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General Introduction

This may sound grim, but the truth remains that the entire world is on the brink of collapse. Selfish, reckless and unchecked human activities have not only created some dangerous consequences for human life and civilisation but also risked the extinction of most of the flora and fauna not only on land but in the sea as well. Biodiversity is being abused, plant and animal species are disappearing from the face to the planet at an alarming rate. The most important and well-known example of this planetary crisis are the greenhouse gases which are partly responsible for global warming. Just this year, 2021, we had record breaking heat waves in the Pacific Northwest in June resulting in the deaths of at least a dozen people. Europe has seen a steady increase in the number and intensity of heat waves in the past few years. In today's world, we are not only in the midst of an ecological crisis but a humanitarian one as well. Industrialisation and globalisation have truly made the world a smaller place and brought it closer together, but at what cost?

There are more than 70 million people in the world today who have been forced to flee their homes. They are members of our own species who not only don't have a home but also grossly lack basic amenities such as food, water and proper sanitation. The things that we in the more developed parts of the world take for granted are a luxury for them. For us, electricity is as important as the air we breathe and the water we drink. For them, it is something they have only in their dreams. In the developing world, there are places which do not benefit from a constant supply of electricity. For example, in my own country, India, there are many villages and towns which receive electricity for only certain hours in a day. Developing countries on an average, tend to produce more greenhouse gases due to increased energy production using fossil fuels. Being responsible for a majority of the greenhouse gas production, the energy sector is a major target for reducing greenhouse gas production.

Among the available solutions for electricity production, producing electricity from nuclear reactions is one of the candidates. However, the term nuclear does draw some controversy. Yet, the amount of energy released in nuclear fission is phenomenal. By better understanding nuclear fission, we will be able to control it better and provide an added guarantee in terms of safety. This thesis is a contribution to nuclear fission. This thesis is done in a collaboration which started in 2010 between CEA, CNRS and the ILL. Here, we aim to accurately measure the fission yields from actinides of interest, validate codes which simulate the fission process and acquire a better understanding of the nuclear fission process. In this thesis we tackle the question of the generation of angular momentum of the fission fragments. To do so, we use isomeric ratios as an indirect method of calculating the angular momentum of the fission fragments.

To achieve this, the PhD thesis has been divided into five Chapters. Chapter 1 explains the context and motivation of this PhD. Chapter 2 describes the working of LOHENGRIN recoil spectrometer at ILL along with the experiment and experimental setup. In the third chapter, the characterisation and modelling of the germanium detectors is explained in order to obtain the detector efficiency. The fourth chapter deals with the analysis and results of the isomeric ratios experiment. In Chapter 5, the angular momentum of the fission fragments is obtained and we interpret the results.

As said by Mme. Curie, "One cannot hope to build a better world without improving the individuals." A PhD in many ways improves the current knowledge for the scientific community as a whole, but also helps the student to question established facts and develop a critical mind thus improving oneself. The best part that I like about human nature is that every The focus of study here is nuclear fission, which is the splitting of the nucleus into two or more lighter nuclei. This is a very peculiar reaction due to the fact that a large number of nucleons interact inside the initial nucleus giving rise fragment pairs along with a tremendous release in energy. Due to this, it is difficult to predict the behaviour of this process. Many models and theories have been developed over the years to try and explain the fission process. Along with these models and theories, experiments have been conducted to obtain fission observables and to better understand and use this process. Although nuclear fission was discovered in 1939 [START_REF] Meitner | Disintegration of uranium by neutrons: a new type of nuclear reaction[END_REF] [5] [START_REF] Hahn | Über den Nachweis und das Verhalten der bei der Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle[END_REF], there are still some aspects about this process which are not well known. The generation of angular momentum of the fission fragments is one such aspect. This work should lead to the precise determination of angular momentum of the fission fragments of interest. This chapter briefly describes the importance of nuclear fission in today's times and the importance of fission observables. We then explore the fission process and the different theories for the angular momentum generation.

Context: Nuclear Data Evaluation for Nuclear Energy Application

With climate change and global warming, the world needs to shift the base load of power generation from fossil fuels to nuclear power. The use of nuclear power has found applications not just on land but also at sea and in space. Taking a look at Figure 1 we can see that the share of fossil fuels in the production of electricity is more than 50%. Since the past two decades, the amount of energy produced by using fossil fuels, especially coal has almost doubled and that of natural gas has tripled. However, the amount of energy produced by nuclear has remained constant since the past 20 years. For all the countries to achieve the goals set by the Paris agreement i.e., holding the increase in the average global temperature to below 2°C above pre-industrial levels, the countries need to limit their green-house emissions. Majority of the carbon dioxide produced is due to activities associated with the energy generation sector. As seen from Figure 2, fossil fuels account for a majority of the CO2 emitted from the energy sector. Furthermore, the amount of CO2 emitted by these sources is increasing even though we have a climate crisis on our hands. A major and drastic shift to low-carbon sources of energy is required to achieve these goals. With increase in population, the energy demands are increasing. Due to high energy density, nuclear energy is one of the best candidates to make these goals realisable.

Figure 1: World electricity production share by source for the past two decades from IEA [START_REF]Data and Statistics: Data browser[END_REF]. (Inset) Share of different sources of electricity generation for 2018 from IEA [START_REF]Data and Statistics: Data browser[END_REF]. France derives approximately 70% of its electricity from nuclear power plants. With most of the French nuclear power plants having reached the midpoint of their operational lifetime, need for new reactors is rising. In France, the French atomic and alternative energy commission (CEA) deals in broadly four areas relating to defence and security, research on energy, i.e., nuclear and renewable energy, technological research for industry and fundamental research in physical and life sciences. For the studies focussed on nuclear energy, CEA works on reactor development and design, reactor fuel cycles and reactor safety. Most of this work is done with the help of computer simulation codes. For these codes to function, they need nuclear data such as fission yields, nuclear reaction cross sections, etc. These nuclear data are of particular interest when looking to some specific safety parameter such as the nuclear reactor decay heat. The chain reaction occurring in a nuclear reactor can be stopped by quickly inserting the control rods to shut down the reactor. However, even though the chain reaction is stopped, there is still some residual power called decay heat. This extra energy originates from the decay of the radioisotopes present in the reactor. The decay heat is approximately 7% of the nominal power immediately after shutdown. This decay heat reduces exponentially and goes below 1% in a day. However, considering a thermal power of 3000 MW, 7% of this is 210 MW and 1% is 30 MW. This is a considerable amount of energy which needs to be removed. Thus, the cooling systems must operate after shutdown to extract this heat. If this power is not removed, the fuel temperature can exceed its melting point and melt, possibly releasing radioisotopes in the environment. This is what happened at Fukushima. Therefore, it is important to have a precise data on the short-lived isotopes. In Figure 3, we can see the importance of the uncertainties imparted to the decay heat by the different isotopes [START_REF] Terranova | Covariance Evaluation for Nuclear Data of Interest to the Reactivity Loss Estimation of the Jules Horowitz Material Testing Reactor[END_REF]. Over time, these uncertainties become quite important. For improved reactor safety and operation, a good knowledge of the isotopic yields and their associated uncertainties is very important. Indeed, the decay heat, at a given time, is a linear function of the fission fragment yields. It corresponds to the production rate of one fission fragment during the fission process. Therefore, the uncertainty of the decay heat is linked to the uncertainties of the fission yields and its associated covariance. Unfortunately, no covariance is currently provided in the nuclear data library. Since this quantity is highly sensitive in terms of safety, it is mandatory to provide more reliable and traceable fission yield evaluation. The nuclear data community is currently tackling these issues by providing a common set of experimental values and by sharing both models and statistical tools to perform a better and consistent set of evaluated data. More details on the nuclear data evaluation, especially fission product yields, are given in the following sections. 

Nuclear Data evaluation

Nuclear data is an ongoing collection of data of relevant nuclear physics required for simulating a nuclear system, which may require data on particle and nuclei interactions, angular distributions, fission product yields, decay probabilities, gamma intensities, emitted particle energy spectra and more. This evaluated data, which is utilised as input, is used for different calculations and models simulating nuclear reactor operations, shielding calculations, accelerator designs, nuclear medicine, nuclear research and many more.

In order to provide this evaluated data, not only national but large international collaborations have been setup to create, maintain and produce reliable databases of these physical quantities. Such databases are known as nuclear data libraries. The libraries are assembled through complex processes involving thousands of experimental datasets and nuclear models. These libraries undergo verification and validation using a set of reference experiments or experimental data that represents the system of interest. An example of such a collaboration is the JEFF Library (Joint Evaluated Fission Fusion File) [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF]. This library is maintained and produced through an international collaboration of the participating countries of the nuclear energy agency (NEA) data bank.

High quality nuclear data is required for nuclear applications involving nuclear power and nuclear radiations. Aside from the applied field, this data is also required to develop theoretical models which are capable of explaining nuclear processes and nuclear physics as a whole. The applied field and the fundamental field are interlinked since applications often motivate research into the fundamental fields. The theories can be used to predict processes and phenomena, leading to new and improved technological concepts.

Nuclear data related to fission fragments.

Nuclear applications are increasingly demanding in terms of data accuracy, and new generations of reactors are continually pushing the boundaries of knowledge. That is why nuclear measurements are still essential today and are constantly improving. For instance, characteristics of fission fragments (yields, generation of angular momentum …) are nowadays more and more studied for both theoretical and applicative points of view.

As shown previously, decay heat is highly sensitive to the fission yields accuracy. Both the mean value and the standard deviation of this quantity rely on the good understanding of the fission yields. Thus, fission yields are also used in various applications, from fuel management to transport of nuclear materials.

Various techniques have been developed to measure fission yields. The use of radiochemistry [START_REF] Flynn | Radiochemical Procedures and Techniques[END_REF] [START_REF] Ford | Independent yields of the isomers of 133 Xe and 135 Xe for neutron-induced fission of 233 U 235 U 238 U, 239 Pu, and 242 Am[END_REF] for the determination of fission yields is one of the first techniques. The principle of this method is chemically separating the different nuclei by dissolution of the irradiated fissionable material. The main limitation of this method comes from the amount of time required for the chemical separation. Thus, short lived fission products cannot be measured by using this technique. Despite this, the determination of fission yields by radiochemical measurements remains a very interesting method because it is possible to measure low yield fission products. Fission yields have also been determined by using the technique of mass spectroscopy [START_REF] Armbruster | The Recoil Separator Lohengrin: Performance and Special Features for Experiments[END_REF] [12] [START_REF] Martin | Studies on fission with ALADIN[END_REF] [START_REF] Ramos | Isotopic fission-fragment distributions of 238 U, 239 Np, 240 Pu, 244 Cm and 250 Cf produced through inelastic scattering, transfer, and fusion reactions in inverse kinematics[END_REF]. In this technique, the actinide target, will undergo fission, giving rise to two or more fission fragments, which will emit prompt particles while still in the target. On leaving the target, the ions of the fission products which are emitted in the direction of the spectrometer can be detected. At the LOHENGRIN recoil mass spectrometer [START_REF] Armbruster | The Recoil Separator Lohengrin: Performance and Special Features for Experiments[END_REF], a magnetic field coupled with an electric field makes it possible to separate the fission products according to their mass to ionic charge ratio and kinetic energy to ionic charge ratios. Gamma spectroscopy is used to determine the isotopic distribution. This technique allows a much deeper study of the fission process since it is possible to measure the complete kinetic energy distribution of the different masses and isotopes. This method thus makes it possible to demonstrate physical effects directly linked to the fission reaction which could not be studied with other types of experiments. At LOHENGRIN, it is directly possible to measure isomers having a half-life of the order of a few microseconds and higher [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] [START_REF] Chebboubi | Kinetic energy dependence of fission fragment isomeric ratios for spherical nuclei 132 Sn[END_REF]. It is also possible to measure isomeric states 1 having a half-life of the order of a few nanoseconds or higher by using indirect measuring techniques [15] [17]. This instrument is described in detail in Chapter 2.

The use of Penning traps has been made to determine fission yields as well. In this method, the ions of the fission products originating from fission are guided into a Penning trap. A Penning trap uses a magnetic field and an electric field to trap or store the charged ion and identify the particles by their mass. The high mass resolution of this technique makes it possible to separate isomeric states by using direct ion counting [START_REF] Penttilä | Fission yield studies at the IGISOL facility[END_REF] as a different excitation energy of a level manifests in a tiny mass change of the nucleus which then can sometimes be resolved by using Penning traps. In this technique, the ions before being fed into the Penning trap are first cooled and bunched together. Due to this, only those isomeric states having a half-life of a few milliseconds or higher are observed.

Other methods of measuring fission yields include activation followed by off-line gamma spectrometry [START_REF] Dudey | Fission-rate measurements by activation techniques: methods, accuracies, and applications[END_REF] [START_REF] Iyer | Measurement of Absolute Fission Yields in the Fast Neutron-Induced Fission of Actinides: 238 U, 237 Np, 238 Pu, 240 Pu, 243 Am, and 244 Cm by Track-Etch-cum-Gamma Spectrometry[END_REF], where the sample of fissile material is irradiated for a certain time. The gamma ray emissions resulting from the radioactive decay of the fission products are then measured. In order to be able to determine the yield of all the nuclei which may have very different lifetimes, this operation is repeated several times by varying the time of irradiation. Measurements by use of fission chamber is another method of obtaining fission yields [START_REF] Jentschke | Energien und Massen der Urankernbruchstiicke bei Bestrahlung mit vorwiegend thermischen Neutronen[END_REF] [22] [23]. This method consists of simultaneously detecting the two fission products by placing two detection systems directly in the chamber on either side of the target of fissile material. The laws of conservation of momentum, make it possible to evaluate the fission yields as well as the kinetic energies of the fragments. Another form of measurement includes the method of 2E-2v [START_REF] Schmitt | Fragment Energy Correlation Measurements for 252 Cf Spontaneous Fission and 235 U Thermal-neutron Fission[END_REF] [START_REF] Oed | A mass spectrometer for fission fragments based on time-of-flight and energy measurements[END_REF]. In difference with the previous case, a time-of-flight system is mounted around the fissile target. In the next section, we take a look at the fission process and focus on some models used as theoretical ingredients in the evaluation process of nuclear data.

Basic Models used in the Description of the Fission Process

Nuclear fission is the process by which a heavy fissile nucleus such as 235 U, when bombarded by a thermal neutron, splits into two or more, smaller daughter nuclei along with the release of free neutrons, gamma rays and energy. The observation by Otto Hahn and Fritz Strassmann [START_REF] Hahn | Über den Nachweis und das Verhalten der bei der Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle[END_REF] who showed that the daughter nuclei were isotopes of barium which were about half the mass of uranium produced by bombarding uranium with neutrons. The explanation of uranium undergoing fission i.e., splitting into daughter nuclei was first made by Lise Meitner and Otto Frisch [START_REF] Meitner | Disintegration of uranium by neutrons: a new type of nuclear reaction[END_REF] by suggesting that the neutron was captured by the nucleus of uranium, which would lead to severe vibrations and finally the splitting of the nucleus into two parts. They calculated the energy released from fission to be approximately 200 MeV. This was then experimentally confirmed [START_REF] Frisch | Physical evidence for the division of heavy nuclei under neutron bombardment[END_REF]. Moreover, L. Meitner et al., likened this process to the splitting of a liquid drop where sufficient energy was provided.

Liquid Drop Model

An illustration of the fission process is shown in Figure 4. In the image, it can be seen that a fissile nucleus is being bombarded by a neutron. The compound nucleus which is formed after the capture of a neutron will deform to the saddle point. This is the point of no return, and it leads to the formation of the neck and finally the splitting of the nucleus (scission) into two or more fission fragments. The Coulombic force of repulsion is what makes the fission fragments acquire a large kinetic energy (of the order of 140-180 MeV in total). Moreover, the fragments created are populated in very excited states. To de-excite, they will first emit prompt particles (neutrons, gammas and conversion electrons). Even after the emission of these prompt particles, the fission products are still very unstable as they are highly neutron rich nuclei. To reach the valley of stability, these fission products will decay by β -emissions, as well as by delayed neutrons. The fission products formed vary in mass, nuclear charge and kinetic energies. They can be broadly classified into two groups, light fragments and heavy fragments. This above-mentioned process was explained by Bohr and Wheeler [START_REF] Bohr | The Mechanism of Nuclear Fission[END_REF] by developing the Liquid Drop Model (LDM). The LDM considers the nucleus to be analogous to a drop of incompressible liquid with extremely high density. A semi-empirical formula based on the LDM has been used to define the binding energy of the nucleus. This semi empirical binding energy formula was developed considering the various possible factors of the nucleus such as electrostatic repulsion, surface tension etc. There are five terms to the semi-empirical binding energy formula. The first and foremost is the volume energy (𝐸 𝑣 ) term, which is proportional to the mass (A) of the nucleus 𝐸 𝑣 = 𝑎 𝑣 𝐴. As each proton in the nucleus will repel every other proton due to Coulombic repulsion, the Coulomb energy (𝐸 𝑐 ) term lowers the binding energy.

𝐸 𝑐 = -𝑎 𝑐 * 𝑍(𝑍 -1)/(𝐴 1 3 ). The binding energy is also reduced due to the surface of the nucleus as particles on the surface do not interact with other particles as much as the particles in the interior of the nucleus. Therefore, it is essential to subtract this surface energy (𝐸 𝑠 ) term from the binding energy. 𝐸 𝑠 = -𝑎 𝑠 𝐴 2 3 . Another term which needs to be taken into account is the symmetry or the neutron excess term. For a given A, there is a particular value of Z which gives the most stable nuclei. In lighter nuclei, the most stable configurations have N=Z=A/2. However, with increasing atomic numbers, the number of neutrons start exceeding the number of protons and the N/Z starts deviating from 1. This neutron excess (𝐸 𝑒 ) term needs to be taken care of in the binding energy formula. 𝐸 𝑒 = -𝑎 𝑒 (𝐴 -2𝑍) 2 /𝐴. Lastly a term that accounts for like nucleons to couple up needs to be taken into account. This pairing (𝐸 𝛿 ) term has to be added for even-even nuclei i.e. even Z even N and deducted for odd-odd nuclei i.e. odd Z and odd N whereas for odd A, this term does not contribute.

The stability of a nucleus, while it is undergoing deformation would depend on the competition between the Coulombic term and the surface term. For the nucleus to maintain its stability during a small deformation, the Coulombic energy must be smaller than the surface energy term. If not, the Coulombic forces will overcome the surface energy and lead to a splitting of the nucleus. The fissionability parameter (x) is determined by Ec and Es.

x = E c 2E s
Eq.1

When x > 1, by using the liquid drop model, the nuclei should fission spontaneously. However, this is not the case for most actinides as they have x < 1. For these actinides, there exists a potential barrier which they must cross to undergo fission. This barrier has been described by Bohr and Wheeler and can be seen in Figure 5.

As shown in the Figure 5, Ef represents the fission barrier at the saddle point. Beyond this point, fission is an irreversible process. The LDM provides us with a macroscopic view of fission. If only the LDM was to be considered, fission would be symmetric, i.e., both the fission fragments would have the same mass. But this is not the case as can be seen in Figure 6. To complete this, shell effects need to be added to the LDM. This was done by Strutinsky [START_REF] Strutinsky | Shells" in deformed nuclei[END_REF] [28] by proposing the shell correction method (SCM). This takes into account the effect of the nuclear levels and pairing as a function of deformation. By taking into account these corrections, the asymmetric fission can be explained. If we look at Figure 6, we can see that for the two different fissioning systems of 235 U and 241 Pu, the curve for heavy fragments is almost the same for both, whereas there is a shift in the curve for the light fragments. The explanation for this lies in the shell model. More exactly, it is the octupole deformations that provide more stability to the heavy peak by favouring the deformed shells at Z=52 and Z=56 [START_REF] Scamps | Impact of pear-shaped fission fragments on massasymmetric fission in actinides[END_REF]. Another quantity of interest of the fission fragments is the angular momentum. To try and understand how these fission fragments obtain their angular momentum, one must look at the theories surrounding the generation of angular momentum of the fission fragments.

Classical Models of Fission Fragment Angular Momentum

For fission, two distinct areas can be identified i.e., pre-scission and post-scission. The connection between the properties of the pre-scission nucleus and post-scission nucleus are broken. There still remains an open question regarding the generation of angular momentum. Is it generated pre-scission or post scission? There are a few theories and models which try to understand and answer these questions. Some of the angular momentum models are phenomenological based on semi-classical points of view, while others are microscopic models.

The fission fragments created from fission have considerable energy in the form of kinetic and excitation energy (E * ). These excited nuclei need to give off their excess energy and de-excite. This de-excitation is done through emitting different particles (γ, n, e -). Following the description of the nucleus undergoing fission as a liquid drop, three different collective vibrations between the two nascent fission fragments have been developed namely, bending, wriggling and twisting mode [START_REF] Moretto | Angular -Momentum -Bearing Modes in Fission[END_REF]. In the first mode, i.e., bending, one fission fragment is imagined to rotate about an axis perpendicular to the symmetry axis, whereas the second fragment would rotate in the opposite direction. This motion can be imagined as the flapping of the wings of a bird in flight. In the wriggling mode, the nuclei rotate in the same direction about an axis parallel to the symmetry axis, at the same time counter-revolving each other by an axis which is parallel to the initial rotating axes. In the twisting mode, one of the nuclei would rotate in one direction while the other would rotate in an opposite direction. These modes are shown in Figure 7. It is supposed that the two fragments are deformed and the angular momentum originating from fission is a result of these vibrational modes. A microscopic model is being studied which is based on the pumping mechanism. It states that the forces responsible for the mutual orientation of the fission fragments "pump" the angular momentum into the fission fragments [31] [32]. According to this model, the angular momenta of the fragments is a result of the thermal excitation of the fragments. At the scission point, the forces involved will allow the fragments to be aligned along the fission axis. This alignment is enough to generate the angular momentum of the fission fragments. Moreover, it assumes that the fragments do not have any angular momenta before alignment. Also, the angular momentum of the two fragments is the same. Furthermore, it does not deal with isomeric states. Also, by this theory, the angular momentum of spherical nuclides is zero.

A recent experimental paper [START_REF] Wilson | Angular momentum generation in nuclear Fission[END_REF] explained their observations by creating an analogy to the snapping of an elastic band, where independent torque is generated by the collective motion of the nucleons in the ruptured neck of the system. They suggested that the fragments do not retain any "memory" of their formation post scission and that, nucleons present in the neck are the driving forces behind the generation of angular momentum. It was pointed out that there was no significant correlation between the fission fragment partners. Thus, no dependence of angular momentum of a fission fragment was observed on the mass or charge of its partner fragment they concluded that the angular momentum is generated post scission.

However, another group published their paper [START_REF] Marević | Angular Momentum of Fission Fragments from Microscopic Theory[END_REF] based on angular momentum from microscopic theory have come to a different conclusion with the same experimental data. Indeed, according to this paper, the lack of correlation in the experiment is not a signature of a post-scission mechanism. It can be naturally explained by pre-scission mechanisms, which is also noticed by the authors of [START_REF] Wilson | Angular momentum generation in nuclear Fission[END_REF]. Therefore, the angular momentum of the fission fragments is a consequence of the deformation at scission. The shell effects have also an impact on the angular momentum of the fission fragments. Finally, they predict that the heavy fragments on average had a lower angular momentum than their light fragment counterparts.

These aforementioned theories and models are not exhaustive and there do exist other models [START_REF] Gönnenwein | Angular momenta of nearsperical fission fragments[END_REF] [START_REF] Faust | Population and decay of entry states in fission products[END_REF]. These recent results show that even 80 years after its discovery, some characteristics of the fission process, such as the generation of the angular momentum is still debated by the scientific community. Both experimental and theoretical works are necessary in order to reach a consensus.

Study of Fission Fragment Angular Momentum for Applications

Now that we have some insight on how the fission fragments acquire their angular momentum, a new question arises about the measurement of this quantity. To answer it, first we have to go back in time and look at previously conducted experiments.

Most of the energy released during fission is converted into the kinetic energy of the fission fragments. The remaining excitation energy is then distributed amongst neutrons and gammas. The neutron emissions reduce the angular momentum by about one unit [START_REF] Wagemans | The nuclear fission process[END_REF] and is therefore of less importance in the determination of the fission fragment angular momentum. On the other hand, gamma emission is used to study the angular momentum distribution because there is a strong dependence of the number of gammas emitted, energy and multipolarity on the value of the primary angular momentum [START_REF] Wagemans | The nuclear fission process[END_REF]. Research has been previously published on the measurement of angular momentum [START_REF] Wilson | Angular momentum generation in nuclear Fission[END_REF] [37] [38] [39]] by measuring prompt gamma rays. They concluded that the angular momentum of the fission fragments is large, compared to the ground state spin. They also observed a saw-tooth like behaviour for the fragment angular momentum as a function of the fragment mass. However, such data may suffer an important bias [START_REF] Jaffke | Using CGMF to estimate corrections for fission yields measured via γ-ray spectroscopy[END_REF] since only a part of the decay is seen by the detection system. Indeed, due to the high complexity of the analysis and the inherent complexity of the fission process and the limited knowledge of fission fragment level scheme, the missing information can create a bias to the results. A complementary observable are the isomeric ratios. An Isomeric Ratios (IR) is defined as ratio of the production rate (Pi) of one isomeric state, to the sum of the production rates of all the isomeric states and the ground state (gs).

𝐼𝑅 = 𝑃 𝑖 ∑ 𝑃 𝑖

𝑖 + 𝑃 𝑔𝑠

Eq.2

Isomeric ratios are being used to determine the angular momentum of the fission fragment [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] [41] [START_REF] Naik | Angular momentum of fission fragments in low energy fission of actinides[END_REF] [16] [START_REF] Gönnenwein | Angular momenta of nearsperical fission fragments[END_REF] [START_REF] Denschlag | Distribution of Nuclear Charge and Angular Momentum in Chains 132-137, 99, and 102 of 235 U(nth,f) at Various Kinetic Energies and Ionic Charge States of the Fragments[END_REF]. These isomeric ratios are of interest as they retain the spin information just after fission has occurred as suggested by R. Vandenbosch and J. R. Huizenga [START_REF] Vandenbosch | Nuclear Fission[END_REF]. As can be seen from Figure 8, the populations of the isomeric state or the ground state are dependent on the entry states, the prompt neutron emissions and the gamma cascade.

Thus, it should be noted that if the filling of the entry state changes, then it also affects the filling of the isomeric and ground states.

However, the link between IR and angular momentum distribution is not direct. To assess the latter, a fission model describing the de-excitation of fission fragment is necessary. In the JEFF evaluation process, two models are nowadays in use: the Madland-England model [START_REF] Madland | The influence of isomeric states on independent fission product yields[END_REF] and the GEF code [START_REF] Schmidt | General Description of Fission Observables: GEF Model Code[END_REF].

Current State of Fission Fragment Angular Momentum in the Evaluation Process

The Madland-England model proposed in 1977 is a one parameter model used for calculating the independent isomeric yield ratios of the fission products. The Madland-England model uses the assumption that the isomeric ratio is only dependant on the spin of both the ground state and the isomeric state. Furthermore, it works on the supposition that all the fission fragments are characterised by a spin cut-off value of 7.5±0.5 ħ. This model has been employed in calculating the isomeric ratios in the previous JEFF evaluations.

The General description of fission observables (GEF) code is used for simulating the nuclear fission process. It uses models to calculate the fission yields, angular momentum distributions, isomeric yields and other fission observables. It is based on the fundamental laws of physics and general properties of microscopic systems to explaining a great part of fission observables with a general approach to nuclear fission.

