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Historical note

The historical development of the discovery of ssion has been extensively covered, and only a few landmarks are reminded here.

Following the discovery of the neutron by Chadwick in 1932 [1], and that of articial radioactivity by Joliot and Curie [2], a variety of chemists teams across Europe studied the impact of the neutron bombardment of a variety of elements. It was expected the product of such articial radioactivity would stand in the neighborhood of the target nucleus. In 1934, Fermi suggested that he had discovered the element Z = 93 [3]. He attributed this discovery to the fact that, when bombarding uranium with neutrons, the products did not appear to be any of the elements Z = 92 down to Z = 82. He concluded that the only possible option was thus the production of Z = 93. Short after the publication of this article, Noddack, a German chemist, underlined that it would have been appropriate for Fermi to check whether the reaction products were any of the lower elements (below Z = 82), before claiming the discovery of element 93 [4]. She already mentioned that it was possible that a reaction mechanism, dierent from those observed until then, would lead to the dissociation of a heavy nuclei into several lighter fragments. This rst hint at the possibility of a ssion reaction was however ignored, and dismissed.

It was not until ve years later, in 1939, that the German team composed of Hahn, Strassman and exiled Meitner would come to the conclusion that the reaction of uranium nuclei submitted to a neutron bombardment would be ssion [5], [6]. The work of Bohr, regarding the liquid drop model of the nucleus, played an important role in this interpretation, and it was probably the lack of such a model which made the scientic community ignore the suggestion of Noddack ve years earlier.

Starting from 1939, things went very fast: Bohr and Wheeler proposed a theoretical interpretation of the ssion process in 1939, and much eort was put in the study of ssion, due to the war circumstances, and the Manhattan project. Still today, it amazes every scientist in the eld of nuclear ssion how accurate the interpretation of Bohr and Wheeler was at that time.

Yet, for seventy ve years now, ssion features have not stopped puzzling the scientic community. The last example is no older than 2010, when Andreyev [7] found that the ssion of Mercury-180 lead to an asymmetric split, although it was commonly believed that all nuclei lighter than Z=89 would present a symmetric ssion. 1.2 The importance of ssion yields 1.2

.1 Fission observables

The ssion process is one of the most dramatic nuclear reaction a nucleus can endure: it leads to extreme deformations, and provokes a complete re-arrangement of the nucleons. A variety of observables in the ssion process have been probed, both through experimental and theoretical approaches. These observables include: the reaction cross sections, the energy and multiplicity of the prompt neutron and gamma radiation, the yields of the ssion fragments, and their kinetic energy.

Such observables depend on the type of nucleus which endures the ssion, and the excitation energy at which it ssions. It thus represents a lot of observables, for a lot of congurations: hence the continuous work on ssion for no less than seventy ve years.

The SOFIA experiment focuses on the ssion yields, and the total kinetic energy of the fragments. The prompt neutron multiplicity is also deduced from the ssion fragments measurement.

Regarding the reaction products, one distinguishes (1) the primary ssion fragments, as they are produced in the ssion process, (2) the secondary ssion fragments or primary ssion products, after the prompt neutron evaporation, (3) the secondary ssion products, after all de-excitation processes (delayed neutron and β decay) of the fragments have taken place.

Each denomination corresponds to a time scale in the ssion process: in the SOFIA experiment, the fragments are identied within a few tens of nanoseconds after the excitation and ssion of the compound nucleus, therefore the measured yields are secondary ssion fragments yields. For convenience, we will abusively talk about ssion fragments.

Fission yields show a high interest both in the eld of theory of reactions and structure, and for application purposes. The next sections will develop the impact of ssion yields on physics and applications elds. 1.2.2 Fission yields, a probe for nuclear physics studies First clue: the development of the shell model of the nuclei In order to emphasize the strong correlation between the ssion process and the knowledge of the nuclear structure, it seems important to remind that in the rst theoretical approach of ssion by Bohr and Wheeler [START_REF] Bohr | The mechanism of nuclear ssion[END_REF], it appeared that the ssion would be more favorably (for energetic reasons) leading to a symmetric split of the compound nucleus, i.e. to the formation of two fragments of mostly the same mass and charge numbers.

Very soon, experimental ndings revealed that the ssion of actinides was actually asymmetric, leading to the production of a light and a heavy fragment. This disagreement between the calculation based on the liquid drop model of the nucleus, and the experimental data, suggested that the enhanced stability of some shells in the ssion fragments was responsible for the production of asymmetric ssion fragments [START_REF] Mayer | On closed shells in nuclei[END_REF]. It nally contributed to the development of the shell model of the nucleus.

Structure of highly deformed nuclei

The deformation endured by the compound nucleus during the ssion process is extreme, and so are the deformations of the ssion fragments at the moment they separate. Furthermore, the nuclei produced in the ssion process are far away from the stability valley. The products of ssion thus represent a source for nuclear structure studies, at high deformation, and out of the stability valley. Such studies are of importance for example in understanding the astrophysical processes involved in the formation of heavy nuclei in the Universe. The extensive amount of studies on the spectroscopy of ssion fragments testies of this interest.

Tough test for the validation of structure and reactions models The theoretical description of the ssion process represents a challenge due to the many interacting eects which come into account. The availability of accurate experimental measurements of ssion observables permits to test the validity of models under development. A large array of experimental data also permits to extract main trends which are then integrated in semi-empirical descriptions of the ssion process.

Fission yields for application purposes

In the eld of nuclear technology, ssion yields are mostly important in the energy domain. Indeed, in nuclear power plants, as the burn up of the ssile fuel increases, the inventory in ssion fragments (and subsequent decay products) becomes more important in the reactor core.

In normal running situations, the ssion fragments play a non-negligible role on the physics of the reactor core. Some fragments show a very high neutron absorption cross section: they are thus considered as poisons, which reduce the amount of neutrons in the core, and induce anti-reactivity. Other fragments emit delayed neutrons, which are essential for the control of the ssion rate. The accurate knowledge of the production of such fragments is thus very important.

In incidental and accidental situations, the role of the ssion fragments is even more important. In case of shutdown of the reactor, the chain ssion reaction is stopped, and all the prompt energy release stops immediately. However, the delayed decay of the ssion fragments is responsible for the residual power of the core, which amounts to approximately 6 % of the nominal value, and decreases steadily with time. An accurate estimate of this residual heat is paramount for the design of the cooling systems of the reactor, to evacuate the residual energy and avoid the core meltdown. This residual heat estimate relies on the precise knowledge of ssion yields, of the half life and of the decay energy of the fragments.

Finally, and similarly to the role of the ssion fragment's decay in incidental situations, the inventory of the fuel after it has been removed from the reactor core is to be known very precisely for the handling and recycling of used fuel. So still further on the nuclear fuel cycle do ssion yields play an important role.

Evaluated data les

To respond to the high need in data for the applications, and due to the fact that, to this day, no model is able to calculate ssion yields with enough accuracy, data is available under the form of libraries. A variety of libraries exist: JEFF in Europe [START_REF] Kellet | The JEFF-3.1/-3.1.1. radioactive decay data and ssion yields sub-libraries[END_REF], ENDF/B in the USA [START_REF] Chadwick | Endf/b-vii.1 nuclear data for science and technology: Cross sections, covariances, ssion product yields and decay data[END_REF], JENDL in Japan [START_REF] Shibata | JENDL-4.0: A New Library for Nuclear Science and Engineering[END_REF], etc... Figure 1.1 represents the evaluation for the elemental yields of thermal neutron induced ssion of 235 U, as proposed by resp. the JEFF 3.1. 1. and the ENDF/B-VII libraries. One observes that both libraries do not systematically agree on the value of the yields, and the dierence is sometimes larger than the uncertainties. The relative deviation between both libraries for elements produced in more than 1 % of the ssions, is represented in gure 1.2, and is estimated as:

Dev(Z) = 100. × |Y B-V II (Z) -Y JEF F (Z)| Y B-V II (Z)
The deviation presents a mean value around 5 %, and reaches up to almost 20 %. There is thus a certain lack of coherence between these les, despite the fact that the thermal neutron induced ssion of 235 U is one of the best known ssion reactions. The evaluation les are a good estimate of the amount of knowledge which has been built on a certain reaction. It appears that further experimental data are still needed. 

Models of ssion

As mentioned in the historical note, it was only a few months after the ssion discovery by Meitner, Hahn and Strassman, that the rst theoretical interpretation for the ssion process was submitted by Bohr and Wheeler. Since then, a variety of models were developed, either using full microscopic approaches, or combining micro-and macroscopic views, or also relying on experimental data for phenomenological codes.

In this part, we will explain the rst models (liquid drop model and shell model) which were the premises of what is done to this day. We will also discuss the Wilkins scission point approach on which is based the code SPY developed at CEA, the microscopic approach of Bruyères-le-Châtel, the ssion channels interpretation according to Brosa, and the empirical model GEF. The reason for this selective choice is simply guided by our use of these models to interpret or compare our data. 1.3.1 The liquid drop model, and its deformation

The liquid drop model relies on the following hypothesis: the nucleus consists of a compact and spherical volume, the nuclear uid is not compressible, the charge and mass densities are homogeneous.

These hypothesis were rst submitted by Gamow in 1930 [START_REF] Gamow | Mass defect curve and nuclear constitution[END_REF]. In 1935, after the discovery of the neutron, Weiszäcker built a semi-empirical estimate of the mass of a nucleus [START_REF] Weizsäcker | Zur Theorie der Kernmassen[END_REF], taking into account: the strong interaction, treated as a volume force E V , and thus proportional to A; the nucleons in the vicinity of the surface of the nucleus would be under the inuence of a weaker interaction, due to the limited number of nucleons in their neighborhood. This is taken into account with a negative surface energy E S , proportional to -A 2/3 the Coulomb repulsion E C , between the protons in the nucleus, proportional to -Z×(Z-1)×A -1/3 the asymmetry E A , which characterizes the dierence in neutron and proton number. It is a function of -(N -Z) 2 × A -1 and nally, an enhanced energy when the nucleons are fully paired. The pairing energy E δ is null for odd mass nuclei, proportional to +A -3/4 when both protons and neutrons are fully paired, and to -A -3/4 when there is one unpaired neutron, or one unpaired proton.

The development of this binding energy in the case of deformed nuclei is due to Bohr and Wheeler [START_REF] Bohr | The mechanism of nuclear ssion[END_REF]. Solely the Coulomb and surface terms of the Weiszäcker formula vary with the deformation, all other terms remaining constant. Through the estimate of the deformation energy for a variety of deformation, the rst potential energy surfaces were built. They showed that the energy was minimized for high deformations, provided a ssion barrier was overcome. Starting from a certain point of high energy (the saddle point), the nucleus becomes unstable with regard to deformation, and is doomed to ssion. The existence of this ssion barrier accounts for the stability of the nucleus, as long as it is not excited. The excitation of the nucleus leads it to overcome the ssion barrier and ssion.

This yet simple model of the Liquid Drop has shown to be very powerful, rst because it explains the deviation of the stability valley from the Z = A/2 line, and second because it permits to explain the ssion process. The estimates of the ssion barriers performed with this model have shown to be very close to those observed later on. The strength of this model accounts for the fact that it is still, to some extent, in use today, although many improvements have been added.

The weakness of the model stands in the fact that (1) it is improper to explain the closed shells of enhanced stability which appear in the experiments, (2) it does not account for the asymmetric split in the ssion of actinides, and (3) the presence of only one barrier in the potential energy surface can not explain the existence of ssion isomers. Finally, it suggests the ground state of all nuclei should be spherical, which appeared not to be the case. 1.3.2 The shell model, and Strutinsky

The development of the shell model of the nucleus has been triggered by the observation of a variety of experimental evidence for the enhanced stability of magic numbers of protons and neutrons in the nucleus [START_REF] Mayer | On closed shells in nuclei[END_REF].

In this model, the protons and neutrons are considered to be independent, freely moving in a potential well, and obeying the Schrödinger equation. The appropriate choice for the shape of the potential well permits to represent, to some extent, the magic numbers.

The calculation of the shells for deformed nuclei is due to Nilsson, who developed the eponymous diagrams, representing the evolution of the shells of the nucleus with deformation [START_REF] Gösta | Binding states of individual nucleons in strongly deformed nuclei[END_REF].

