 121.29 (12) keV γ-line in83 Ge.

Figure 6 . 22 :

 622 Figure 6.22: Partial decay scheme to determine the energy of the state at 121.29 (12) keV in83 Ge. All energies are given in keV.

Figure 6 .

 6 Figure6.23: γ-ray spectrum gated on the 704.2 keV gamma-ray transition in86 Se. The gamma-ray transitions identified to be feeding the 2 + state at 704.2 keV are marked with red dots.

Figure 6 . 24 :

 624 Figure 6.24: The βγγ coincidence spectrum gated on 144.85 (3) keV γ-line in 86 Se.

Figure 6 . 25 :

 625 Figure 6.25: Partial decay scheme to determine the energy of the state at 1543.9(1) keV in 86 Se. All energies are given in keV.

Figure 6 . 26 :

 626 Figure 6.26: Part of the beta gated 86 Se spectrum showing the doublet structure around the 1476 keV peak (a). The βγγ coincidence spectrum gated on 1473.5 keV (b) and 1476.7 keV (c) lines in 86 Se.

Figure 6 . 27 :

 627 Figure 6.27: Partial decay scheme to determine the energy of the state at 2180.9(1) keV in 86 Se. All energies are given in keV.

Figure 6 . 28 :

 628 Figure 6.28: Partial decay scheme to determine the energy of the state at 3041.2(1) keV in 86 Se. All energies are given in keV.

Figure 6 . 29 :

 629 Figure 6.29: Energy distribution of gamma rays in coincidence with the 2028.2 keV line.

Figure 6 .

 6 Figure 6.30: (a) Level scheme of82 Ge fed by the beta-decay of82 Ga up to 3092.4 keV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red. The log f t values marked with "u" were calculated with a uniqueness condition. Note: level scheme not to scale for visualization purposes.

4 Figure 6 . 30 :

 4630 Figure 6.30: (b) Level scheme of82 Ge fed by the beta-decay of82 Ga, de-excitations from levels at 3-5 MeV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and the tentatively placed in red dashed lines. Note: level scheme not to scale for visualization purposes.

Figure 6 .

 6 Figure 6.30: (c) Level scheme of82 Ge fed by the beta-decay of82 Ga de-excitations from levels at 5-6.6 MeV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red. Note: level scheme not to scale for visualization purposes.

( 2 Figure 6 . 31 :

 2631 Figure 6.31: Level scheme of81 Ge fed by the beta-delayed neutron emission of82 Ga. The width of the arrows is proportional to the relative intensity of the transitions, noted next to the transition energy given above the arrows. Levels and transitions known from the previous studies are plotted in black, newly identified in solid red lines. The "*" is to mark the γ-ray transitions with uncertain placement. Note: level scheme not to scale for visualization purposes.

3 Figure 6 . 33 :

 3633 Figure 6.33: Level scheme of82 Ge fed by the beta-delayed neutron emission of83 Ga. The width of the arrows is proportional to the relative intensity of the transitions, noted next to the transition energy given above the arrows. Note: level scheme not to scale for visualization purposes.

1 Figure 6 . 34 :

 1634 Figure 6.34: (a) Level scheme of86 Se fed by the beta-decay of86 As up to 3832.8 keV (to be continued on the next page). The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and uncertain in red dashed lines. The log f t values marked with "u" were calculated with a uniqueness condition. The "*" is to mark the γ-ray transitions with tentative placement. Note: level scheme not to scale for visualization purposes.

1 Figure 6 . 34 :

 1634 Figure 6.34: (b) Level scheme of86 Se fed by the beta-decay of86 As, de-excitations from levels at 4-6 MeV. The width of the arrows is proportional to the absolute intensity of the transitions, noted next to the transition energy given above the arrows. The determined branching ratios I β and log ft values are listed to the left of each state. Levels and transitions known from the previous studies are plotted in black, newly identified in red, and tentative in red dashed lines. The log f t value marked with "u" was calculated with a uniqueness condition. The "*" is to mark the γ-ray transitions with uncertain placement. Note: level scheme not to scale for visualization purposes.
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 636 Figure 6.36: Measured half-lives of all γ-ray transitions associated with the beta decays of 82 Ga (a),83 Ga (b) and86 As (c). The red lines represent the half-lives of the strongest γ-ray transition in each nucleus ± 3 σ (dashed lines).