For the next generation of nuclear data library, more sophisticated codes are planned to be used such as FIFRELIN [START_REF] Litaize | Fission Modeling with FIFRELIN[END_REF], FREYA [START_REF] Verbeke | Fission Reaction Event Yield Algorithm, FREYA -For event-by-event simulation of fission[END_REF] or CGMF [START_REF] Talou | Fission Fragment Decay Simulations with the CGMF Code[END_REF]. FIFRELIN and FIFRELIN-like codes are Monte-Carlo codes used to simulate the fission process. Prompt neutrons, prompt gammas, isomeric ratios and other fission observables and also the correlations between the observables can be obtained by using such codes. These codes allow one to connect the states filled by the fission process to the isomeric ratios. They rely on experimental data as well as models in their calculations. Obtaining the fission fragment angular momentum distribution as a function of the fragment kinetic energy, can allow us to study the origin of the fission fragment angular momentum. Fission codes like FIFRELIN which are currently under development require experimental data for validation purposes. For this purpose, a database of precise and accurate experimental results is required. In the following sub-section, we will focus on isomeric ratios. These measurements are just a by-product of the results on fission yields.

Building Isomeric Ratio Library for Model Validation

As mentioned above, an isomeric state has a half-life considerably longer than the neighboring states. The half-lives of the isomeric states can vary from a few nanoseconds to hours and even years. The isomers belonging to a particular isotope are denoted by using "m" with the mass number (or m1, m2, m3, etc in cases where more than one isomer is present.). Nuclear isomers have been identified for many nuclei throughout the periodic table. F. Soddy was the first to predict the existence of isomers [START_REF] Soddy | The complexity of the chemical elements[END_REF]. He stated: "We can have isotopes with identity of atomic weight, as well as of chemical character, which are different in their stability and mode of breaking up" Like all things in nature, nuclear isomers return2 to the ground state or the state of lowest potential energy. This is achieved through the process of de-excitation. The isomers can deexcite by decay through gamma ray emission, internal conversion or by emitting an alpha (e.g., 212 Po [START_REF] Jain | Atlas of Nuclear Isomers[END_REF]) or beta particle. In internal conversion, instead of releasing the energy through a gamma, the energy is used to eject an atomic inner shell electron. This electron escapes the atom with high kinetic energy. The longer half-life of these isomeric states is owed to forbidden transitions.

The most common type of isomers are spin isomers. They are formed due to a big difference in the spin of the initial and final states. Since larger nuclear spin change is needed in order for them to return to the ground state, the high spin change makes the decays forbidden transitions and delays them. Other types of isomers are shape isomers [START_REF] Jain | Atlas of Nuclear Isomers[END_REF] and K isomers [START_REF] Jain | Atlas of Nuclear Isomers[END_REF]. Sometimes, the potential energy of a nucleus can have more than one minimum. If a nucleus is trapped in the secondary minimum at a deformed shape, it gives rise to shape isomers. The K-isomers exist due to the large change in the K quantum number, where K is the projection of the total angular momentum on the symmetry axis.

Many experiments for the measurement of isomeric ratios have been carried out in the past. A plot comparing the isomeric ratios obtained through thermal neutron induced fission from literature is shown in Figure 9 and Figure 10. The values of the isomeric ratios as well as their respective reference is shown in Table 17 in Appendix I. A compilation of isomeric ratios for different isotopes arising from different fissioning systems is presented in Appendix I. Figure 10: Isomeric Ratio as a function of nuclei mass from heavy fragments by inducing thermal fission in various fissile isotopes as well as from the spontaneous fission of 252 Cf [START_REF] Ford | Independent yields of the isomers of 133 Xe and 135 Xe for neutron-induced fission of 233 U 235 U 238 U, 239 Pu, and 242 Am[END_REF], [START_REF] Denschlag | Distribution of Nuclear Charge and Angular Momentum in Chains 132-137, 99, and 102 of 235 U(nth,f) at Various Kinetic Energies and Ionic Charge States of the Fragments[END_REF] [52]- [START_REF] Aumann | Independent isomeric yield ratio of 148 Pm in fission of the moderately excited 236 U compound nucleus as a measure of fragment angular momentum[END_REF], [START_REF] Bail | Isotopic Yield Measurement in the Heavy Mass region for 239 Pu Thermal Neutron Induced Fission[END_REF]- [START_REF] Datta | Influence of Fission Fragment Nuclear Structure on Scission Configuration in 252 Cf (S.F.)[END_REF].

The aim here is to begin creating a new isomeric ratio databank to test the models used by the nuclear data evaluations. The databank will categorise the past measurements by fissioning system, incident projectile, the projectile energy and the isomeric states for the fission products. This data will be used to test the models, in particular to test the underlying models used by FIFRELIN. Through this PhD, we have added to the available experimental results. All this work will be described in the upcoming chapters.

Objective of the Thesis

In collaboration between Laboratoire d'Etudes de Physique (LEPh) of CEA-Cadarache, Laboratoire de Physique, Subatomique et Corpusculaire (LPSC), Grenoble and the Institut Laue Langevin, Grenoble, a multi-year programme on the study of fission yields from actinides of interest, for current and innovative fuel cycles have been conducted throughout the years [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] [55] [56] [57]. From an applied science standpoint, these fission yields are important for fuel cycle studies, especially during the end of the cycle inventory and the residual power of the fuel after shutdown of the reactor.

The main goal of this PhD is to determine the angular momentum of the fission products by measuring isomeric ratios. The angular momentum of the fission fragments is an important quantity, both from a theoretical as well as a practical standpoint. For instance, predicting the prompt gamma spectrum can be done by knowing the angular momentum distribution. This information also helps in the designing of the reactors. As prompt gamma rays have a large range of energies, knowing the gamma energies will enable us in calculating the damages these gamma rays will have on the reactor (e.g. reactor vessel etc.) [START_REF] Regnier | Preliminary results of a full Hauser-Feshbach simulation of the prompt neutron and gamma emission from fission fragments[END_REF] [START_REF] Rimpault | Needs of accurate prompt and delayed gamma spectrum and multiplicity for nuclear reactor designs[END_REF]. Furthermore, studies [START_REF] Thulliez | Sensitivity studies of spin cut-off models on fission fragment observables[END_REF] have shown that changing the parameters driving the angular momentum distribution has an impact on the gamma and neutron multiplicities. Therefore, constraining this observable may allow to have a more coherent and predictive fission models.

To achieve this, the PhD is divided onto 4 Chapters. A brief description of the LOHENGRIN [START_REF]PN1 Fission-product spectrometer[END_REF] recoil spectrometer, where the experiments took place, is offered in Chapter 2. Then a focus on the modelling and efficiency of the detectors used in this work is presented in Chapter 3. In Chapter 4, the analysis methodology and the experimental results on the measurement of isomeric ratios are presented. Finally, the experimental isomeric ratios are compared with those obtained from FIFRELIN and the angular momentum of the fission products is then determined in Chapter 5.

Chapter 2: Experiment on Isomeric

Ratios. The LOHENGRIN recoil mass spectrometer [START_REF]PN1 Fission-product spectrometer[END_REF] [2] at the Institut Laue-Langevin (ILL) [START_REF]About ILL; What is The ILL[END_REF] has been used for conducting experiments in nuclear physics since its commissioning in 1974. The ILL at Grenoble, France is one of the key installations for scientific experiments dealing with fundamental science as well as applied science. This chapter will deal with and discuss the working of the LOHENGRIN recoil mass spectrometer along with its characteristics. The detection setup and the detectors used during the experiment will also be discussed in this chapter.

The Institut Laue-Langevin (ILL).

The Institut Laue-Langevin is a research centre founded in 1967 by a collaboration between France and Germany. The ILL houses a high flux nuclear reactor. The fuel at ILL comprises of a singular high enriched uranium (HEU) element weighing 10 kg [START_REF]Reactor safety FAQ: What are the technical specifications of the ILL's reactor?[END_REF]. The core is cooled by heavy water which also acts as a moderator thus aiding the reactor to be the most intense continuous source of neutrons in the world. The neutron flux at the reactor is 1.5*10 15 n/cm 2 /s and has a nominal thermal power of 58 MW [START_REF]Reactor safety FAQ: What are the technical specifications of the ILL's reactor?[END_REF].

In 1974, the United Kingdom joined this collaboration. Today, the three countries have been joined by eleven other European countries. The ILL provides high flux neutrons to 40 cutting-edge instruments which are continuously being upgraded and evolved. The experiments conducted at this research centre range from the field of biology to condensed matter physics to nuclear physics and more [START_REF]About ILL; What is The ILL[END_REF]. 1400 scientists from 40 different countries come every year to conduct experiments in their various scientific fields.

Named after Max von Laue and Paul Langevin, the ILL is a shining example of what nations and we as humans can accomplish when we put our differences aside and work towards making this world a better place.

The LOHENGRIN Recoil Mass Spectrometer.

The LOHENGRIN recoil mass spectrometer was constructed in the 1970s and is one of the key instruments to carry out experiments in nuclear physics at the ILL. A recoil mass spectrometer is an instrument that not only permits the selection and extraction of nuclei based on their mass but also their kinetic energy. The LOHENGRIN recoil mass spectrometer is used to study exotic nuclei produced by thermal fission on different isotopes of actinides: Th, U, Np, Pu, Am, Cm [START_REF]PN1 Fission-product spectrometer; PN1 characteristics[END_REF]. A scheme of LOHENGRIN is shown in Figure 11. Here, the dipole magnet can be seen in blue followed by the electric condenser and finally the RED (refocusing magnet) leading to the two experimental positions.

Working Principle.

A target of interest is placed near the core of the reactor by an automatic trolley system. This target is bombarded by thermal neutrons. The neutron flux at the target position is 5*10 14 n/cm 2 /s. The fission fragments traversing the target and cover undergo stripping and electron capture reactions leading to an equilibrium charge state corresponding to roughly 𝑍/2. So, in essence, these fission products are partially charged. The idea behind the working of LOHENGRIN is quite simple; the trajectory of charged particles can be changed by applying magnetic and electric fields. The fission products first are deflected by the magnetic field produced by the dipole magnet and are then deflected by the electric field of the electric condenser. A re-focussing magnet called the Reverse Energy Dispersion (RED) was added in the 1990s [START_REF] Fioni | Reduction of energy dispersion on a parabola mass spectrometer[END_REF]. There exist two experimental positions where the fission products can be identified. The first is where the fission products are extracted when the RED is not turned on. At the second, the fission products appear after deflection from the RED when it is turned on. When turned on, the RED can increase the particle density up to a factor of seven [START_REF]PN1 Fission-product spectrometer; PN1 characteristics[END_REF] at experimental position 2. The total flight path for the fission products is approximately 23 m [START_REF]PN1 Fission-product spectrometer; PN1 characteristics[END_REF].In this way, fission products of interest can be investigated for fission studies and/or nuclear structure studies.

For a particle having mass A, acceleration a ⃗ , velocity v ⃗ and ionic charge q; moving in a magnetic field B ⃗ ⃗ and an electric field E ⃗ ⃗ , the Lorentz force experienced by this particle can be written as:

Aa ⃗ = qB ⃗ ⃗ × v ⃗ + E ⃗ ⃗ q
Eq.3

The fission products will first experience a magnetic force due to the dipole magnet. This magnetic field is perpendicular to the velocity of the fission product. Thus, the trajectory of the fission product in the dipole magnet will be circular having a radius r B . The centripetal force experienced by the fission product at this instant will be only due to the magnetic field and can be written as follows:

A v 2 r B = qB × v Eq.4
Next, the fission product enters the electric condenser where it experiences an electric force. Again, this electric field is perpendicular to the velocity of the fission product and the centripetal force experienced by the fission product due to this electric field can be written as

A v 2 r E = q 𝐸 Eq.5
Here r E is the radius of curvature for the trajectory of the fission product while it is under the influence of the electric field. As the fission product has a velocity and is not relativistic, the kinetic energy (Ek) can be written as:

E k = A v 2 2
Eq.6

Using this, Eq.5 can be re-written as

E k q = Er E 2 
Eq.7

The electric field E between two plates at a distance d and having a potential difference of U is given by:

E = U d
Eq.8

Substituting E in Eq.7, one can obtain,

E k q = Ur E 2d = ϕU
Eq.9

Where ϕ = r E 2d is a geometric parameter.

Going back to Eq.4 and squaring it on both sides, this equation can be rewritten as:

A q = B 2 r B 2 q mv 2
Eq.10

Equating Eq.5 and Eq.10, the following can be obtained:

A q = B 2 r B 2 Er E
Eq.11

Using Eq.8 in Eq.11, Eq.11 can be rewritten as:

A q = 𝐵 2 r B 2 Er E = B 2 r B 2 d Ur E = B 2 Uχ
Eq.12

Where χ = r E dr B 2 is the second geometric parameter.

The parameters χ and ϕ aid in the mass and energy calibration of LOHENGRIN respectively. From the above equations, it becomes clear that the radii of curvature of the nuclei depend on the mass and the velocity, which in effect lead to the kinetic energy of the fission products. Therefore, by using the magnetic and electric field, a selection in E k q and A q can be made to extract the fission products of interest. However, it is possible that more than one value for Ek, A and q can satisfy the same E k q and A q ratios. To study the fission fragment properties such as their production rates or isomeric ratios, additional detectors have to be used which can be placed either at experimental position 1 or 2. In the next sections such detectors will be described.

Characteristics of LOHENGRIN

The experimental devices are placed at the focal point of LOHENGRIN. The image of the target on the energy axis and mass axis can be seen in Figure 12. When a triplet set, i.e., mass, ionic charge and kinetic energy (A, q, Ek) of interest is selected, the trajectories of the neighbouring ions for example, A+1, q, Ek, will be shifted in relation to the focal point, where the detector is placed. The mass resolution ( [START_REF]PN1 Fission-product spectrometer; PN1 characteristics[END_REF]. The mass resolution for the heavy masses selected by LOHENGRIN can be seen in Figure 13. Here, for each peak, B magnetic field corresponds to the necessary value required to extract the expected mass over charge ratio. Some peaks correspond to several masses with identical mass over ionic charge ratio.

The kinetic energy resolution is dependent on the kinetic energy selected by LOHENGRIN as well as the size of the ion beam. The size of the beam can be controlled by using the collimator after the condenser. This collimator is also known as shutter. There are a total of 13 shutters that can be opened at LOHENGRIN. Each shutter has a dimension of 3.5 cm. The energy dispersion for 1 % energy difference is 7.2 cm. Each shutter opened corresponds to an energy acceptance 0.49 %. Therefore, for an energy of 72 MeV selected by LOHENGRIN and 5 open shutters, the energy acceptance is Δ𝐸 = 1.75 𝑀𝑒𝑉3 . For the experiments carried out during this PhD work, a 241 Pu target having a thickness of 39.9 μg/cm 2 and covered by 0.25 μm of Ni was used. Using LOHENGRIN, light as well as heavy fission products of interest were extracted at different kinetic energies and ionic charges. The complete details are given in Table 2. 

Experimental Setup

The fission products of interest selected by LOHENGRIN were extracted at experimental position 2, where the detectors were set up. The detection setup comprised of an ionisation chamber and two High Purity Germanium (HPGe) clover detectors. The detector setup can be visualised in Figure 14. The fission products extracted are implanted on an Al foil placed inside the ionisation chamber. A general functioning of the ionisation chamber is described followed by a general description and working of the germanium detectors. 

Ionisation Chamber

An ionisation chamber is similar to a gas filled condenser. When a fission product enters the ionisation chamber through the entrance window shown in Figure 14, this fission product interacts with the gas in the ionisation chamber. The atoms and molecules of the gas, in the path of the fission product, will get ionised. The electron and ion pairs formed will drift towards the anode and cathode respectively under the influence of an applied electric field. A schematic of an ionisation chamber is shown in Figure 15 4 . The drift velocity depends on the type and nature of the particle as well as the strength of the electric field. Electrons which have a lower mass as compared to that of the ions, have mobility approximately 1000 times greater than the ions [START_REF] Knoll | Radiation Detection and Measurement[END_REF].

The total ionisation current can be measured by noting the change in voltage across the capacitance.

ΔV = ΔQ C

Eq.13

Where, ΔQ is the change in total charge stored by a capacitor of capacitance C, due to a charge of ΔQ created by an ionising radiation. The signal generated by the electrons can be written as:

V e = n 0 e C . x′ d ΔQ = n 0 e = eE k W Eq.14
Where, n 0 is the number of electron-ion pairs created by a fission product having a kinetic energy Ek moving through the ionisation chamber. W is the ionisation potential of the gas. x' is the distance from the anode to the trajectory of the fission product, assuming a straight path is followed, and d is the distance between anode and cathode. It can be seen that the signal generated is therefore dependant on the position of the ionisation event. An important factor for the resolution of the ionisation chambers is the type of gas used. At LOHENGRIN, as the condenser is under vacuum, the pressure applied in the ionisation chamber should be as low as possible. However, there are risks of breakdown if the pressure is too low (<1 mbar) as the gas will no longer be insulating. Isobutane is the best choice of gas as it allows operation at a relatively low pressure (20-50 mbar). The electron drift velocity depends on the pressure and the nature of the gas, governs the time resolution and thus the count rate accessible by the ionisation chamber [START_REF] Fulbright | Ionization Chambers[END_REF]. In Figure 16, one can see the drift velocity as a function of electric field and pressure, the competition between the ionisation and recombination process can be seen from the shape of the curve. The impact of the addition of isobutane to the ionisation chamber on the drift velocity can also be viewed. The more isobutane is added, better is the plateau and so a constant drift velocity is obtained. At LOHENGRIN, a gridded ionisation chamber is used. In this type of ionisation chamber, the volume of the chamber is divided into two parts by use of a Frisch grid. This is shown in Figure 15.

The ionisation chamber is created and installed such that all interactions of the incoming ion beam from LOHENGRIN are limited to the volume between the cathode and the Frisch grid. The cathode is maintained at a lower potential as compared to the anode and the Frisch grid is maintained at an intermediate potential between the cathode and anode. The positive ions created by ionisation, drift towards the cathode in this volume. The Frisch grid is designed such that it is as transparent to the electrons as possible. The electrons are first drawn towards the Frisch grid from the interaction volume. Once they reach the Frisch grid, they are now drawn towards the anode which is at a higher potential. Since the distance from the Frisch grid and the anode is constant, it is therefore possible to have charge collection independent from the ionisation location [START_REF] Knoll | Radiation Detection and Measurement[END_REF] perpendicular to the beam direction (assuming a straight beam). The above-mentioned chamber has a split anode and a separation grid. This separation grid and split anode provides information as to where the fission product has deposited its energy and how much in the direction of the beam. The electron-ion pairs produced in the first section gives a measure of ΔE deposited, and the electrons collected from the second part gives a measure of the residual energy (Eres). When a 2-D histogram, similar to Figure 17 is created with ΔE forming the y axis and the total energy forming the x-axis, the identification of each mass becomes easy. Furthermore, with a split-anode, we are able to disentangle the nuclear charge (for light masses). The total kinetic energy (Etot) of the fission product is a sum of the two.

E k = E tot = ΔE + E res

Eq.15

Using this ionisation chamber, it is possible to differentiate between each A, q, Ek triplet. After energy calibration, it is possible to identify the image belonging to each different triplet. A spectrum from the ionisation chamber is shown in Figure 17 (a &b) for A/q=5 and Ek/q=5.

In Figure 17 (a), the centre of each image corresponds to the energy selected by LOHENGRIN. The spread in the surrounding bins is due to the resolution of the ionisation chamber. For this work, the same ionisation chamber was used for performing the measurement of the isomeric ratios and the measurement of kinetic energy distributions. The latter is mandatory when we want to derive the average isomeric ratio.

In Figure 17 (b), we can see that the resolution of the chamber is not as good as the one seen in (a) as a smaller ionisation chamber is used in this work. To be able to identify the selected mass, a specific LOHENGRIN setting has been performed in order to have only few (and well-spaced) masses verifying the good For isomeric ratio measurements the ionization chamber is used as a start detector. To allow the fission products to be implanted in the Al beam stopper a lower pressure is used as compared to the previous case. As a consequence, the energy resolution of the chamber is very degraded as shown by Figure 17 (c). Figure 17 (d) shows the count rate as a function of time.

Here, a slightly lower count rate is observed in Eres. This is due to the fact that when an ion enters the ionisation chamber, it will deposit its energy in the first part i.e., ΔE and the rest in the second part (Eres). However, due to the presence of the separation grid, some ions (~7%) will be stopped by it and thus for these ions, only their signal in ΔE is recorded. One can see that the spectrometer was stable as long as the target during this particular measurement. The characteristics of the ionization chamber used during this PhD (see Figure 18) are synthesis in the Table 3.

Figure 17: (a) Example of a spectrum obtained from an ionisation chamber measurement. For this measurement, the mass and kinetic energy were set to 100 and ionic charge to 20 i.e., A=100, Ek=100 MeV, q=20 giving a ratio of 5 for both A/q and Ek/q. Each circle/image represents a triplet of A, q, Ek selected by LOHENGRIN for the above-mentioned ratio of 5 [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF]. (b) Spectrum obtained from the ionisation chamber used for this experiment for the same A, q, Ek triplet. (c) Spectrum for A=132, q=24 and Ek=72 MeV. The pressure is lowered for the beam to be implanted in the beam stopper. (d) Count rate in the IC for the beam implanted in (c). We observe a slightly lower count rate in Eres as a few ions (~7%) get implanted or a stopped in the separation grid. 

Gamma Ray Detection

As shown previously, an ionization chamber allows one to identify the mass of the fission fragment. To identify its nuclear charge, gamma spectroscopy is used. Indeed, most fission products are radioactive and emit gamma rays. The gamma rays are like the fingerprints of the nucleus. They help in quantifying as well as identifying the nucleus. From Figure 19, we can identify 60 Co by looking at the 1173 keV and the 1332 keV gammas full energy peaks obtained due to photoelectric absorption. One can also see the two Compton edges for the two full energy peaks of 60 Co. We can also identify the background radiation originating from 40 K through the 1460 keV gamma. As this measurement was carried out during the end of the campaign, we can see gammas originating from all the isotopes implanted in the IC. Gamma rays and X-rays interact with matter by three basic methods viz. photoelectric absorption, Compton scattering and Pair Production. These processes are briefly described below.

Photoelectric Absorption

In this process, a photon disappears in the vicinity of the nucleus leading to the ejection of an orbital electron. The photon interacts with an atom as a whole and not with a free electron. The ejection of an electron from a particular shell (K, L, M..) depends on the binding energy of the electron in that shell and the energy of the incident gamma ray. The gamma ray energy in excess to the binding energy of the electron, is carried away by the electron as its kinetic energy as given by Eq. [START_REF] Chebboubi | Kinetic energy dependence of fission fragment isomeric ratios for spherical nuclei 132 Sn[END_REF].

E e = hν -E b

Eq.16

Where, Ee is the energy of the electron, hν is the energy of the incident gamma photon and Eb is the binding energy of the electron. The photoelectric process is the main mode of interaction of relatively low energy (<< 1 MeV) gamma rays. From Eq 16, one can see that this interaction is enhanced for the absorber material with high atomic number e.g., Pb, U etc. The photoelectric absorption cross-section (σ PE ) for gamma ray photons of energy hν is given by formula below.

σ PE ∝ Z n (hν) 3.5 Eq.17

Where, Z is the atomic number and n varies from 4 to 5 [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. This equation shows the high dependability of the photoelectric cross-section on the atomic number of the absorber atom and is the main reason for the use of high Z materials in gamma shielding applications.

Compton Scattering

In Compton scattering, a gamma ray photon interacts with an electron and gets scattered, transferring only a part of its total energy in the process. A schematic representation of Compton scattering is given in Figure 20. The energy of the photon (h') scattered by an angle θ is given by the following equation.

hν ′ = hν 1 + hν m 0 c 2 (1 -cosθ) Eq.18
Where, m0c 2 is the rest mass energy of the electron and is equal to 0.511 MeV. hν is the energy of the incident photon and Ee is the energy of the scattered electron. Therefore, Compton scattering gives Compton continuum in the gamma-ray spectrum due to the variable amount of the energy deposition in the detector crystal. The Klein-Nishina formula for the differential scattering cross-section (𝑑𝜎/𝑑Ω ) predicts the angular distribution of the scattered gamma rays.

𝑑𝜎 𝑑Ω = 𝑍𝑟 0 2 ( 1 1 + 𝛼(1 -𝑐𝑜𝑠𝜃) ) 2 ( 1 + cos 2 𝜃 2 ) ( 1 
+ (𝛼 2 (1 -𝑐𝑜𝑠𝜃) 2 ) (1 + cos 2 𝜃)(1 + 𝛼(1 -𝑐𝑜𝑠𝜃)) )
Eq.19

Pair Production

In this process, a gamma ray with energy greater than 1.022 MeV (i.e., sum of the rest mass energies of the electron and the positron) under the influence of a strong electromagnetic field, like that present in the vicinity of a nucleus, can create a pair of electron and positron. The excess energy of the gamma ray over the threshold energy of 1.022 MeV is shared between the electron and positron as kinetic energy. Pair production becomes predominant when the gamma energy is greater than 5 MeV [START_REF] Sood | Fundamentals of Radiochemistry[END_REF] in case of Pb and 8.5 MeV for Ge [START_REF] Sood | Fundamentals of Radiochemistry[END_REF]. The crosssection for pair production (σ PP ) is approximately given by the following equation [START_REF] Sood | Fundamentals of Radiochemistry[END_REF].

σ PP ∝ Z 2 ln (hν -2m 0 c 2 )
Eq.20

Where, hν is the energy of the gamma photon, Z is the atomic number and m0 is the rest mass of the electron and c is the speed of light in vacuum.

The total gamma ray interaction cross-section is the sum of the cross-section for the three individual processes and given by:

σ t = σ PE + σ C + σ PP Eq.21
Where σ t is the total interaction cross-section and σ PE , σ C , σ PP are photoelectric cross-section, Compton scattering cross-section and pair production cross-section respectively. 

HPGe Detectors

High Purity Germanium (HPGe) detectors make use of ultra-pure germanium crystals which have impurity levels as low as 10 10 atoms/cm 3 [START_REF] Knoll | Radiation Detection and Measurement[END_REF] [START_REF] Sood | Fundamentals of Radiochemistry[END_REF]. If the impurities are acceptors (such as boron, aluminium, etc.), then the crystal will be mildly p-type and if the impurities are donors (such as phosphorous, arsenic, etc.), then the crystal will be mildly n-type. For a HPGe detector fabricated from high-purity p-type germanium, the n+ contact is generally formed either by lithium evaporation or diffusion. At LOHENGRIN, a n-type detector is used. HPGe detectors are operated as fully depleted detectors and hence a high reverse bias voltage is applied. Low concentration of impurity helps in achieving a large depletion region with lower applied voltage. As the band gap is quite small (0.67eV), the number of charge carriers produced per unit of energy absorbed is quite large. In comparison to inorganic scintillation read out with a classical photomultiplier which require 100-200 eV of energy for production of one photoelectron, the semiconductor detectors require only about 3 eV of energy, on the average, for production of an electron-hole pair. Due to this, a large number of electron-hole pairs are produced, which in turn minimizes the statistical fluctuation and results in excellent energy resolution. However, lower band gap of HPGe detector makes it necessary to be cooled to liquid nitrogen temperatures (-196°C or 77 K) to reduce the thermal excitation of electrons to conduction band and in turn minimise the noise. The schematic diagram of the germanium crystal with connections in reverse biased mode is shown in Figure 22. Ideally, the active volume of the detector is the region between the two contacts. In real world applications, these contacts tend to have an attenuating effect on the incident photons. When a gamma ray enters the detector, it must pass through this layer first. If it deposits its energy in this region, the information related to this interaction is lost. This insensitive region is termed as a dead layer. Depending on the process of fabrication of the contacts and ageing, this dead layer can be several hundred microns thick [START_REF] Knoll | Radiation Detection and Measurement[END_REF].

The two germanium detectors used at LOHENGRIN for the experiment are clover detectors having four crystals each. Each of the four crystals of Ge are cylindrical in shape and of coaxial type i.e., they have a cylindrical bore in them. The reverse bias voltage (approximately 3000 V) applied to the germanium detectors is set to give the best possible resolution in energy. However, there might arise a case where the applied voltage to get the best possible energy resolution does not fully deplete the crystal, thus affecting the active volume. Furthermore, using the detectors over years can induce some significant changes in the dead layer thus a good efficiency calibration is needed.