However, the calculation of the mass of the nucleus based purely on the shell model was not precise, and did not allow for a good calculation of the energy of the nucleus. That is when Strutinsky came into play [START_REF] Strutinsky | Shell eects in nuclear masses and deformation energies[END_REF]. He suggested an appropriate calculation would be based on the liquid drop model previously discussed, to which shell corrections extracted from the deformed shell model calculations by Nilsson would be added. This is also known as the macroscopic-microscopic approach, because it combines macroscopic considerations of the liquid drop model of the nucleus, and microscopic corrections taking into account the shells of the nucleons in the nucleus. This calculation permits to overcome all the main weaknesses of the liquid drop model: it explains the ground state deformation of heavy nuclei, and it describes the two barriers in the potential energy surface of the actinides, leading to the existence of isomers (trapped between both barriers) and to the asymmetric ssion of the actinides.

To this day, still many models rely on the macroscopic-microscopic approach, using ever-improved descriptions of the liquid drop model and of the shell model corrections. 1.3.3 The Wilkins scission point approach, and the SPY model A static and statistical approach has been proposed by Wilkins in 1976 [START_REF] Wilkins | Scission-point model of nuclear ssion based on deformed-shell eects[END_REF]. It is based on the scission point approach, which hypothesis are the following: the scission conguration is dened by two almost-touching pre-fragments, with an elongation deformation the scission conguration presents a statistical equilibrium among collective degrees of freedom the distance between both pre-fragments, as well as their excitation energy, and the temperature of the whole system are xed, all features of the ssion (mass and charge split) are determined statistically by the scission congurations' probability.

For all possible neutron and charge splits, the potential energy of the system of both pre-fragments is calculated using the liquid drop model, with shell and pairing corrections. The relative probability of the production of a fragment pair is governed by the calculated potential energy (hence the nomination "statistical" approach). The compilation of all possible splits, which are weighted by their respective probability, leads to the estimate of ssion yields. The kinetic energy is directly derived from the Coulomb repulsion at scission.

The SPY model ( [START_REF] Panebianco | Role of deformed shell eects on the mass asymmetry in nuclear ssion of mercury isotopes[END_REF], [START_REF] Lemaître | SPY: A new scission point model based on microscopic ingredients to predict ssion fragments properties[END_REF]) is based on such an approach. However, its specicity stands in the fact that the potential energy of the pre-fragments system is calculated with the Hartree Fock Bogoliubov (HFB) method, using the eective nucleon-nucleon interaction Gogny D1S [START_REF] Hilaire | Large-scale mean-eld calculations from proton to neutron drip lines using the D1S Gogny force[END_REF]. It thus confers a microscopic aspect to the Wilkins model.

Until now, all previously presented models focused on the deformation of the compound nucleus. This scission point approach on the contrary gives a greater importance to the nascent fragments, and their structure, in the ssion process. 1.3.4 Bruyères-le-Châtel (BRC) dynamical microscopic approach

The microscopic calculation which is used in the frame of the SPY model to describe the nascent fragments at scission, is actually exploited in the BRC approach for the description of the compound nucleus. The total binding energy of the compound nucleus is calculated in a given deformation subspace, in order to build a potential energy surface (PES). Such a surface, for quadrupolar (q 20 ) and octupolar deformations (q 30 ) of 238 U, is shown in gure 1.3, provided by N. Dubray (CEA DAM DIF). Note that quadrupolar deformation gives the nucleus an elongated shape, and the octupolar deformation is relevant to the asymmetry of the nucleus (pear shape). On this PES, one observes the ground state as the blue well at q 30 = 0, q 20 ≈ 20b. Going further in quadrupolar deformation, one passes the rst barrier, and then observes the second well (light blue color).

Once the surface is dened, a dynamical procedure, performed with the TD-GCM (time dependent generator coordinate method) permits to let the wave packet of the excited compound nucleus evolve and expand along this potential energy surface [21].

The ssion process is thus understood as the evolution of the compound system (here 238 U) along the valleys of the calculated potential energy surface. Intuitively, the lower the potential energy, the more energetically-favorable the ssion valley. On the plot provided, one observes two main channels: a channel along the q 30 = 0 coordinate, increasing the q 20 value a channel which goes to higher values of q 30 , starting from the second well.

These two channels lead the way to ssion. At large deformations, the saddle point is reached, then, there is no going back, and the nucleus is doomed to ssion. Then, further down either ssion channels, one calls the scission point the moment before the nascent fragments separate.

The static calculation of the PES permits to calculate the scission congurations, at the end of both mentioned ssion paths. Plots of the highly deformed compound nucleus, and thus of the nascent fragments are given in gure 1. 4.

The rst channel observed preserves a null octupolar deformation: the symmetry is thus preserved -it is therefore called the symmetric path. Figure 1.4a presents the scission conguration at the end of the symmetric path. The pre-fragments are highly deformed, and they are symmetric (as the noun suggested). The second channel on the opposite, breaks the left/right symmetry: this leads the way to asymmetric ssion, and is thus called the asymmetric path. We have found that the topography of the potential energy surface gives information about the deformation process of the compound nucleus, showing the way to ssion. In the case of 238 U which was pictured, we have observed two valleys in the PES in the (elongation, asymmetry) deformation subspace: a valley leading to the symmetric ssion, and another one leading to asymmetric ssion.

The understanding of ssion in terms of ssion modes (dened by the valleys on the PES) was actually proposed by Brosa in 1990 [START_REF] Brosa | Nuclear scission[END_REF], and is covered in the next section. 1.3.5 Brosa model: ssion channels and random neck rupture

The interpretation of ssion observables proposed by Brosa [START_REF] Brosa | Nuclear scission[END_REF] relies on the ssion channels such as those we have extracted from the PES of the BRC model. However, it adds an important notion which is the random neck rupture.

The Brosa model states that the topology of the PES, and the valleys that appear, lead the way to the scission shape. The scission shape is dened by two pre-formed ssion fragments, a neck marking the separation in between. As the scission itself takes place (i.e. the separation of the fragments), the neck is broken at a random position (hence "random neck rupture"). This accounts for the fact that for a given ssion channel, a variety of ssion fragments may be formed, depending on the location of the neck rupture. The longer the neck, the more the possibilities of the random neck rupture location, and therefore the larger the distribution in mass or charge of the ssion fragments.

Brosa denes a total of six ssion modes:

Super Long (SL) this is (the) symmetric channel (for actinides). It corresponds to the symmetric valley observed on the PES (see gure 1.4a)

Super Short another symmetric channel, which is observed in the ssion of heavy nuclei (starting from 252 Cf). It is characterized by two quasi-spherical fragments of about the same mass Standard one (ST1) one of the asymmetric channels. It corresponds to the asymmetric channel observed on the PES (see gure 1.4b) Standard two (ST2) another asymmetric channel Standard three (ST3), and Super-asymmetric These are other asymmetric channels, less frequently observed These ssion modes are each characterized by a typical conguration at scission. The observation of ssion yields, total kinetic energy (TKE) and prompt neutron multiplicity unveil the signatures of each of these modes. More precisely in the actinides, three modes are observed:

Standard I Mainly governed by the doubly magic 132 Sn ssion fragment, it is centered around mass 135 for the actinides. It is characterized by an almost spherical heavier fragment, and a deformed lighter fragment. This very compact conguration leads to a strong Coulomb repulsion at scission and thus a high total kinetic energy. The low deformation of the ssion fragments accounts for a consequently low prompt neutron emission.

Standard II It is centered around mass 140 for the actinides. It is characterized by an almost spherical lighter fragment, and a deformed heavier fragment. The TKE and the prompt neutron multiplicity present a medium value, between the features of ST1 and SL.

Super Long It is centered in the mass distribution on the symmetric ssion (A CN /2 in pre-neutron mass distribution, a little lower in post-neutron mass distribution). It is characterized by two highly deformed ssion fragments of mostly the same mass at scission. This lengthy conguration leads to a low kinetic energy, because the Coulomb repulsion at scission is low. On the contrary, the high deformation of the fragments leads to a high prompt neutron multiplicity.

The ssion modes have been of great help in understanding the ssion observables, and are still widely used in the interpretation of results from ssion experiments. The interpretation of our results will rely to some extent on this approach. 1.3.6 Semi-empirical model GEF (GEneral Fission description) GEF is a very powerful model that has been developed in the recent years by K. H. Schmidt and B. Jurado [23]. This model is empirical in the sense that its several parameters are adjusted to t experimental data. However, it relies extensively on physical notions, which permits to limit the amount of parameters, and to use the same set of parameters for all ssioning systems at all excitation energies.

The main physical concepts of this model are:

the separability of the macroscopic potential of the compound nucleus on the one side, and the microscopic contribution of the nascent ssion fragments on the other side, the stochastic approach of the ssion observables, which accounts for the dynamical eects the energy sorting, which was developed after the discovery that the temperature of the nuclei with an excitation energy below 20 MeV remained constant.

The separability principle comes after the approach of the two-center shell model by [START_REF] Scharnweber | The two-center shell model[END_REF]. The shell model as described previously is developed in this case for a system of two (symmetric) nascent fragments, and the evolution of the level structure with the increasing distance between the fragments is calculated. For a null distance, the fragments are combined into one compound nucleus, and for low separation distances, the level structure resembles a Nilsson diagram of the compound nucleus. However, as soon as the distance between the centers of the two nascent fragments reaches a few fermi, the level diagram re-arranges and stabilizes into a structure that is relevant of the ssion fragments shell structure. It thus appears that the shells of the nascent fragments start playing a prominent role long before the scission. It is thus possible to consider the ssion process on a two steps basis: the rst step consists in the deformation of the compound nucleus, which is the macroscopic part. The second one starts when the fragments are pre-formed, and their shell structure is already dened.

The dynamical aspect of the ssion, and more specically the dissipation and inertial forces which come into play in the transformation of the compound nucleus to two nascent ssion fragments, results in the fact that the ssion observables present a certain memory of the ssion trajectory. This is in complete opposition to the approach of the Wilkins scission point approach. The dynamical eects implies that the probability that a ssion channel be chosen is aected not only to the stability of the scission conguration, but also to the whole path to this scission mode. The presence of a large barrier for example would prevent the nucleus from choosing this ssion mode, even if the nal scission conguration would be energetically very favorable. The dynamical eects also induce a broadening of the ssion observables distributions. In order to account for these dynamical eects, the GEF code relies on "eective" potential energy surface, built from the measured observables, and which eventually implicitly involve the dynamical features.

The energy sorting relies on a thermodynamic approach of the ssion process. Recently, Voinov [START_REF] Voinov | Nuclear excitations at constant temperature[END_REF] emphasized the constant temperature behavior of the nuclides with their excitation energy (up to approximately 20 MeV). The temperature of the nucleus is then fully characterized by its mass: a t on available experimental data exhibited T ∝ A -2/3 [START_REF] Till Von | Systematics of nuclear level density parameters[END_REF], not taking into account second-order variations due to shell eects in the pre-fragments. This results in the fact that the light pre-fragment is warmer than its heavier counterpart. Thus excitation energy will tend to be transferred from the light to the heavier fragment. Furthermore, the single particle level density is then dened as: ρ(U ) = 1/T × exp U/T where U is the excitation energy. With a constant temperature which depends solely on the mass of the nucleus, this means the single particle level density is higher for the light fragment. It leads to an enhanced transfer of nucleons from the light pre-fragment to the heavier pre-fragment. This transfer is stronger for the neutrons than for the protons, the latter being hindered by the Coulomb barrier.

Experimental techniques

Experimental techniques dedicated to the measurement of ssion yields are discussed. The section essentially follows the historical development of experiments.

Radiochemical methods

The rst ssion experiments were performed with chemical methods. It consists in bombarding a target of ssile material with neutrons. After a waiting time, suciently long to permit the radioactive ssion fragments to undergo β decay, the target is dissolved, and a chemical separation is performed, to extract the element of interest. A counting detector, either sensitive to β or γ radiation, is then used to estimate the amount of the fragment production. In order to account for the eciency of the separation, the use of a radioactive tracer, of the same elemental specie as the fragment of interest (so it is separated in the same manner), who should yet not be formed in the ssion process, is injected in the sample in a known quantity. The time needed for the irradiation and the separation processes imply that only reasonably long lived ssion products can be measured, or in case of long waiting times, only the cumulative yields are measured. 1.4.2 Fragments in ight: the beginning Quite soon, ssion experiments focused on measuring the fragments in ight, as they were emitted. This permits to measure the independent yields, as opposed to the chain yields measured with the radiochemical methods (after β decay of the fragments).