Figure 6 . 37 :

 637 Figure 6.37: The red curves represent the time behavior of the 1348.1 keV (a), 248.76 keV (b) and 704.23 keV (c) γ-ray transitions as a function of time after the β-signal. The blue curves represent the background events that were subtracted to get the final half-lives presented in Table 6.10.
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 71 Figure 7.1: Cumulative I β distribution from Ref. [107] and from present work as a function of the excitation energy in 82 Ge .

Figure 7 . 2 :

 72 Figure 7.2: Cumulative B(GT) distribution from present work as a function of the excitation energy in82 Ge. Only allowed transitions that have log f t < 6.5 are considered (see Ref.[12])

Figure 7 . 3 :

 73 Figure 7.3: Calculated and experimental cumulative B(GT) distributions considering the spin of82 Ga ground state to be 2 (left) and 3 (right). Calculations are from[117].

Figure 7 . 4 :

 74 Figure 7.4: Calculated isovector B(E1) strength distribution [118], using the formalism described in Ref. [31].

Figure 7 . 5 :

 75 Figure 7.5: Calculated isoscalar B(IS1) strength distribution [118], using the formalism described in Ref. [31].

Figure 7 . 6 :

 76 Figure 7.6: Transition densities calculated for the 9.6 MeV (left) and 10.8 MeV (right) states. From [118].

Figure 7 . 7 :

 77 Figure 7.7: B(E1) distribution. The RQRPA results are those obtained within the relativistic quasiparticle random-phase approximation, confined by two-quasiparticle (2q) configurations. RQTBA, the relativistic quasiparticle time-blocking approximation, includes the major fragmentation mechanism via the 2q+phonon configurations (see Ref. [119]). Each calculation (left and right figures) was done for two values of the smearing parameter ∆: ∆ = 20 keV (fine resolution) and 200 keV (low resolution). Figure courtesy of Elena Litvinova.
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 78 Figure 7.8: Transition densities for the low-lying state at 7.8 MeV calculated within the RQTBA framework. Figure courtesy of Elena Litvinova.
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 710711 Figure 7.10: Cumulated I β distribution from Ref. [45] in blue and from present work as a function of the excitation energy in 86 Se.

  et al. (2009) Relative to Madurga et al. (2016)
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 713 Figure 7.13:The impact of different models of E1 γ-strength function on the calculated81 Ge(n, γ)82 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.

  Figure 7.13:The impact of different models of E1 γ-strength function on the calculated81 Ge(n, γ)82 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.
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 714 Figure 7.14:The impact of different models of E1 γ-strength function on the calculated82 Ge(n, γ)83 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.

  Figure 7.14:The impact of different models of E1 γ-strength function on the calculated82 Ge(n, γ)83 Ge reaction rate. See text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.
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 715 Figure 7.15:The impact of different models of E1 γ-strength function on the calculated85 Se(n, γ)86 Se reaction rate. See the text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.

  Figure 7.15:The impact of different models of E1 γ-strength function on the calculated85 Se(n, γ)86 Se reaction rate. See the text for details of the calculations. The results are compared to those obtained using two commonly used astrophysics reference libraries, REACLIB[148] and BRUSLIB[149]. Figure courtesy of Stylianos Nikas.

  et 5 détecteurs HPGe (dont 3 clovers) avec une efficacité totale d'environs 2.7% à 1.173 keV (voir Fig. 9.2). Dans les deux expériences, les systèmes d'acquisition utilisés (FASTER [157] et Nutaq [104]) ont été basés sur des numériseurs et les données ont été enregistrées en mode trigger-less.
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 91 Figure 9.1: Photographie du dispositif expérimental installé à ALTO.