Conclusion

In this chapter, we have seen the LOHENGRIN recoil mass spectrometer which was able to evolve and modernise over the decades. Even today after nearly 45 years it remains one of the most important instruments for precision measurements of fission yields. The description of the detectors used in this work has also been made. At LOHENGRIN, we operate the detectors at their optimal working conditions. In the next chapter, we will look at the efficiency estimation of the HPGe detectors and their modelling. The coupling of the gamma detectors with the ionisation chamber in the focal plane of the LOHENGRIN recoil mass spectrometer allows us to identify the isotope and the decays originating from the different nuclear levels of the isotope. Obtaining a precise detector efficiency and minimising its associated uncertainty helps us in handling the uncertainty associated with the isomeric ratios. Since the interaction of gamma rays with matter is a well-known field, a modelling of the experimental setup is achievable with limited bias. Through this modelling, knowledge of the HPGe clover detectors will be improved along with accurate estimation of the detector efficiency. In this chapter, a dedicated point source experiment carried out for the efficiency estimation, followed by the construction and modelling of the germanium clover by using MCNP will be discussed. The efficiencies obtained from the MCNP simulations are compared to those obtained from the point source experiment. After obtaining the detector characteristics, the different detector parameters are plugged into a created MCNP geometry, identical to the detector setup involved in the isomeric ratio measurement experiment shown in Figure 14. Finally, the sum-clover efficiency (efficiency of both clovers together) is estimated. For the sum-clover, the energy calibrated spectra from each crystal are summed and no addback is used i.e. all events are considered independent.

Chapter 3: γ Efficiency Estimation of Ge Clovers

Introduction

High resolution gamma ray spectroscopy is one of the methods to determine quantitatively the radio-isotope present in a sample. Through the interactions of gamma rays described in the previous chapter, it can be seen that the gamma rays travel large distances between two successive interactions. Due to their high penetrability, the gamma rays also have a tendency to escape the detector without depositing their full energy or undergoing any interaction. It is due to these reasons that gamma ray detectors more often than not have less than 10% efficiency. To relate the number of events of a particular gamma energy recorded by the detector to the number of photons of that same energy emitted by the source, it becomes necessary to have a precise value of the detector efficiency. The formula for efficiency can thus be written as:

ϵ abs = N d 𝛾 N γ
Eq.22

Where, ϵ abs is the absolute efficiency, N d 𝛾 are the counts of gammas recorded by the detector and N γ are the number of gammas emitted by the source. The counting efficiency can also be classified by the kind of event recorded. If all events coming from the detector are accepted, then this type of efficiency is termed as total efficiency. In this case, all interactions occurring in the detector throughout the entire energy range are taken into account. The entire area under a spectrum for a particular source, after subtraction from background contribution is a measure of the total efficiency of that source.

Figure 23: 60 Co spectrum showing the two full energy peaks at 1173 keV and 1332 keV with their respective Compton edges. We can also observe the small single escape peak and the double escape peak from the pair production interactions of the 1332 keV gamma ray. The annihilation peak at 511 keV is also visible in the spectrum. We can also observe the sum peak at 2505 keV and the background from 40 K at 1460 keV.

The full energy peak efficiency or the photopeak efficiency, takes only those interactions into account that result in a full energy deposition of the original gamma ray. The number of events with full energy deposition can be obtained by integrating the area under the full energy peak. In case of the 60 Co spectrum shown in Figure 23, the two full energy peaks are at 1173 keV and 1332 keV followed by the sum peak at 2505 keV on the far right. In this work, only determination of the photopeak efficiency was considered.

The sum effect takes into account the possible coincidence between two gamma lines emitted by the same isotope that the detector is unable to distinguish. There can be two cases due to this phenomenon: (a) The overestimation of a peak. This occurs when intermediate energy levels exist between the two levels of the desired gamma. In this case, the sum of the gamma (energies) originating from the intermediate levels may be equal to the desired gamma (energy). If the two intermediate gammas are detected at the same time, then an event will be overcounted at the desired gamma energy. If we take the example of 60 Co, the transition at 2505 keV is highly unlikely to occur (Iγ=2*10 -6 ). However, we can see a considerable peak at 2505 keV in Figure 23. This is because the 1173 keV and 1332 keV are detected in coincidence and the peak of 2505 keV gets overestimated. (b) In the second case, the gamma peak is underestimated. In this case, if the gamma of interest coincides with another gamma, then the energy recorded by the detector will be the sum of the two energies and the event for the gamma of interest is lost. Taking the same example of 60 Co, the 1173 keV and 1332 keV gammas are underestimated. This sum effect needs to be corrected. If a peak is overestimated, then the correction factor will be greater than 1 and vice-versa if a peak is underestimated.

For the experiments conducted during this PhD, two HPGe clover detectors were used in the analysis for identifying the radioisotope and quantifying it. To measure the number of disintegrations undergone by the nuclei of interest extracted by using LOHENGRIN, a good knowledge of the detector efficiency is needed. One major issue of using HPGe detectors for gamma ray spectrometry is that the detector dimensions are not standardised, and it is difficult to precisely determine the active volume of the detectors. Moreover, long term degradation of the detector, leads to a change in detector efficiency. For these reasons, an efficiency calibration for the two germanium clovers was carried out.

The Experiment

To characterise the two germanium clovers and to get their efficiency, a second set of experiments using point sources were carried out. Since there are two Ge clovers present, they have been named Clover 1 and Clover 2 respectively. To get a complete efficiency calibration, various point sources were used making up a total energy range of [59 keV-1408 keV]. These source characteristics are described in the upcoming sub-sections. These point sources used were single isotope, disk type sealed sources. These sealed sources have a small radioactive deposit on thin backing material surrounded by non-absorbing plastic having a negligible effect on the gamma ray attenuation. The details of these sources are mentioned in section 3.2.2.

Experimental Setup

For this experiment, the two clovers were suspended on top of a prepared source positioning geometry which is shown in Figure 24. A look at the geometry shows that there are four squares and a central position. Each of the squares have multiple circles defined on its edges and the four corners. The size of each circle is the same size as that of the source. By using this source positioning geometry, we were able to map the x-y coordinates of the position of each source. The farthest source position from the centre is 7.5 cm in the x and y coordinates. The red square represents the border of the HPGe detector which was suspended on top of this source positioning geometry. This source positioning geometry was placed on top of an adjustable platform (jack) whose height could be manipulated to adjust the distance between the source and the detector. The experiment was conducted at three different heights for each clover: approximately 4cm/approximately 8 cm/approximately 14cm. The setup for this experiment can be seen in Figure 25. Here, the clover can be seen suspended over the predefined source positioning geometry created in Figure 24. The jack on which the predefined source positioning geometry was placed can also be seen.

Source Description and Characteristics

Five different radioisotopes and a total of six sources were used for this experiment. This includes two sources of 60 Co, one source of 241 Am, 133 Ba, 137 Cs and 152 Eu each. The source characteristics are given in Table 4. The gamma ray energies used for the efficiency estimation along with their intensities from each source are shown in Table 5. 

Experiment Methodology

This experiment was conducted at ILL. At each height, the sources in Table 4 were placed successively at the central position (Position 1) and their gamma spectrum was recorded. For the positions on the squares, four sources were placed simultaneously as a function of the side position. The positions used are 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 17, 19 and 21. This method was used for both the clovers. TV gamma spectrum analyser [START_REF] Fitzler | Program TV[END_REF] was used to analyse the gamma spectra and extract the counts from the peaks of interest.

The 152 Eu source had low count rates because of the low activity. Due to this, longer counting time was required. As the time allotted for the experiment was not very long, the 152 Eu source was only used at the central positions for the three different source to detector distances for both the clovers. The data acquired with this source will be used only to test the fitted parameters of simulation.

Analysis of Experimental Data

The analysis of the experiment was carried out offline. Because of its bad resolution, Crystal 2 of Clover 1, was not considered for analysis. Hence, for the analysis, only seven crystals were used. Moreover, it was observed that the threshold for Clover 2 was higher as compared to Clover 1. Due to a mistake in the settings, the threshold of Clover 2 is above the 59.5 keV gamma line of 241 Am. The difference in the threshold of the two clovers and their respective crystals can be seen in Figure 26 where the background spectra of both clovers has been superimposed. Figure 27 shows the spectra from Clover 2 where 241 Am and 133 Ba sources were used. One can see that Crystals 2 and 3 have a higher threshold as compared to Crystals 1 and 4. For Clover 2, due to this threshold effect, the measurement of efficiency at the lower energies have been omitted. Here the threshold effect for different crystals of Clover 2 can be seen. The x axis symbolises energy and the y axis gives the number of counts. The spectra from the background have been normalised and superimposed on the spectra obtained by using a combination of 241 Am and 133 Ba sources. The first gamma line is 59.5 keV from 241 Am and the second is the 81 keV gamma from 133 Ba.

During the experimental period, background measurements were conducted. This background was subtracted from each gamma spectra after normalisation. The counts under each peak of interest from the spectra taken at different source positions were extracted along with their uncertainties. The gamma intensities (Iγ) and their associated uncertainties were obtained from nuclear database [START_REF] Nesaraja | Nuclear data sheets for A=241[END_REF]- [START_REF] Datta | Influence of Fission Fragment Nuclear Structure on Scission Configuration in 252 Cf (S.F.)[END_REF]. Using the data above along with the counting time (t) and the activity (A) of each source, the HPGe efficiency (εγ) was calculated per gamma peak using Eq.23.

𝜖 𝛾 = 𝑁 𝑑 𝛾 𝐴 * 𝐼 𝛾 * 𝑡 Eq.23
An example efficiency curve at the central position and z-position closest to the detector is shown in Figure 28. 

MCNP Simulation of the Two Clovers

The Monte Carlo N-Particles Transport Code (MCNP) is a simulation code which contains all the necessary cross-section data for photon, electron and neutron transport calculations. The MCNP-4c3 [START_REF] Briesmeister | MCNP-A General Monte Carlo N-Particle Transport Code, Version 4C[END_REF] was used for modelling the detector and running the simulation for this work. The MCNP code used the gamma ray interaction processes mentioned in Chapter 2 to simulate the behaviour of the gamma rays as they pass through different materials of varying densities. The F8 tally which provides information on the detector pulse height is used. In MCNP, tallying is the process of scoring the parameters i.e., providing the requested answers. Therefore, the process of detection is simulated by using MCNP-4c3, to obtain a pulse height per emitted photon from the source, i.e., absolute efficiency for each gamma peak of the spectrum from each source can be obtained. Furthermore, by dividing a geometry into many different cells, one can obtain a tally from any part of the modelled geometry. The total number of source particles can also be varied; however, one should keep this value large enough to minimise the uncertainties in comparison to experimental ones. Nonetheless, having to simulate a large number of source particles takes a lot of time hence, one must optimise and select a good compromise between the amount of time spent per simulation and the relative uncertainties obtained on the peak efficiencies from the tally. After completing the experiment and its analysis, and before starting the MCNP simulations, it is necessary to identify the parameters of the crystal, and clover which could be changed and manipulated in the MCNP simulations in order to get a simulated efficiency as coherent as possible with the experimental efficiency.

Identification of Crystal Parameters

An illustration of a single Ge crystal can be seen in Figure 29. The detectors must be housed in a vacuum tight cryostat to prevent the thermal conductivity between the surrounding air and the crystals as well as to protect the crystals, and so, the Ge crystals are housed in an aluminium casing. Using Figure 29 and the different gamma interactions from Chapter 2, we can predict and interpret the shape of the efficiency. From Figure 30, we can see that first, the photon will be attenuated as it travels through the aluminium casing. Then, inside the germanium detector, it will undergo different interactions such as photo electric absorption, Compton scattering and pair production. It can be seen that the starting of the curve is dominated by the photon attenuation through the aluminium casing and photoelectric absorption. After a few hundred keV, Compton scattering becomes the main mode of interaction followed by pair production after a few MeV.

In order to identify the clover parameters, the experimental efficiency curve at each position is needed. The efficiency curve in Figure 28 can be divided into three parts, as different parameters of the detector affect different energy ranges for the efficiency. On the edges of the germanium crystal, matter cannot be fully depleted. This is known as the dead layer. With operating time, such layer can grow and ultimately have a significant thickness [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. The thickness of the front dead layer and the Al casing will have a larger impact on the low energy gammas. The volume of the detector is determined by the gammas having energy >200 keV. However, the parameters that can be changed for the volume of the crystal are, the crystal length, its radius, hole radius and its depth in the crystal. Out of these four parameters, the length of the crystal can be determined using high energy gammas (typically >1000 keV).

The depth of the hole does not play a big role in the volume of the crystal due to the fact that the radius is very small and even moving the hole by a couple of centimetres, the volume lost or gained is quite small. On the other hand, changing the radius of the hole plays a big role on the crystal volume as the length of the hole in the crystal is quite large and changing the radius by even a couple of milli-meters, leads to a significant loss or gain in crystal volume. Hence, for our simulation, the important parameters that we manipulate are the dead layer thickness (DL), Al casing front thickness (Al casing), hole radius (HR), the distance from the front end of the crystals to the Al casing (Crystal-casing distance) and crystal length (length).

MCNP Geometry Creation for the HPGe Clover and Running the Simulation.

The MCNP programme has many inbuilt surfaces and shapes to choose from for geometry construction. As mentioned previously, each clover has four germanium crystals. These crystals are encased in an aluminium casing. To reduce the central void and fit the crystals together in a compact geometry, the crystals have been cut along four chords. The geometry created using MCNP has front and side dead layers as well as a bore within each crystal along with the bore dead layer. The geometry creation of one crystal can be viewed in Figure 31. The clover geometry has been created using MCNP and is shown in Figure 32 Figure 31: (Left) Representation of the side view cross-section of the crystal. Showing the various surfaces used to create the geometry. (Right) Representation of the front view cross-section of the crystal. The cut cylinder geometry can be viewed here. The active volume of the crystal is shown in green, and the dead layer is shown in Red for both images. The difference in colour is only used to show the difference between the active volume and the dead layer. During the simulation, for both, the material was set to Ge.

After creating the geometry, the point source was defined. This source was defined in such a way that it consisted of the gamma rays for 133 Ba, 60 Co, 137 Cs and 241 Am shown in Table 5. By using the source positioning system shown in Figure 24, created during the experiment, the x, y and z co-ordinates of the source position were easy to define. The geometrical position of the source was kept similar to the experimental source position. The 152 Eu source was only used at the central positions at the three different heights for each clover and was reserved as a test source to check the efficiency once the detector characterisation was completed using the other four sources. The detection energy range was set from 0.0 eV -1500.0 keV in steps of 1 keV. There are a total of nine gamma energies selected and used from the four ( 60 Co, 133 Ba, 137 Cs and 241 Am) sources as shown in Table 5. As mentioned previously, a compromise between relative uncertainties and computing time must be made by varying the number of source particles. To achieve this, the number of source particles were set to 10 7 particles per gamma ray for the farthest "z" position of both clovers, and 10 6 particles per gamma ray for the nearest "z" position of both clovers. The simulations were started over the entire parameter range shown in Table 6. All the parameters were combined in such a way that no combination was left out. A set of parameters represents a single geometry (𝑔 ).

Figure 32: (a) Front cross-section of the clover taken 2.5 cm behind the face of the crystals. This cross-section is taken along a plane in the z-axis. In this view, the four crystals are clearly visible. The dead layer on the side of each crystal can be seen here as well as the bore and the dead layer along the bore. The aluminium casing is depicted in blue and the white filling inside the casing and crystals depicts a void. Outside the aluminium casing, the environment is populated by air. The numbers depict the surfaces. (b) Top cross-section taken by a plane in the y-axis. Here the top two crystals which have been cut in half to expose the bore can be visualised. One can also see that the front end of the aluminium casing is much thinner as compared to that of the side walls. The cryostat behind the crystals can also be seen here.

Comparing efficiencies from Experiment and Simulation.

Running the simulations for the full range of parameters, generated a few 1000s of output files. To compare the efficiency for each crystal obtained from an output file having a single geometry, a C++ programme was developed within the collaboration to compare the MCNP output efficiency with the experimental efficiency. The linear least square method was used to estimate the best geometry. Given by Eq.24, a χ 2 is calculated per energy, then, summed up to give a χ 2 per position (𝑥 ). This χ 2 per position is then summed to get the χ 2 per geometry over all positions (𝜒 2 (𝑔 )).

𝜒 2 (𝑔 ) = ∑ ∑ ( (𝜖 𝛾,𝑥 𝐸𝑥𝑝 -𝜖 𝛾,𝑥 𝑆𝑖𝑚 (𝑔 )) 2 𝜎 𝛾,𝑥 𝐸𝑥𝑝 2 + 𝜎 𝛾,𝑥 𝑆𝑖𝑚 2 ) 
𝛾 𝑥

Eq.24

Where, 𝜖 𝛾 𝐸𝑥𝑝 is the experimental efficiency for a gamma ray, 𝜎 𝛾 𝐸𝑥𝑝 its uncertainty. 𝜖 𝛾 𝑆𝑖𝑚 (𝑔 ) is the simulated gamma ray efficiency from a single geometry, and 𝜎 𝛾 𝑆𝑖𝑚 its uncertainty.

However, none of the 𝜒 2 (𝑔) found were acceptable within a 3𝜎 confidence level. Indeed, the confidence level gives the probability that the model unknowns, i.e., the clovers parameters in our case, contain the true value of these parameters. The confidence level is arbitrary and larger it is, more likely the model would be. Usually, a 3𝜎 range is choosen. After completing a series of tests, it was concluded that difference in the χ 2 values was due to some uncertainty in measuring the source to detector distance. To compensate for this uncertainty in measurement, an additional 1% uncertainty was added on experimental data. Despite this penalty, the outermost square i.e., Positions 15-21, still has a high χ 2 value and a non-conformity between the simulated efficiency and the experimental efficiency was observed. It was determined that this was due to shadow effect faced by one crystal from the others. Therefore, the outer square (i.e., position 15-17-19-21) was excluded in the analysis.

The first parameter values associated with the lowest χ 2 obtained by comparing all the different geometries were extracted. For Clover 1, this can be seen in Table 7. Since the low gamma energy information was missing for Clover 2 from the experiment due to the higher threshold, parameters (Dead Layer and Al Casing Thickness) which affect this energy region were set similar to the ones obtained from Clover 1. The other parameters were extracted from all the different geometries by comparing them and taking the geometry with the lowest χ 2 value. For Clover 2, this can be seen in Table 8. A finer simulation grid was employed around these values for each parameter and complementary simulations were conducted. In these simulations, the parameters were changed one at a time, i.e., only one parameter was varied while keeping the others fixed to the values mentioned in Table 7 & Table 8 and a new χ 2 distribution was obtained. Fitting this χ 2 distribution to a parabolic function gives the best estimate of the parameter (at 𝜒 𝑚𝑖𝑛 2 ) and its uncertainty on the parameter (at 𝜒 𝑚𝑖𝑛 2 +1) [START_REF] Bevington | Data Reduction and Error Analysis for the Physical Sciences[END_REF]. The extracted parameter values along with their associated uncertainties can be seen in Table 9 for Clover 1 and Table 10 for Clover 2. The χ 2 distribution and the fit can be seen in Figure 33 and in Appendix II for Clover 1 and Clover 2. From Figure 33, it can be seen that the Dead Layer does not have any impact on the detector efficiency. Furthermore, comparing the values given by the manufacturer in Table 6 and the values found during this PhD work, given in Table 9 and Table 10, it can be seen that there are a few discrepancies.

A larger thickness for the Al Casing has been obtained during this work. Since the Al Casing and Dead Layer affect the lower energies, it can be concluded that the larger thickness of the Al Casing compensates for the absence of the dead layer. For Clover 1, it is observed that all three crystals give a different Al Casing thickness. The values of the Al Casing thickness from Crystals 3 and 4 are within error bars. However, for Crystal 1, this is not the case. As there is only one continuous Al Casing, it is assumed that this casing is of uniform thickness and without any deformities and hence, the Al Casing thickness has been set to 0.2 cm for all the crystals of Clover 1.

A major discrepancy is present for the crystal lengths. The Crystal Length and the Hole Radius together form the active volume of the detector. For the Ge detectors to be operational, a high voltage (HV) is applied in reverse bias mode and the detector is operated in a fully depleted mode. However, the value of the HV applied is to have the best resolution in energy. This could result in a reduced active volume leading to a reduction in the Crystal Length. Another explanation can be that, as the Crystal Length and the Hole Radius together form the active volume of the detector, they compensate each other. Since the information regarding the Hole Radius has not been provided by the manufacturer, it can be presumed that the Hole Radius estimated in this work is smaller than what is actually present. A larger Hole Radius would give rise to a larger Crystal Length. Furthermore, information regarding the crystal bevel is not present. Increasing or decreasing the bevel radius will have a direct effect on the active volume of the crystal. As mentioned above, the crystals are not absolutely cylindrical in shape, rather, they are cut cylinders. The amount of material removed from the cylinders is unknown and could be different for each cylinder. This again has an impact on the crystal volume.

Using the parameter values extracted for each Crystal, a test for crystal efficiency was carried out using the 152 Eu source. For the test, simulations were conducted using the gamma rays originating from 152 Eu and keeping the crystal parameters equal to the values shown in Table 9 and Table 10. The plots for the efficiency of each clover obtained from the simulation and the experiment by using 152 Eu are shown in Figure 34 -Figure 35. The plots are obtained by summing the experimental and simulation efficiencies for all crystals 6 belonging to a particular clover.

From these plots it can be seen that the simulated efficiency is quite similar to the experimental efficiency for each Clover. It is observed for Clover 2 that the value for lower energy (<200 keV) experimental efficiency is slightly higher than the simulated ones. One explanation for this mismatch arises from the fact that the Al-Casing thickness was set to the same value which was found for Clover 1 (0.2 cm). Furthermore, the value from the manufacturer is 0.15 cm. However, due to the threshold effect of Clover 2, it is not possible to get a correct estimation of the Al Casing thickness for this clover. 

Efficiency Estimation for the Complete Detector Setup

The detector setup used for the Isomeric Ratio experiments (shown in Figure 14) was recreated in MCNP using the various inbuilt surfaces provided by MCNP. The crystal parameters were set to the ones extracted in the previous section. The entire detector geometry can be viewed in Figure 36 along with a photograph of the detector setup used for the isomeric ratios experiment. During the Isomeric Ratios experiment, beam sources of 96m Y, 132 Te and 128 Sn as well as point sources of 60 Co, 152 Eu, 182 Ta and 185 Os were used to get an efficiency calibration. Except for 60 Co and 152 Eu, activity for the sources is unknown. Therefore, relative efficiency was used. Furthermore, isomeric ratios are a relative measurement and since the detectors do not move during the experiment, the geometrical component for the efficiency remains the same. Therefore, for isomeric ratio measurements, it is the relative efficiency which plays a bigger role. By using the aforementioned three calibration beams, and four point sources, approximately 60 different gamma rays were analysed, their energy ranging from [75 -1750 keV]. The energies of these gamma rays and their associated uncertainties are given in Table 5 and Table 11. It should be noted that for 96m Y, the gamma intensities are taken from the ENSDF database. However, the uncertainties associated with these intensities are obtained from JEFF 3.3 as the ENSDF file does not have information regarding these uncertainties for 96m Y.

Higher emphasis is given on the gamma energies > 100 keV for the sum-clover (sum of both clovers) because of the higher threshold of Clover 2 due to a mistake in the threshold settings during this experiment. Due to this, we were unable to exploit the lower energies (< 100 keV) from 185 Os, 182 Ta, 128g Sn and 128m1 Sn. The point sources of 60 Co, 185 Os, 182 Ta and 152 Eu were placed inside the ionisation chamber and on top of the foil holder shown in Figure 36. This position is representative of the Al coated Mylar foil where the beam is implanted. The absolute efficiency of 60 Co was determined by using the sum-peak method as described by [START_REF] Kim | Absolute calibration of 60 Co by using sum-peak method and an HPGe detector[END_REF]. The absolute efficiencies for the other point and beam sources were obtained by scaling their respective relative efficiencies in regard to 60 Co.

For the 152 Eu source, the 1299.1 keV gamma ray was used to obtain the scaling factor. To do this, the absolute efficiency of the 1299.1 keV gamma ray was calculated by interpolating the absolute efficiency between the 1173 keV and 1332 keV gamma rays of 60 Co. Similarly, for 182 Ta, the 1221.4 keV gamma ray was used to obtain the scaling factor by interpolating the absolute efficiency between the 1173 keV and 1332 keV gamma rays of 60 Co. Once the absolute efficiency of the 152 Eu source was obtained, this efficiency curve was used and the relative efficiencies of the point source of 185 Os and the beam sources were scaled to obtain absolute efficiencies. For the 185 Os point source, its 717.4 keV gamma ray was used obtain the scaling factor. The absolute efficiency for this gamma ray was deduced by interpolating the absolute efficiency between the 688 keV gamma ray and the 778 keV gamma ray from 152 Eu. For the 134 Te beam source, the 461 keV gamma ray was used to obtain the scaling factor. To obtain its absolute efficiency, interpolation was carried out between the absolute efficiency obtained for the 443 keV and the 563 keV gamma rays from 152 Eu. Similarly, for 96m Y, the absolute efficiency of its 914.8 keV gamma was determined by interpolating between the absolute efficiencies from 867 keV and 964 keV gamma rays of 152 Eu. For 128m1 Sn, its 1168 keV gamma was used to obtain the absolute efficiency by interpolating the absolute efficiency between 1112 keV and 1212 keV gamma rays obtained from 152 Eu. Similar to 134 Te, for 128g Sn, the interpolation was carried out between the 443 keV and the 563 keV gamma rays of 152 Eu and the absolute efficiency was determined for the 482.3 keV gamma ray originating from 128g Sn. The gammas ray energies used from these sources along with their intensities and associated uncertainties are shown in Table 11. In Figure 37 we can see the plot for the efficiency for 96m Y using ENSDF intensities and uncertainties from JEFF 3.3 along with the efficiency plot for 96m Y when the intensities and their uncertainties are from JEFF 3.3. The comparison between the intensities from the two different sources can be seen in Table 12. By using the intensities mentioned in JEFF 3.3, we observed that the efficiency obtained for 96m Y is not coherent within itself. Therefore, for 96m Y, the gamma intensities are obtained from ENSDF and their corresponding uncertainties from JEFF 3.3. Furthermore, for 96m Y only those gamma rays were considered which had a gamma intensity > 7%. To create the MCNP geometry, the IC parameters such as IC side wall thickness, the position of the implantation foil, the thickness of the Al box are considered to be important parameters of the ionisation chamber for the efficiency estimation. Furthermore, the distance of the two clovers from the ionisation chamber will also affect the efficiency. The distance of the two clovers from the IC have been measured during the Isomeric Ratios experiment and they are 3 mm and 6 mm respectively for Clover 1 and Clover 2. The measurement of the distance of the two clovers to the IC was done using a foot ruler (cm scale). Since the least count of the device is 1 mm, the measuring uncertainties have been set to 1 mm. The details of the parameters regarding the IC have been provided by the manufacturer and can be seen in Table 13. The thickness of the implantation foil is not a parameter in the simulation, as its thickness will be compensated by the thickness of the bottom face of the Al box on which it is stuck on (foil holder). Using these parameters, the MCNP geometry was created, and simulations were run to obtain the absolute efficiency for the sum-clover. Two sets of simulations were conducted, one for the point sources, when the sources are placed inside the IC on top of the foil holder and the second for the beam as surface source implanted on the foil. The efficiencies obtained from the simulations are compared to those obtained experimentally for the beam sources as well as the point sources. A χ 2 test was conducted to validate the simulated efficiencies with those obtained from experiment. The plot for the efficiency comparison can be seen in Figure 38 and Figure 39. We can observe that the efficiency calculated for the beam source is higher than what was obtained for the point source. This is due to the fact that the beam is wider than the point source and hence closer to the detectors as compared to the point source.