Such methods were performed by either the so-called "double energy 2E" or "double velocity 2v" methods. Both of them rely on the momentum conservation at ssion, which concerns both ssion fragments before the prompt neutron emission (provided the recoil of the compound nucleus, due to the incident neutron in the case of neutron induced ssion, can be neglected).

The rst method, "2E", consists in measuring the kinetic energy of both fragments. It often consists of a double ionization chamber, with a thin target placed at the center. Both ssion fragments escape the target layer and are emitted back to back, each ying across one half of the ionization chamber. However, the kinetic energy of the fragments is highly inuenced by the emission of the prompt neutrons.

The second method, "2v", which consists in measuring the velocity of both ssion fragments (through time of ight measurement), is less sensitive to the neutron emission. Indeed, the velocity of the fragments is aected by the recoil induced by the neutron evaporation, on an even-by-event basis. However, a reasonable hypothesis states that the neutron emission is isotropic in the frame of the ying fragment. Therefore, on average and over a large number of events, the mean value of the fragments velocity is unchanged. However, the limited resolution on the time of ight measurement would often compensate for this advantage of the 2v technique as compared to the 2E technique. A possible way to remedy the lack of resolution in the time of ight measurement, is to place the time of ight detectors further away, allowing for a larger length of ight, and thus a better accuracy in the velocity measurement. But again, this approach has a drawback: the geometrical eciency of the detection setup is all the lower that the time of ight detectors are far away.

The combination of the 2E and 2v method are still in use today, pushing further the detection technology [START_REF] Dore | FALSTAFF: A new tool for ssion studies[END_REF], [START_REF] Tovesson | SPIDER: A new instrument for ssion fragment research at the Los Alamos Neutron Science Center[END_REF]. 1.4.3 The recoil spectrometers

The successes of the measurement of the ssion fragments in ight led to the development of large recoil spectrometers. Yet these recoil spectrometers do not rely on the momentum conservation any more, but rather on the use of electric and magnetic deectors to sort the ssion fragments in ight.

The most powerful recoil spectrometer, and that which has most contributed to ssion yields measurement, is Lohengrin at ILL, Grenoble [START_REF] Moll | Aufbau und Arbeitsweise des Spaltprodukt-Massenseparators Lohengrin am Hochuÿreaktor in Grenoble (Design and working principles of the Lohengrin mass separator for ssion products at the high ux reactor in Grenoble)[END_REF]. It is located in the vicinity of a nuclear reactor, which provides an intense ux of thermal neutrons. A target of ssile material is positioned under the neutron ux, and one of the ssion fragments ies towards the spectrometer. A rst deector consists of a dipole magnet, which deviates the fragment according to its mass over charge ratio A/q. The second step is performed with the electric condenser, which deviates the fragments according to its kinetic energy over charge ratio E k /q. Finally, only the fragments with a selected mass over charge and kinetic energy over charge ratios reach the end of the spectrometer. The kinetic energy is inferred from an energy loss measurement in an ionization chamber, which leads to the charge state of the fragment, which itself leads to the mass of the fragment. In order to extract the full isobaric yields, it is needed to cover the full range of the distributions both in kinetic energy and charge state of the fragment. Since this is extremely time consuming, in practice, only a few fragments are measured on the full range in kinetic energy and charge state. For the other fragments, the full distribution is estimated from just a few (adequately chosen) measurements.

The ILL provides isobaric (A) yields with very high resolution. The element number (Z) of the ions can be inferred for light fragments, but due to charge state uctuations, it can not be inferred for heavy fragments using conventional energy loss measurements. Since 2000, a new method has been implemented for the Z-identication of the heavy fragments, using γ-ray spectroscopy [30]. This method only applies to isotopes whose gamma branching ratio are well known. Furthermore, the γ-spectroscopy is performed some time after the ssion event, and some fragments have already decayed since then. The method to extract independent ssion yields (before any decay) is quite tricky. 1.4.4 Experiments in inverse kinematics All the previously discussed experimental techniques rely on the use of a target of ssile (or spontaneously ssioning) nuclei, which in the case of ssile material is typically bombarded with neutrons, photons, or charged particles. We group such methods under the term "direct kinematics". The idea of inverse kinematics is precisely the opposite: the ssioning system is accelerated, and its ssion is induced inight, by excitation induced on a static (and stable) target. This technique permits to lift the severe restrictions immanent to the direct kinematics methods: all constraints inherent to the target (stability, cost, and handling of the material) have disappeared, since the ssioning system is created in-ight. Even short-lived isotopes can be studied. the limited geometrical eciency in direct kinematics, due to the fact that the fragments are emitted back-to-back with an angle of 180 • and in all directions does not apply any more. Indeed, in inverse kinematics, the ssioning system has a high velocity, which is transmitted to the fragments: in the laboratory fragment, the fragments are emitted forward in a cone, allowing for a larger geometrical acceptance of the experimental setup due to the high velocity of the fragments in inverse kinematics, their electronic cloud is (at least partly) emptied, allowing for an accurate estimate of the charge number Z of the fragments.

It is only the advent of facilities that provide accelerated heavy ions beams, that permitted such approaches of reactions studies to emerge. The main facilities that provide such heavy ions are GANIL in Caen (France), RIKEN close to Tokyo (Japan) and GSI in Darmstadt (Germany). At all three facilities, ssion research is performed.

GANIL, Caen, France

The GANIL facility provides a 238 U primary beam with an energy up to 25 AMeV.

A set of experiments for ssion yields measurements, regarding the ssion of actinides from 238 U up to 250 Cf, have been performed in the past years ( [START_REF] Caamaño | Isotopic yield distributions of transfer-and fusion-induced ssion from 238 U + 12 C reactions in inverse kinematics[END_REF]).

The production of the ssioning system is implemented with transfer or fusion reactions of 238 U primary beam on 12 C or 9 Be targets. Fusion reactions lead to the formation of a compound nucleus of 250 Cf (for 238 U + 12 C). In case of transfer reactions, nuclides between 238 U and 250 Cf are producedaccording to the transfer cross section. Therefore, one single experiment permits to explore the ssion of a variety of compound systems. The actual ssioning system is known through the identication of the residual projectile. For example, in 238 U( 12 C, 9 B) 239 Np, the residual 9 B nucleus is identied.

The fragments are forward focused due to the boost of the 238 U beam, in a 25 • cone. The geometrical acceptance of the VAMOS recoil spectrometer is 14 • on the horizontal (deviation) plane, and 10 • on the vertical plane.

The velocity of the beam, and the geometrical acceptance of the setup are thus too low to permit a simultaneous identication of both ssion fragments. Therefore, only one fragment is measured for each ssion event. The identication of the ssion fragments is performed using a magnetic recoil spectrometer, with Bρ, ToF, ∆E and E measurements. The low kinetic energy of the ssion fragments in the laboratory frame (ranging from 50 MeV to 120 MeV) causes a charge state distribution for the fragments which extends over 10 charges. Yet, the nal atomic number resolution performed with an ionization chamber presents a resolution of ∆Z/Z ≈ 1.5 %. The mass resolution is ∆A/A ≈ 0.6 %.

The extraction of ssion yields demands important corrections, to account for the large uctuations in q-value of the fragments, and for the limited geometrical acceptance. The nal accuracy on isotopic ssion yields is approximately 20 % for light fragments produced at 1 %; it deteriorates for heavier fragments.

GSI, Darmstadt, Germany

The GSI facility provides 238 U primary beam at 1 AGeV. The beam is rst accelerated through a linear accelerator (LINAC), and then through a synchrotron.

The GSI facility has seen the rst ssion experiments in inverse kinematics in the nineties.

In the rst experiments ( [START_REF] Bernas | Projectile ssion at relativistic velocities: a novel and powerful source of neutron-rich isotopes well suited for in-ight isotopic separation[END_REF]), the 238 U primary beam would undergo Coulomb excitation on a lead target situated right at the exit of the synchrotron. The excitation of 238 U would eventually lead to the ssion of the nucleus. The ssion fragments, emitted in a forward direction, were identied in mass and charge through the FRagment Separator FRS, a high resolution recoil spectrometer. Due to the low acceptance of the FRS for ssion fragments, only one fragment would be measured for each ssion event.

Then, a second series of experiment [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF] used the 238 U primary beam to produce a wide variety of nuclides, through a fragmentation reaction on a Beryllium target, and making a cocktail secondary beam. The FRS was then used to select and identify actinides and pre-actinides of interest, and use them as secondary beams. At the nal focal plane, the still-ying secondary beam ion would be excited in a lead target, and then de-excite through ssion. The ssion fragments, emitted in a forward direction, were simultaneously identied in charge number.

SOFIA is a step further in these ssion experiments at GSI. RIKEN, Wako, Japan The Radioactive Ion Beam Factory (RIBF) at RIKEN provides 238 U primary beam up to approximately 350 AMeV.

Although no experiments on ssion have been led there yet, an experiment has been proposed and its preparation is currently on-going (SAMURAI-14) [START_REF] Sako | Fission study using SAMURAI spectrometer at Riken. 22nd ASRC International workshop "Nuclear Fission and Exotic Nuclei[END_REF]. The layout of the experiment is very similar to SOFIA.

A primary beam of 238 U impinges a Beryllium target, producing a cocktail secondary beam. The recoil spectrometer BigRIPS is then used to separate and identify the actinides and pre-actinides of the secondary beam, which ssion is to be studied. The selected heavy ion then reaches the SAMURAI setup [START_REF] Kobayashi | SAMURAI spectrometer for RI beam experiments[END_REF], where the ssion experiment takes place. Fission is induced in-ight on a Hydrogen target. Both ssion fragments are emitted forward due to the boost of the secondary beam ion, and they are deected in a large dipole named SAMURAI. The development of a recoil spectrometer around the SAMURAI dipole should permit to identify both ssion fragments simultaneously, in mass and charge.

Chapter 2

Studies On FIssion with Aladin 17 SOFIA, Studies On FIssion with Aladin, is a step further in the experiments on ssion yields. This introduction will give an overview of the GSI facility, and of the SOFIA set up. The use of a recoil spectrometer for the identication of ions will be explained, since SOFIA relies extensively on this method. The topics covered in this PhD, and reported in this document, are presented. 2.1 Overview of the GSI, and of the SOFIA experiment

SOFIA at GSI

A picture of the GSI facility is given in gure 2.1. For our experiment, the GSI provided a 238 U primary beam, accelerated through the UNILINAC and then through the SIS-18 synchrotron, up to a kinetic energy of 1 AGeV.

At the exit of the synchrotron and before its entrance into the FRagment Separator (FRS), the beam impinges a Beryllium target. The interaction leads to the production of a variety of nuclei, with a upper limit in mass number of 238. These products form a cocktail secondary beam, ying forwards into the FRS.

The FRS is a recoil spectrometer, which permits to select and identify the ions of interest from the secondary beam. Only ions of chosen mass and charge values reach the nal focal plane of the spectrometer, and the area for the ssion experiment itself. The selection is performed through the tuning of the dipoles of the FRS (green on gure 2.1).

Then, the secondary beam made of the chosen actinides ies further towards Cave C, an experimental area equipped with A Large Acceptance DIpole magNet -named ALADIN -. The ssion of the ion of the secondary beam is induced in ight, at the entrance of the cave. The SOFIA collaboration has developed a full experimental set up around the ALADIN dipole, to form a recoil spectrometer. Both ssion fragments are identied in mass and charge simultaneously: isotopic (Z and A), isobaric (A), isotonic (N) and elemental (Z) ssion yields are extracted. Also, the velocity of both ssion fragments is measured, permitting to extract the Total Kinetic Energy of the ssion fragments. This quantity is a ssion observable which gives a good insight in the ssion process. Finally, since both ssion fragments are identied in mass simultaneously, it is possible to infer the total prompt neutron multiplicity in the ssion, from the dierence between the mass of the compound nucleus, and the masses of both ssion fragments.

Note that a similar experiment had already been proposed [START_REF] Schmidt | Experiment proposal : Investigation of actinide nuclei by fragmentation of 238 U[END_REF], but it was never performed.

Experiment of August, 2012

The SOFIA experiment took place in August 2012 and lasted six days.