Figure 9 . 2 :

 92 Figure 9.2: Photographie du dispositif expérimental installé à IGISOL.

  

  

Table 2 . 1 :

 21 The β transition selection rules.

46 48 50 52 54 56 Neutron number [keV] 2n S Kr, Z=36 Br, Z=35 Se, Z=34 As, Z=33 Ge, Z=32 Ga, Z=31 Zn, Z=30 Cu, Z=29 30 32 34 36 38 40 Proton number [keV]

  

Table 3 .1:

 3 Properties of the nuclei studied in this work (data are taken Refs.[45,42]).

	Parent	J π (GS)	T 1/2 [ms] Daughter Q β [MeV] S n [MeV] P n [%]
	82 Ga (1 -,2 -,3 -)	599 (2)	82 Ge	12.484 (3) 7.194 (3) 19.8(10)
	83 Ga	(5/2 -)	308.1 (10)	83 Ge	11.719 (4) 3.632 (3) 62.8 (25)
	86 As	(1 -,2 -)	945 (8)	86 Se	11.541(4)	6.160(4)	35.5(9)

12.484 (3) MeV 4.690 (4) MeV 7.488 (4) MeV 6.242 (3) MeV 82 Ga 82 Ge 82 As 82 Se 81 Ge 81 As

  

	599 (2) ms	
	5	
	7.6 (6) s	
	4.56 (26) s	33.3 (8) s
	13.6 (4) s	
	19.1 (5) s	
	Stable	

.290 (3) MeV 19.8 % Sn (1 -,2 -, 3 -) 0 + (9/2 + ) (1/2 + ) (5 -) (2 -) 0 + (3/2 -) Figure 3.6: Decay

  chain of82 Ga. The data are taken from Ref.[45].

11.719 (4) MeV 8.693 (4) MeV 5.671 (4) MeV 4.690 (4) MeV 83 Ga 83 Ge 83 As 83 Se 82 Ge 82 As

  

	308.1 (10) ms
	4.56 (26) s
	1.85 (6) s
	13.4 (4) s
	70.1 (4) s
	22.25 (4) min

8.087 (3) MeV 62.8 % Sn 7.488 (4) MeV 82 Se Stable (5/2 + ) (9/2 + ) (1/2 -) 0 + (2 -) (5 -)

  

	13.6 (4) s
	19.1 (5) s
	(5/
	0 +

2 -) (5/2 -) Figure 3.7: Decay

  chain of83 Ga. The data are taken from Ref.[45].

86 As + 86 Se + 86 Br + , 86 Kr +

  

Table 6 . 2 :

 62 List of unidentified peaks in the β-gated γ-spectra of

Table 6 . 3 :

 63 List of γ-ray transitions ( E γ ) observed in the β-decay of82 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

	E γ (keV)	I γ (%)	E i (keV)	γ -γ
	414.80 (1) a	2.8 (3)	2701.66 (3)	938.75 , 1163.8, 1348.1
	486.44 (2)	1 (1)	2701.66 (3)	2216.04
	727.97 (4)	0.3 (1)	3014.8 (1)	938.75, 1348.1
	806.32 (3)	0.6 (5)	3092.4 (1)	938.75, 1348.1
	867.39 (1) a	8.8 (10)	2216.04 (1)	1042.4, 1348.1, 1651.8, 3848.2,
				4382.72, 4620.4
				Continued on next page

Table 6 . 3

 63 

	E γ (keV)	I γ (%)	E i (keV)	γ -γ
	938.75 (1) a	6 (7)	2286.86 (2)	414.8, 806.3, 1163.8, 1348.1
	975.10 (5)	0.3 (1)	2323.2 (1)	1348.1
	985.34 (1) a	5.1 (6)	2333.44 (2)	1348.1, 4396.8
	1042.35 (3)	1 (2)	3258.14 (2)	867.39, 1348.1, 2216.04
	1144.35 (3)	0.5 (1)	3360.4 (1)	2216.04
	1163.81 (2)	1 (1)	3867.01 (8)	414.8, 938.75, 1348.1, 1354.4
	1176.14 (3)	1 (1)	2524.2 (1)	1348.1
	1254.43 (4)	0.3 (1)	2602.5 (1)	1348.1
				Continued on next page

: List of γ-ray transitions ( E γ ) observed in the β-decay of

82 

Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

(Continued) 