To obtain the variance and covariance for the absolute efficiency simulated using MCNP, a very fine simulation grid is applied to each parameter. The parameters are sampled with a Gaussian distribution defined by the parameter value (the mean) and its uncertainty (the standard deviation). Taking a pair of gammas (γ1 and γ2) having their reference efficiency as 𝜖 𝛾 1 𝑟𝑒𝑓 and 𝜖 𝛾 2 𝑟𝑒𝑓 , the covariance can be written as:

𝑐𝑜𝑣(𝛾 1 , 𝛾 2 ) = 1 𝑁 -1 [ ∑(𝜖 𝛾 1 𝑖 -𝜖 𝛾 1 𝑟𝑒𝑓 )( 𝑛 𝑖=1 𝜖 𝛾 2 𝑖 -𝜖 𝛾 2 𝑟𝑒𝑓 )] Eq.25
To calculate the variance (𝜎 𝛾 1 ),

𝜎 𝛾 1 2 = 𝑐𝑜𝑣(𝛾 1 , 𝛾 1 )
Eq.26

Using this, the uncertainties on the absolute efficiency have been calculated. In Figure 39, we can see the efficiency of the 767 keV gamma from 134 Te is not consistent with the experimental efficiency and the simulated efficiency. This is due to the fact that this gamma is contaminated with 134 I. This gamma has been excluded while calculating the χ 2 . From Figure 38 and Figure 39, we can see that the experimental efficiencies and the simulated efficiencies are in good agreement and within the χ 2 limit.

The correlation can be seen in Figure 40 (a). A zoom on the z-axis was taken to have a better view of the correlation. This can be seen in Figure 40 (b). It can be seen that the efficiencies are highly correlated. We also verified if the number of samples were convergent enough. This can be seen in Figure 41. This correlation obtained for the efficiency is then used in the calculation of isomeric ratios described in Chapter 4.

The sum effect corrections can be seen in Figure 42 for 96m Y and 134 Te. We can observe that the correction factor is very small. In previous work [START_REF] Julien-Laferrière | Approche expérimentale et phénoménologique des rendements de la fission induite par neutron thermique du 239 Pu et 241 Pu[END_REF], the values obtained with these two sources were representative of all the studied nuclei. Therefore, this correction will be neglected in the following work. 

Conclusion

In conclusion, a specific experiment has been carried out in order to better estimate the efficiency for each crystal of both clovers. A dedicated analysis, using Monte Carlo simulation allowed us to estimate the best parameters reproducing the experimental data. Thus, the complete experimental setup has been modelled and confirm that such parameters permit to reproduce, within the uncertainties the experimental efficiency.

In the next chapter, this simulated efficiency along with the covariance matrix is used to calculate the isomeric ratios. As mentioned in Chapter 1 the main aim of this PhD is to determine the angular momentum of fission products. The origin of this angular momentum is still an open question in the nuclear physics community. The measurement of isomeric ratios and their dependence on kinetic energy makes it possible to shed light on the role played by the angular momentum distribution [START_REF] Gönnenwein | Angular momenta of nearsperical fission fragments[END_REF] [36] [START_REF] Vandenbosch | Nuclear Fission[END_REF]. Previous measurements, looking into isomeric states, have been carried out at the LOHENGRIN recoil mass spectrometer [START_REF] Gönnenwein | Angular momenta of nearsperical fission fragments[END_REF] [15] [56] [START_REF] Denschlag | Distribution of Nuclear Charge and Angular Momentum in Chains 132-137, 99, and 102 of 235 U(nth,f) at Various Kinetic Energies and Ionic Charge States of the Fragments[END_REF]; the objective here is to measure the isomeric ratios and estimate the systematic uncertainties as precisely as possible to facilitate a better understanding of nuclear fission. At LOHENGRIN, direct measurement of isomeric states which have a half-life of a few micro-seconds or higher is being carried out. It is also possible to indirectly measure nanosecond isomeric states [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF]. The time-of-flight at LOHENGRIN is approximately 2 μs. Moreover, from Chapter 2, it can be seen that LOHENGRIN recoil mass spectrometer does not select just a single mass. To characterize an isotope, the gamma spectrum signature resulting from β decay of the ground state or internal de-excitation (through isomeric transitions) of the isomeric state are used. To accomplish this, an ionisation chamber and two germanium clover detectors are used at the focal plane at experimental position 2 as show in Figure 11. The diagram of the experimental setup consisting of an ionisation chamber and two HPGe detectors on either side of it can be seen in Figure 43. The working of the detectors and their characteristics have been explained in Chapter 2. In this chapter, the analysis methodology employed to obtain the isomeric ratios will be detailed. The results obtained will then be presented.

Chapter 4: Isomeric Ratio Analysis

μs Isomeric States Investigated.

An isomeric state as mentioned in the previous chapters, is a metastable state of a nuclei. These states have a higher lifetime as compared to their neighbouring states due to forbidden transitions. Inducing thermal fission on the 241 Pu target, the fission products of interest were extracted using LOHENGRIN. The isotopes extracted along with their isomeric states are shown in Table 14.

Table 14: List of all the isotopes studied by the collaboration at the LOHENGRIN recoil spectrometer. Also mentioned are the isomeric states (IS) for each nucleus, their corresponding energy, Jπ, and half-lives. The target nuclei from which they were obtained after thermal neutron induced fission is 241 Pu (39.9 μg/cm 2 ). The values for the spin and parity mentioned within the parenthesis [()] signify that these values are not precisely known. All these values have been obtained from ENSDF data files. 

Isotope

Analysis Methodology

The observable of interest here is the isomeric ratio (IR). An isomeric ratio can be defined as the production rate (𝑃 𝑖 ) of an isomeric state (mi) divided by the sum of the production rates of all the isomeric states plus the production rate of the ground state (𝑃 𝑔𝑠 ). The equation for the same can be visualised in Eq.27.

𝐼𝑅 𝑖 = 𝑃 𝑖 ∑ 𝑃 𝑖 𝑖 + 𝑃 𝑔𝑠

Eq.27

Here 𝑃 𝑖 and 𝑃 𝑔𝑠 represent the production rates from fission for the nucleus under investigation.

As seen from Table 14 a lot of isotopes and isomeric states are present. Here, the analysis methodology will be explained using 132 Sn.

Taking the case of 132 Sn, which is a simple two state system as shown in Figure 44, the isomeric ratio can be written as 𝐼𝑅 = 𝑃 𝑚 𝑃 𝑚 +𝑃 𝑔𝑠 where, 𝑃 𝑚 is the production rate from fission for the isomeric state. Furthermore, for the isomeric state, one can observe its feeding from fission and its subsequent decay by internal transitions. The ground state, on the other hand, has its feeding from fission and the isomeric state. It decays to 132 Sb, the daughter nucleus by undergoing a β -decay. The β decay from the parent nuclei of 132 Sn is negligible.

Figure 44: Simplified level scheme of 132 Sn showing only the isomeric state and the ground state of 132 Sn and its decay to the daughter nucleus 132 Sb.

To obtain this production rates, the system of Bateman equations represented in Eq.28 need to be solved. Eq.28

Here, 𝑁( 𝑋 𝑚 ) is the population of the isomeric state, 𝑁( 𝑋 𝑔𝑠 ) is the population of the ground state. 𝜆 𝑚 and 𝜆 𝑔𝑠 are the decay constants of the isomeric state and the ground state, respectively. The branching ratio denoted by BR corresponds to the fraction of nuclei that decay by a particular mode, compared to all the decay modes possible. BRm is associated with the probability of decay of the isomeric state by internal transition. In case of some nuclei such as 98 Y and 109 Ru, the ground state is also populated by the decay of the parent nucleus. BRZ-1 is the branching ratio of the parent nuclei to decay via β -decay. The 𝑃 𝑚 𝑅𝐸𝐷 and 𝑃 𝑔𝑠 𝑅𝐸𝐷 are the production rates detected at the RED i.e., the detection setup. To obtain the isomeric ratio at fission, a correction for the decay during the flight between the target and detection setup must be added. This time-of-flight correction is explained in subsection 4.2.3. For nuclei with several isomeric states, as well as different states of the parent nucleus feeding the nucleus under investigation by β -decay, the Bateman equations become more complex. Therefore, a matrix resolution of these equations is performed [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF].

The magnetic and electric fields of the LOHENGRIN recoil mass spectrometer are set to extract the desired nucleus under study. This nucleus is implanted on a foil at the top of the ionisation chamber. The gamma rays emitted by the nucleus are detected by using the two HPGe clover detectors. The count rates associated with the gamma lines of interest are extracted by using the TV gamma spectrum analyser software [START_REF] Fitzler | Program TV[END_REF]. The number of gammas originating from a particular state and detected (𝑁 𝛾 𝑑 ) by the HPGe detectors, can be linked to the population of a given state (N) by the following equation.

𝑁 𝛾 𝑑 = 𝐼 𝛾 𝜖 𝛾 𝐶 𝛾 ∫ 𝜆𝑁(𝑡)𝑑𝑡 𝑡_𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑡=0
Eq.29

𝐼 𝛾 , 𝜖 𝛾 , 𝐶 𝛾 correspond to the absolute gamma intensity, the gamma efficiency of the HPGe detectors and the sum effect correction factor respectively. 𝜆 is the decay constant for that particular state. As mentioned previously, the sum-effect correction is negligible and hence is not taken into account.

Gamma Ray Analysis of the Ground State Decay

Figure 45: Gamma Spectrum (full) for 132 Sn. Here, gamma rays originating from the decay of the ground state of 132 Sn can be seen. One can also notice the background gamma rays such as 1460.82 keV from 40 K and 1293.64 keV from 41 Ar. The gammas originating from the isomeric state of 132 Te as well as other isotopes selected by LOHENGRIN can be seen.

The full spectrum is used to extract the gamma rays originating from the decay of the ground state. This gamma spectrum as visualised in Figure 45 for 132 Sn (76 MeV selection) is quite messy. It contains background noise, the decay of the parent nucleus as well as other isotopes selected by LOHENGRIN. Due to this, the extraction of the gamma rays associated with the ground state decay and the decay of the parent nucleus is quite difficult. Furthermore, in some cases, the uncertainty associated with the extraction of the gamma rays from this spectrum typically range from [5-15%] but in some cases, they can go up to 50%.

Gamma Ray Analysis of the Isomeric State Decay

As mentioned above, the flight time for the ions is approximately 2 μs. Thus, it is possible to detect isomeric states having a half-life of the order of a few μs. Below this, the decay of the isomer population during its flight is too important.

The gamma rays emitted by the decay of the isomeric state are shown in Figure 46.

Figure 46 represents the level scheme of the isomeric state of 132 Sn. By comparing the gamma rays emitted from the decay of the isomeric state of 132 Sn in Figure 46, with the full spectrum shown in Figure 45, it can be observed that the gammas from the isomeric state are not well represented in the full spectrum. To overcome this difficulty and detect the gamma rays originating from the isomeric state, a coincidence is created between the ionisation chamber and the HPGe detectors. During the experiment, all the events are recorded in a list mode format with time and energy. The coincidence is created offline after the experiment by using a software. In the software, when an event originates from the ionisation chamber, a start signal is gated. This opens a time window of a fixed length (𝑇 1/2 × 8). After this time period, a stop signal is gated. An event occurring in the ΔE is used to gate the start and stop signal as, in the Eres, we have lesser number of ions due to the fact that some ions (approx. 7%) are stopped in the separation grid. Figure 47 illustrates the choice made in selecting the above-mentioned time window length. Here, the number of disintegrations from the isomeric state have been averaged over all the detected gamma rays for each time window cut. This has been plotted against the time window, the relative error associated has also been plotted. It can be seen that if a smaller time window is selected then a correction factor is required to obtain the true population of the isomeric state. Furthermore, it can be observed at 8 half-lives, a good convergence is obtained. One has to note that events arising from the βdecay during the time windows are fortuitous events i.e., there is no correlation in time between their detection and the incident ion. These fortuitous events have to be corrected; thus, a spectrum of fortuitous events is generated. The fortuitous gamma spectrum is created by generating a gamma spectrum just before the start signal is gated. This can be visualised in Figure 48. Careful attention has been paid in order to not treat the same event twice in fortuitous and in the coincidence window. This can be seen in Figure 49. In Figure 49, we can see two cases, the first case is for those runs where the time between two successive events in the ionisation chamber is greater than length of the time window. In such a case, we can associate the gamma rays in each coincidence window without ambiguity. However, in the second case we observe that a second coincidence window has been opened before the end of the first coincidence window, i.e., in this case, the time between two successive events in the ionisation chamber is lower than length of the time window. At LOHENGRIN, it is the second case that is often obtained due to the high event rates in the ionisation chamber. However, we can see that the gamma rays which are present in the overlap of the two coincidence windows are attributed to the first coincidence window only. Thus, each gamma ray is only treated once, and no gamma rays are counted twice. Nonetheless, by doing this, when we try to extract the half-life of the isomeric state, we can obtain a half-life greater that what is mentioned in literature. However, for us it is not the lifetime that is important, but rather the gamma rays in the coincidence window. Therefore, by using 8 × 𝑇1 2 of the isomeric state, we are sure to reach a saturation in the growth of the isomeric state. The data that is obtained from a smaller time window would be dependent on the 𝑇1 2 of the isomeric state and so would the correction factor. As we see that the gamma rays originating from an ion, may not be ranked correctly, we obtain a correction factor on which we don't have a huge confidence. Furthermore, a lower time window has higher relative uncertainty associated with it. Thus, we find that using a coincidence window that is 8 × 𝑇1 2 is a good solution for all the isomeric states that we have handled, and it allows to reduce the uncertainty. This time window holds true even for the long-lived isomeric state of 131 Sb and can be visualised in Figure 50. (a) This is the case where the event rates in the ionisation chamber are lower than the coincidence time window and no overlap in the coincidence window is observed. (b) In this case, the event rate in the ionisation chamber is higher than the length of the coincidence window, i.e., there is an overlap between the two coincidence windows. However, in both cases, it can be observed that the gammas are attributed to either of the coincidence windows i.e., no gamma is counted twice. To observe the time distribution, a two-dimensional plot between the gamma energies and coincidence time has been created in Figure 51 and Figure 52. It can be seen that the gamma lines originating from the isomeric states are time dependant indicating the presence of a μs isomeric state. However, the gammas originating from βdecay and background radiations are independent throughout the spectrum. Taking a projection of the 132.5 keV gamma originating from the isomeric state of 132 Sn, an exponential decrease is seen in Figure 53. The result of the subtraction of the fortuitous events from the coincidence spectrum can be seen in Figure 54. On this spectrum, the gamma rays originating from the de-excitation of the isomeric states are present. Figure 55 contains the contribution of the gamma rays from 40 K and 41 Ar on the coincidence spectrum. By comparing the above-mentioned spectra, i.e., the full spectrum of Figure 45 and the coincidence spectrum Figure 54, one can see the efficiency of this method. Furthermore, as the coincidence spectrum is quite clean with a very good signal to noise ratio, the extraction of the gamma lines generates low statistical uncertainty of up to approximately 5%. 

From Number of Disintegrations to Production Rates

The number of disintegrations for a particular gamma ray (𝑁 𝑑 𝑖 𝛾 ) are calculated by using the counts extracted (𝑁 𝑖 𝛾 ) for the gamma, the gamma intensity (𝐼 𝛾 ), and detector efficiency (𝜖 𝛾 ). The gamma intensities are obtained from literature and evaluated nuclear data sheets [START_REF]Data extracted using the NNDC On-Line Data Service from the ENSDF database Evaluated Nuclear Structure Data File (ENSDF)[END_REF].

The efficiency of the HPGe detectors is calculated through simulations as explained in Chapter 3. The number of disintegrations for a particular gamma ray can be written as follows. Eq.31

𝑁 𝑑

A weighted average using the covariance matrix (C), shown by Eq30, is taken for the number of disintegrations for all the gammas originating from a particular state to give the number of disintegrations from a given state (Nd). The individual gamma intensities provided are relative and have to be normalised by a given factor (𝐼 𝑛𝑜𝑟𝑚 ).

A significant number of decays occur for the isomeric state between the time they are populated at fission, at the target and the time they are detected at the RED. The time of flight becomes quite significant specially when dealing with isomeric states having a half-life of the order of approximately 0.6 μs ( 109 Ru and 98 Y). Therefore, it is necessary to account for this decay in order to obtain the true production rates at the target. By solving the equations below, the production rates at the target (𝑃 𝑇 ) can be obtained. 𝑃 𝑇 and 𝑃 𝑅𝐸𝐷 represent the production rates at the target and the RED (detection system) respectively for the isomeric state (m) and the ground state (gs). 𝜆 is the decay constant and A and Ek are the mass and kinetic energy of the nucleus under study extracted using LOHENGRIN. L is the distance between the target and the detection setup (23.15 m). Furthermore, it must be noted that since in internal transitions, there is a probability to emit electrons and gammas, if an electron is emitted i.e., de-excitation by internal conversion occurs, then the ionic charge of the ion changes during flight and it will be rejected by LOHENGRIN. The parameter 𝐵𝑅 𝑚 𝛾 is used to correct from this effect and corresponds to the branching ratio of decay from the isomeric state to the ground state by γ emissions only. The effect of the timeof-flight corrections are presented in Table 15 using 132 Sn as an example. The isomeric state and the ground state of 132 Sn are shown in the table along with their respective half-lives. The kinetic energy selected by LOHENGRIN for this measurement is 72 MeV which leads to a flight time of approximately 2.2 μs for mass 132. From the table it can be seen that for the μs isomer, the correction is significant as compared to the ground state. We can see that since the half-life of the isomeric state is almost equal to the time of flight, the production rate is corrected by a factor of approximately 2. For an isomeric state having a shorter lifetime such as 98m4 Y and 98m1 Y (0.78 μs and 0.63 μs respectively), we are very sensitive to the time-offlight correction factor and this correction factor is sensitive to the nuclear scheme. So, with a new or updated nuclear scheme, this factor may change. As seen from Eq.28, during the calculation of production rates, the Bateman equations get quite cumbersome especially in the presence of a second or third isomeric state, and parameters such as the decay constant appear in several stages of the analysis, including the correction factor from time-of-flight. Carrying out an analytical uncertainty propagation on such equations is a very difficult and lengthy task. Therefore, a Monte-Carlo Code (MCC) [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] has been developed by the collaboration to assess the uncertainties and average values on the way to determining the isomeric ratios.

For the MCC, in the input, one must provide the half-life of the states (ground and isomeric), counts and the error on counts which are extracted using TV gamma spectrum analyser, detection efficiency, the gamma intensities and the normalisation factor for the gamma intensities, the branching ratio, kinetic energy selected by LOHENGRIN and its length. The MCC then calculates the average number of disintegrations (Nd), the production rates and the isomeric ratios along with their respective uncertainties. For each simulation, in MCC, 100000 samples are taken to have convergence. All the parameters are sampled in accordance with a Gaussian law. For each sample in the MCC, number of disintegrations are calculated for each of the gamma rays arising from a particular state, these are then used to calculate the average number of disintegrations for that given state. The χ 2 test is used to verify whether a 3𝜎 (99.7%) level of confidence is achieved. If not, progressively uncertainty is added [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] [96] and the Nd is recalculated to achieve the test criteria. Thus, a final mean value of the Nd along with its uncertainty is obtained. This Nd which is obtained from the ground state as well as the isomeric state is then used in the solving of Bateman equations. It is at this point that the production rates at the RED are obtained. Then the time-of-flight correction is added to obtain the production rates at the target. Finally, the isomeric ratio is calculated. This entire process can be visualised via the flow chart in Figure 56. The systematic uncertainties account for less than 5%, whereas the statistical uncertainties can go as high as 50%. The mean values for the Nd along with their uncertainties for the ground state and the isomeric state can be seen in Figure 57 and Figure 58. In this code, since each parameter is drawn randomly in order to obtain a distribution of results of the analysis, for each draw, a different value for isomeric ratio is obtained. The operations are carried out repeatedly to obtain a convergent value. The set of isomeric ratios obtained, follow a probability density function. Since the number of draws are quite large, the variables follow a normal distribution from which the mean and the standard deviation can be easily extracted. In certain cases, the value of the variable drawn at random can be negative. For example, in cases where the production rates are close to zero, a negative value can be drawn. In such cases, of a non-physical production rate, the value of the production rate is set to zero. Figure 59 shows the probability density function for an isomeric ratio of 132 Sn for the 72 MeV selection using LOHENGRIN. Finally, using the tool, it is possible to calculate the sensitivity of the IR as a function of the sampled parameter (see Figure 60). From this analysis, it is then possible to build the covariance matrix between the different IR measurement for the same nucleus. 

Eq.34

With {𝑎 𝑘 } the sampled parameters and f a function which relates the IR to these parameters. The covariance between each parameter is also calculated with the MCC. This is shown in Figure 61. 

Burnup and Ek-q Corrections

The experimental cycle had a span of ten days and hence, not all the measurements were performed consecutively or even on the same day. For this reason, the target evolution must be taken into account. Assessing the target evolution is made possible through the burnup. Burnup can be defined as the amount of fissioning matter that had been consumed. Several energy scans were carried out at a given mass [START_REF] Wolfsberg | Nuclear charge distribution in fission-spectrum-neutron induced fission: Fractional cumulative yields of rare gas nuclides from fission of 235 U and 238 U[END_REF] to monitor the burnup throughout the experimental schedule. The same scan in energy, mass and ionic charge is carried out. The change in the counting rates from these scans makes it possible to estimate the burnup. Figure 62 shows the burnup of the target over the experiment time. It can be seen that the target evolves very quickly, this is due to loss of material due to sputtering and nuclear reactions. After an initial rapid burnup, the burnup behaves smoothly from the second day.

The kinetic energy distribution is modelled by the function 𝑓(𝜃 ), where f is a function described by a Gaussian plus an exponential tail shown by the equation below [START_REF] Das | A simple alternative to the Crystal Ball function[END_REF] 𝐸 𝑘 ̅̅̅ and 𝜎 represent the mean and the standard deviation of the Gaussian core respectively and k represents the decay constant of the exponential tail.

Through the burnup at a time t, one can obtain 𝐵𝑈 𝜃 ⃗ ⃗ (𝑡). For a given kinetic energy distribution at mass A and time t, the function 𝑓(𝜃 𝐴 (𝑡)) can be used to describe the distribution.

The average kinetic energy and its standard deviation is plotted in Figure 63. It can be seen that the mean kinetic energy decreases even though the target loses material over time. This is due to the fact that Pu diffuses into the Ti target backing as the experiment progresses leading to an increased energy loss for fission fragments and thus to a decrease in the mean kinetic energy. The shift in the mean value of the kinetic energy between the first and the last experimental days is equal to 4.597±1.027 MeV (upon extrapolation). From Figure 63, we can see that k is constant with time and there is a gradual increase in 𝜎 with time. Using the burnup at time t along with the reference burnup, the corrections can be added to get similar target properties that were present at the beginning of the experiment. The kinetic energy distribution can then be defined by the corrected parameters as follows:

𝜃 𝐴 𝑐𝑜𝑟𝑟 = 𝜃 𝐴 (𝑡) + (𝜃 𝐵𝑈 (𝑡) -𝜃 𝐵𝑈 (𝑡 𝑟𝑒𝑓 ))

𝑓 𝑐𝑜𝑟𝑟 = 𝑓(𝜃 𝑐𝑜𝑟𝑟 )

Eq.36 In Figure 64, we can see the isomeric ratios as a function of kinetic energy and ionic charge selected by LOHENGRIN before and after correction from target evolution in the case of 132 Sn. 

Possible Bias due to Ionic Charge

As shown in Figure 64, some measurements were made with different ionic charges. The distance between the target location and the main magnet at LOHENGRIN is approximately 8 m which correspond to a time of flight of 800ns. For instance, if a nanosecond isomer is fed through fission with an ionic charge 𝑞 -1, and then decays by emitting one electron, then its ionic charge before entering the main magnet will be 𝑞. Therefore, if we are looking to the isomeric ratio at the ionic charge 𝑞, it can be biased by the nanosecond isomer produced at 𝑞 -1

To highlight this effect, one can look at 129 Sn which has one nanosecond isomer of approximately 200 ns feeding the study 𝜇s state. Three different measurements with the same kinetic energy but different ionic charges were performed. Figure 65 (Right) shows the comparison between these data (after correction of the target evolution). We can observe that higher the ionic charge is, higher is the isomeric ratio. However, the impact seems limited. Same study has been made in the case of 132 Sn (which does not have known nanosecond isomer) and other isotopes (see Appendix III). In that case, no dependency was observed (see Figure 65 (Left)). Furthermore, we know that there is a correlation between ionic charge and kinetic energy [START_REF] Julien-Laferrière | Approche expérimentale et phénoménologique des rendements de la fission induite par neutron thermique du 239 Pu et 241 Pu[END_REF]. To obtain this correlation, a number of energy scans and ionic charge scans need to be performed for a particular mass of interest. Due to limited experimental beam time, we were unable to do this. Such effect can also bias the isomeric ratio measurement Therefore, we cannot fully confirm whether the difference in the isomeric ratio of 129 Sn at the same kinetic energy is due to the kinetic energy-ionic charge correlation or due to the nanosecond isomers.

As seen above, the ionic charge doesn't play an important role for the isomeric ratios measured during the experimental campaign. Hence, for this work, all isomeric ratios measured for a particular isomeric state are considered to be measured at the same charge. For the light fragment, no tendency is observed rather a flat behaviour can be seen except for 109 Ru. In that case an increase in IR as a function of kinetic energy is observed, although one could also debate that there exists a flat behaviour due to huge uncertainties/error bars. Note that the correction associated to short lived isomeric state (<1 μs), may bias the results. For example, if we take the case of 109 Ru, we can see the effect of its half-life on the isomeric ratio. We obtain this sensitivity of the isomeric ratios on the half-life by using the Monte-Carlo code described in the section above. From Figure 66 we can see that the isomeric ratio increases with increase in the decay constant i.e., with a decrease in the half-life. Between the beginning and the end of the kinetic energy distribution, the difference in the time of flight is approximately 0.2 μs. This time difference is too small and cannot explain the inversion of the slope. We remind that an important correction in the Bateman equations comes from the decay of the parent. For this particular case of 109 Ru, its parent would be responsible for the inversion of the slope.

Results

On the contrary, for the heavy fragment, more complex tendencies are observed. For the Sn isotopes, decreasing trend in the isomeric ratio is observed with increasing kinetic energy. However, at lower kinetic energy a flat behaviour is observed for 132 Sn, and an increasing trend is observed for 130 Sn. The trend at higher kinetic energies can be interpreted as the impact of the excitation energy on the deformation of the isotope, and therefore on the angular momentum. It is more complex to interpret at lower kinetic energies since neutron emission and energy loss can play a major role in such observables. Indeed, the link between the measured kinetic energy and the associated excitation energy is more difficult to assess. Finally, for 132 Sn, no strong difference is observed between this data on 241 Pu (5/2+) and the previous one measured with 235 U (7/2-) [START_REF] Chebboubi | Kinetic energy dependence of fission fragment isomeric ratios for spherical nuclei 132 Sn[END_REF] (see Figure 69). Note that the difference in the kinetic energy distributions comes from the energy loss through the target since the Q value for 241 Pu(nth, 110 Ru) 132 Sn is higher (Q=218 MeV) as compared to 235 U(nth, 104 Mo) 132 Sn (Q=206 MeV). Note that the energy through the target has not been corrected yet and hence we cannot conclude significantly on this comparison of isomeric ratios from two different fissioning systems. Here, the goal is to study several isomers for different fissioning systems. Unfortunately, the experiment on the LOHENGRIN recoil spectrometer with the 239 Pu (1/2+) target were postponed due to unavailability of thin 239 Pu target during this thesis. This experiment will be scheduled soon. This particular IR is very interesting probe the question of the mechanism of generation of angular momentum, in particular the role of the entry spin before the barriers 𝐽 = 𝐽(𝑋) + 𝑆(𝑛) + 𝑙(𝑛 + 𝑋). With the present results for 235 U and 241 Pu, we cannot conclude on a significant dependence on the fissioning systems.