We have performed eight dierent FRS settings, allowing to cover a large range of ssioning systems, from Neptunium (Z=93) down to Mercury (Z=80). Figure 2.2 represents the nuclei studied within the SOFIA experiment, on a nuclear chart. The warmer the color, the higher the statistics of recorded events.

Half of the beam time was dedicated to the measurement of Uranium and Neptunium isotopes (two settings of the FRS), which are of importance for the applications, and thus require high statistics, in order to reduce at utmost the statistical uncertainties.

The other half of the beam time was dedicated to browsing the nuclear landscape, and reach the ssion of exotic nuclei. These six 'exotic' settings lasted only a few hours each, due to the limited available beam time. 

LINAC

Principle of a recoil spectrometer

The identication of the ssion fragments and of the secondary beam in ight, relies on the use of magnetic dipoles, which deviate the ions according to their magnetic rigidity. The magnetic rigidity of an ion is dened as: 

Bρ = m 0 × γβc q (2.
Bρ = 3.107 × βγ × A Z (2.2) 
The mass value is extracted from the previously described relation, provided the following quantities are known: ∆E energy loss (often) measured in an ionization chamber, it is a signature of the mean ion's charge q along its trajectory in the detector. At kinetic energies typical of the GSI, the ion is fully stripped (there is no electrons in its electronic cloud), and the charge of the ion is the nuclear charge of the ion Z times the elementary charge: q = Z × e.

ρ the curvature radius in the dipole, estimated from position measurements T oF time of ight measurement, which permits to extract the βγ value

The identication of the ion is thus complete, both the mass A and the charge Z values of the ions are extracted. This method is often named the ∆E -Bρ -ToF technique, and the set of detectors needed, with the dipole(s), compose a recoil spectrometer.

In the SOFIA experiment, we use the principle of the recoil spectrometers twice:

to separate and identify the secondary beam of ssile actinides and pre-actinides (through the FRS, see g. 2.1) to fully identify, in mass and charge, both ssion fragments created in the ssion of the secondary beam ions (at Cave C with the ALADIN dipole, see g. 2.1)

Topic covered in this PhD

This PhD work covers the analysis of one setting of the FRS, centered on 235 U. A variety of other nuclides, which have a magnetic rigidity close to that of 235 U, also reach the Cave C after its passage through the FRS. These nuclides are 238 Np, 237 Np, 234 U, 232 Pa and 231 Pa, and they are also studied. This setting lasted 1.5 day, which permitted to record a high statistic of events. The amount of events registered for each ssioning system governs the observables we can extract with reasonable uncertainty: 234 U, 235 U: the complete isotopic yields, the prompt neutron multiplicity, and the TKE.

237

Np, 238 Np: the same as for uraniums. The TKE has not been extracted yet.

231

Pa, 232 Pa: the elemental yields, as well as the mean prompt neutron multiplicity.

The rst part of this report follows the path of the beam (chapters 3 to 5): First, the production of the secondary beam, its ight through the FRS and its identication are explained in chapter 3. The FRS facility is described, and the measurements leading to the full identication of the secondary beam ions are discussed.

Then, the secondary beam reaches the experimental area for the ssion study: the SOFIA setup is detailed in chapter 4. All detectors developed by the SOFIA collaboration are reviewed.

The ssion of the secondary beam ions, and the measurements for both ssion fragments are covered in chapter 5. The second part of this reports focuses on ssion observables (chapters 6 and 7):

The analysis performed to extract the ssion observables (yields, prompt neutron multiplicity, total kinetic energy) is developed in chapter 6. Due to the large amount of data extracted in this work, only chosen points of interests will be discussed in chapter 7. The complete set of data is compiled in appendix G.

Chapter 3

Secondary beam identication 23

The primary beam of 238 U is accelerated through the UNILAC linear accelerator, and through the SIS-18 synchrotron, to reach 1 AGeV at the exit. The accelerated beam then impinges a Beryllium target, where fragmentation reactions occur, leading to a cocktail secondary beam of a wide range of nuclides. The rst section of this chapter is dedicated to the description of the FRagment Separator (FRS), which is tuned to separate the nuclides of interest -that of which the ssion is to be studied -of the secondary beam, according to their magnetic rigidity. Yet a variety of nuclides with the same magnetic rigidity reach the exit of the spectrometer, where the ssion experiment itself occurs. It is of course paramount to know the ssioning system on an event-by-event basis. Therefore, a full identication is performed for the ions of the secondary beam. This identication consists rst in the element number measurement, described in section 3.2. Since we are dealing with heavy ions (up to Neptunium, Z = 93) at relativistic energies, the problematic of charge state and charge state uctuations are quite specic, and will be described to some extent in this report. To fulll the identication, the mass will be extracted by means of velocity and magnetic rigidity measurements, respectively covered in sections 3.3 and 3. 4. The last section will present a nal identication map for the actinides, and we will see that the identication is performed in an unambiguous manner.

The FRagment Separator at GSI

The fragment separator is a spectrometer at GSI which is dedicated, for the SOFIA experiment, to the separation and the identication of the ions of the secondary beam, of which the ssion is to be studied.

First, an overview of the facility is given. Then, the selection process is explained. It unfolds into two steps: rst, a selection according to the mass-over-charge ratio of the ions, and second, a selection according to the Z-value of the ions. Only ions exhibiting a mass and a charge close to those chosen are transmitted up to the end of the spectrometer. The setting of the spectrometer for the transmission of 235 U and 238 Np, which reassembles the events analyzed in the frame of this PhD, is given as an example.

Overview

Description The SIS-18 synchrotron delivers a primary beam of 238 U at 1 AGeV with a high intensity of about 10 9 Hz.

In order to produce secondary beams, a target is placed in the primary beam ight path at the exit of the SIS-18 synchrotron. Impinging on the target, the primary beam undergoes fragmentation, and a large variety of nuclides is produced (see left of gure 3.2). The reaction products keep ying in a forward direction towards the FRagment Separator's dipoles.

The fragment separator itself, represented in gure 3.1, consists of four dipoles (two complementary pairs), which deviate the ions according to their magnetic rigidity. The setting of the magnetic eld of each of these dipoles denes the nuclides which will be transmitted, while those with a dierent magnetic rigidity will be expelled out of the beam line. Some properties of the FRS setting centered on 235 U are given in table 3.1. Each dipole is surrounded by two to three quadrupole magnets on each side, ensuring a high quality focus of the beam. Furthermore, sextupoles placed at each extremity of the dipoles correct for higher order deviation. This equipment is not drawn, for simplicity's sake.

Two focal planes stand respectively at the middle of the FRS (S2 -after the rst pair of dipoles), and at the end of the FRS (at Cave-C, drawn after the second pair of dipoles for simplication, although it is somewhat further away). The central focal plane S2 is dispersive, meaning the ions are sorted in positions according to their magnetic rigidity, while the nal focal plane is achromatic, meaning the beam is focused in one point.

A full description of this facility is given in reference [START_REF] Geissel | The GSI projectile fragment separator (FRS): a versatile magnetic system for relativistic heavy ions[END_REF]. The blue dotted line corresponds to a higher Bρ value, while the red dashed line corresponds to a lower Bρ value as compared to the reference nuclide. This sketch is not to scale.

Dipoles

Limit on the secondary beam ions' lifetime The mean energy of the secondary beam in the FRS is close to 730 AMeV, for a total ight path, between the production target at the entrance of the FRS and the ssion target at the entrance of Cave-C of 175 m. This corresponds to a time of ight of some 700 ns, marking a limit in the reasonable lifetime for the secondary beam ions of a few hundreds of nanoseconds.

This very permissive limit has enabled us to browse the nuclear landscape, and observe the ssion of very exotic, neutron-decient nuclides. Of course, it would be completely impossible to observe the ssion of such nuclides using conventional direct-kinematics experiments, because making a target out of such short-lived nuclides is virtually impossible.

Production of the secondary beam

The chosen target is 1036 mg/cm 2 of Beryllium, equipped with a 223 mg/cm 2 Niobium foil, introduced to strip the reaction products from their electrons downstream the target.

The projectile reacts mostly by fragmentation on the target. Fragmentation reactions are characterized by a rst step consisting in the abrasion of some nucleons from the projectile. The reaction product, excited, is then likely to de-excite through evaporation of some nucleons, or through ssion (for ssile nuclei, i.e. for primary beams heavier than Lead, which is our case). On the left part of gure 3.2, the production cross section in the reaction 238 U at 1 AGeV on hydrogen is represented on the nuclide chart. One distinguishes a thin tail starting from the projectile, that is the result of fragmentation-evaporation reactions. Further down the nuclide chart, a wider area is populated through fragmentation-ssion reactions.

A particular type of fragmentation reaction takes place, which is rare, yet is responsible for the production of Neptunium of which we will study the ssion. The projectile, 238 U, consists of 92 protons for a total of 238 nucleons. The fact that Neptunium, made of 93 protons, be produced, is due to charge pickup reactions. The charge pickup may occur through two mechanisms: either the quasi-elastic scattering between a target proton and a projectile neutron. The proton of the target takes all the kinetic energy of the neutron of the projectile, the latter remaining in the target, while the proton ends up in the projectile-like product, or the one-nucleon excitation of a neutron of the projectile, leading to the production of a delta baryon, which then de-excites, producing a proton and a negative pion.

Further details about this type of reaction are to be found in reference [START_REF] Keli¢ | Isotopic and velocity distributions of 83 Bi produced in charge-pickup reactions of 208 82 Pb at 1A GeV[END_REF].

In the case of peripheral fragmentation-evaporation reactions, as well as charge pickup reactions, the kinematics of the products is characterized by a narrow-peaked forward distribution, with momentum all the closer to that of the projectile, as fewer nucleons have been abraded.

Since we will focus here on actinides, with a dierence in mass as compared to the projectile no larger than six nucleons, it is reasonable to consider in rst approximation they all have the same velocity.

First section, production target to focal plane S2

As previously discussed, all the actinides produced as secondary beam have almost the same velocity, i.e.

the same βγ value. Therefore, the rst selection in Bρ is a selection according to the mass-over-charge ratio.

The use of a pair of dipoles enlarges the dispersive (selective) power of the spectrometer, up to approximately 7 cm/% Bρ at the dispersive focal plane S2. The selection is visible at the left of gure 3.2, and the nuclides which reach S2 are drawn at the middle of the same gure.

In this example, the FRS setting is centered on 235 U. The reference A/Z value is (A/Z) 0 = 235/92 = 2.5543. The dispersion is 7 cm/% Bρ, and the acceptance is 20 cm, thus a variation of 2.86 % in Bρ. Considering all secondary beam nuclides have the same velocity, this results in a variation of 2.86 % in A/Z. Therefore transmitted nuclides exhibit a mass-over-charge value comprised in the range (A/Z) 0 ± 0.5 × 2.86% = 2.5543 ± 0.0365. This range is represented by the red lines at the left of gure 3.2.

Focal plane S2

Focal plane This focal plane is a dispersive plane, meaning that the positions occupied by the ions is a signature of their magnetic rigidity. An appropriate setting of slits at S2 permits to eliminate unwanted nuclides.

Wedge degrador A thick piece of material, here 2200 mg/cm 2 of Aluminum, is placed at S2. Its geometrical shape is that of a wedge. The ions passing through the degrador undergo an energy loss, to an amount which depends mainly on their position: the more to the right (X-direction), the thicker the degrador, the higher the energy loss their charge number

The point in placing a degrador at S2 is twofold (which may seem contradictory in the rst place): rst, it serves as a momentum-spread correction. Indeed, nuclides with the same A and Z values show a slight dispersion in momentum (due to the reaction mechanism, and which we have neglected until now), resulting in a dispersion in position. The higher (resp. lower) the energy of the ion, the more to the right (resp. left) it will be at S2, and the thicker (resp. thinner) the degrador. The energy loss thus compensates the momentum spread. second, the energy loss in the degrador scales to the square of the nuclides' charge number. While the energies upstream the degrador were mostly the same for all actinides, we now have a spread in momentum, which is a signature of the Z-value. This is paramount for the second step of the separation, between S2 and the nal focal plane. 3.1.5 Second section, focal plane S2 to Cave-C All ions which reach this part of the FRS exhibit almost the same A/Z value. The presence of a wedge at S2 enforced a momentum spread, reecting the charge number of the ions. The second step of the separation is a selection according to the velocity, thus nally according to the Z-value of the ions.