Table 6 . 3 :

 63 List of γ-ray transitions ( E γ ) observed in the β-decay of82 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.(Continued) 

	E γ (keV)	I γ (%)	E i (keV)	γ -γ

Table 6 . 3 :

 63 List of γ-ray transitions ( E γ ) observed in the β-decay of82 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.(Continued) 

	E γ (keV)	I γ (%)	E i (keV)	γ -γ
	3559.73 (5) a 2.4 (4)	6817.8 (1)	1348.1, 1910.04
	3571.04 (4) a 2.3 (4)	3571.04 (4)	-
	3848.15 (4)	4.5 (8)	6063.6 (1)	867.39, 1348.1, 2216.04
	3956.4 (1)	0.4 (1)	6678.0 (5)	1348.1, 1373.5
	4016.4 (1)	0.3 (1)	6729.9 (4)	1348.1, 1365.1
	4119.2 (1)	0.4 (1)	4119.2 (1)	-
	4237.79 (8)	1.4 (3)	4237.79 (8)	-
	4371.09 (6)	1.4 (3)	4371.09 (6)	-
	4382.72 (5)	3.4 (6)	6598.7 (3)	867.39, 1348.1, 2216.04
	4396.75 (7)	1.9 (4)	6729.9 (4)	985.34, 1348.1
	4404.5 (1)	0.4 (1)	5752.6 (1)	1348.1
	4483.26 (9)	1.1 (2)	5831.3 (1)	1348.1
	4620.40 (8)	2.1 (4)	6835.9 (2)	867.39, 1348.1, 2216.04
	4648.9 (1)	0.1 (1)	5997.0 (1)	1348.1
	4664.62 (7) a 1 (2)	6013.3 (2)	1348.1
	5273.6 (1)	0.1 (1)	6621.7 (1)	1348.1
	5291.79 (6)	0.1 (1)	6639.9 (1)	1348.1
	5334.3 (1)	1.2 (3)	6682.4 (1)	1348.1
	5487.1 (1)	1.6 (3)	6835.9 (2)	1348.1
	5516.30 (9)	0.9 (2)	6864.4 (1)	1348.1
	5624.7 (1)	0.5 (1)	5624.7 (1)	-
	5726.4 (1)	1.1 (5)	7075.3 (1)	1348.1
	5805.20 (8)	1.2 (2)	5805.20 (8)	-
	5837.50 (8)	1.7 (4)	5837.50 (8)	-
	5934.8 (1)	0.5 (1)	5934.8 (1)	-
	6013.27 (1)	0.8 (2)	6013.27 (1)	-
	6074.8 (1)	0.8 (2)	6074.8 (1)	-
	6232.4 (1)	0.7 (2)	6232.4 (1)	-
	6259.7 (1)	0.5 (1)	6259.7 (1)	-
				Continued on next page

Table 6 . 3 :

 63 List of γ-ray transitions ( E γ ) observed in the β-decay of82 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(12)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.(Continued) 

	E γ (keV)	I γ (%)	E i (keV)	γ -γ
	6271.5 (2)	0.3 (1)	6271.5 (2)	-
	6336.1 (1)	0.5 (1)	6336.1 (1)	-
	6703.30 (9)	0.3 (1)	6703.30 (9)	-
	6729.8 (1)	0.2 (1)	6729.8 (1)	-
	7075.3 (1)	0.5 (1)	7075.3 (1)	-
	7142.5 (3)	0.2 (1)	7142.5 (3)	-
	7191.0 (2)	0.2 (1)	7191.0 (2)	-
	7214.1 (2)	0.2 (4)	7214.1 (2)	-
	7410.10 (2)	0.3 (1)	7410.10 (2)	-
	7839.2 (1)	0.09 (4)	7839.2 (1)	-
	7890.75 (45) 0.04 (1)	7890.75 (45)	-

a known γ-ray transitions

6.2.2 83 Ga

Table 6 . 4 :

 64 List of γ-ray transitions (E γ ) observed in

Table 6 . 6 :