In this work, 109 Ru is the partner of 132 Sn after one neutron emission. The dependence of 132 Sn as a function of kinetic energy is now clearly observed for two fissioning systems. For all fission products studied in this thesis and specifically among the three light fission products studied here, only the 109 Ru shows a specific constant increasing trend. To go further, the extraction of their angular momentum is important for the interpretation of this data.

In the case of Sb isotopes, a similar trend is observed. Firstly, an increase as a function of kinetic energy, then a decreasing trend with increasing kinetic energy is observed. For 133 Sb, at higher kinetic energy, an increasing trend seems to be observed. Such behaviour was not expected since with lower excitation energy, a lower IR is expected. This behaviour is very surprising and currently not fully understood. Nevertheless, the analysis has been checked: the count rates and the target evolution during this experiment are not the cause of this increase at high kinetic energy. The gamma intensities, the detector efficiencies along time-of-flight corrections have also been checked. This isotope is still under investigation. It can be seen that the isomeric ratios are similar from both the fissioning systems. In blue squares the kinetic energy distribution is presented for 235 U(nth,f) and in red squares, for 241 Pu(nth,f). For the measurements with the 235 U target, no cover/foil was present thus leading to a higher mean kinetic energy for the fission products. It should be well noted that these are the LOHENGRIN energies and not the fission energies. The energy loss inside the target and its cover were not corrected at this stage. Finally, Figure 70 shows the average isomeric ratios for the isotopes studied during this PhD work.

𝐼𝑅(𝐸 𝑘 ) ̅̅̅̅̅̅̅̅̅ = ∑ 𝐼𝑅(𝐸 𝑘 )𝑃(𝐸 𝑘 ) 𝐸 𝑘

Eq.37

The average isomeric ratio is the sum of all measured IR weighted by the kinetic energy distribution (see Appendix III). This distribution, which has been measured at a time t, has been corrected from the target evolution in order to have a distribution like it should have been measured at the beginning of the target life (see Eq. 36). From this equation, we can directly see that the uncertainty on the average IR is dependent on the covariance matrix between each IR. Figure 71 shows the covariance matrix for the case8 of 132 Sn.

We observe that the values of the isomeric ratios obtained from FIFRELIN are quite close to the values obtained from the experiment. However, it can be seen for most of the isomeric ratios that, the GEF code and the Madland-England model are not properly able to reproduce our experimental values. We remind that the M.E. model uses the assumption that the isomeric ratio is only dependent on the spin of both the ground state and the isomeric state. Furthermore, it works on the supposition that all fission fragments are characterised by a spin cut-off of 7.5±0.5 ħ. Therefore, such hypothesis can be excluded according to our results. In the same way, this data highlights that the underlying hypothesis used by GEF for calculating the IR can be improved. Furthermore, for 98m4 Y, 98m3 Y, 131m2 Sb and 109 Ru, isomeric ratios were not obtained from GEF. Note that IR is dependent on the nuclear structure of the isotope. Therefore, a comparison between different isotopes is not of interest. 

Conclusions

A dedicated Monte Carlo code has been used in order to analyse the IR measurements. Such tools permit to extract both the average value and the associated covariance of IR. Bias coming from the ionic charge has been investigated and does not seem to have such an impact for the studied isotopes. On the contrary, the target evolution has a huge impact on the IR. From this work, a clear tendency of the IR as a function of the kinetic energy has been observed for the Sn and Sb isotopes. However due to the energy loss in the target and the neutron emission, interpretation of the low kinetic energy points as well as for the light isotopes is more difficult. A comparison of the average IR with the current Madland-England model used in the JEFF evaluation shows a large discrepancy with our data. The same observation is done with the GEF code. It may highlight the limits of the underlying hypothesis of both models. The last step is to extract the angular momentum from this data by using the FIFRELIN code in Chapter 5.

5.

Chapter 5: Spin Extraction using FIFRELIN. As mentioned above, the main goal of this PhD is to determine angular momentum distributions of the fission products. The fission product is characterized by its mass (A), nuclear charge (Z), excitation energy (E*), kinetic energy (Ek) angular momentum (J) and parity (π). The angular momentum distribution generated during the fission process (P(E*, J π )) can be determined from experimental observables such as isomeric ratios and the spectrum of prompt gammas [START_REF] Wagemans | The nuclear fission process[END_REF] [38] [START_REF] Nifenecker | Neutron and Gamma Emission in Fission[END_REF]. To do so, we will use the FIFRELIN (FIssion FRagment Evaporation Leading to an Investigation of Nuclear data) code [START_REF] Litaize | Fission Modeling with FIFRELIN[END_REF] in order to estimate the angular momentum distribution, which reproduces our experimental data. After a brief description of FIFRELIN and the models used in this work, two complementary studies are presented. The first one relies on a complete use of FIFRELIN. In this part, we will focus on the parameters of the models which drives the initial angular momentum. The second study relies only on the de-excitation part of FIFRELIN. In this study, the aim is to map the different excitation energy and angular momentum available after neutron emission and to calculate the isomeric ratio for each calculation point. Then, a combination of all these results in regard of the experimental data will allow us to derive the angular momentum distribution reproducing our data.

FIFRELIN

FIFRELIN is a Monte-Carlo code developed at CEA/IRESNE at Cadarache which aims to describe the fission process and provides fission observables such as prompt neutron spectrum, prompt gamma spectrum, neutron multiplicity etc., and also correlations between the observables.

In FIFRELIN, only binary fission is considered. No neutron emission during scission or during acceleration is taken into account. Neutrons and gammas are emitted from the fragments after the acceleration phase and the fragments are assumed to recover their ground state deformation during acceleration. In this section, the working of the code is described followed by the models used for this work.

Generation of the fission fragment through FIFRELIN

The first step of the simulation relates to the primary fission fragment characteristic sampling (A, Z, Ek, E*, J, π). The pre-neutron mass yield and kinetic energy distributions are obtained from experimental data (when available) or from GEF [START_REF] Schmidt | General Description of Fission Observables: GEF Model Code[END_REF].

The code starts with sampling a mass from the light fragment peak. When the mass of the light fragment is known, the mass of the heavy partner fragment is deduced using the conservation of mass. Then the kinetic energy of the light fragment is sampled from a normal law with parameters < 𝐸 𝑘 > (A) and 𝜎 𝐾𝐸 (𝐴) and the kinetic energy of the heavy fragment is deduced using the conservation of energy and conservation of momentum laws. The nuclear charge is sampled from the unchanged charge density (UCD) hypothesis modified by a charge polarisation function based on the Wahl model [START_REF] Wahl | Nuclear-charge distribution and delayed-neutron yields for thermalneutron-induced fission of 235 U, 233 U and 239 Pu and for spontaneous fission of 252 Cf[END_REF] or directly from GEF.

The total excitation energy (TXE) is deduced from the Q value of the fission reaction, the total kinetic energy (TKE), the incident neutron energy (En) and the neutron binding energy (Sn).

𝑇𝑋𝐸 = 𝑄 -𝑇𝐾𝐸 + 𝑆 𝑛 + 𝐸 𝑛

Eq.38

𝑇𝑋𝐸 = 𝐸 𝐿 * + 𝐸 𝐻 * 𝑎𝑛𝑑 𝑇𝐾𝐸 = 𝐾𝐸 𝐿 + 𝐾𝐸 𝐻 Eq.39
In FIFRELIN, the total excitation energy at scission is composed of intrinsic excitation energy (E* ,sc ), deformation energy (E def,sc ) and collective excitation modes(E coll,sc ). 𝑇𝑋𝐸 = 𝐸 * ,𝑠𝑐 + 𝐸 𝑑𝑒𝑓,𝑠𝑐 + 𝐸 𝑐𝑜𝑙𝑙,𝑠𝑐 Eq.40

Relaxation of the deformation energy is assumed after full acceleration. The total excitation energy is converted into intrinsic excitation energy E* and collective rotational energy E rot : for each of the light and heavy fragments.

𝑇𝑋𝐸 = 𝐸 𝐿 * + 𝐸 𝐻 * + 𝐸 𝐿 𝑟𝑜𝑡 + 𝐸 𝐻 𝑟𝑜𝑡 Eq.41
Here, 𝐸 𝐿 * and 𝐸 𝐻 * are the intrinsic excitation energies of the light and heavy fragments respectively and 𝐸 𝐿 𝑟𝑜𝑡 and 𝐸 𝐻 𝑟𝑜𝑡 their rotational energies. Considering a rotating liquid drop, the rotational energy is expressed as:

𝐸 𝑟𝑜𝑡 = ℏ 2 𝐽(𝐽 + 1) 2ℑ 𝑟𝑖𝑔

Eq.42

Here, J is the total angular momentum and ℑ 𝑟𝑖𝑔 is the moment of inertia of a rigid spheroid.

To calculate the intrinsic excitation energy, the nucleus is envisioned as a superposition of two gases consisting of free fermions (neutrons and protons). The energy is proportional to the level density (a) and the temperature (T) of the nucleus, as suggested by Bethe [START_REF] Bethe | Nulcear Physics : B. Nuclear Dynamics, Theoretical[END_REF]. The level density parameters follow the prescriptions of Ignatyuk [START_REF] Ignatyuk | Phenomenological description of energy dependence of the level density prameter (translated from russian)[END_REF] [START_REF] Ignatyuk | Role of collective effects in systematics of level density of nuclei[END_REF].

𝐸 𝐿 * = 𝑎 𝐿 𝑇 𝐿 2 𝐸 𝐻 * = 𝑎 𝐻 𝑇 𝐻 2
Eq.43

Since these parameters depend on the excitation energy, an iterative procedure is necessary.

For a given fragment pair, the temperature of the light fragment (TL) is linked to the temperature of its heavy partner fragment (TH) by a mass dependent temperature ratio law 𝑅 𝑇 (𝐴) = 𝑇 𝐿 /𝑇 𝐻 [START_REF] Litaize | Fission Modeling with FIFRELIN[END_REF]. The maximum of this law (𝑅 𝑇 𝑚𝑎𝑥 ) corresponds to a minimum in temperature for the heavy fragment and is linked to the minimum in deformation energy. This minimum occurs for the spherical nuclei of 132 Sn. On the other hand, the minimum in the temperature ratio (𝑅 𝑇 𝑚𝑖𝑛 ) is when the light fragment has closed neutron and proton shells at N=50, Z=28 and A=78. For symmetric fission, this ratio is equal to one. Between these points, the evolution is supposed to be linear and the excitation energies of the two complementary fragments can be calculated. An illustration for this law can be seen in Figure 72. The spin is sampled from a distribution accounting for the spin cut-off parameter (𝜎 2 ) as follows:

𝐸 𝐿 * = 𝑇𝑋𝐸 -𝐸 𝑟𝑜𝑡
𝑃(𝐽) = 2𝐽 + 1 2𝜎(𝐸) 2 exp (- (𝐽 + 1 2 ) 2 2𝜎(𝐸) 2 )
Eq.45

The spin cut-off parameters are dependent on fragment properties and excitation energy as follows:

𝜎(𝐸) = 𝑓 𝜎 √ 𝑎 𝑎 ̃√ℑ 𝑟𝑖𝑔 𝑇 Eq.46
Here, 𝑓 𝜎 is a free parameter to normalise the initial total angular momentum. Two normalising parameters exist i.e., 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 for the light and heavy fragment group respectively. At this stage, the fission fragment characteristics are completely known, and a deexcitation process can start. 

De-excitation through FIFRELIN

FIFRELIN requires additional files from the RIPL-3 2020 [START_REF] Capote | RIPL -Reference Input Parameter Library for Calculation of Nuclear Reactions and Nuclear Data Evaluations[END_REF] [103] database to get information on discrete nuclear levels and the gammas and electrons emitted at lower energies. It is also used to get parameters for using the different models. Additional models are also required such as the Composite Gilbert-Cameron Model (CGCM), which is employed in RIPL-3 [START_REF] Capote | RIPL -Reference Input Parameter Library for Calculation of Nuclear Reactions and Nuclear Data Evaluations[END_REF] for nuclear level densities, Back Shifted Fermi Gas Model (BSFGM) for angular momentum sampling for the nuclear level scheme, the Enhanced General Lorentzian (EGLO) model [START_REF] Kopecky | Test of gamma-ray strength functions in nuclear reaction model calculations[END_REF] for the gamma strength functions. the neutron transmission coefficients are derived from an optical model through the ECIS code. Finally, the BRICC code [START_REF] Kibédi | Evaluation of theoretical conversion coefficients using BrIcc[END_REF] is used to calculate the internal conversion coefficients.

Using the RIPL-3 data library, FIFRELIN will complete the level scheme up to a given cut-off energy (Ecut). Below this energy, it is assumed that the experimental level scheme is complete (in terms of energy), and the experimental intensities are used to calculate the cascades, down to the ground state. In most cases, some levels below Ecut can have unknown angular momentum and parity. Therefore, the BSFGM is used to complete this missing information. Above Ecut, the experimental level scheme is assumed to be incomplete. The discrete levels above Ecut mentioned in the RIPL database are taken into account by FIFRELIN up to an energy Ebin. Furthermore, this partial experimental scheme (up to Ebin) is completed by FIFRELIN using the CGCM level density model. Finally, the gamma strength functions, and neutron transmission coefficients are used to calculate the decay probabilities.

The upper limit in energy (starting of Ebin) is set by an arbitrary parameter which corresponds to the maximum level density value of 5*10 4 levels/MeV. Above Ebin the continuum is described in average through binning. The building of the nuclear scheme by FIFRELIN is illustrated in Figure 73.

Figure 73: Reconstruction of the level scheme by FIFRELIN. Up to Ecut, the experimental level scheme is complete above this, the level scheme is completed by use of level density models. [START_REF] Régnier | Contribution à l'étude des gammas prompts de fission[END_REF] Several level density models exist in FIFRELIN. In this work, the CGCM model has been used. As indicated by its name, the CGCM groups two distinct approaches. At low energy, a classical formulation of the level density at an energy E is considered:

𝜌(𝐸) = 1 𝑇 exp ( 𝐸 -𝐸 0 𝑇 ) Eq.47
Here only one temperature T is required to describe the entire energy domain. This corresponds to the constant temperature model. The parameters E0 and T are adjusted to reproduce the experimental data. For higher energies, the Fermi gas model is applied:

𝜌(𝐸) = 1 12√2𝜎 exp(2√𝑎𝑈) 𝑎 1 4 𝑈 5 4
Eq.48

Where, as seen above, a is the level density parameter and U is the energy E corrected from pairing. 𝜎 2 is the spin cut-off of the angular momentum distribution for the levels. It follows BSFGM as shown in the equation below.

𝜎 2 (𝐸) = ℑ 𝑟𝑖𝑔 𝑎 𝑎 ̃√𝑈 𝑎

Eq.49

The calculations for the gamma strength functions are based on the EGLO model (𝑓 𝐸𝐺𝐿𝑂 (𝜖 𝛾 , 𝑇)).

𝑓 𝐸𝐺𝐿𝑂 (𝜖 𝛾 , 𝑇) = 1 (2𝐿 + 1)(𝜋ℏ𝑐) 2 )]

Eq.50

The Koning-Delaroche optical model is used for calculating neutron transmission coefficients. This phenomenological model used a unique parametrization for a large mass range (24<=A<=209) and for a large energy range (1 keV to 200 MeV). The underlying parameters are determined through available neutron induced cross section.

The specificity of this work is to focus on the isomeric ratio calculation. In order to have similar conditions when compared with the experimental ones, particular attention has been addressed to the lifetime of the different isomers. For instance, if the isomer of interest is fed by an isomer above it (higher in energy), which was not seen in the experiment due to its relative low lifetime (typically few ns), this level was not considered as an isomeric state in the FIFRELIN calculation.

Isomeric Ratios from FIFRELIN fission

As mentioned above, using FIFRELIN fission provides us with fission observables such as prompt neutrons, prompt gammas as well as isomeric ratios. For the fission calculations of 241 Pu, the four free parameters; 𝑓 𝜎 𝐿 , 𝑓 𝜎 𝐻 , 𝑅 𝑇 𝑚𝑖𝑛 , 𝑅 𝑇 𝑚𝑎𝑥 ; are adjusted to obtain an average neutron multiplicity. The neutron multiplicity from JEFF-3.3 is 2.9306 [START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF]. The parameter values chosen are: 𝑅 𝑇 𝑚𝑖𝑛 = 0.6, 𝑅 𝑇 𝑚𝑎𝑥 = 1.2, 𝑓 𝜎 𝐿 = 1.4, 𝑓 𝜎 𝐻 = 1.5. These values give an average neutron multiplicity of 2.942 ± 0.009. From this reference calculation prompt neutron and gamma multiplicity are obtained. The prompt neutron multiplicity can be viewed in Figure 74. A comparison of the prompt fission gamma spectrum obtained from this reference calculation with recent [START_REF] Oberstedt | High-precision prompt gamma-ray spectral data from the reaction 241 Pu(nth,f)[END_REF] prompt fission gamma spectrum is also shown on Figure 75. We can see that an overall agreement has been reached between this calculation and the experimental results.

Figure 75: Gamma spectra obtained from FIFRELIN calculations for the fission of 241 Pu. Compared with those obtained by [START_REF] Oberstedt | High-precision prompt gamma-ray spectral data from the reaction 241 Pu(nth,f)[END_REF]. The detector numbers used to measure gamma spectra are mentioned in subscript.

Sensitivity studies of IR on 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿

In this sub-section, keeping the values of 𝑅 𝑇 𝑚𝑖𝑛 and 𝑅 𝑇 𝑚𝑎𝑥 fixed, the values of the parameters which drive the angular momentum generation i.e., 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 were changed to see their effect on the isomeric ratios. Emphasis was given to those nuclei 9 which had been studied at LOHENGRIN during this work. The range for the 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 parameters was set from [1.2 to 1.7]. The isomeric ratios as a function of 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 are plotted in Figure 76 -Figure 84. Four different behaviours can be seen.

Case 1:

It can be observed that for 132 Sn, which is a spherical nucleus, the isomeric ratios are not sensitive to the variation of the scaling factor parameter of the heavy fragment group. Rather, it is sensitive to the change of the light fragment group scaling factor parameter. An explanation for this is that the complementary fragment, which is deformed, is responsible for the generation of angular momentum for both the fragments during scission, which is in line with what is mentioned in reference [START_REF] Marević | Angular Momentum of Fission Fragments from Microscopic Theory[END_REF] which is based on the angular momentum from microscopic theory. 

Case 2:

For the heavy fragments of 130 Sn (1.61 μs IS), 129 Sn, a clear dependence of the isomeric ratios on 𝑓 𝜎 𝐻 can be observed. These IRs are only slightly sensitive to the changes in 𝑓 𝜎 𝐿 . 

Case 3:

However, for 133 Sb, 131 Sb and 130 Sn (1.7 min isomeric state), the isomeric ratios are sensitive to changes on both, 𝑓 𝜎 𝐿 and𝑓 𝜎 𝐻 . On the contrary, to the specific 132 Sn behaviour, these nuclei are slightly deformed. The dependence on 𝑓 𝜎 𝐿 may arise from the strong deformation of the complementary fragment. The low, but non-negligible dependence on the 𝑓 𝜎 𝐻 may come from the slight deformation of these nuclei. Reference [START_REF] Marević | Angular Momentum of Fission Fragments from Microscopic Theory[END_REF] showed that shell effects have an impact on the angular momentum of the fission fragments. 

Case 4:

Finally, for 109 Ru, a linear dependence of the isomeric ratio on 𝑓 𝜎 𝐿 can be observed. This is not surprising since this isotope is expected to be highly deformed. This nucleus is the partner of 132 Sn after one neutron emission. To resume, the behaviour of the IR as a function of 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 can be looked at in regard with the deformation of the fragment pairs created. More deformed are the fission fragments, more important is the sensitivity.

Sensitivity studies of the excitation energy and the average spin with 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿

To go further, we try to check what is the physical parameter which drive these evolutions. So, we also take a look at the variation in excitation energy (E*) and the variation of the average angular momentum <J> with change in f σ H and f σ L . The variation in both these quantities can be seen pre-neutron emission as well as post-neutron emission. The variation of the E* and <J> of the complementary fragment can also be viewed. This can be viewed in Figure 85-Figure 88. The plots for the variation of E* and <J> with 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 of 132 Sn, 131 Sb and their respective complementary fragments are presented. The plots for the other nuclei studied are presented in Appendix V.

For 132 Sn, we can see that variation of f σ H has no impact on the excitation energy or the average angular momentum. However, a dependence can be viewed on f σ L . We can also observe that the trend for E* and <J> before and after neutron emission remains the same. Note that this behaviour is the same for all the studied nuclei. Neutron emission does not change the pattern. There is only a scaling shift. One can also see the variation of the E* and <J> of the complementary fragment with change in f σ L .

For the other heavy fragments of 130 Sn, 129 Sn, 131 Sb and 133 Sb a clear dependence of <J> exist on f σ H . Moreover, as mentioned earlier, the trend of <J> pre-neutron emission and post neutron emission is the same. No dependence is observed on f σ H . Furthermore, E* and <J> of their complementary fragments show a dependence on f σ L as expected.

Finally, for 109 Ru, on the contrary to the heavy fragments, a dependence of E* and <J> was observed on f σ L . Similar to the other isotopes, the trend was maintained pre and post neutron emission. For the <J> of the complementary fragment, a dependence was observed on f σ H .

From this study, we can conclude that the isomeric ratios are sensitive of the mechanism of generation of spin and not all nuclei follow the same trend. Furthermore, it can be seen that the 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 do not have a major impact on the excitation energy. However, <J> does change with change in 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 depending on the isotope and the parameter changed (𝑓 𝜎 𝐻 or 𝑓 𝜎 𝐿 ). We also notice that the neutron emission does not change the trend but only the value of the excitation energy and <J>. These sensitivity studies highlight the dependency of the isomeric ratio with the angular momentum of the isotope. Some indirect impact from the complementary fragment can be seen for 132 Sn. 

Spin Cut-off Extraction

In this section, the aim is to only use the de-excitation mode of FIFRELIN namely FIFRELIN-decay, in order to derive the angular momentum distribution which reproduces our IR data. For FIRELIN-decay, a range of input states are sampled to have a complete deexcitation calculation for a particular nucleus. The excitation energy has a range starting at the energy of the isomeric state (Eiso) up to the neutron separation energy (Sn). In cases where Eiso < Ecut, then the excitation energy has a range from Ecut to Sn. This is sampled in steps of ΔE* = 200 keV. The upper limit for the excitation energy is set equal to the neutron separation as the experimental isomeric ratios are measured after prompt neutron emission. For each of the excitation energy, a range of J π values ([0± to 30±] for even nuclei and [1/2± to 61/2± for odd nuclei]) are given in steps of ΔJ = 1.

Once the input parameters, A, Z, E* and J π are provided, a cascade can start. FIFRELIN-decay uses several models and experimental level schemes to calculate the isomeric ratio for a particular E* and Jπ combination (IRFIF(E*,J π )). Figure 89 shows the isomeric ratio calculated by FIFRELIN as a function of the initial state for 132 Sn. In order to compare the isomeric ratio calculated by FIFRELIN to those measured experimentally, statistical tools are required. From Bayes' theorem, one can write:

𝑃(𝜃 |𝐷) = 𝑃(𝐷|𝜃 )𝑃(𝜃 )
∫ 𝑃(𝐷|𝜃 )𝑃(𝜃 )𝑑𝜃

Eq.51

Here, D is the data and 𝜃 are the parameters of the model. 𝑃(𝜃 |𝐷) is the posterior probability of 𝜃 given D. 𝑃(𝜃 ) is the probability of 𝜃 called the prior probability, and 𝑃(𝐷|𝜃 ) is the probability of occurrence of D given 𝜃 . It can also be interpreted as likelihood ℒ of 𝜃 given D since 𝑃(𝐷|𝜃 ) ∝ ℒ(𝜃 |𝐷). For given values of unknown parameters, the likelihood measures the goodness of a fit of a statistical model to the data sample.

The better are the results reproduced by the model, the larger is the likelihood. Assuming a Gaussian distribution, the likelihood function can be written as [START_REF] Gregory | Bayesian Logical Data Analysis for the Physical Sciences[END_REF] [109]:

ℒ(𝜃 |𝐷) ∝ ∏ 𝑒𝑥𝑝 (- (𝑑 𝑖 -𝑓(𝑑 𝑖 , 𝜃 )) 2 2𝜎 𝑖 2 ) 𝑖
Eq.52

The model 𝑓(𝑑 𝑖 , 𝜃 ) can be written as:

𝐼𝑅 𝐹𝐼𝐹 (𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ) = ∑ ∑ 𝑃(𝜋)𝑃(𝐽)𝐼𝑅 𝐹𝐼𝐹 (𝐸 * , 𝐽 𝜋 ) 𝜋 𝑗

Eq.53

Here 𝑃(𝜋) = 𝑃(±1) = 1/2 and P(J) is the angular momentum distribution given by the expression below [START_REF] Wagemans | The nuclear fission process[END_REF]:

𝑃(𝐽) ∝ (2𝐽 + 1) exp (- (𝐽 + 1 2 ) 2 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 2 )
Eq.54

With 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 a free parameter. Applying Eq.52, the likelihood can be written as follows:

ℒ(𝜃|𝐷) ∝ exp (- (𝐼𝑅 𝑒𝑥𝑝 -𝐼𝑅 𝐹𝐼𝐹 (𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 )) 2 2(𝜎 𝑒𝑥𝑝 2 + 𝜎 𝐹𝐼𝐹 2 ) ) Eq.55
Hence, for each experimental isomeric ratio, a probability in (E*, Jcut-off) is obtained. If the isomeric ratio calculated by FIFRELIN is not compatible with the experimental data, then one will not be able to conclude on the value of Jcut-off, as the likelihood function will not make sense. For each isomeric ratio measured, a probability plot is constructed. The larger the likelihood, greater is the coherence between the experimental and calculated values. The probability plot for the 76 MeV selection for 132 Sn is illustrated in Figure 90. The exclusion plot is the point of comparison with theoretical calculations. If the calculations predict an angular momentum distribution that is incompatible with the different plots extracted, then one can say that the nuclear model involved in the calculation cannot reproduce the experimental isomeric ratios. The mean Jcut-off (𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ ) value shown in the Eq. 55 (Jcut-off weighted by all likelihood function) is also extracted with the standard deviation for each experimental point. Finally, the average isomeric ratio from FIFRELIN is calculated using 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ . This final quantity helps in comparing the experimental data to theoretical models. This entire process of spin extraction is illustrated in a flowchart in Figure 91.

𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ = ∑ ∑ 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ℒ(𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 , 𝐸 * ) 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 𝐸 * ∑ ∑ ℒ(𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 , 𝐸 * ) 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 𝐸 *

Eq.56

The evolution of the 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ and the average angular momentum (calculated using 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ ) for 132 Sn as a function of the kinetic energy selected at LOHENGRIN is shown in Figure 92. The isomeric ratios from FIFRELIN are recalculated by weighting with the 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ .

These are then compared with the isomeric ratios measured experimentally. For 132 Sn, this can be seen in Figure 92. It can be seen that the IR are well reproduced by FIFRELIN. Therefore, we can be confident about the derived angular momentum distribution.

This method of spin extraction is applied to all isotopes other than 98 Y and 88 Br as for these two nuclei, the RIPL-3 2020 level scheme is not up to date and quite some information is missing for these isotopes. The angular momentum extracted for all other isotopes is shown in Figure 93. 

Interpretation of Results

As seen in this chapter, the observable of interest here for comparison with various theoretical calculations is the angular momentum distribution characterised by a spin cut-off. As seen in Chapter 1, there are not many theories available in literature to describe the mechanism for generation of the angular momentum.