A sketch of this selection is given by the red lines at the middle of gure 3.2, and the ions which reach the nal focal plane are represented at the right of the same gure.

Focal plane at the entrance of Cave-C

The nal focal plane is situated at Cave-C, approximately 50 cm ahead of ALADIN's entrance window. Only a small amount of secondary beam ions reach this area: those exhibiting a charge, and a mass-overcharge ratio close to that of the reference nuclide, which trajectory is the central one in the FRS. The FRagment Separator is a recoil spectrometer, which permits to select ions of interest as secondary beam. The separation process unfolds into two steps: rst, a separation according to the mass-over-charge ratio is performed, and then a separation according to the charge number of the ions. Finally, only ions with a mass and a charge number close to the selected reference ion are transmitted up to the experimental area, where the ssion study is led. However, a full identication is needed to distinguish the ssioning nuclide on an event-by-event basis. This is covered in the next sections.

Atomic charge

TUM-MUSIC detectors

The charge measurement of the secondary beam is performed using two TUM-MUSICs, i.e. Technische Universität München -MUlti Sampling Ionization Chamber. These two ionization chambers are standard equipment of the FRS, and were lent to us for our experiment. A picture of those two detectors is given in gure 3.3, and a very basic principle sketch is given in gure 3. 4.

Each of these detectors consists of a parallelipipedic volume lled with gas, a cathode plane at the bottom of the detector and an array of anodes, perpendicular to the beam path, and opposite the cathode. The secondary beam ion ies through the chamber, ionizes the gas (here ArCH 4 ), and the ionization electrons, drifting away from the cathode, induce a charge on the anodes, which signal is read out.

Since the chambers are equipped with Frisch grids, the collected electric charge does not depend on the location of the creation of the ionization electrons; it depends solely on the charge of the projectile and its velocity.

The particularity of this kind of chambers stands in the fact that the anode plane is segmented into several strips, perpendicular to the ion path.

The energy loss measurement is thus performed on each strip, and the extracted energy loss is the mean of the measured values.

Furthermore, adding a reference start signal, the drift time of the electrons measured on each strip gives information on the vertical location of the ion path in the chamber. Combining the distance measurement of each strip, one can evaluate the path angle of the ion, in the vertical direction. This is represented gure 3. 4. 

TUM-MUSICs TPCs

Charge state

Charge state uctuation We measure the energy loss of the ion, in a given depth of gaseous material. This energy loss varies as the square of its apparent charge (nuclear charge minus number of electrons in the electronic cloud). Consequently, the measurement provides information about the charge of the ion, along its path through the chamber. During this trip, the ion may interact with the gas and undergo charge state uctuation, through electron capture (-1 charge unit) or ionization (+1 charge unit). If the amount of electron capture and ionization processes is high enough, a statistical approach can be followed: equilibrium charge state has been reached. This implies that the charge state distribution at the exit of the volume is completely independent of the charge state of the ion at the entrance of the volume. In other words, the ion at the exit has no recollection of its charge state at the entrance.

On the opposite, if no (or few) electron absorption or ionization processes occur, we will nd that the charge state at the exit of the volume depends on that at the entrance.

So, which of these two situations is ours? According to simulations (see table 3.2), the amount of electron absorption and ionization processes are low enough, for the proportion of fully-stripped, oneand two-electrons ions at the exit of the chamber to depend on the charge state of the ion at the entrance. 3.2: Population of the charge states at the exit of a TUM-MUSIC, as a function of the charge state at the entrance of the gas volume of a 235 U ion at 700 AMeV. Calculation using the AMADEUS code [START_REF] Hanelt | AMADEUS : A MAgnet and DEgrador Utility for Scaling[END_REF]. The considered material is 40 cm of P10 gas (90% Ar, 10% CH 4 ).

Charge state distribution Such heavy ions as those from the secondary beam, at kinetic energies of about 700 AMeV, are mostly fully stripped. Yet some still have one (or two) electron(s) in their electronic cloud, leading to an erroneous estimate of their atomic number.

For example, an uranium (Z = 92) ion with one electron will present a global charge of 91+, which would be mis-identied in the ionization chamber as a protactinium (Z = 91) ion.

In order to reduce at utmost the amount of mis-identied elements, we combine the energy loss measurement of two detectors. Provided the measurements are completely independent, the probability that an ion be non-fully stripped in both detectors is drastically reduced, as compared to a single measurement.

In our situation, the amount of hydrogenoid-like ions is about 30 %. With two independent measurement, the amount of non-fully stripped ions in both detectors falls down to 10 %; hence our using two ionization chambers.

The independence of the measurements is ensured through the use of a niobium stripper at the entrance of the second detector. The role of the stripper is to re-arrange the electronic cloud of the ion, so that at the exit, the ion has no recollection of its state at the entrance of the foil. That is, opposite to the gas layer previously discussed, electron captures and ionizations are frequent enough in this layer to reach charge-state equilibrium. A simulation was performed, which results are listed in table 3. 3. This shows that no matter the charge state of the ion at the entrance of the layer, the amount of fully stripped, hydrogenoid-like and 2-electrons uranium ions at the exit of the foil show mostly the same proportions. 

Calibration and measured charge

Calibration The absolute calibration of each of the TUM-MUSICs, to infer the relation between the charge of the ion and the measured energy loss, is performed using 238 U primary beam runs. For these runs, we observe (blue dotted line on g. 3.5): a maximum energy peak, corresponding to fully stripped 238 U ions (charge 92+) a much less populated, lower energy peak, corresponding to hydrogenoïd 238 U ions (charge 91+) and a further less populated, lower energy peak, corresponding to 238 U ions with two electrons (charge 90+) This gives us an absolute calibration, which can be further applied to runs with secondary beam, as given as the red full curve on the same gure. Finally, we don't have any ambiguity whatsoever regarding our absolute calibration. Z-identication Figure 3.6 represents the correlation between the charge measurement of both chambers, for the secondary beam setting centered on 235 U/ 238 Np. We can distinguish on this gure a highly populated peak at (92, 92), which represents events when uranium ions are fully stripped in both detectors.

Two other points of interest are represented with the notation "1 e -". These points, at coordinates (91, 92) (resp. (92, 91)) represent events when uranium ions are fully stripped in the second (resp. rst) detector, and in an hydrogenoid state in the rst (resp. second) detector.

The points at coordinates (91, 91) encompass events when uranium ions have one electron in both detectors, and also protactinium ions fully stripped in both detectors. We will see later that the massover-charge measurement will enable us to distinguish between uranium and protactinium ions in this situation.

[ch] This scheme repeats for all ions, from Thorium (Z = 90) up to Neptunium (Z = 93). Finally, for each event, we take as a "real" value the measurement which gives the highest q-value.

The well-dened structure, which shows in this correlation graph, supports the hypothesis according to which the charge state uctuations are scarce in the chamber. Indeed, if charge state equilibrium was reached in each of the chambers, the measured charge would be the same in both chambers, and the peaks marked "1e-" would simply be nonexistent.

The charge of the secondary beam is identied with the TUM-MUSICs ionization chambers. The relation between the measured energy loss and the charge of the ion is unequivocally performed using primary 238 U beam. To reduce spurious charge states measurements of non-fully stripped ions, two independent measurements are performed and combined. To fulll the identication, the mass is to be extracted by means of time of ight and magnetic rigidity measurements, which are covered in the next sections. 

Velocity

Detectors

The time of ight measurement of the secondary beam is performed between the focal plane S2 -at the middle of the FRS -and the Cave C entrance, for a ight path length of about 130 m. At each end of the ight path, a detector consisting of a scintillating plastic with a photo-multiplier tube at both ends triggers a signal as the ion goes through (see gure 3.7).

A picture of the STOP detector is given in gure 3. 7. The START detector looks very similar to the STOP detector.

The point in connecting the scintillator to a PMT at each end is twofold:

First, the combination of the signals from both ends of the plastic blade cancels the inuence of the location of the ion path on the measured time of ight.

Second, as explained in the next section, we will also use the plastics for position measurements.

For this, we will use on the contrary the time dierence between the signals at both ends of the plastic blade. 

Calibration

The time of ight calibration between S2 and Cave C is performed in the following manner: a set of four primary beam runs with various congurations, in terms of material budget in the beam line, and consequently in terms of beam kinetic energy, is performed for each of those measurements, a raw value for the time of ight is extracted and corresponding LISE++ simulations ( [START_REF] Tarasov | LISE++: Radioactive beam production with in-ight separators[END_REF]) are led in parallel the comparison between the beam velocity from the simulation and the raw time of ight measurement yields an absolute time of ight calibration, and also length of ight calibration.

The run congurations were the following: Scintillating plastics, coupled to photo-multiplier tubes, are used to measure the time of ight of the fragments. The measurement is implemented between the focal planes S2 and Cave C, with a resolution better than 73 ps at 1 σ. The calibration is performed using the LISE++ simulation tool. As briey mentioned, these scintillating plastics are also used for (horizontal) position measurements. Knowing the location of the impact of the ions at the focal planes S2 and Cave C, the magnetic rigidity of the ions is extracted. The latter observable is needed to infer the mass of the ion, and its measurement is covered in the next section.

Magnetic rigidity measurement

In order to estimate the magnetic rigidity of the ions of the secondary beam, the impact location of the ions at the focal planes S2 and Cave-C is measured.

For this purpose, two pairs of Time Projection Chambers (TPC) were installed in our setup, one pair at S2 and the second pair at Cave C. These detectors, described in section 3. 4.1, provide both the horizontal and vertical positions of the ions trajectory.

Unfortunately, the TPCs were not fully operational: therefore, the scintillating plastic were used instead. The TPCs nally served as a landmark for the calibration of the scintillating plastic detectors.

This part will rst focus on the TPCs, providing a description of the detector, and the method implemented for their own calibration. Then, we will see how we use it to calibrate the plastic detectors.

Finally, we will estimate the magnetic rigidity of the ions.

TPCs Description

Along with both TUM-MUSIC detectors, we have been lent two pairs of TPC from the FRS. These detectors provide both vertical and horizontal position measurements. They are always used as a pair, since each of them only provides one horizontal and one vertical position. In order to estimate the angles, and the quality of the beam focus, we need to combine two measurements. They consist of a gas volume, polarized with a cathode plane at the top, and a grid at the bottom. Four anode wires lie below the grid, surrounded by C-shaped cathodes. A sketch of the detector is given in gure 3.8 while pictures are given in gures 3.3 and 3. [START_REF] Kellet | The JEFF-3.1/-3.1.1. radioactive decay data and ssion yields sub-libraries[END_REF].

The passing of an ion ionizes the gas Free electrons drift to the bottom of the chamber When they reach the anode wire, an avalanche is triggered The time of the avalanche is a signature of the vertical (y) position of the path And the avalanche induces a signal on the C-shaped cathodes, whose inuence is read by a delayline below the cathodes. The time dierence between the signal arrival at each end of the delay line (left-and rightdirections) is a signature of the horizontal (x) position of the path The full description is given in references [START_REF] Hlinka | Time projection chambers for tracking and identication of radioactive beams[END_REF], [START_REF] Janik | Time projection chambers with C-pads for heavy ion tracking[END_REF]. 

Calibration

Distance The Time Projection Chambers are equipped with a "mask" consisting of a grid of scintillating bers, regularly spread in both horizontal (x) and vertical (y) directions. A mask can be seen in picture 3.10, in a non-operating position. The measured positions in the TPC when the mask has been hit are represented gure 3.9. The distance between the bers is well known, allowing for the TPC position calibration in both directions.

Absolute zero However this rst calibration step provides with a "relative" calibration, i.e. the relation between a time dierence (measured drift time of the electrons, or time dierence between both ends of the delay line) and a distance. In order to complete the calibration, an "absolute zero" measurement is performed by closing the slits very tight ahead of the TPC. Then only well-centered ions are transmitted, and the measured position of the beam spot is the absolute zero. .9: Y vs X positions in a TPC, when the scintillating bers placed ahead of the chamber (the mask) are hit. The mask construction is very neatly recognized, with two vertical bers and three horizontal bers. The slope observed on the right-hand side of the gure is the deviation of the horizontal bers to reach the photo-multiplier tube. The same is observed for the vertical bers, at the bottom of the gure.