 66 List of γ-ray transitions ( E γ ) observed in82 Ge, the βn daughter of83 Ga, with their relative intensity to the most intense 1348.1-keV transition (with I γ =100(13)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

			keV)	γ -γ
	121.29 (12) 1.8 (2) 1240.44 (1) 1119.15
	248.76 (2)	7.4 (7) 248.76 (2)	1204.48
	703.52(6)	0.6 (2) 1941.52 (1) 1238.41
	1046.11 (3) 2.4 (4) 1046.11 (3)	-
	1119.15 (6) 2.1 (4) 1119.15 (6)	121.29
	1204.48 (3) 2.3 (4) 1453.24 (1)	248.76
	1238.41 (3) 6.5 (8) 1238.41 (3)	703.52
	1246.33 (7) 2 (4)	1246.33 (7)	-
	1452.9 (6)	1.7 (4) 1452.9 (6)	2570
	2570.00 (14) 0.8 (5) 4022.6 (2)	1452.9
	2909.91 (11) 1.8 (7) 2909.91 (11)	-

Table 6 . 7 :

 67 List of γ-ray transitions (E γ ) observed in the β-decay of86 As, with their relative intensity to the most intense 704-keV transition (I γ = 100(8)%) and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

			keV)	γ -γ
	144.85 (3)	0.3 (1)	1543.9 (1)	694.8, 704.233

a known γ-ray transitions * The inverse coincident condition is not confirmed

Table 6 . 8 :

 68 List of γ-ray transitions (E γ ) observed in

  Se and their γγ coincidences. E i represents the initial level energy of the E γ transition, and the uncertainties reported are purely statistical.

	E γ (keV)	I γ (%) E i (keV)	γ -γ
	461.81 (1) 8.2 (7) 461.81 (1)	-
	1114.87 (2) 6.6 (5) 1114.87 (2)	2510.2*
	1439.12 (4) 3.2 (3) 1439.12 (4)	-
	1444.02 (4) 2.1 (2) 1444.02 (4)	-
	1803.55 (7) 0.9 (1) 1803.55 (7)	-
	2510.2 (1) 0.4 (1) 3954.2 (1)	1114.87*
			

* 

Coincidence not confirmed due to weak statistics, but it was observed in previous studies.

Table 6 . 9 :

 69 Comparison between the beta-delayed neutron branching ratios P n calculated in this work and those from the literature.

	Nucleus	83 Ga	86 As
	P n (%) from this work	79 (13)	35 (9)
	P n (%) from literature 85(4)		

  As obtained in this work compared to the evaluated half-life values taken from [45].

						10 3			
	10 3							
	Counts / 40 ms				Counts / 40 ms	10 2			
	10 2							
				Nucleus		82 Ga	83 Ga	86 As	
	10 1 2		beta-delayed γ-ray transition (keV) 1348.10 10 1	248.76	704.23	
	Residual	2 0		Fitting range (s)		3.5 to 6 2.5 to 4.5 4 to 9	
		3500	3750	T 1/2 (ms) from this work (a) 82 Ga 4000 4250 4500 4750 5000 5250 Time (ms)	5500	608 (7) 2500 2750	-26 314 (7) 905 +29 3000 3250 3500 3750 Time (ms)	4000	4250	4500
				T 1/2 (ms) from evaluated data	599 (2) 308 (10) 945 (8)	

The set of single-particle states corresponding to the nucleons located at the outermost shell of a nucleus.

Isotope Separation On Line

BEta Decay studies in Orsay

Photon Array for studies with Radioactive Ion and Stable beams

High Purity Germanium

For the case of82 Ga, the existence of an isomeric state in the beta-n daughter,81 Ge, makes it more difficult to estimate its beta-delayed neutron branching ratio. Therefore, it was not calculated in this work.
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β-n spectrum fixed this spin-parity.

Using the same rule to select allowed transitions from the experimental spectrum as for 82 Ga decay, three states were identified above 4 MeV: 4236.5 keV, 4783.9 keV and 5345.9 keV. The associated cumulative values are also reported in Fig. 7.11. A quantitative and even qualitative comparison is hard to do. One should keep in mind that in order to connect the shell-model orbitals by a GT operator, these orbitals should belong to the same major shell and have the same orbital angular momentum, l. Because the f pg shell is closed in neutrons, the GT operator can only connect νd 5/2 with the proton πd 5/2 orbital.