In our data, the evolution of the average angular momentum follows the same trend as for the IR. Globally, we can see a decrease of the angular momentum with an increase in kinetic energy. At lower kinetic energy the behaviour is more chaotic, which can be explained by the impact of both the energy lost in the target and through neutron emission. Once again, an increase at higher kinetic energy is observed in the case of 133 Sb. For 109 Ru, an increasing tendency (with large uncertainties) is observed. Moreover, the excitation energy arises due to the energy from the deformation of the nucleus at fission. Therefore, these trends can be interpreted in regard to the nuclei deformation. Indeed, the bending and wriggling modes theory predict that the angular momentum which stems from these vibrational modes originates at the level of fission which is considered to be in thermal equilibrium. The fragments are supposed to be distorted. Moreover, according to this model, the spin cut-off increases with increase in deformation [START_REF] Zielinska-Pfabé | Angular momentum distribution of fission fragments as a result of bending modes at the scission point[END_REF] [START_REF] Rasmussen | A model for calculating the angular momentum distribution of fission fragments[END_REF].

To go further, the average spin obtained from the different isotopes10 studied during this PhD work has been plotted as seen in Figure 94. It can be observed in Figure 94 that for spherical nuclei such as 132 Sn, the angular momentum has a non-zero value, unlike the predictions from the pumping mechanism theory [START_REF] Bonneau | Scission Configurations and their Implication in Fission-Fragment Angular Momenta[END_REF]. Thus, obeying to these models, a slightly deformed 132 Sn is assumed to be formed at the point of fission. This seems to be unrealistic. It may be possible, that the deformed complementary fragment would play a significant role in the generation of the angular momentum for both the fragments as section 5.2 seems to corroborate.

The light fragment of 109 Ru is highly deformed. This deformation would be responsible in generating a higher angular momentum. Moreover, 109 Ru has a higher angular momentum as compared to the heavy fragments which is analogous to what is mentioned in [START_REF] Marević | Angular Momentum of Fission Fragments from Microscopic Theory[END_REF] and also with [START_REF] Zielinska-Pfabé | Angular momentum distribution of fission fragments as a result of bending modes at the scission point[END_REF] [START_REF] Rasmussen | A model for calculating the angular momentum distribution of fission fragments[END_REF] which mentions that the spin cut-off increases with increase in deformation. Moreover, the large difference between the two complementary fission products ( 132 Sn 109 Ru after one neutron emission) indicate that an orbital angular momentum distribution for these two fission products is expected to conserve the total angular momentum (by taking into account prompt neutron emission). What is surprising is that the minimum of the average angular momentum is not 132 Sn. This may imply that the complementary fragment should still play a role even for slightly deformed nuclei such as Sn and Sb isotopes.

Note that for 130 Sn, 129 Sn and 131 Sb, two or more isomeric states exist. In these cases, both isomeric states are not well reproduced simultaneously (see Appendix IV). Therefore, a possible bias may exist.

Conclusion

After a brief description of FIFRELIN, a sensitivity study of IR as a function of the free parameters, which drive the angular momentum, has been performed. At this moment, the sensitivity calculations presented show clearly an anti-correlated dependence of the 𝑓 𝜎 parameters for the complementary product 132 Sn and 109 Ru, in contrary to other products studied where the heavy products are sensitive to the 𝑓 𝜎 𝐻 parameters of the heavy region. Thus, we confirm that the role of one spherical fission product induced a constraint on both fission fragments even if the angular momentum of the spherical nucleus studied is not equal to 0 as expected by the pumping mechanism. Such study will be complemented for other pairs of fission products and different fissioning systems. Then, the angular momentum distribution has been derived by using the de-excitation part of FIFRELIN. It was observed that the deformation played an important role in the generation of angular momentum. Furthermore, it can be seen that no one theory is sufficient to explain the generation of angular momentum, rather a combination of the theories is required to understand and explain the origin of the angular momentum of the fission fragments. Moreover, previous research [START_REF] Wagemans | The nuclear fission process[END_REF] [39] has shown a sawtooth-like curve for the angular momentum as a function of mass, this was obtained by conducting experiments to measure the prompt gammas. However, it would be interesting to complete this work in order to extract a similar sawtooth-like curve using the technique demonstrated in this work and in [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF] [16] by studying micro-second isomers.

This work highlights the nuclei that will be measured using 235 U and 239 Pu targets for the upcoming experimental campaigns.

General Conclusion

Over the years, the understanding of the nuclear fission process has evolved and improved through the help of numerous experiments, theories and models that have been developed. Despite all this, no theory is able to exactly reproduce all of the fission observables. Moreover, with regards to some aspects of nuclear fission such as the angular momentum generation of the fission fragments, we still don't have a solid theory. In this PhD we have tackled the question of the generation of angular momentum of the fission fragments.

A dedicated experiment has been performed in order to estimate the parameters of the detectors used in the modelling of the detectors. Through simulations we were able to determine individual clover parameters and then use these parameters to simulate the efficiency of the entire detection setup. The efficiency and the covariance matrix obtained from this task is then used for the calculation of isomeric ratios.

Using the Monte-Carlo code described in Chapter 4, we were able to keep a check on experimental uncertainties and provide coherent isomeric ratios and associated covariance matrices. A clear dependance of the IR on the kinetic energy has been observed for the isomeric states studied. Furthermore, from this work, one can highlight that the limiting factor is the knowledge of nuclear structure or lack thereof.

The different types of isomers described in Chapter 1 can play an important role in the isomeric ratios as a function of the kinetic energies which would in turn have an impact on the FIFRELIN predictions. One could then classify the isomers according to their type and then study the impact that each type of isomer would have on the isomeric ratios and the FIFRELIN predictions.

By varying the FIFRELIN parameters of 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 i.e., the parameters that are responsible for governing the angular momentum of the light and the heavy fragments respectively, we were able to study their impact on the isomeric ratios. We observed that the isomeric ratios of the heavy (respectively light) fragments, globally, are dependent on the heavy (respectively light) fragment parameter. In some cases, such as 132 Sn, we surprisingly see also a dependence of the isomeric ratios of the heavy fragment on the light fragment parameter (𝑓 𝜎 𝐿 ) as well. This does show that there is a correlation between the angular momentum generation mechanism of the light and the heavy fragment. Furthermore, we observed that by changing the 𝑓 𝜎 𝐿 and 𝑓 𝜎 𝐻 parameters we were able to change the isomeric ratios and were able to obtain isomeric ratios coherent with experimental results in some cases. Up to now, FIFRELIN consider that these 𝑓 𝜎 parameters are the same for all light (respectively heavy) fragments. This work indicates that such consideration would be modified and a dependence with the isotope should be implemented. The next step in this work is to carry out FIFRELIN calculations as a function of kinetic energy. To do so, the energy loss through the target should be taken into account. Such work may better constrain the FIFRELIN models parameters and overall improve the modelling of the fission process. For instance, the investigation of the impact of the neutron emission on isomeric ratio would be possible.

In the second part of Chapter 5, we saw that experimental data combined with simulations from FIFRELIN-decay along with mathematical tools are used to deduce the angular momentum of the fission fragments after prompt neutron emission. The mathematical tools help in reducing experimental biases as well as help in testing the validity of a model with given set of experimental data.

We saw that for the spherical nucleus of 132 Sn, the angular momentum is not equal to zero which is contradictory to what is mentioned in the theory based on the collective vibrational modes and the theory from pumping mechanism. This result was already obtained in the 235 U(nth,f) reaction and has now also been observed in the 241 Pu(nth,f) reaction as well. This measurement has put a limit on the validity of classical models. We do observe that deformation does play an important role in the generation of angular momentum as 109 Ru which is highly deformed has a much higher angular momentum as compared to the heavy fragments under study. The explanations from the microscopic theory look promising as they predicted deformed nuclei to have a higher angular momentum. The heavy fragments studied, on an average have at least one closed shell. This closed shell could be responsible for the lower angular momentum of the heavy fragments as predicted by the microscopic model. Furthermore, it was observed that the spin cut-off and the angular momenta for all the isotopes under investigation were different. This shows that the predictions of the Madland-England model are contradictory to the experimental data. There is also an open question of whether there is any correlation pre and post scission between the fragment pairs. However, observing the angular momentum of 132 Sn (it being non-zero), one could debate that the partner fragment would be responsible for the generation of its angular momentum or may originate from thermal excitation assumption [START_REF] Gönnenwein | Angular momenta of nearsperical fission fragments[END_REF].

Recent experiments have shown that a sawtooth behavior is expected for the average angular momentum as a function of the mass. To complete our work, we need to perform experiments and collect more data in the light fragment region as well as the very-heavy fragment region. Currently we were able to extract the angular momentum only for one light fragment of 109 Ru. However, the isomeric states of the light fragments of 88 Br, 94 Y, 96 Rb, 97 Sr, 99 Y, 99 Zr, 100 Nb, 104 Tc, 106 Nb have been observed at LOHENGRIN by [START_REF] Genevey | Identification of µs Isomers in the Fission Products of 241 Pu(nth,f)[END_REF]. A new set of measurements can be undertaken to measure the isomeric ratios for their full kinetic energy distribution and then angular momentum of these light fragments can be extracted. In the heavy mass region of 140-150, there is data available from the work of [START_REF] Martin | Etude des distributions en masse, charge nucléaire et énergie cinétique des produits de fission de[END_REF] [START_REF] Julien-Laferrière | Approche expérimentale et phénoménologique des rendements de la fission induite par neutron thermique du 239 Pu et 241 Pu[END_REF] [START_REF] Bail | Mesures de Rendements Isobariques et Isotopiques des Produits de Fission Lourds sur Le Spectrometre de Masse LOHENGRIN[END_REF]. The advantage here is that these works used different fissioning systems thus enabling us to compare the results of the isomeric ratios obtained from various target nuclei.

We also need to perform experiments for these heavy masses by using 241 Pu as the target and compare experimental results for all the fissioning systems. Furthermore, similar masses can be selected in the light and heavy fragment peak using 235 U and 239 Pu as the target. This should then be used to validate codes such as FIFRELIN and develop better hypothesis. Conducting this work might lead to the development of new models for the spin cut-off with the spin cut-off evolving as a function of nuclear mass as stated before

The Madland-England model is unable to replicate the isomeric ratios obtained experimentally. However, the values of the isomeric ratios obtained from FIFRELIN are quite comparable with the values obtained experimentally. The Madland-England model which is currently being used in evaluations should be replaced by FIFRELIN and FIFRELIN-like codes as these codes rely on experimental data as well as models to provide information on the numerous fission observables. This recommendation has already been accepted by the JEFF community for the next release of the JEFF-4 library.

Finally, this work aims to provide theoreticians with data to improve the theories and lead to the validation of models and simulation codes such as FIFRELIN. As said by Sigmund Freud, "From error to error, one discovers the entire truth." This is a very apt saying seeing how science and our understanding of all things around us has progressed. One day, we would be able to unravel and understand the entire process of something as complex as nuclear fission. That day would truly be a glorious day. It can be observed that the values are highly correlated for all. This correlation matrix is made before the correction from target evolution.

Table 24: Isomeric Ratios of 88 Br along with the kinetic energy selected by LOHENGRIN. 109 Ru Showing the isomeric states and the gammas originating from these states. There are two isomeric states having a half-life of 0.68 μs and 0.5 μs with a spin of (5/2-) and (1/2+) respectively [START_REF] Kumar | Nuclear data sheets for A=109[END_REF].

Figure 106: Isomeric ratio of 109 Ru as a function of KE selected by using LOHENGRIN shown in blue along with the kinetic energy distribution shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.

Figure 107: Correlation matrix for the isomeric ratios of 109 Ru for the different KE selected by using LOHENGRIN. Here it can be observed, that the values are highly correlated for all. This correlation matrix is made before the correction from target evolution. For 109 Ru, only the 96.14 keV isomer (0.68 μs) was observed during the experiments. Two possible reasons for not being able to observe the 68.7 keV isomer is that it has a very short half-life of 0.5 μs and by the time it arrives at the detection area, four half-lives have already passed, taking the time-of-flight to be 2 μs. The second reason being that this transition is highly converted giving a low gamma intensity This effect is further compounded due to the threshold effect of Clover 2, the efficiency for the 68 keV gamma is not very high. 133 Sb as a function of KE selected by using LOHENGRIN shown in blue for ionic charge 21, purple for ionic charge 20 and pink for ionic charge 24. The kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.

Figure 110: Correlation Matrix for the isomeric ratios of 133 Sb for the different KE selected by using LOHENGRIN. This correlation matrix is made before the correction from target evolution. 133 Sb along with the kinetic energy selected by LOHENGRIN. The ionic charge for all is q=21 except for *q=20 and **q=24 It can be seen for the level scheme of 131 Sb, that there is only one gamma ray having an energy of 11.2 keV originating from the 4.3 μs isomeric state. This transition has a very low energy and is highly converted. Due to this reason, the 4.3 μs isomeric state was not observed during the experiment. For the analysis, this state is not taken into account and it is assumed that 100% of the 1.1 μs isomeric state directly decays onto the 91 μs isomeric state. For the There are two isomeric states having a half-life of 1.61 μs and 1.7 minutes with a spin of (10+) and (7-) respectively. It can be seen that 130m1 Sn does not decay by internal transitions but rather by β -decay [START_REF] Singh | Nuclear data sheets for A=130[END_REF].

Table 28: Isomeric Ratios of 130 Sn along with the kinetic energy selected by LOHENGRIN at q=20 except for *q=24. The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 130m2 Sn (top) and 130m1 Sn (bottom). In blue, the points are marked for the selection made using ionic charge 20 and in purple, the ionic charge 24. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.

Figure 115: Level Scheme of 129 Sn Showing the isomeric states and the gammas originating from these states. There are three isomeric states having a half-life of 2.22 μs, 3.40 μs and 6.9 minutes with a spin of (23/2+), (19/2+) and 11/2-respectively [START_REF] Timar | Nuclear data sheets for A=129[END_REF].

A single gamma arises from the decay of the 2.22 μs isomeric state having an energy of 41 keV. This gamma was not detected by the experimental setup and hence, this isomeric state has not been used for the analysis of the isomeric ratios of 129 Sn. The experiment for 129 Sn was conducted at three different ionic charges (q=20, [START_REF] Al-Adili | Impact of prompt-neutron corrections on final fission-fragment distributions[END_REF][START_REF] Bohr | The Mechanism of Nuclear Fission[END_REF]. The KE-q correlation corrections could not be done for this isotope as the kinetic energy distribution for mass 129 was obtained at only one ionic charge. The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 129m2 Sn (top) and 129m1 Sn (bottom). In blue, the points are marked for the selection made using ionic charge 23, in orange, the ionic charge 20 and in purple, the ionic charge 26. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.

Figure 117: Level Scheme of 98 Y Showing the isomeric states and the gammas originating from these states. There are five isomeric states having a half-life of 0.78 μs, 0.45 μs, 6.9 μs, 2.32 s and 0.63 μs with a spin of (10-), (8+), (4)-, (6+, 7+) and 2-respectively [START_REF] Chen | Nuclear data sheets for A=98[END_REF].

The 0.45 μs isomeric state was not observed during the experiment and hence, for the analysis, only four isomeric states were considered viz. 0.78 μs isomeric state (m4), 6.9 μs isomeric state (m3), 2.32 s isomeric state (m2) and 0.63 μs isomeric state (m1). The m2 isomeric state undergoes β -decay. Figure 137: Variation of E* and <J> with 𝑓 𝜎 𝐿 for 109 Ru pre and post neutron emission and its complementary fragment. For this measurement, the mass and kinetic energy were set to 100 and ionic charge to 20 i.e., A=100, Ek=100 MeV, q=20 giving a ratio of 5 for both A/q and Ek/q. Each circle/image represents a triplet of A, q, Ek selected by LOHENGRIN for the above-mentioned ratio of 5 [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF]. (b) Spectrum obtained from the ionisation chamber used for this experiment for the same A, q, Ek triplet. (c) Spectrum for A=132, q=24 and Ek=72 MeV. The pressure is lowered for the beam to be implanted in the beam stopper. This cross-section is taken along a plane in the z-axis. In this view, the four crystals are clearly visible. The dead layer on the side of each crystal can be seen here as well as the bore and the dead layer along the bore. The aluminium casing is depicted in blue and the white filling inside the casing and crystals depicts a void. Outside the aluminium casing, the environment is populated by air. The numbers depict the surfaces. (b) Top cross-section taken by a plane in the y-axis. Here the top two crystals which have been cut in half to expose the bore can be visualised. One can also see that the front end of the aluminium casing is much thinner as compared to that of the side walls. The cryostat behind the crystals can also be seen here. ... 42 Figure 33 45: Gamma Spectrum (full) for 132 Sn. Here, gamma rays originating from the decay of the ground state of 132 Sn can be seen. One can also notice the background gamma rays such as 1460.82 keV from 40 K and 1293.64 keV from 41 Ar. The gammas originating from the isomeric state of 132 Te as well as other isotopes selected by LOHENGRIN can be seen. ..................... 58 (a) This is the case where the event rates in the ionisation chamber are lower than the coincidence time window and no overlap in the coincidence window is observed. (b) In this case, the event rate in the ionisation chamber is higher than the length of the coincidence window, i.e., there is an overlap between the two coincidence windows. However, in both cases, it can be observed that the gammas are attributed to either of the coincidence windows i.e., no gamma is counted twice. 132 Sn from two different fissioning systems of 241 Pu (red circle) and 235 U (blue circle). It can be seen that the isomeric ratios are similar from both the fissioning systems. In blue squares the kinetic energy distribution is presented for 235 U(nth,f) and in red squares, for 241 Pu(nth,f). For the measurements with the 235 U target, no cover/foil was present thus leading to a higher mean kinetic energy for the fission products. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account. 112: The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 131m2 Sb (top) and 131m1 Sb (bottom). In blue, the points are marked for the selection made using ionic charge 24 and in purple, the ionic charge 20. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account. ................ 120 Figure 113: Level Scheme of 130 Sn. Showing the isomeric states and the gammas originating from these states. There are two isomeric states having a half-life of 1.61 μs and 1.7 minutes with a spin of (10+) and (7-) respectively. It can be seen that 130m1 Sn does not decay by internal transitions but rather by β -decay [START_REF] Singh | Nuclear data sheets for A=130[END_REF] 114: The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 130m2 Sn (top) and 130m1 Sn (bottom). In blue, the points are marked for the selection made using ionic charge 20 and in purple, the ionic charge 24. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account. ................ 122 Figure 115: Level Scheme of 129 Sn Showing the isomeric states and the gammas originating from these states. There are three isomeric states having a half-life of 2.22 μs, 3.40 μs and 6.9 minutes with a spin of (23/2+), ( 116: The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 129m2 Sn (top) and 129m1 Sn (bottom). In blue, the points are marked for the selection made using ionic charge 23, in orange, the ionic charge 20 and in purple, the ionic charge 26. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account. 30: Isomeric Ratios of 98 Y along with the kinetic energy selected by LOHENGRIN. 126

List of Figures

Summary in French

Avec la crise et les conditions climatiques actuelles, il est nécessaire de disposer d'une énergie verte et respectueuse de l'environnement. Le monde doit transférer la charge de base de la production d'électricité des combustibles fossiles vers une énergie décarbonée et notamment vers l'énergie nucléaire. L'utilisation de l'énergie nucléaire a trouvé des applications non seulement sur terre, mais aussi en mer et dans l'espace. Afin de développer le parc de réacteurs et de contribuer au développement des applications nucléaires, il est nécessaire de disposer de données évaluées fiables, notamment celles relatives aux sections efficaces de fission et aux observables de fission. A titre d'exemple, ces bibliothèques de données évaluées seront utilisées pour le dimensionnement des futurs réacteurs, estimer les dommages causés par les gammas prompts émis, ou encore le calcul de la puissance résiduelle libérée après l'arrêt d'un réacteur... C'est dans ce contexte que, dans le cadre d'une collaboration entre le Laboratoire d'Etudes de Physique (LEPh) du CEA-Cadarache, le Laboratoire de Physique, Subatomique et Corpusculaire (LPSC), Grenoble et l'Institut Laue Langevin, Grenoble, un programme pluriannuel sur l'étude des rendements de fission des actinides d'intérêt, pour les cycles de combustible actuels et innovants a été mené au cours des derniers dix ans.

Le sujet de cette étude est la fission nucléaire, c'est-à-dire la scission du noyau en deux ou plusieurs noyaux plus légers. Il s'agit d'une réaction très particulière, car un grand nombre de nucléons interagissent collectivement pour donner naissance à des paires de fragments qui s'accompagne d'une énorme libération d'énergie. Malgré les très nombreux travaux menés depuis la découverte de la fission nucléaire en 1939 [START_REF] Meitner | Disintegration of uranium by neutrons: a new type of nuclear reaction[END_REF] [5] [START_REF] Hahn | Über den Nachweis und das Verhalten der bei der Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle[END_REF], à la fois sur le plan théorique et expérimental, la plupart des observables de fission ne sont toujours pas prédites avec la précision requise par les applications. C'est le cas par exemple du mécanisme de génération du moment angulaire des fragments de fission qui n'est toujours pas bien compris. Pour tenter d'améliorer cet aspect, l'objectif principal de cette thèse est de déterminer le moment angulaire des produits de fission en mesurant les rapports isomériques. Un isomère est un état excité d'un noyau qui a une forme, moment angulaire ou une parité différente des états excités voisins et qui se manifeste par une durée de vie plus importante que ces voisins.

Notons que la détermination expérimentale du moment angulaire des produits de fission à partir des distributions des gammas prompts émis est sujette à des biais d'interprétations. La mesure du rapport isomérique est une méthode alternative pour estimer le moment angulaire : c'est cette méthode qui a été choisie dans ce travail. Ces rapports isomériques expérimentaux doivent ensuite être comparés à ceux obtenus en utilisant un modèle tel que le modèle de Madland-England ou à ceux obtenus via des codes tels que FIFRELIN, GEF, FREYA ou CGMF qui décrivent la désexcitation des produits de fission. Ces rapports isomériques sont intéressants car ils conservent l'information de moment angulaire juste après la fission, comme le suggèrent R. Vandenbosch et J. R. Huizenga. [START_REF] Vandenbosch | Nuclear Fission[END_REF]. Comme le montre la Figure 1, après l'émission des particules promptes (neutrons, gamma), un produit de fission peut être formé soit dans un état isomérique, soit dans l'état fondamental. Cela va dépendre non seulement de l'énergie d'excitation initiale E* et du moment angulaire J dans lequel est formé le fragment de fission avant l'émission des particules promptes, mais aussi de la voie suivie par le fragment pour se désexciter via l'émission des neutrons et des gammas prompts. Ainsi, si la zone de formation du fragment dans le plan (E*, J) change, alors le peuplement des états isomérique et fondamental sera impacté. Le chapitre 1 de ce document se termine par l'importance de connaître le moment angulaire des produits de fission tant d'un point de vue théorique que pour fournir des évaluations cohérentes des rendements de fission.

Figure 1: Remplissage des états nucléaires à partir de la fission [START_REF] Chebboubi | Contribution à l'étude de la fission nucléaire: de LOHENGRIN à FIPPS[END_REF].

La mesure des rapports isomériques est effectuée auprès du spectromètre de masse LOHENGRIN [START_REF]PN1 Fission-product spectrometer[END_REF] [2] situé à l'Institut Laue-Langevin (ILL) de Grenoble [START_REF]About ILL; What is The ILL[END_REF]. LOHENGRIN est l'une des installations clés pour les expériences scientifiques traitant de la science fondamentale et de la science appliquée concernant la fission et la structure nucléaire. Dans le deuxième chapitre, le fonctionnement du spectromètre LOHENGRIN et ses caractéristiques sont présentés. Le dispositif expérimental dans son ensemble et les détecteurs utilisés pour ce travail de thèse sont également décrits dans ce chapitre.

L'Institut Laue-Langevin est un centre de recherche créé en 1967. L'institut dispose d'un réacteur à très haut flux qui constitue la source continue de neutrons thermiques la plus intense au monde. Le spectromètre de masse LOHENGRIN a été construit auprès du réacteur dans les années 1970. Il est l'un des instruments clés pour réaliser des expériences en physique nucléaire à l'ILL. Ce type de spectromètre permet de sélectionner et d'extraire des noyaux en fonction de leur masse, mais aussi de leur énergie cinétique. Il est utilisé pour étudier les noyaux exotiques produits par fission thermique sur différents isotopes d'actinides : Th, U, Np, Pu, Am, Cm. LOHENGRIN est représenté schématiquement sur la Figure 2.

Figure 2: Schéma du spectromètre de masse à recul de produits de fission LOHENGRIN situé à l'Institut Laue Langevin. On peut voir ici l'aimant (main magnet, en bleu), suivi du condensateur électrique (condenser, en jaune). Un second aimant ('Refocusing magnet', appelé RED) est disponible pour conduire les produits de fission vers la position expérimentale numéro 2.

Pour ce travail, nous avons utilisé une cible de 241 Pu, placée près du coeur du réacteur. Comme les produits de fission sont des particules chargées, en utilisant la force de Lorentz, on peut jouer sur les champs électrique et magnétique pour sélectionner les produits de fission d'intérêt. Plus précisément, les produits de fission sont sélectionnés en fonction de leurs rapports (A/q) et (Ek/q) où A, q et Ek représentent respectivement la masse, la charge ionique et l'énergie cinétiques des produits de fission.

Les produits de fission ainsi extraits arrivent sur le dispositif de détection composé d'une chambre d'ionisation et de deux détecteurs « clover » en germanium de haute pureté (HPGe), comme le montre la Figure 3. Les produits de fission sont implantés sur une feuille au sommet des détecteurs HPGe. Les gammas provenant des produits de fission implantés sont détectés par les détecteurs HPGe. Ces gammas sont comme les empreintes digitales du noyau. Ils nous aident à identifier le noyau ainsi qu'à déterminer la quantité de radio-isotopes déposés sur la feuille d'arrêt des ions (implantation foil). La connaissance de l'efficacité de détection et de son incertitude est très importante pour la mesure des rapports isomériques et leur incertitude. L'incertitude sur l'efficacité représente d'ailleurs la principale contribution à l'incertitude finale des rapports isomériques. L'interaction des rayons gamma avec la matière étant un domaine bien connu, une modélisation du dispositif expérimental est réalisable avec un biais limité. Dans le troisième chapitre, une expérience utilisant des sources ponctuelles a été réalisée afin d'estimer l'efficacité de chaque cristal Ge. L'ensemble du dispositif a ensuite été modélisé en utilisant le code Monte Carlo MCNP. Ces sources ponctuelles ont été placées à différentes positions des cristaux de manière à bien caractériser l'ensemble des détecteurs. Ainsi, pour chaque cristal, à l'exception de l'un d'entre eux (en raison d'une mauvaise résolution en énergie), l'efficacité expérimentale a pu être déterminée. Les efficacités obtenues par les simulations MCNP sont comparées à celles obtenues par l'expérience de la source ponctuelle. Un ajustement des différentes dimensions des éléments constitutifs du détecteur a ainsi été effectué de manière à reproduire, par les simulations, les efficacités expérimentales. La méthode du ² a été utilisée pour définir la meilleure géométrie permettant de reproduire les résultats expérimentaux. L'efficacité des cristaux a été mesurée sur une gamme d'énergie allant de 59 keV à 1408 keV en utilisant plusieurs sources d'isotopes radioactifs, puis évaluée sur une zone allant de 0 à 1500 keV. Après avoir obtenu les caractéristiques des détecteurs, les différents paramètres des détecteurs sont insérés dans une géométrie MCNP créée afin de modéliser l'intégralité du dispositif expérimental utilisé pour la mesure du rapport isomérique (les deux détecteurs Clover HPGe et la chambre d'ionisation). Une fois estimée, cette efficacité totale sera utilisée ultérieurement pour l'extraction des rapports isomériques.