Plastics

As mentioned earlier, the START and STOP plastics, used for the time of ight measurement, also provide information about the (horizontal) location of the beam spot. Indeed, the time dierence between the signal that reaches the left photo-multiplier tube, and the right one, is proportional to the location of the ion path.

x ∝ (t lef t -t right )

Once the absolute calibration of the TPCs has been performed, for each event, the position at the plastic is estimated using the data from the TPC. The correlation between this estimated position, and the raw measurement from the non-calibrated plastics gives the calibration parameters. 

Experimental dispersion at S2

Figure 3.11 is a spectrum of the position measurement at S2, for a FRS setting centered on primary 238 U beam. We see two main spots: 238 U 92+ and 238 U 91+ . Two pieces of information are of interest in this gure:

rst, we notice that the amount of hydrogenoid-like ions at S2 is very low compared to fully stripped ions. The estimated ratio is about 1:30 second, this observation gives us an experimental assessment of the dispersion of the spectrometer between the production target at S0 and the focal plane at S2

The dispersion is the expression of the location spread associated to a magnetic rigidity deviation from a reference value. Let's take fully stripped 238 U 92+ as our reference:

the mass-over-charge ratio is

(A/Q) 0 = 238/92 its position at S2 is ≈ +5.4 mm
And we want to compare 238 U 91+ with one electron:

the mass-over-charge ratio is A/Q = 238/91 its position at S2 is ≈ +75.9 mm

The variation in magnetic rigidity between both ions is:

∆Bρ = (A/Q) 0 -A/Q (A/Q) 0 = -1.0989 % (3.1)
for a distance of dx = 70.5 mm at focal plane S2.

Thus the experimental dispersion D S2 is

D S0-S2 = dx ∆Bρ = 67.4 mm/% (3.2)
This value is consistent with the theoretical value, provided by the FRS, of 67.8 mm/%. Horizontal position measurement at S2 with 238 U primary beam setting. We can distinguish two peaks: the highest-intensity and centered-one which corresponds to fully stripped 238 U 92+ ions, and a smaller peak on the right-hand side, which corresponds to hydrogenoid 238 U 91+ ions. This observation is a measurement of the FRS dispersion between S0 (production target location) and S2 (focal plane at the middle of FRS).

Magnetic rigidity measurement

The magnetic rigidity Bρ measurement is performed both at S2 and at Cave C.

From S0 to S2 From equation 3.2, one derives: From S2 to Cave C Similarly, the magnetic rigidity between S2 and Cave C is derived in the following manner: 

Bρ S0-S2 = (Bρ S0-S2 ) 0 × 1 + ∆X S2 D S0-S2 (3.3) 
Bρ S2-Cave C = (Bρ S2-Cave C ) 0 × 1 - ∆X Cave C D S2-Cave C + M × ∆X S2 D S0-S2 (3.4) 
M = D S2-Cave C D S0-S2
Magnifying power, i.e. ratio of dispersions

The estimate of the magnetic rigidity of the ions unfolds from horizontal position measurements at the focal planes S2 (at the middle of the FRS) and Cave-C. These measurement are performed with the scintillating plastics, which were also used for the time of ight measurement.

Identication

Mass-over-charge ratio

In the previous sections, we have compiled all the information we need to estimate the mass of the ion:

Z Through an energy loss measurement in the TUM MUSICs Velocity With two plastics, respectively at S2 and Cave C for a total length of ight of about 140m Magnetic rigidity Estimated from horizontal position measurements at focal planes S2 and Cave C

The mass-over-charge ratio unfolds from equation 2.2 (page 20). The extracted A/Z value is shown on top in gure 3.13, correlated with the previously measured q-value.

Some residual dependencies of the Bρ value need to be corrected for. They are due to the fact that the magnetic rigidity value is estimated using a position measurement at Cave C, which does not stand precisely at the focal plane, but rather some 70 cm ahead.

These dependencies include, among others, variation of the Bρ value with the ion horizontal angle at the entrance of Cave-C, which is pictured in gure 3. [START_REF] Shibata | JENDL-4.0: A New Library for Nuclear Science and Engineering[END_REF].

The corrections result in a cleaner identication, shown at the bottom of gure 3. [START_REF] Gamow | Mass defect curve and nuclear constitution[END_REF]. The resolution is very good, allowing for an unambiguous identication of the ions of the secondary beam, on an eventby-event basis.

[rad] θ : Mass-over-charge ratio (A/Z) of the uranium ions of the secondary beam, for a FRS setting centered on 235 U and 238 Np. Left: Mass-over-charge vs. horizontal angle θ. Right: projection of the mass-over-charge ratio. Top: before optimization. Bottom: after correction for the dependencies.

Full identication

As mentioned earlier, it sometimes happens that ions be non-fully stripped in both TUM-MUSICs, leading to an erroneous estimate of their atomic number. Then, the measured mass over charge ratio disentangles the ambiguity.

One important thing to keep in mind: while the Z identication is performed with the TUM-MUSICs, and sometimes ions are non-fully stripped at this stage of their ight path, the mass-over-charge ratio results from the magnetic rigidity and the velocity of the ion, as measured in the beam-line between S2 and Cave C. This beam line is under vacuum, and no charge state uctuation happen there. Ions which enter the second part of the FRS with one or more electrons are ejected of the beam line, because of their magnetic rigidity. Thus only fully stripped ions between S2 and Cave-C reach the end of the beam line, and the A/Z measurement is really A/Z, and not A/q.

Let's focus on picture 3.14. On the left, the black dotted rectangle encloses events reckoned as Z=92. The corresponding mass-over-charge ratio distribution is drawn on the right, with a black dotted line again. Two uranium isotopes are clearly identied, namely 234 U and 235 U.

The same approach has been led for Z=91, with a red full line. The corresponding mass-over-charge ratio distribution shows four peaks: two of them are strictly aligned with the Uranium isotopes mentioned earlier, the two others were not populated with Z=92 It is obvious that the two rst peaks are indeed Uranium isotopes, which had been mis-identied as protactinium isotopes, because they were non-fully stripped in both TUM-MUSIC detectors. While the two later peaks really are protactinium isotopes, namely 231 Pa and 232 Pa.

The mass-over-charge ratio is computed using the velocity and the magnetic rigidity measurements of the secondary beam ion. A few adjustments suce to reach an excellent resolution. By combining the atomic charge measurement with the mass-over-charge ratio, we reach an unequivocal identication of the ion of the secondary beam, even in cases when the ion was mis-identied in the rst place in terms of atomic number.

A/Z raw Secondary beam identication map (A/Z, q), for the U/Np setting. In the top gure, the "raw" extracted A/Z value is drawn, while at the bottom, some optimization and dependency corrections have been performed, in order to improve the resolution. The amount of events is irrelevant, since this plot only includes a sample of the recorded statistics. 3.13) Right: Mass over charge ratio distribution, for q ≈ 92 in black dotted line, and q ≈ 91 in red full line. Let's not be misguided by the scale of the distributions: the left Y axis corresponds to the black curve, while the right Y axis corresponds to the red curve. Of course the amount of uranium ions mis-identied as protactinium ions are very scarce compared to the amount of proper atomic number measurement.

Chapter 4 SOFIA Set up in Cave-C

The ssion experiment itself takes place in Cave-C, and this part is dedicated to the description of the detectors for the identication of the ssion fragments. The Cave-C is an experimental area, equipped with a large acceptance dipole, named ALADIN for A LArge DIpole magNet. All the detectors were designed and built by the SOFIA collaboration, during the four years preceding the experiment in August 2012. In the rst section, an overview of the experimental setup will be given, and the main challenges will be underlined. The ssion fragments identication is performed with the ∆E -Bρ-T oF technique, which was also used for the secondary beam identication. The detectors dedicated to the measurement of all these quantities, will be covered in the following sections.

Overview

Kinematics

The secondary beam from the FRS ies to Cave C, with an energy at the entrance of the cave of about 730 AMeV. The ssion is induced in ight, and both ssion fragments are emitted in 4π in the frame of reference of the ying actinide. The relativistic boost from the secondary beam inferred to the fragments provides them with a high kinetic energy in the laboratory frame. Such a situation has its advantages and drawbacks:

The fragments are emitted in a narrow cone, with a maximum divergence of 40 mrad around the beam axis (see appendix A). Therefore a high geometrical acceptance of the experimental set-up is possible: for the SOFIA experiment, the geometrical acceptance is almost complete. It means that, rst, both ssion fragments can be simultaneously identied in the same experiment; and second, that one single experiment is enough to scan the whole ssion fragments range, from the lightest to the heaviest. This is a clear advantage as compared to conventional direct kinematics experiment. In such experiments, the ssion is induced in a target (at rest), the fragments are emitted in 4π around the target, and at 180 • the one another. In order to reach a high geometrical eciency, 4π detectors would be needed.

At such high kinetic energy, all the fragments are fully stripped, up to the heaviest fragments (Z = 62). This makes it much easier (not to say "possible, at all") to identify the fragments' charge number, using an ionization chamber. On the opposite, in direct kinematics (for example at Lohengrin/ILL, Grenoble), the velocity of the fragments does not exceed 5 % of the celerity of light. Then, the fragments are not fully stripped in the rst place, and they undergo charge state uctuations in the matter, broadening the measured charge distribution, up to the point when the disentanglement between two adjacent charges is no longer possible. Therefore, in direct kinematics, it is possible to identify the charges of the light fragment, up to approximately Z = 38. In order to identify heavier fragments, other techniques must be developed, such as gamma-ray spectroscopy.

Yet one major diculty arises from the inverse kinematics technique: since the velocity is very high, the time of ight resolution is highly demanding. Furthermore, the deection of the fragments in the dipole is all the lower that their velocity is high. This low deection induces a diculty in the mass identication. We will see in the next section that meeting the resolution needed to distinguish the masses up the heavier fragments has been a challenge, and has led the SOFIA collaboration to develop cutting-edge detectors and electronics.

SOFIA set up

The SOFIA setup is represented in gure 4. 1. The beam comes from the left-hand side of the gure.

Upstream the target: secondary beam

The secondary beam, ying from the FRS, arrives to Cave C on the left-hand side of the gure. The light-gray detectors, two TUM-MUSICs and two TPCs, described in the previous chapter, are dedicated to the secondary beam identication. Two scintillating plastics, respectively used for the "STOP" of the secondary beam time of ight, and "START" of the ssion fragments time of ight, stand approximately one meter ahead of the target.

The active target: ssion reaction

The active target serves as a trigger for the ssion reaction. It is extensively described in section 4. 2. The ssion fragments are emitted in a forward direction, towards the ALADIN dipole, and the SOFIA recoil spectrometer.

Downstream the target: ssion fragments

The identication of the ssion fragments is performed through the ∆E -T oF -Bρ technique. Through the measurement of each of these quantities, the mass and charge of both ssion fragments are unfolded.

Time of ight

The time of ight for both ssion fragments is performed using scintillating plastics coupled to photo-multiplier tubes, labeled "Start FF" and "ToF wall STOP" in gure 4.1.

∆E

The Twin MUSIC is a double ionization chamber. Each fragment ies through one section of the chamber. The energy loss in the chamber is a signature of the kinetic energy, and the charge of the fragment. The velocity being inferred from the time of ight measurement, the charge is unequivocally determined.

Bρ The magnetic eld B in the ALADIN dipole is set to the user's convenience; it is thus a known quantity. ρ is the deection of each fragment in the dipole. In order to estimate its value, two position and one angle measurement, or three position measurements, need to be performed, surrounding the ALADIN dipole. It has been chosen to implement two position measurements, respectively upstream and downstream the dipole, and performed with Multi Wire Proportional Chambers (MWPCs). Also, one angle measurement is performed upstream the dipole, in the Twin-MUSIC detector.

Resolutions

The goal of the SOFIA experiment is to measure the isotopic ssion yields, as well as the total kinetic energy of the ssion fragments.

The charge resolution reects directly the resolution of the ionization chamber (Twin MUSIC).

For the mass identication, the use of a spectrometer implies that the nal resolution is a combination of the resolutions on the time of ight, and the positions measurements.