Implications for the astrophysical r process

The region near 78 Ni is of great interest for the r process as the first abundance peak is situated at A ≈ 80. The recent detection of the GW170817 [123,124] neutron-star merger (NSM) has confirmed that the r process occurs in such compact binary mergers, with the observed kilonova [125] changing its color from blue to red, indicating the creation of heavier elements across a broad mass region up to at least lanthanides. Additionally, the observation of strontium absorption lines [126] in the kilonova spectrum demonstrates the production of elements in the A ≈ 80 -90 state of that nucleus and hence its abundance in the r process.

The astrophysical impact of the newly observed gamma-ray transitions from states above the neutron separation energy in 82 Ge is not straightforward to study. However, the impact of the chosen gamma-ray strength function on the neutron-capture reaction rate for 81 Ge(n, γ) 82 Ge was explored. The neutroncapture rate was calculated using the statistical Hauser-Feshbach approach with the TALYS code [137]. Five different E1 gamma-ray strength function models were employed, two of which are semi-microscopic (Hartree-Fock BCS + QRPA [138], Hartree-Fock-Bogolyubov + QRPA [139]), while the rest are phenomenological (Kopecky-Uhl generalized Lorentzian [140], Brink-Axel Lorentzian [141], Modified Lorentzian [142]). The neutron-capture rates were calculated with otherwise similar nuclear input, utilizing the experimental mass values from AME2020 [42] and FRDM2012 [START_REF] Möller | Atomic Data and Nuclear Data Tables[END_REF] for the experimentally unknown nuclei. In addition, the Konig-Delaroche optical potential [START_REF] Konig | [END_REF] and the Back-shifted Fermi Gas level density [145] were incorporated to account for the effects of nuclear structure and interactions between particles. The neutron-capture reaction rate for 81 Ge(n, γ) 82 Ge obtained with these different gamma-ray strength functions is shown in Fig. 7.13. The reaction rate clearly depends sensitively on the chosen model. This highlights the impact of the E1 gamma strength function on the calculated reaction rates as also shown in Refs. [135,146,147].

In 83 Ge, only one tentative gamma-ray transition from a state above the neutron separation energy (S n = 3633(3) keV [42]) was observed. This tentative transition from a state at 4022.6 keV to a (3/2 + , 5/2 + ) state at 1543 keV leaves the type of the transition open but nevertheless indicates that gamma decay can compete with neutron emission despite of the very large beta-delayed neutron branch of 83 Ga. The impact of different gamma-strength functions on the 82 Ge(n, γ) 83 Ge reaction rate is shown in Fig. 7.14.

In this thesis, no gamma-ray transitions from states above the neutron separation energy at 6161(4) keV [42] were observed in 86 Se following the beta decay of 86 As. The highest level fed was at 5863.9 keV, around 300 keV below the neutron separation energy. It might be that the gamma-decay branches are very weak and are missed (pandemonium effect [START_REF] Hardy | [END_REF]). The impact of different gamma-strength functions on the 85 Se(n, γ) 86 Se reaction rate is shown in Fig. 7.15.

As shown in Figs. 7.13, 7.14 and 7.15, the phenomenological gamma-strength models yield roughly an order of magnitude higher reaction rates for the studied neutron-capture reactions than the semi-microscopic models. Nevertheless, all models systematically show that the neutron-capture rates on 81 Ge and 85 Se leading to 82 Ge with N = 50 and 86 Se with N = 52, respectively, have much higher reaction rates than the captures on 82 Ge leading to 83 Ge, which has an odd number of neutrons. This is expected based on the reaction Q values. The trends in the reaction rates in all models are also very similar. Whereas neutron captures on 81 Ge have a rather flat temperature dependence, the reaction rates on 82 Ge and 85 Se peak at around 7 GK. More experimental data would be needed to validate the best models to be used for the astrophysical calculations. In the future, beta-decay studies employing total absorption gamma-ray spectroscopy or