Dans le quatrième chapitre, l'analyse des rapports isomériques est décrite. Après l'implantation des ions sélectionnés par le spectromètre dans la chambre d'ionisation, les photons résultant de leurs désexcitations et/ou de leurs désintégrations sont observés avec nos détecteurs germanium dans une fenêtre temporelle adaptée à la demi-vie radioactive du noyau considéré. A partir du nombre de désintégrations observées, les taux de production des ions dans l'état fondamental et l'état isomère sont obtenus en tenant compte de plusieurs corrections (efficacité de détection, intensité gamma, temps de vol dans le spectromètre, etc.). Une méthode de Monte Carlo est utilisée pour calculer les rapports isomériques et ses incertitudes. Pour un même isotope, les matrices de covariance entre les différents rapports isomériques ont pu être calculées ainsi que les corrélations entre les paramètres. L'évolution des caractéristiques de la cible (épaisseur, homogénéité) a été pris en compte et les biais potentiels dus au changement de la charge ionique ont été estimés. Pour la fission thermique du 241 Pu, les rapports isomériques de plusieurs fragments légers et lourds ont été déterminés en fonction de leur énergie cinétique. Notons que la correction de la perte d'énergie dans la cible et sa couverture n'a pas effectuée. Seule l'évolution entre le premier jour et le dernier jour de la campagne expérimentale ont été pris en compte.

Différentes tendances peuvent être observées à partir de la Figure 4 et de la Figure 5 :

• Pour le 132 Sn, on observe un plateau à basse énergie cinétique puis une tendance décroissante au-delà de 70 MeV. • Pour les isotopes 130m2 Sn et les isotopes de Sb, on observe une double dépendance : croissante en dessous de 70 MeV et décroissante au-delà. • Pour 133 Sb, on a vu une deuxième augmentation pour les rapport isomeriques a très haut énergie cinétique. Cette augmentation est une conséquence de la structure nucléaire de 133 Sb. • 129m2 Sn, une tendance constante à la baisse une décroissance stricte en fonction de l'énergie cinétique est observée. • Pour les 129m1 Sn et 130m1 Sn aucune dépendance avec l'énergie cinétique n'a été observée, de même que pour les 98 Y et 88 Br. • Une tendance strictement croissante est pour 109 Ru. Cette noyau est l'un des partenaires du 132 Sn après l'émission d'un neutron.

Le rapport isomérique du 132 Sn provenant des réactions 241 Pu(nth,f) et 235 U(nth,f) a été comparé sur la Figure 6. On peut voir que ce rapport isomérique est assez similaire bien qu'il provienne de deux systèmes fissionnant différents. Les valeurs moyennes des rapports sont ensuite comparées aux valeurs données par le code GEF et celles obtenues par le modèle Madland-England, comme le montre la Figure 7. Ce travail a permis d'observer une tendance claire des rapports isomériques en fonction de l'énergie cinétique pour les isotopes du Sn et Sb. Cependant, en raison de la perte d'énergie dans la cible et de l'émission des neutrons prompts, l'interprétation des points de basse énergie cinétique ainsi que des isotopes légers est plus difficile. Une comparaison des rapports isomériques moyens avec le code actuel (GEF, modèle ME) utilisé dans l'évaluation de la bibliothèque européenne JEFF montre une grande divergence avec les données.

Comme mentionné ci-dessus, le principal objectif de cette thèse est de déterminer les distributions de moment angulaire des produits de fission à partir de la mesure des rapports isomériques. C'est l'objet du cinquième chapitre qui est consacré à la détermination du moment angulaire des produits de fission. Pour cela, nous avons utilisé le code Monte Carlo FIFRELIN développé au sein du LEPh du CEA-Cadarache. Dans ce chapitre, nous présentons la façon dont le code simule la composante prompte du processus de désexcitation des fragments de fission, ce qui permet de caractériser l'ensemble des observables de fission et de déterminer les éventuelles corrélations entre elles. Les différentes étapes du calcul et les modèles utilisés dans le code sont expliqués. Il y a quatre paramètres libres dans FIFRELIN qui sont ajustés pour obtenir la multiplicité moyenne des neutrons prompts. Une fois l'ajustement réalisé, la distribution en énergie des gammas prompts peut être calculée en bon accord avec le spectre expérimental mesuré à Geel [START_REF] Oberstedt | High-precision prompt gamma-ray spectral data from the reaction 241 Pu(nth,f)[END_REF]. Dans ce travail, l'analyse se concentre sur les produits de fission du 241 Pu qui ont été sélectionnés par le spectromètre LOHENGRIN. Une étude de la sensibilité des rapports isomériques à l'énergie d'excitation et au spin a été menée en faisant varier les deux paramètres libres qui gèrent dans FIFRELIN la distribution de moment angulaire des fragments de fission. On en a déduit qu'il existe une corrélation avec la déformation des fragments : plus le fragment est déformé, et plus le rapport isomérique calculé est dépendant des paramètres libres utilisés par FIFRELIN.

Pour extraire le moment angulaire, on a utilisé FIFRELIN dans le mode « décroissance ». Dans le mode « décroissance », FIFRELIN, commence une désexcitation pour le noyau de intérêt. Avec le mode « décroissance »du code FIFRELIN, le moment angulaire est extrait (voir Figure 8) et les rapports isomériques en fonction de l'énergie cinétique pour les noyaux d'intérêt sont calculés. Pour chaque noyau, l'ajustement du paramètre de spin cut-off permet de reproduire et d'interpréter les mesures réalisées, à l'exception du 88 Br et du 98 Y dont la structure nucléaire discrète est incomplète voire erronée dans la base RIPL-3. Pour tous les autres noyaux mesurés, les moments angulaires des fragments lourds ont ainsi pu être estimés. Globalement, on constate une diminution du moment angulaire avec une augmentation de l'énergie cinétique. A plus faible énergie cinétique, le comportement est plus chaotique, ce qui peut s'expliquer par l'impact de l'énergie perdue dans la cible et par l'émission de neutrons. Pour le 109 Ru, une tendance à l'augmentation est observée.

Le moment angulaire moyen est obtenu pour les différents isotopes et est visible sur la Figure 9. On peut observer sur la Figure 9 que pour les noyaux sphériques tels que 132 Sn, le moment angulaire a une valeur non nulle. Le fragment léger de 109 Ru est fortement déformé [START_REF] Hilaire | Large-scale mean-field calculations from proton to neutron drip lines using the D1S Gogny force[END_REF]. Cette déformation serait responsable de la génération d'un moment angulaire plus élevé.

On constate qu'aucun modèle n'est suffisant pour expliquer la génération du moment cinétique, mais qu'une combinaison de modèles est nécessaire pour comprendre et expliquer l'origine du moment cinétique des fragments de fission. La question de savoir s'il existe une corrélation avant et après la scission entre les paires de fragments reste également ouverte. Cependant, en observant le moment angulaire du 132 Sn (qui n'est pas nul), on peut penser que le fragment partenaire est responsable de la génération de son moment angulaire comme l'atteste l'étude de sensibilité faite avec FIFRELIN indiquant une forte corrélation croisée des paramètres pour la paire 109 Ru -132 Sn, l'un des produits complémentaires à une émission de neutron près.
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Figure 2 :

 2 Figure 2: World CO2 emissions for the past two decades from different energy sources from IEA [7].

Figure 3 :

 3 Figure 3: Decay heat uncertainty due to the yields of the thermal neutron induced fission of 235 U [8] (10 9 s~30y).

Figure 4 :

 4 Figure 4: Schematic view of the nuclear fission process.

Figure 5 :

 5 Figure 5: The equipotential energy as a function of the nuclear deformation can be seen on the left. On the right we can see the fission barrier represented by Ef[START_REF] Bohr | The Mechanism of Nuclear Fission[END_REF] 

Figure 6 :

 6 Figure 6: Mass Distribution of fission products from thermal neutron induced fission on 235 U and 241 Pu from JEFF-3.3 [9]. Here, not all values represent experimentally measured values as the database mixes experimental values with model predictions.

Figure 7 :

 7 Figure 7: Schematic diagram of bending, wriggling and twisting modes.

Figure 8 :

 8 Figure 8: Filling of nuclear states from fission [15].

Figure 9 :

 9 Figure 9: Isomeric Ratio as a function of nuclei mass from light fragments by inducing thermal fission in 239 Pu and 241 Pu [50], [51].

Figure 11 :

 11 Figure 11: Schematic representation of the LOHENGRIN recoil mass spectrometer. Here, the dipole magnet can be seen in blue followed by the electric condenser and finally the RED (refocusing magnet) leading to the two experimental positions.

  is dependent on the target size. For a target size of 0.8*7.5 cm 2 , the A ΔA = 400 and for a finer target of 0.16*4cm 2 , the A ΔA = 1500[START_REF] Armbruster | The Recoil Separator Lohengrin: Performance and Special Features for Experiments[END_REF] 

Figure 12 :Figure 13 :

 1213 Figure 12: Diagram showing the separation on the focal plane by LOHENGRIN. Each rectangle represents an image of a different mass and kinetic energy for a given ionic charge.The rectangle in the centre is the image of the A, q, Ek of interest. The other rectangles at ±1 correspond to the images with a variation of 1 % for 𝛿𝐴/𝐴 and 𝛿𝐸/𝐸.[START_REF] Fioni | Reduction of energy dispersion on a parabola mass spectrometer[END_REF] 

Figure 14 :

 14 Figure 14: Detector Setup showing an ionisation chamber and two HPGe clover detector on either side. The implantation foil inside the ionisation chamber is also visible in this picture.

Figure 15 :

 15 Figure 15: Schematic of the Frisch Grid Ionisation Chamber used at LOHENGRIN, filled with isobutane gas at a pressure of 40 mbar.

Figure 16 :

 16 Figure 16: (a) Drift velocity of electrons in four different gases. (b) Drift velocity of electrons in Argon with different admixtures of isobutane [68].

Figure 18 :

 18 Figure 18: IC and HPGe clover arrangement during the experiment.

Figure 19 :

 19 Figure 19: 60 Co spectrum at LOHENGRIN while the reactor is not in operation. The full energy peaks of 1173.23 keV and 1332.49 keV can be seen for 60 Co.

Figure 20 :

 20 Figure 20: Schematic representation of Compton scattering

Figure 21 :

 21 Figure 21: Relative importance of the three different types of interactions. The line on the left demarcates the boundary where photoelectric absorption and Compton scattering dominate. The energies on the line have equal probabilities to undergo either of the two. Line on the right represents the energies at which both Compton scattering and pair production are equally probable. [67] [71].

Figure 22 :

 22 Figure 22: Schematic Diagram of a germanium crystal in reverse bias mode.

Figure 24 :

 24 Figure 24: Source positioning geometry. Each circle represents a potential source position. The size of each source and circle is 2.5 cm. We can also see four squares containing these source positions. The square in red depicts where the germanium clover hangs on top of this geometry. The source positions used for the analysis and efficiency comparison are shown in blue 5 .

Figure 25 :

 25 Figure 25: Experimental setup.Here, the clover can be seen suspended over the predefined source positioning geometry created in Figure24. The jack on which the predefined source positioning geometry was placed can also be seen.

Figure 26 :

 26 Figure26: Spectra from different crystals of Clover 1 and Clover 2 showing the threshold effect for all crystals of the two clovers. The x axis symbolises energy and the y axis gives the number of counts. The background spectra from each crystal have been used to study this effect. It can be seen that the crystals of Clover 1 have a much lower threshold as compared to that of Clover 2. This is due to an error in setting the detector parameters using the NOMAD control at ILL.

Figure 27 :

 27 Figure 27: Threshold effect for Clover 2.Here the threshold effect for different crystals of Clover 2 can be seen. The x axis symbolises energy and the y axis gives the number of counts. The spectra from the background have been normalised and superimposed on the spectra obtained by using a combination of 241 Am and133 Ba sources. The first gamma line is 59.5 keV from 241 Am and the second is the 81 keV gamma from133 Ba.

Figure 28 :

 28 Figure 28: Experimental efficiency obtained for crystal 1 of clover 1 by using five different point sources placed at the central position (position 1 of the source positioning geometry) at a distance of approx.. 4 cm. The uncertainties are often lower than the point size.

Figure 29 :

 29 Figure 29: Illustration of a single coaxial Ge crystal along with the different crystal parameters.

Figure 30

 30 Figure 30 Plot showing the attenuation of photons in germanium as a function of energy and its transmission through aluminium [79] [80].

Figure 33 (

 33 Figure 33 (Left) χ2 distribution and fit for the Al Casing for the crystals of Clover 1. Only the Al Casing was varied, and the other parameters were set to: Crystal Length 7.4 cm, Hole Radius 0.8 cm, Al-Crystal Distance 0.8 cm and Dead Layer 5 microns for all crystals. (Right): χ 2 distribution and fit for the Dead Layer for the crystals of Clover 1. Only the Dead Layer was varied, and the other parameters were set to: Crystal Length 7.4 cm, Hole Radius 0.8 cm, Al-Crystal Distance 0.8 cm and Al Casing 0.2 cm. It does not have an effect on the efficiency as the error bars associated with χ 2 +1 are very big.

Figure 34 :

 34 Figure 34: Comparison between simulated and experimental efficiency for Clover 1 ( 152 Eu source) without addback. The source is placed at the central position (position 1 of the source positioning geometry) at a distance of approx. 4cm. Parameters Hole Radius 0.8 cm, Al Casing thickness 0.2 cm for all crystals. (Crystal 1): Length 7.3 cm, and Al-Crystal Distance 0.96 cm. (Crystal 3) Length 7.5 cm and Al-Crystal Distance 0.8 cm. (Crystal 4) Length 7.4 cm, and Al-Crystal Distance 0.8 cm. 𝜒 𝑙𝑖𝑚 2 confidence level taken is 3𝜎.

Figure 35 :

 35 Figure 35: Comparison between simulated and experimental efficiency for Clover 2 ( 152 Eu source) without add back. The source is placed at the central position (position 1 of the source positioning geometry) at a distance of approx. 4cm. Parameters: Hole Radius 0.8 cm for Crystal 1, 2, 3 and Al Casing thickness 0.2 cm for all crystals. (Crystal 1) Length 7.7 cm and Al-Crystal Distance 1.1 cm. (Crystal 2) Length 7.7 cm and Al-Crystal Distance 1.0 cm. (Crystal 3) Length 7.2 cm and Al-Crystal Distance 1.1 cm. (Crystal 4) Length 7.8 cm and Al-Crystal Distance 0.9 cm. 𝜒 𝑙𝑖𝑚 2 confidence level taken is 3𝜎.

Figure 36 :

 36 Figure 36: (Left) Detector setup created using MCNP. The Ionisation Chamber can be seen in the middle of the two clovers. An Al box is present inside the IC. A Mylar foil with Al coating is stuck to the bottom end of the box named foil holder. (Right) Photograph of the detector setup taken during the isomeric ratios experiment.

Figure 37 :

 37 Figure 37: 96m Y efficiency comparison for the intensities obtained from JEFF 3.3 and ENSDF using sum-clover (7 crystals) without addback.

Figure 38 :

 38 Figure 38: Absolute efficiency of the sum-clover (7 crystals) without addback obtained by simulating a point source is compared with the experimental efficiencies from the point sources placed inside the ionisation chamber.

Figure 39 :

 39 Figure 39: Absolute efficiency of the sum-clover (7 crystals) without addback obtained by simulating a beam source is compared with the experimental efficiencies from the beam sources. Here in the circled point, we can see that the efficiency from 767 keV gamma form 134 Te is inconsistent due to contamination from 134 I.

Figure 40 :

 40 Figure 40: (a) Efficiency correlation matrix. (b) Zoom in the z axis of the correlation matrix. It can be seen that the efficiencies are highly correlated.

Figure 41 :

 41 Figure 41: Plot for convergence. Here a determinant of the covariance matrix is taken for every 100 simulations grouped together (det[Covn]). The determinant of the covariance for all 1900 simulations (det[Cov1900]) is subtracted from det[Covn].

Figure 42 :

 42 Figure 42: Sum effect correction factor for the gamma rays of interest originating from 96m Y and 134 Te.
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Figure 43 :

 43 Figure 43: Detector setup comprising of an ionisation chamber with two germanium detectors on either side.

Figure 46 :

 46 Figure 46: Simplified level scheme of 132 Sn showing the isomeric state and the gammas emitted from this state. The intensities shown here are absolute gamma intensities [88].

Figure 47 :

 47 Figure 47: Evolution of the normalised average number of disintegrations from the isomeric state as a function of the coincidence window shown in red for a single run of 132 Sn. The average number of disintegrations are calculated by averaging the number of disintegrations from the different gammas originating from the isomeric state. The number of disintegrations for the individual gammas are calculated by using their respective intensity and efficiency. The relative uncertainty of the average number of disintegrations is plotted as a function of the coincidence window is shown in blue points.

Figure 48 :

 48 Figure 48: Illustration of the coincidence and the fortuitous coincidence between the IC and the HPGe detectors to determine the count rates from the decay of the isomeric state.

Figure 49 :

 49 Figure49: Illustration of recording gammas in the coincidence window. (a) This is the case where the event rates in the ionisation chamber are lower than the coincidence time window and no overlap in the coincidence window is observed. (b) In this case, the event rate in the ionisation chamber is higher than the length of the coincidence window, i.e., there is an overlap between the two coincidence windows. However, in both cases, it can be observed that the gammas are attributed to either of the coincidence windows i.e., no gamma is counted twice.

Figure 50 :

 50 Figure 50: Evolution of the normalised average number of disintegrations from the isomeric state as a function of the coincidence window for a single run of 131 Sb is shown in red. The relative uncertainty of the average number of disintegrations is plotted as a function of the coincidence window is shown in blue points.

Figure 51 :

 51 Figure 51: 2D plot of Eγ v/s coincidence time at 100 μs. It can be seen that the counts/detections arising from the background radiations have no correlation with the coincidence time.

Figure 52 :

 52 Figure 52: 2D plot of Eγ v/s coincidence time at 100 μs. The counts/detections arising from the 132m Sn and 132m2 Te dwindle with the coincidence time.

Figure 53 :

 53 Figure 53: Projection of 132.5 keV gamma of 132m Sn. An exponential dependence with time is observed indicating a μs isomer.

Figure 54 :

 54 Figure 54: Coincidence spectrum after subtracting the fortuitous events.

Figure 55 :

 55 Figure 55: Background radiation in the coincidence spectrum after subtraction. Here, with the error bars, it can be observed that the counts under the peaks would be negligible due to the high uncertainty associated with them.

Figure 56 :

 56 Figure 56: Flowchart depicting the process for calculating the isomeric ratios using MCC for each draw.

Figure 57 :

 57 Figure 57: Number of disintegrations calculated using the MCC for the ground state decay of 132 Sn.

Figure 58 :

 58 Figure 58: Number of disintegrations calculated using the MCC for the isomeric state of 132 Sn.

Figure 59 :

 59 Figure 59: Probability density function for an isomeric ratio measurement of 132 Sn for the 72 MeV selection at LOHENGRIN.
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Figure 60 :

 60 Figure60: Isomeric ratio sensitivity as a function of parameter. This is a typical set of plots which can be obtained for the sensitivity of the isomeric ratios. In this picture, not all parameters have been shown.

Figure 61 :

 61 Figure 61: Correlation between all parameters. we can see that the parameters relating to the detector efficiency are highly correlated.

Figure 62 :

 62 Figure 62: Target burnup over time. It can be seen that the target evolves very quickly initially and evolves smoothly from the second day onwards.

Figure 63 :

 63 Figure 63: Evolution of Ek, 𝜎 and k with time. The energy scans were conducted with mass 132 and ionic charge 20.

Figure 64 :

 64 Figure 64: Isomeric ratios of 132 Sn before (Left) and after (Right) correction from target evolution as a function of kinetic energy and ionic charge selected by LOHENGRIN.

Figure 65 :

 65 Figure 65: Plots showing the impact of different ionic charges on the isomeric ratios for 132 Sn (Left) and 129 Sn (Right).

Figure 67 and

 67 Figure 67 and Figure 68 synthesise the IR measurement as a function of the kinetic energy. All the data are corrected with the target evolution. Different behaviour can be observed:

Figure 66 :

 66 Figure 66: Sensitivity of the isomeric ratio of 109 Ru (92 MeV selection from LOHENGRIN) as a function of its decay constant. The arrow represents the mean value of the decay constant and the red lines, its uncertainties.

Figure 67 :

 67 Figure 67: Isomeric ratio tendencies of light fragments as a function of kinetic energy.

Figure 68 :

 68 Figure 68: Isomeric ratio tendencies of heavy fragments as a function of kinetic energy. Three separate tendencies can be observed for the microsecond isomers.

Figure 69 :

 69 Figure 69: Isomeric ratio of 132 Sn from two different fissioning systems of 241 Pu (red circle) and 235 U (blue circle).It can be seen that the isomeric ratios are similar from both the fissioning systems. In blue squares the kinetic energy distribution is presented for 235 U(nth,f) and in red squares, for 241 Pu(nth,f). For the measurements with the 235 U target, no cover/foil was present thus leading to a higher mean kinetic energy for the fission products. It should be well noted that these are the LOHENGRIN energies and not the fission energies. The energy loss inside the target and its cover were not corrected at this stage.

Figure 70 :

 70 Figure 70: The Average experimental isomeric ratios as a function of mass have been compared with those obtained from GEF and the Madland-England Model and FIFRELIN reference calculation 7 .

Figure 71 :

 71 Figure 71: Correlation Matrix for the isomeric ratios of 132 Sn for the different KE selected by using LOHENGRIN.

Figure 72 :

 72 Figure 72: Temperature ratio law RT (A) with the three anchorage points.

Figure 74 :

 74 Figure 74: Neutron multiplicity as a function of fragment mass obtained from FIFRELIN calculations for the fission of 241 Pu.

Figure 76 :

 76 Figure 76: IR of 132 Sn as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 77 :

 77 Figure 77: IR of 130 Sn as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 78 :

 78 Figure 78: IR of 129 Sn as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 79 :

 79 Figure 79: IR of 129 Sn as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 80 :

 80 Figure 80: IR of 133 Sb as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 81 :

 81 Figure 81: IR of 130 Sn as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 82 :

 82 Figure 82: IR of 131 Sb as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 83 :

 83 Figure 83: IR of 131 Sb as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 84 :

 84 Figure 84: IR of 109 Ru as a function of 𝑓 𝜎 𝐿 (Left) and 𝑓 𝜎 𝐻 (Right) obtained from FIFRELIN by varying 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 .

Figure 85 :

 85 Figure 85: Variation of E* and <J> with 𝑓 𝜎 𝐿 for 132 Sn pre and post neutron emission and its complementary fragment.

Figure 86 :

 86 Figure 86: Variation of E* and <J> with 𝑓 𝜎 𝐻 for 132 Sn pre and post neutron emission and its complementary fragment.

Figure 87 :

 87 Figure 87: Variation of E* and <J> with 𝑓 𝜎 𝐿 for 131 Sb pre and post neutron emission and its complementary fragment.

Figure 88 :

 88 Figure 88: Variation of E* and <J> with 𝑓 𝜎 𝐻 for 131 Sb pre and post neutron emission and its complementary fragment.

Figure 89 :

 89 Figure 89: 3D plot showing the isomeric ratio calculated by FIFRELIN for the de-excitation of 132 Sn.

Figure 90 :
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 93 Figure 93: Angular momentum extracted for the heavy isotopes as a function of kinetic energy selected by LOHENGRIN.
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 100 Figure 100: Isomeric ratio of132 Sn as a function of KE selected by using LOHENGRIN shown in blue along with the kinetic energy distribution shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.
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 101 Figure 101: Correlation Matrix for the isomeric ratios of 132S n for the different KE selected by using LOHENGRIN. This correlation matrix is made before the correction from target evolution.
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 102 Figure 102: Level Scheme of 88 Br Showing the isomeric state and the gammas originating from this state. The isomeric state has a half-life of 5.3 μs and a spin of (3-, 4-, 5-) [94].
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 103 Figure 103: Isomeric ratio of88 Br as a function of KE selected by using LOHENGRIN shown in blue along with the kinetic energy distribution shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.
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 104 Figure104: Correlation Matrix for the isomeric ratios of88 Br for the different KE selected by using LOHENGRIN. It can be observed that the values are highly correlated for all. This correlation matrix is made before the correction from target evolution.
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 108 Figure 108: Level Scheme of 133 Sb Showing the isomeric state and the gammas originating from this state. The isomeric state has a half-life of 16.6 μs and a spin of 21/2+ [87] [75].
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 109 Figure 109: Isomeric ratio of133 Sb as a function of KE selected by using LOHENGRIN shown in blue for ionic charge 21, purple for ionic charge 20 and pink for ionic charge 24. The kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.
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Figure 123 :
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Table 1 :

 1 Characteristics of LOHENGRIN [2][START_REF]PN1 Fission-product spectrometer; PN1 characteristics[END_REF] 

	Neutron flux at target position	5.3*10 14 n/cm 2 /s
	Nominal Reactor Power	58 MW
	Total length of main path	23 m
	Mass dispersion for 1 % mass difference	3.24 cm
	Energy dispersion for 1 % energy difference	7.2 cm
	Mass resolution A/ΔA (FWHM)	For target size 0.8*7.5 cm 2 = 400 For target size 0.16*4 cm 2 = 1500

Table 2 :

 2 List of masses selected using LOHENGRIN at various kinetic energies and ionic charges during the experimental campaign at ILL using 241 Pu target.

	Target		241 Pu 39.9 μg/cm 2 [10.5291/ILL-DATA.3-01-640]	
	Mass Extracted	133	132	131	130	129	109	98	88
	Ionic Charge	20,21,24	20,24	20,24	20	20,23,26	24	21	20
	Kinetic								
	Energies	56-84	57-84	60-80	60-80	64-80	72-106 74-102 74-102
	(MeV)								

Table 3 : Ionisation Chamber characteristics for the chamber used for the isomeric ratios experiment.
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	Ionisation Chamber Characteristics
	Length, Breadth, Height	23.9×6.4×14.6 cm
	Anode Voltage	400 V
	Gas	Isobutane
	Gas Pressure	20-40 mbar
	Gas ionisation potential [69]	10.68 ± 0.11 eV
	Grid Voltage	180 V

  Source Description and Characteristics ....................................................... 35 3.2.3. Experiment Methodology ............................................................................ 35 3.2.4. Analysis of Experimental Data .................................................................... 36 3.3. MCNP Simulation of the Two Clovers ..................................................................... 38

3.1. Introduction ................................................................................................................ 31 3.2. The Experiment ......................................................................................................... 33 3.2.1. Experimental Setup ..................................................................................... 33 3.2.2. 3.3.1. Identification of Crystal Parameters ............................................................ 39 3.3.2. MCNP Geometry Creation for the HPGe Clover and Running the Simulation. ..................................................................................................................... 40 3.4. Comparing efficiencies from Experiment and Simulation. ....................................... 42 3.5. Efficiency Estimation for the Complete Detector Setup ........................................... 47 3.6. Conclusion ................................................................................................................. 54

Table 4 :

 4 Isotope and source details from the efficiency experiment.

	Isotope	Half Life (years)	Activity (kBq)	Error on (kBq) Activity	Year
	133 Ba	10.55	36.20	0.91	20-07-2011
	60 Co	5.27	3.88	0.04	20-01-2014
	152 Eu	13.52	4.20	0.04	22-01-2014
	137 Cs	30.08	4.48	0.04	20-01-2014
	241 Am	432.60	40.40	0.70	11-12-2018
	60 Co	5.27	44.71	0.38	10-09-2018

Table 5 :

 5 

	Isotope	Energy (keV)	Absolute Intensity (%)	Error on intensity (%)	Isotope	Energy (keV)	Absolute Intensity (%)	Error on intensity (%)
	241 Am [73]	59.54	35.90	0.37		344.28	26.59	0.20
		81.00	32.90	0.30		411.12	2.24	0.01
	133 Ba [75]	276.4 302.85 356.01	7.16 18.34 62.05	0.05 0.13 0.19	152 Eu	778.90 867.38 964.06	12.93 4.23 14.51	0.08 0.03 0.07
		383.85	8.94	0.06	[74]	1085.84	10.11	0.05
	137 Cs [76]	661.66	85.10	0.20		1112.08	13.67	0.08
	60 Co	1173.23	99.85	0.03		1212.95	1.42	0.01
	[77]	1332.49	99.98	0.01		1299.14	1.63	0.01
	152 Eu	121.78	28.53	0.16		1408.01	20.87	0.09
	[74]	244.70	7.55	0.04				

Gamma ray energies (rounded off to two decimals) used, and their respective intensities along with their uncertainties from each source used for the efficiency calibration experiment.