It has been estimated ( [START_REF] Schmidt | Experiment proposal : Investigation of actinide nuclei by fragmentation of 238 U[END_REF]) that, to be able to distinguish two adjacent masses in the ssion fragments range (A=75 to 155), the setup should comply with the following demands (given at full width at half maximum):

∂ t =40 ps ∂ Bρ =1/300 ∂ x =200 µm
The requested resolution are indeed very stern. The limit in Bρ resolution corresponds to a good resolution in position, but also the angular straggling along the spectrometer should be reduced at utmost. Therefore, the material budget has been limited, and only gaseous detectors stand in the fragments' ight path, between the ssion target, and the end of the spectrometer. 

Active Target

The active target, developed and built at CNRS/CENBG Bordeaux, is both a target, in the sense that its presence will induce the ssion of the ying secondary beam actinide a detector, dedicated to locating the ssion place.

It consists of a cylindrical volume lled with gas. Inside, a pile of seven foils, alternatively referenced to ground or negative high voltage, serve respectively as anodes and cathodes. Therefore the active target is a stack of axial ionization chambers. The anodes are made of aluminum, while the cathodes are made of uranium or lead; the latter are the targets, in which the excitation of the projectile occurs.

In order to promote a high Coulomb eld in the vicinity of the targets, high-Z elements are chosen: Pb (Z = 82) and depleted U (Z = 92). Lead targets have been extensively used at GSI, while uranium targets are somewhat more original. With the use of higher-Z targets, the Coulomb interaction in enhanced, without increasing too much the nuclear contribution (see section 5.1, regarding the excitation mechanism). However, uranium is a relatively ductile material, making it complicated to produce very thin targets. This limitation has its importance in the total kinetic energy measurement, which will be discussed later. Therefore both types of targets are combined: going downstream, two uranium targets, then one lead target.

A sketch of the detector is given in gure 4.2, and a few technical specications are listed in table 4. 1. 

-300 V U U Pb A1 A2 A3 A4 20 mm z x y

Time of ight

The time of ight measurement is performed for both ssion fragments, in order to extract their velocity.

The "start" detector is located upstream the target, while the "stop" detector stands at the very end of the spectrometer.

As previously discussed, the demand in terms of resolution on the time of ight is extremely high:

40 ps full width at half maximum for an average time of ight of 30 ns, i.e. a resolution slightly above one per mil. And it is all the more a challenge, that a wide variety of nuclides, with charges ranging from Z ≈ 30 up to 62, are produced as ssion fragments at the stop detector, the fragments cover a large area and the overall system should comply with a multiplicity of two, to account for both ssion fragments simultaneously

The development of this setup has been conducted at CEA Bruyères-le-Châtel, and the results have been published in the following reference: [START_REF] Ebran | Picosecond resolution on relativistic heavy ions' time-of-ight measurement[END_REF].

Start detector

The start detector is very similar to the start and stop detectors for the secondary beam time of ight measurement. It stands ahead of the ssion target; at this stage, the secondary beam ions are detected. The latter are characterized by a small focused beam spot, and the dimensions of the start detector are adequately chosen (see table 4.2). It consists of a thin and short scintillating plastic blade, equipped with a photo multiplier tube at each end. Pictures of the detector are given in gure 4.3, while a few technical specications are listed in table 4.2. The time measurement extracted from this detector develops as follows:

t start = 0.5 × (t start,lef t + t start,right )
Since the signal is triggered by the beam, the Z of the ion ying through is very high; therefore the excitation of the plastic is high, and the scintillation is intense enough to trigger a strong and clean signal to the photo-multiplier tubes. Consequently, a thickness of only 1.5 mm is sucient to reach the needed resolution.

Stop detector

The stop detector is located at the very end of the spectrometer setup, at approximately 7.5 m distance from the ssion target. At this stage of their ight path, the ssion fragments are quite largely spread, both due to the Coulomb repulsion at ssion which has inferred a transverse momentum to the fragments, 4.3: STOP -Technical specications and to the deection of the fragments in the dipole. Therefore, the active area of the stop detector is 600 × 900 mm 2 .

In order to deal with a multiplicity of two in the detection, and also reach a high resolution, the active area is segmented: it consists of twenty eight vertical plastic blades, of dimensions 600 × 32 × 5 mm 3 , and each connected to two photo-multiplier tubes (thus a total of 56 PMTs), at each extremity (top and bottom). 

Twin MUSIC

The Twin MUSIC (for MUlti Sampling Ionization Chamber) is based on detectors that are commonly used at GSI. It was designed in collaboration between CEA Bruyères-le-Châtel and GSI detector lab, and built at GSI. The role of the Twin MUSIC is twofold:

is is dedicated to the charge identication of each of the ssion fragments, through energy loss measurement and to the tracking of the fragments ahead of ALADIN, more specically to estimate the angle of the fragments' respective trajectories. The Twin MUSIC, represented in gures 4.5 and 4.6 is a double ionization chamber. It consists of a gaseous chamber, with a cathode in the center. On both sides of this cathode, a drift volume separates the cathode from anodes planes. Therefore the chamber is divided into two same and independent ionization chambers. Each fragment ies through one part of the chamber, allowing for the simultaneous and independent measurement of each of them.

The regularity of the eld in each section is ensured through the use of a eld cage. A Frisch grid is placed at 5 mm distance to the anodes. Each anode plane is segmented, into ten working anodes (and two un-read screening anodes). A set of technical specications are given in table 4. 4.

As it ies through the chamber, the ssion fragment deposits energy in the gas. The latter, mostly made of neon, is ionized. The ionization electrons drift toward the anodes, under the inuence of the electric eld in the chamber. The Frisch grid shields the anodes from the inuence of the drift of the electrons. The very short distance between the Frisch grid and the anodes accounts for the fast rise time of the signal on the anodes (approx. 100 ns); the nal purpose is to make the detector able to work under high rate beam.

Though it will not be developed here, a consequent eort was led to optimize at utmost the preampliers, which are directly connected to the anodes. This development plays an important role in the reached resolutions of the detector.

The signal, at the exit of the ampliers, is loaded with two important pieces of information: rst, the energy loss in the detector, which is a signature of the charge of the fragments, and of its velocity. And second, the time of arrival of the electrons cloud, which is a signature of the position of their production, and therefore of the horizontal (x) position of the fragment's ight path.

Multi Wire Proportional Chamber

The position measurements for the SOFIA experiment are performed using Multi Wire Proportional Chambers. The MWPCs were rst developed in the late sixties by Charpak et al. at CERN [START_REF] Charpak | The use of multiwire proportional counters to select and localize charged particles[END_REF]. Two of them were designed and built at IPN Orsay. A smaller one stands just ahead of the ALADIN dipole's entry, and a bigger one stands at the end of the ight path, right before the time of ight wall (see gure 4.1).

The MWPCs both consist of a plane of anode wires, surrounded by cathode planes, vertically and/or horizontally segmented (see gure 4.7a). The anode wires are referenced to high voltage (-1 kV), and the cathode planes to ground.

As an ion ies through the chamber, it ionizes the gas. The electrons then drift towards the anode wires (see gure 4.7b); there, an avalanche takes place. The electrons from the primary ionization and the avalanche induce a charge on the neighboring cathodes, which signal is read out. The strip which stands at the closest of the avalanche, collects a higher charge. Then, the further away, the lower the collected charge on the strip. The comparison of the amplitude of the signal on each strip thus provides information about the location of the fragment's path. The horizontal (resp. vertical) position is calculated from the signal of the vertical -X (resp. horizontal -Y) cathode strips. Active target It is both a target and a detector. It induces the excitation of the ion of the secondary beam, which then de-excites through ssion. It is also a detector, dedicated to the observation of the ssion location Time of ight It consists of a small "START" detector, and a large "STOP" wall, both of them relying on the association of a scintillator material and photomultiplier tubes. The time resolution is 40 ps, for an average time of ight of 30 ns. From this quantity, the reduced velocity and Lorentz factor βγ of each ssion fragment is estimated.

Twin MUSIC A double ionization chamber, adapted to measure the energy loss of both ssion fragments simultaneously and independently. The elemental charge Z of the fragments is extracted from this quantity. Also, through drifttime measurement, the angle of the fragment's trajectories, as they enter the dipole, is inferred.

Two MWPCs Respectively located upstream and downstream the dipole, these two chambers provide both horizontal and vertical position measurements.

The horizontal position resolution is 200 µm, and the vertical resolution is 2 mm. Combining these positions with the measured incidence angle from the Twin MUSIC, the whole trajectory of the fragments is re-constructed, allowing for the estimate of their deviation in the dipole. The latter, multiplied by the eld value of the dipole, provides the magnetic rigidity of each fragment Bρ.

Chapter 5
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The previous chapter was dedicated to the description of the SOFIA detectors. The extraction of the measured quantities -Bρ, T oF , ∆E -are detailed in this part, to reach a full identication of the ssion fragments at the end of the chapter.

Active Target

The rst detector encountered by the secondary beam as it reaches the SOFIA recoil spectrometer is the active target. In this detector, the excitation of the projectile will take place, eventually inducing its ssion. This part is divided into two sections, each approaching one aspect of the active target: rst, the target is considered, and the excitation mechanism is detailed. Then, the detector is considered, and the signal interpretation to dene the ssion location, is explained.

Fission mechanism Nuclear vs. Coulomb excitation

Two interaction mechanisms, leading to ssion, may take place when the secondary beam interacts with the target nucleus.

Nuclear interaction, if the impact parameter between the target and the projectile nuclei is small (see gure 5.1a). Then, a fragmentation reaction occurs, a number of nucleons is ripped out of the projectile, and the excitation energy of the resulting nuclide covers a large range up to hundreds of MeV. The de-excitation channels include ssion, possibly preceded by neutrons and/or protons evaporation. The selection of fragmentation events in which no proton has been ripped out nor evaporated shows a mean excitation energy value of approximately 30 MeV (see gure 5.4, calculation performed for 234 U in [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF]). Coulomb excitation ("Coulex"), if the impact parameter is larger (see gure 5.1b). The interaction is described as a virtual photon exchange, due to the Coulomb eld of the target as seen by the projectile. The projectile absorbs this photon, which leads to the excitation of multipolar resonances, mainly the giant dipolar resonance. The excitation energy is relatively small, it covers a range from 10 to 15 MeV, with a mean value of 12 MeV for the actinides: such an excitation energy is typically that of an actinide after the absorption of a 6 MeV neutron. The calculation method for the excitation function at ssion is pictured in gure 5.2, and the excitation distributions for each target are compiled in gure 5. 3.

The Coulex process induces smaller excitation energies, better preserving structure eects in the ssion, such as enhancement of asymmetric ssion and closed-shell fragments, and even-odd staggering. These features are precisely what we are interested in.

And most important, in nuclear interaction, a number of nucleons (protons and/or neutrons) are ripped out in the fragmentation process, so the nuclide which actually ssions is dierent from the one that was identied through the FRS. On the contrary, for Coulomb-excitation induced ssion, no nucleons are ripped out before the ssion. Of course, if the excitation energy is large enough, second-or thirdchance ssion channels are to be accounted for. But this is not prohibitive for the measurement of ssion yields, and the situation is the same for conventional experiments.

Therefore, solely the Coulomb interaction is of interest in our situation. The next section introduces the method used to disentangle fragmentation-ssion from Coulex-ssion, which is then fully developed in the analysis (chapter 6). 

Extraction of Coulex induced ssion

In most of the fragmentation ssion reactions, the sum of the charge of the ssion fragments does not add up to the charge of the ion of the secondary beam, either because of the fragmentation mechanism which ripped out some protons, or because the projectile-like reaction product evaporated one (or more) protons or other light charged particles (LCPs) in its de-excitation process, prior to ssion. It is possible to dismiss such events on an event-by-event basis, because the charge of both ssion fragments are measured simultaneously. However, a residual contribution of fragmentation ssion events, in which no protons nor LCPs have been removed, nor evaporated, remains in our data.

In order to estimate this contribution, we make the most of ssions occurring in a number of material layers in which solely fragmentation-ssion may occur, while Coulomb excitation is not possible. This is typically the case in low-Z materials (aluminum, glass), in which the Coulomb eld of the layer material is too weak to excite the giant dipolar resonance of the projectile. These layers include the anodes of the active target (g. 4.2 page 50), and a silicon glass layer between the second TUM-MUSIC and the second TPC (see gure 4.1 page 49). From these layers, one can extract a set of ssion data, featuring solely fragmentation reactions.