[START_REF]Nuclear Data Service: Live chart of Nuclides[END_REF]

.

Table 6 :

 6 Parameter range used for the simulation and the values given by the Manufacturer (Canberra).

	Parameter	Value from Canberra	Full Range
	Crystal Radius	2.5 cm ± 0.02 cm	-
	Crystal-Crystal Distance	1 mm ± 0.2 mm	-
	Dead Layer	-	5-50 microns
	Hole Radius	-	0.4-1 cm
	Crystal Length	8 cm ± 0.02 cm	7.4-8.4 cm
	Al Casing Front Thickness	1.5mm ± 0.2 mm	1.5 -3 mm
	Al-Crystal Distance	0.7 cm ± 0.02 cm	0.4-1.8 cm

Table 7 :

 7 First values of the parameters extracted associated to the lowest χ 2 value for Clover 1.

	Clover 1	Dead Layer (μm)	Hole Radius (cm)	Al Casing (cm)	Al-Crystal Distance (cm)	Crystal Length (cm)
	Crystal 11	5	0.8	0.2	0.8	7.4
	Crystal 12	-	-	-	-	-
	Crystal 13	5	0.8	0.2	0.8	7.4
	Crystal 14	5	0.8	0.2	0.8	7.4

Table 8 :

 8 First values of the parameters extracted associated to the lowest χ 2 value for Clover 2.

	Clover 2	Dead Layer (μm)	Hole Radius (cm)	Al Casing (cm)	Al-Crystal Distance (cm)	Crystal Length (cm)
	Crystal 21	5	0.8	0.2	1	7.6
	Crystal 22	5	0.8	0.2	1	8
	Crystal 23	5	0.8	0.2	1	7.4
	Crystal 24	5	0.8	0.2	1	8.2

Table 9 :

 9 Parameter values and their associated uncertainties extracted by fitting the χ 2 distribution for Clover 1.

	Clover 1	Dead Layer	Hole Radius (cm)	Al Casing (cm)	Al-Crystal Distance (cm)	Crystal Length (cm)
	Crystal 11	-	0.85±0.02	0.17±0.01	0.95±0.05	7.30±0.13
	Crystal 12	-	-	-	-	-
	Crystal 13	-	0.80±0.02	0.19±0.01	0.80±0.05	7.50±0.12
	Crystal 14	-	0.80±0.02	0.20±0.01	0.80±0.05	7.40±0.12

Table 10 :

 10 Parameter values and their associated uncertainties extracted by fitting the χ 2 distribution for Clover 2.

	Clover 2	Dead Layer	Hole Radius (cm)	Al Casing (cm)	Al-Crystal Distance (cm)	Crystal Length (cm)
	Crystal 21	-	0.80±0.02	0.20±0.01	1.10±0.05	7.70±0.13
	Crystal 22	-	0.80±0.02	0.20±0.01	1.00±0.05	7.70±0.14
	Crystal 23	-	0.80±0.02	0.20±0.01	1.10±0.05	7.20±0.12
	Crystal 24	-	0.70±0.02	0.20±0.01	0.90±0.06	7.80±0.14

Table 11 :

 11 Gamma energies, their intensities and associated uncertainties. (* relative intensities)

	Isotope	Energy (keV)	Absolute Intensity	Error on Intensity	Isotope	Energy (keV)	Absolute Intensity	Error on Intensity
		146.65	34.06	2.65		100.10	14.20	0.11
		363.10	22.53	5.27		113.67	1.87	0.01
		617.20	55.00	2.68		152.43	7.02	0.04
	96m Y [83] [9]	631.45 906.20 914.80	7.48 20.24 58.96	1.75 4.39 2.68		156.39 179.39 198.35	2.67 3.12 1.46	0.01 0.02 0.01
		1107.20	48.14	1.06	182 Ta	222.11	7.57	0.03
		1222.90	26.75	3.52	[84]	229.32	3.64	0.02
		1750.60	88.00	0.80		264.07	3.61	0.02
		180.89	18.29	0.77		1001.70	2.09	0.01
		201.24	8.85	0.38		1121.29	35.24	0.08
		210.47	22.72	1.33		1189.04	16.49	0.05
		277.95	21.24	1.06		1221.40	27.23	0.10
	134 Te [85]	435.06 461.00 464.64 565.99 712.97	18.88 9.74 4.72 18.56 4.72	1.02 0.65 0.32 1.02 0.60	185 Os [86]	1231.00 592.074 646.12 717.42 874.81	11.62 1.32 78.00 3.94 6.29	0.04 0.06 3.10 0.12 0.25
		742.59	15.34	0.72		880.52	5.17	0.21
	128m1 Sn [61] *	767.20 831.54 1168.80 100.00 29.50 100.00	1.43 5.00 5.00	128g Sn [61]	482.30 557.30 680.50	59.00 16.52 15.93	6.69 2.44 2.40

Table 12 :

 12 96m Y Intensity obtained from ENSDF[START_REF] Abriola | Nuclear data sheets for A=96[END_REF] and JEFF 3.3[START_REF] Plompen | The joint evaluated fission and fusion nuclear data library, JEFF-3.3[END_REF].

	Energy (keV)	ENSDF+JEFF 3.3 Intensity Error on Intensity	Intensity	JEFF 3.3 Error on Intensity
	146.65	34.06	2.65	36.44	2.65
	363.10	22.53	5.27	28.54	5.27
	617.20	55.00	2.68	57.95	2.68
	631.45	7.48	1.75	10.54	1.75
	906.20	20.24	4.39	27.66	4.39
	914.80	58.96	2.68	59.70	2.68
	1107.20	48.14	1.06	46.97	1.06
	1222.90	26.75	3.52	33.36	3.52
	1750.60	88.00	0.80	87.8	0.80

Table 13 :

 13 IC parameter details provided by the manufacturer or obtained through measurement.

	Parameter	Value from manufacturer or by measurement
	IC side wall thickness	1 ± 0.1 mm
	Position of foil from top of IC	7.5 ± 0.015 cm
	Foil holder	1 ± 0.1 mm
	Clover 1 IC distance	3 ± 1 mm
	Clover 2 IC distance	6 ± 1 mm
	Length, Breadth, Height of IC	23.9×6.4×14.6 cm

  Two methods of gamma ray analysis are employed to determine the population of the isomeric state and the ground state. A level scheme for each isomeric state mentioned in Table14is shown in Appendix III.

		No. of IS observed	IS energy (keV) [Jπ]	Ground state [Jπ]	IS Half-life (s)
	133 Sb [87] [75]	1	4545 [21/2+]	[7/2+]	1.66E-05
	132 Sn [88]	1	4848.52 [(8+)]	[0+]	2.08E-06
	131 Sb [89]	2	2165.60 [(23/2+)] 1676.06 [(15/2-)]	[(7/2+)]	1.10E-06 9.10E-05
	130 Sn [90]	1	2434.79 [(10+)] 1946.88 [(7-)]	[0+]	1.61E-06 102
	129 Sn [91]		1761.60 [(19/2+)] 35.15 [11/2-]	[3/2+]	3.40E-06 414
	109 Ru [92]	2	96.14 [(5/2-)]	[(5/2+)]	6.80E-07
			1181.50 [(10-)]		7.80E-07
	98 Y [93]	4	496.10 [(4)-] 465.70 [(6+,7+)]	[(0-)]	6.90E-06 2.32
			170.78 [2-]		6.30E-07
	88 Br [94]	1	270.10 [(3-, 4-, 5-)]	[(2-)]	5.30E-06

Table 15 :

 15 Comparison between the production rates before and after time-of-flight corrections for132 Sn isomeric states and ground state.

	Isomer	T1/2	PRED	PT
	132m Sn	2.08 μs	18.241 ± 0.499	38.691 ± 1.028
	132 Sn	39.7 s	586.9 ± 20.9	574.7 ± 20.9
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Table 17 :

 17 Isomeric ratios of various fission products from the thermal fission of 239 Pu and 241 Pu.

		239 Pu(nth,f)		241 Pu(nth,f)	
		IR	Ref	IR	Ref
	88 Br			0.29±0.116	[50]
	94 Y			0.82±0.328	[50]
	96 Rb			0.06±0.024	[50]
	97 Sr			0.07±0.028	[50]
	Y 11			0.5±0.2	[50]
	Y 12	0.196±0.033	[51]		
	99 Nb	0.20±0.042	[51]		
	99 Y			0.01±0.004	[50]
	99 Zr			0.1±0.04	[50]
	Nb			0.21±0.084	[50]
	Tc			0.12±0.048	[50]
	Nb			0.08±0.032	[50]
	107 Mo			0.94±0.376	[50]
	Rh			0.1±0.04	[50]
	Ru			~1±0.4	[50]
	Sb	0.520±0.048	[52]	0.530±0.080	[123]
	Sb	0.537±0.078	[52]	0.410±0.053	[117]
	Te	0.679±0.049	[52]	0.643±0.061	[124]
	132 I	0.426±0.036 0.478±0.052	[118] [119]	0.450±0.030	[118]
	Sb	0.303±0.074	[52]	0.226±0.043	[123]
	Te	0.617±0.045 0.606±0.084	[52] [51]	0.536±0.075	[124]
	Xe	0.782±0.057	[11]		
		0.394±0.047	[120]		
	134 I	0.470±0.030	[119]	0.405±0.043	[120]
		0.427±0.113	[51]		
		0.591±0.045	[11]		
	Xe	0.659±0.053	[119]	0.650±0.060	[117]
		0.581±0.043	[119]		
	136 I	0.701±0.049 0.755±0.117	[117] [51]	0.669±0.085	[117]
		0.670±0.060	[123]		
	Cs	0.690±0.092	[119]	0.650±0.110	[123]
		0.603±0.177	[51]		
	La	0.717±0.099	[51]		

Table 18 :

 18 Isomeric ratios of various fission products from the thermal fission of 229 Th and 245 Cm.

		229 Th(nth,f)		245 Cm(nth,f)	
		IR	Ref	IR	Ref
	128 Sb	0.530±0.053	[117]	0.570±0.032 0.558±0.072	[117] [125]
	130 Sb	0.447±0.028	[117]	0.510±0.030 0.509±0.055	[117] [125]
	131 Te	0.670±0.048	[117]	0.704±0.060 0.729±0.081	[117] [125]
	132 I	0.433±0.062	[117]	0.482±0.044	[118]
	132 Sb	0.338±0.025	[117]	0.335±0.034	[117]
	133 Te	0.568±0.058	[117]	0.563±0.049 0.593±0.068	[117] [125]
	134 I	0.394±0.082	[117]	0.446±0.037 0.450±0.051	[117] [125]
	135 Xe	0.573±0.063	[117]		
	136 I	0.667±0.072	[117]	0.697±0.143 0.679±0.075	[117] [125]
	138 Cs	0.642±0.080	[117]		
	148 Pm				

Table 19 :

 19 Isomeric ratios of various fission products from the thermal fission of249 Cf and the spontaneous fission of 252 Cf.

		249 Cf(nth,f)		252 Cf(sf)	
		IR	Ref	IR	Ref
	128 Sb	0.669±0.104	[126]	0.534±0.076	[117]
	130 Sb	0.620±0.059	[126]	0.456±0.066	[117]
	131 Te	0.737±0.093	[126]	0.641±0.078	[54]
	132 I	0.511±0.126	[126]	0.565±0.072	[16]
	132 Sb			0.374±0.037	[117]
	133 Te	0.611±0.134	[126]	0.546±0.071	[54]
	134 I	0.463±0.081	[126]	0.549±0.066	[54]
	135 Xe			0.651±0.059	[117]
	136 I	0.621±0.164	[126]	0.755±0.055	[117]
	138 Cs	0.676±0.250	[126]	0.582 ± 0.068	[54]
	148 Pm	0.776±0.261	[126]		

Table 20 :

 20 Isomeric ratios of various fission products from fission induced by 25 MeV proton beams on natural U and 232 Th.

		Unat(p,f) 25 MeV	232 Th(p,f) 25 MeV
		IR	Ref	IR	Ref
	81 Ge	0.975±0.007 0.97±0.01	[127] [128]	0.92±0.02	[128]
	96 Y	0.55±0.01	[128]	0.61±0.02	[128]
	97 Y	0.73±0.02	[128]	0.78±0.02	[128]
	119 Cd	0.871±0.015	[127]		
	119 In	0.978±0.015	[127]		
	121 Cd	0.867±0.004	[127]		
	121 In	0.971±0.011	[127]		
	123 Cd	0.876±0.007	[127]		
	123 In	0.958±0.002	[127]		
	125 Cd	0.902±0.008	[127]		
	125 In	0.950±0.003	[127]		
	127 Cd	0.872±0.038	[127]		
	127 In	0.921±0.002	[127]		
	128 Sn	0.58±0.02	[128]	0.46±0.01	[128]
	129 Sb	0.441±0.032 0.47±0.04	[127] [128]	0.46±0.01	[128]
	130 Sn	0.54±0.02	[128]	0.38±0.01	[128]

Table 21 :

 21 Isomeric ratios of various fission products from fission induced by fast neutrons on 232 Th and 238 U.

		232 Th(nf,f)		238 U(nf,f)	
		IR	Ref	IR	Ref
	128 Sb	0.537 ± 0.146	[129]	0.517 ± 0.094	[42]
	130 Sb	0.490 ± 0.150	[42]	0.431 ± 0.051	[42]
	132 Sb	0.387 ± 0.056	[42]	0.310 ± 0.058	[42]
	131 Te	0.621 ± 0.050	[129]	0.651 ± 0.072	[42]
	133 Te	0.560 ± 0.063	[42]	0.561 ± 0.061	[42]
	132 I			0.460 ± 0.026	[42]
	134 I	0.470 ± 0.050	[130]	0.397 ± 0.033	[131, 132]
	136 I	0.710 ± 0.050	[130]	0.678 ± 0.092	[42]
	135 Xe	0.565 ± 0.109	[42]	0.629 ± 0.066	[11]
	138 Cs	0.658 ± 0.119	[42]	0.680 ± 0.023	[42]

Table 22 :

 22 Isomeric ratios of various fission products from fission induced by fast neutrons on 244 Cm and 240 Pu.

		244 Cm(nf,f)		240 Pu(nf,f)	
		IR	Ref	IR	Ref
	128 Sb	0.540 ± 0.036	[42]	0.505 ± 0.032	[42]
	130 Sb	0.511 ± 0.067	[42]	0.446 ± 0.123	[42]
	132 Sb	0.332 ± 0.057	[42]	0.321 ± 0.007	[42]
	131 Te	0.654 ± 0.142	[42]	0.656 ± 0.117	[42]
	133 Te	0.595 ± 0.040	[42]	0.593 ± 0.095	[42]
	132 I	0.486 ± 0.067	[42]	0.440 ± 0.080	[42]
	134 I	0.410 ± 0.059	[42]	0.396 ± 0.028	[42]
	136 I	0.749 ± 0.067	[42]	0.654 ± 0.087	[42]
	135 Xe	0.681 ± 0.078	[42]	0.697 ± 0.077	[42]
	138 Cs	0.694 ± 0.099	[42]	0.679 ± 0.040	[42]

Table 25 :

 25 Isomeric Ratios of109 Ru along with the kinetic energy selected by LOHENGRIN.

	KE	Err_KE	IR	Err_IR
	75.32	1.26	0.508	0.126
	80.03	1.37	0.428	0.077
	83.45	1.44	0.639	0.121
	88.31	1.51	0.562	0.103
	91.41	1.58	0.676	0.148
	92.90	1.61	0.665	0.152
	95.29	1.65	0.694	0.175
	99.31	1.72	0.783	0.196
	99.76	1.72	0.945	0.117
	103.81	1.79	0.939	0.152

Table 26 :

 26 Isomeric Ratios of

Table 27 :

 27 Isomeric Ratios of131 Sb along with the kinetic energy selected by LOHENGRIN at ionic charge 24 except for *q=20

	KE	Err_KE	IR m1	Err_IR m1	KE	Err_KE	IR m2	Err_IR m2
	64.00	1.05	0.216	0.021	64.00	1.05	0.0297	0.0100
	67.76	1.12	0.310	0.020	67.76	1.12	0.0351	0.0127
	72.10	1.19	0.214	0.013	72.10	1.19	0.0162	0.0060
	75.29	1.26	0.131	0.008	75.29	1.26	0.0101	0.0036
	80.55	1.33	0.092	0.006	80.55	1.33	0.0133	0.0050
	83.91	1.40	0.063	0.004	83.91	1.40	0.0069	0.0022
	75.28*	1.26	0.107	0.007	75.28*	1.26	0.0115	0.0042

131m1 Sb (91 μs)

131m2 Sb (1.1 μs)

Table 29 :

 29 Isomeric Ratios of129 Sn along with the kinetic energy selected by LOHENGRIN.

			129m1 Sn (6.9 min)			129m2 Sn (3.4 μs)	
	q	KE Err_KE	IR m1	Err_IR	KE	Err_KE	IR m2	Err_IR
		70.54	1.19	0.455	0.014	70.54	1.19	0.1052	0.0047
	20	72.83 78.63	1.26 1.33	0.462 0.402	0.013 0.014	72.83 78.63	1.26 1.33	0.0910 0.0593	0.0037 0.0025
		82.70	1.40	0.386	0.013	82.70	1.40	0.0404	0.0018
		66.86	1.12	0.481	0.026	66.86	1.12	0.1391	0.0101
	23	72.87	1.26	0.467	0.015	72.87	1.26	0.1039	0.0042
		82.41	1.40	0.406	0.012	82.41	1.40	0.0432	0.0016
	26 74.27	1.26	0.398	0.032	74.27	1.26	0.1079	0.0085

Table 30 :

 30 Isomeric Ratios of98 Y along with the kinetic energy selected by LOHENGRIN.

		98m4 Y (0.78 us)			98m3 Y (6.9 us)	
	KE	Err_KE	IR	Err_IR	KE	Err_KE	IR	Err_IR
	106.36	1.79	0.077	0.011	106.36	1.79	0.355	0.046
	106.92	1.79	0.081	0.011	106.92	1.79	0.350	0.043
	78.52	1.30	0.068	0.011	78.52	1.30	0.321	0.047
	82.41	1.37	0.068	0.010	82.41	1.37	0.340	0.047
	82.43	1.37	0.071	0.011	82.43	1.37	0.320	0.044
	88.27	1.47	0.075	0.010	88.27	1.47	0.336	0.041
	90.14	1.51	0.093	0.015	90.14	1.51	0.411	0.062
	90.15	1.51	0.090	0.014	90.15	1.51	0.404	0.060
	90.19	1.51	0.090	0.014	90.19	1.51	0.396	0.059
	94.26	1.58	0.087	0.014	94.26	1.58	0.424	0.064
	94.79	1.58	0.072	0.011	94.79	1.58	0.327	0.044
	94.80	1.58	0.074	0.011	94.80	1.58	0.337	0.046
	94.80	1.58	0.061	0.010	94.80	1.58	0.346	0.048
	96.81	1.61	0.072	0.010	96.81	1.61	0.322	0.040
	96.95	1.61	0.076	0.010	96.95	1.61	0.331	0.042
	102.30	1.72	0.089	0.013	102.30	1.72	0.382	0.053

  Figure 1: World electricity production share by source for the past two decades from IEA [7]. (Inset) Share of different sources of electricity generation for 2018 from IEA [7]. .................. 4 Figure 2: World CO2 emissions for the past two decades from different energy sources from IEA [7]. ...................................................................................................................................... 4 Figure 3: Decay heat uncertainty due to the yields of the thermal neutron induced fission of 235 U [8] (10 9 s~30y). ................................................................................................................... 5 Figure 4: Schematic view of the nuclear fission process. .......................................................... 8 Figure 5: The equipotential energy as a function of the nuclear deformation can be seen on the left. On the right we can see the fission barrier represented by Ef [26] ..................................... 9 Figure 6: Mass Distribution of fission products from thermal neutron induced fission on 235 U and 241 Pu from JEFF-3.3 [9]. Here, not all values represent experimentally measured values as the database mixes experimental values with model predictions. ........................................... 10 Figure 7: Schematic diagram of bending, wriggling and twisting modes. .............................. 11 Figure 8: Filling of nuclear states from fission [15]. ............................................................... 12 Figure 9: Isomeric Ratio as a function of nuclei mass from light fragments by inducing thermal fission in 239 Pu and 241 Pu [50], [51]. ........................................................................................ 14 Figure 10: Isomeric Ratio as a function of nuclei mass from heavy fragments by inducing thermal fission in various fissile isotopes as well as from the spontaneous fission of 252 Cf [11], [43] [52]-[53], [51]-[54]. ........................................................................................................ 15

  (Left) χ 2 distribution and fit for the Al Casing for the crystals of Clover 1. Only the Al Casing was varied, and the other parameters were set to: Crystal Length 7.4 cm, Hole Radius 0.8 cm, Al-Crystal Distance 0.8 cm and Dead Layer 5 microns for all crystals. (Right): χ 2 distribution and fit for the Dead Layer for the crystals of Clover 1. Only the Dead Layer was varied, and the other parameters were set to: Crystal Length 7.4 cm, Hole Radius 0.8 cm, Al-Crystal Distance 0.8 cm and Al Casing 0.2 cm. It does not have an effect on the efficiency as the error bars associated with χ 2 +1 are very big. ..................................................................... 44 Figure 34: Comparison between simulated and experimental efficiency for Clover 1 ( 152 Eu source) without addback. The source is placed at the central position (position 1 of the source positioning geometry) at a distance of approx. 4cm. Parameters Hole Radius 0.8 cm, Al Casing thickness 0.2 cm for all crystals. (Crystal 1): Length 7.3 cm, and Al-Crystal Distance 0.96 cm. (Crystal 3) Length 7.5 cm and Al-Crystal Distance 0.8 cm. (Crystal 4) Length 7.4 cm, and Al-Crystal Distance 0.8 cm. χ lim 2 confidence level taken is 3σ. ................................................... 46

  . .................................................................................. 121 Figure

  19/2+) and 11/2-respectively [91]. .................................... 123 Figure

An isomeric state is an excited state i.e., it has a different excitation energy and a half-life considerably longer than the neighboring states which have a prompt half-life of the order of 10 -16 s.

There can be some exceptions which have a very long half-life such as 180m Ta (T1/2 > 10 15 y).

Δ𝐸 = 0.486% * 72 * 5 = 1.75 𝑀𝑒𝑉

In a basic IC, there is one continuous anode and there is no Frisch grid or separation grid.

Pos. 15,[START_REF] Materna | Indirect identification of nanosecond isomers using the fission fragment separator Lohengrin[END_REF][START_REF] Dudey | Fission-rate measurements by activation techniques: methods, accuracies, and applications[END_REF][START_REF] Jentschke | Energien und Massen der Urankernbruchstiicke bei Bestrahlung mit vorwiegend thermischen Neutronen[END_REF] were initially used but were then later eliminated as explained in the upcoming sections.

Except for Crystal 2 of Clover 1.

Explained in Chapter 5.

For the nuclei having two or more isomeric states, the current status of the MCC cannot calculate the covariance matrix. Therefore, an alternative approach was considered by taking the uncertainty of the most probable IR.

[START_REF] Wahl | Nuclear-charge distribution and delayed-neutron yields for thermalneutron-induced fission of 235 U, 233 U and 239 Pu and for spontaneous fission of 252 Cf[END_REF] Y and[START_REF] Khazov | Nuclear data sheets for A=132[END_REF] Br were excluded from this study due to incomplete level scheme from RIPL-3 2020.

No spin is extracted for[START_REF] Wahl | Nuclear-charge distribution and delayed-neutron yields for thermalneutron-induced fission of 235 U, 233 U and 239 Pu and for spontaneous fission of 252 Cf[END_REF] Y and[START_REF] Khazov | Nuclear data sheets for A=132[END_REF] Br due to incomplete level scheme from RIPL-3 2020.

Isomeric ratio for 98 Y 6.9 μs isomeric state.

Isomeric ratio for[START_REF] Wahl | Nuclear-charge distribution and delayed-neutron yields for thermalneutron-induced fission of 235 U, 233 U and 239 Pu and for spontaneous fission of 252 Cf[END_REF] Y 2 s isomeric state.

For the nuclei having two or more isomeric states, the current status of the MCC cannot calculate the covariance matrix. Therefore, an alternative approach was considered by taking the uncertainty of the most probable IR.

Figure 138: Variation of E* and <J> with 𝑓 𝜎 𝐻 for 109 Ru pre and post neutron emission and its complementary fragment.
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Appendix I: Isomeric Ratios from Literature

In this appendix, we present the isomeric ratios complied from available literature. These isomeric ratios are compiled from various fissioning systems, incident particles and incident particle energies. In each table, the fissioning system along with the isotope and their respective isomeric ratios and uncertainties along with references are mentioned. However, in our compilation, the isomeric ratios from photofission [START_REF] Tonchev | Isomeric yield ratio of 134 I in photofission of 232 Th and 238 U[END_REF] [START_REF] Thiep | Study of the isomeric ratio of fission product 135 Xe produced in the photo-fission of 232 Th and 233 U induced by end-point bremsstrahlung energy of 13.5 MeV[END_REF] have not been taken into account. Appendix II: χ 2 Fits.

In this appendix, the χ 2 fits for the different crystal parameters are presented for Clover 1 and Clover 2. 

Appendix III: Results from Isomeric Ratio Measurements

In this appendix, we present the isomeric ratios as a function of kinetic energy selected by LOHENGRIN. The correlation matrix 13 along with a table showing the IRs as a function of kinetic energy are shown here. A level scheme showing the decay from the isomeric state is also presented here.

Figure 99: Level Scheme of 132 Sn showing the isomeric State and the gammas originating from this state. The isomeric state has a half-life of 2.08 μs and a spin of (8+) [START_REF] Khazov | Nuclear data sheets for A=132[END_REF].

Table 23: Isomeric Ratios of 132 Sn along with the kinetic energy selected by LOHENGRIN after addition of corrections. *q=24, **q=20 Figure 112: The two plots depict the isomeric ratios obtained as a function of kinetic energy selected by using LOHENGRIN for 131m2 Sb (top) and 131m1 Sb (bottom). In blue, the points are marked for the selection made using ionic charge 24 and in purple, the ionic charge 20. The Kinetic energy distribution is shown in red. The energy loss inside the target and its cover were not corrected, although the evolution of this energy loss was taken into account.

Appendix IV: Angular Momentum as a Function of KE Selected by LOHENGRIN.

In this appendix, we present the plots for the angular momentum extracted as a function of the kinetic energy selected by LOHENGRIN. The isomeric ratios from FIFRELIN are recalculated by weighting with the 𝐽 𝑐𝑢𝑡-𝑜𝑓𝑓 ̅̅̅̅̅̅̅̅̅̅ and are compared with the experimental isomeric ratios. Appendix V: Variation of E* and <J> with 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿

In this appendix, the plots for the variation of E* and <J> with 𝑓 𝜎 𝐻 and 𝑓 𝜎 𝐿 for the nuclei of interest as well as their complementary fragments from Chapter 5 are presented here. Table 1: 14: List of all the isotopes studied by the collaboration at the LOHENGRIN recoil spectrometer. Also mentioned are the isomeric states for each nucleus, their corresponding energy, Jπ, half-lives and the target nuclei from which they were obtained after thermal fission on 241 Pu (39.9 μg/cm) 2 . The values for the spin and parity mentioned within the parenthesis [()] signify that these values are not precisely known. All these values have been obtained from ENSDF data files. . 
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