So, we nd ourselves with two sets of ssion data: on the one hand (in the anodes and the glass layer), following only nuclear excitation, and on the other hand (in the targets), following both nuclear and Coulomb excitation.

Provided the proportion of nuclear interaction in the targets is known, it is possible to perform a "fragmentation contribution subtraction" with the nuclear data, retrieving Coulex ssion events' properties. The estimate of this proportion, and the subtraction method, will be developed in 6.1.

Calculation of Coulomb-induced excitation function

The excitation energy of the projectile following the Coulomb excitation can be accurately calculated, and it needs several steps and ingredients.

First, one needs to quantify the photon ux equivalent to the electromagnetic elds involved. This is performed by, rst, estimating the electromagnetic eld between the target and the projectile nuclei. Then, a Lorentz transform is performed in order to account for the relativistic velocity of the projectile. This electromagnetic eld is then decomposed into multipolarities, through a Fourier transform. The equivalent photon ux, for each multipolarity, is then calculated. All these steps are extensively described in [START_REF] Bertulani | Electromagnetic processes in relativistic heavy ion collisions[END_REF]. Figure 5.2 represents in (A) the calculated equivalent photon ux, using the code EMD [START_REF] Schmidt | EMD : ElectroMagnetic Dissociation[END_REF]. It shows the dipolar and the quadrupolar photon uxes. The quadrupolar photon ux is about one order of magnitude stronger than the dipolar photon ux.

Another ingredient needed to calculate the excitation energy is the sensitivity of the projectile to this eld, namely the photon absorption cross section. Enough experimental data has been gathered to implement empirical systematic. The panel (B) in g. 5.2 represents such cross sections. The absorption of dipolar photons leads to the Giant Dipolar Resonance (GDR) of the nucleus. The GDR is understood as the oscillation with opposite phase of the protons and the neutrons of the nucleus. For spherical nuclei, the GDR excitation cross section has the shape of a Lorentzian. However for deformed nuclei, it splits into two components, which ratio is the same as the ratio of the main axes of the deformed nucleus. The calculation has been implemented with a quadrupolar deformation value of β = 0.2 which is typical of Uranium and other actinides [START_REF] Doma | Investigations of the collective properties of the even uranium isotopes[END_REF]. The quadrupolar absorption cross section, leading to the excitation of the Giant Quadrupolar Resonance (GQR) is drawn on the same gure. It is obviously much weaker.

The excitation function of the nucleus following the electromagnetic interaction is the product of the equivalent photon ux and the associated absorption cross section. Due to the strength of the cross section of the dipolar resonance, up to two excitations of this mode have been taken into account. Multiple excitation of the quadrupolar resonance have been neglected. The result is represented on panel (C) of the same gure. It appears that, although the quadrupolar electric eld was stronger, the component due to the dipolar interaction is much stronger, since the nucleus is more sensitive to dipolar excitation.

As a response to this energy function, the excited nucleus may de-excites through a variety of channels, including nucleon evaporation, and ssion. The probability that the ssion channel be chosen for a given excitation energy is plotted on panel (D). It was calculated by P. Romain (CEA DAM DIF). One observes on this plot the ssion threshold at the vicinity of E * = 6 MeV, the threshold for second chance ssion close to E * = 11 MeV, and the threshold for third chance ssion around E * = 17 MeV.

The product of the ssion probability and the excitation energy distribution provides the excitation of the ssioning nucleus, at ssion. It is plotted on panel (E). Note that in case of second or thirdchance ssion, the actual excitation energy of the compound nucleus is reduced by the amount of energy needed to evaporate one (or two) neutrons. Let's take for example 235 U, at 13 MeV excitation energy. It evaporates a neutron, and its energy is reduced by the binding energy of the neutron S n = 5.3 MeV and the kinetic energy of the evaporated neutron E C = 1 MeV (this is just an example). Finally we obtain a 234 U nucleus with 6.7 MeV excitation energy, the latter is the ssioning system.

Figure 5.2 presents the calculation steps for the ssion of 235 U, impinging on a 238 U target at 640 AMeV. The excitation function at ssion on the rst and second uranium targets, and on the lead target, are compiled in gure 5. 3. One notes that the shape of the distribution is rigorously the same for all targets, only the amplitude depends on the target and/or the kinetic energy of the projectile. It is also expected that the shape of the distributions depend weakly on the projectile.

The mean excitation energy for the Coulex ssion of 235 U has been calculated to be 12 MeV, which corresponds to the excitation energy of a 234 U nucleus, after the absorption of a neutron at 6 MeV.

Measurement of the ssion location

In the previous section, it has been underlined that the location of the ssion event determines its characteristics: whether it follows purely nuclear excitation (in the anodes or the glass layer), or also Coulomb excitation (in the targets). Consequently, the information about the ssion location is paramount for the analysis of the data. This is the role of the Active Target as a detector: through energy loss measurement, the location of the ssion is extracted.

A stack of ionization chambers

In the active target, each target (U/Pb foils) is surrounded by anodes, and the gap between the anode and the target, submitted to an electric eld, serves as an ionization chamber. in gure 5.5, each gap is labeled (1, 2.1-2.2, 3.1-3.2, 4).

Energy loss of beam and fragments in each section If secondary beam (SB) ies through the considered gap, the measured energy loss -neglecting all second-order eects -will be:

DE SB ∝ Z 2 SB = DE 0
If the ssion has already taken place, two ssion fragments, each with a charge (approximately) Z SB /2 y across the gap. Then, the energy loss is:

DE F F ∝ (Z SB /2) 2 + (Z SB /2) 2 = 0.5 × DE 0
For each section, the energy loss of ssion fragments is about half that of the beam. It becomes apparent that, through the comparison of the energy loss read by two adjacent anodes, the ssion location can be unfolded in an unambiguous manner.

Unlike the rst and last anodes which each see one section, the second and third anodes are each under the inuence of two sections. This seemingly detail actually makes it possible to detect ssion events which take place in these second and third anodes, and which are useful to the fragmentation contribution subtraction. in the section ahead of this second anode (section 2-1), the measured energy loss is that of the beam. In the section downstream this second anode (section 2-2), the measured energy loss is that of ssion fragments. So the total energy loss seen by the second anode is 1.5 × DE 0 , in both sections surrounding the following anode (namely anode 3, sections 3-1 and 3-2), the measured energy loss is that of ssion fragments. So the total energy loss seen by the third anode is 1 × DE 0 , the comparison of the energy losses measured by the second and third anodes is a signature of the ssion location.

Set of examples

Similarly, for a ssion taking place in the second uranium target (case (c) in the examples):

In both sections surrounding the second anode, the measured energy loss is that of the beam. So the total energy loss seen by the second anode is 2 × DE 0 . In both sections surrounding the third anode, the measured energy loss is that of ssion fragments. So the total energy loss seen by the third anode is 1 × DE 0 . Again, the comparison of the energy losses measured by the second and third anodes is a signature of the ssion location.

The same approach is led for all anodes, so that ssions occurring in each of the three targets, and in each of anodes 2 and 3, are disentangled.

The active target induces the excitation of the actinide of the secondary beam, which then de-excites through ssion. The mechanisms include nuclear interaction, and Coulomb excitation; the latter contribution is the one to be extracted. Furthermore, the active target is a detector, which provides information about the location of the excitation/ssion process, through energy loss measurement. This piece of information, paramount for the analysis, is known on an event-by-event basis. 

Time of ight

The time of ight, performed between the start detector ahead of the active target and the stop wall at the very end of the spectrometer, is performed for both ssion fragments. This section will be very short: solely the calibration process for the time of ight wall is discussed. Then, to extract the velocity of the fragments, one needs to know its trajectory; topic which is covered in section 5.4.

Time of ight calibration

The raw measured time of ight involves the time of ight itself, and also the transmission of light along the plastic blade, the intrinsic characteristics of the photo-multiplier tubes, the time needed for the shaping of the signal, and all the cable lengths, and this for each photo-multiplier tube, top and bottom of each plastic blade (see sketch in gure 5.7). Therefore, it is necessary to perform a calibration, to extract the absolute time of ight between the start plastic and each blade of the stop time of ight wall. The calibration is performed using primary beam at various (and known) kinetic energies. By adjusting the magnetic eld of the ALADIN dipole, one can adjust the deviation of the beam, and swipe the time of ight wall, blade after blade. The raw time of ight measurement blade per blade is reported in gure 5.8a, and the calibrated one in gure 5.8b. As a matter of fact, in order to implement an absolute calibration, the latter is performed for a variety of primary beam kinetic energies (just as for the secondary beam time of ight calibration).

Note that a shift of no more than 200 ps would result in the unfolding identication in a mass shift of 2.5 u. Therefore the calibration is critical, and should be performed very carefully. 

Time of ight of the ssion fragments

One must be cautious that the time of ight measurement is performed between the start, which stands ahead of the active target, and the stop, at the end of the spectrometer. The measured time of ight is thus a combination of a section of the trajectory of the secondary beam, upstream the ssion location, and a section of the ssion fragment's trajectory, downstream the ssion location up to the time of ight wall (see gure 5.9). The contribution of the secondary beam time of ight must of course be retrieved, to reach an accurate velocity of the ssion fragments.

The contribution of the secondary beam is calculated from the velocity of the beam, which is known from its measurement between S2 and Cave C and the length of the beam path, between the START detector and the ssion location, which is known through the Active Target measurement.

ToF FF = ToF meas. -d START to Fission v SB For each event, two times of ight are measured. The proper aectation of a time of ight value and its fragment is performed in the tracking process, developed in section 5.4.3.

Trigger

The SOFIA experiment's goal is to measure the ssion yields. Therefore, we want to trigger our acquisition when a ssion event has occurred. Taking as a trigger the passage of the secondary beam, for example, would saturate our acquisition and limit the amount of relevant events registered. One of the signatures of a ssion events is the fact that two ssion fragments hit the time of ight wall: that is, two vertical plastic blades are hit, and each plastic blade induces a signal on its upper and lower PMTs, and the associated constant fraction discriminators. For this reason, we have implemented a trigger logic which demands a multiplicity of four in the photo-multiplier tubes of the time of ight wall, for each event. Furthermore, the rapidity of the signal transmission to the electronic bay, in the case of the time of ight wall, makes it a good candidate for a trigger.

The time of ight wall calibration is performed with primary beam, setting the eld of the ALADIN dipole to a variety of values in order for the beam to swipe all vertical plastic blades. In order to perform an absolute calibration of the time of ight, the velocity of the beam is changed, and the same swiping of the time of ight wall is performed again. The time of ight wall is also responsible for providing the trigger for the acquisition.

ToFW slot nr. 

Energy loss

In this section, the energy loss measurement obtained from the Twin MUSIC is on focus.

First, a word is said about the signal shaping and post-treatment, arising issues about delta electrons, and interesting conclusions regarding a side eect of the ballistic decit.

Second, a set of adjustments have to be performed in order to optimize the signal, and extract the quantity of interest. These adjustments are discussed in section 5. 3.2. Finally, the energy loss measurement is converted to charge identication, and this is covered in the last subsection.

Signal shaping

As it ies through the detector, the ssion fragment loses energy to the gaseous material. The energy loss varies with the kinetic energy, and with the square of the eective charge of the fragment. Since it is fully stripped, the eective charge is the element number Z times the elementary charge e.

Due to the high charge of the fragment, and also its high kinetic energy, a number of high energy electrons -often called delta electrons δ e --are produced along with the primary ionization electrons. Their presence spoils the signal, and distorts the energy loss distribution of the ion [START_REF] Ispirian | Monte Carlo calculation of ionization energy-loss distributions taking δ-electron escape into account[END_REF]. However, due to their high kinetic energy, the delta-electrons are likely to y away from the bunch of ionization electrons, which drifts in the eld cage towards the anode.

An appropriate setting of the time constants involved in the shaping of the signal a enables to suppress part of the inuence of these electrons. Indeed, the drift of the ionization electrons taking place perpendicular to the anodes, the dierentiation time constant used for the shaping of the signal denes the geometrical extent to which the ionization electrons are considered. The signal processing mimics a plane around the ion ight path, which encompasses the ionization electrons that are actually taken into account in the signal, while those outside are "lost". The longer the shaping time, the thicker the plane. This is represented in picture 5.10a.

A comparison was led in May 2012, with a test under Xenon beam at 300 AMeV. It showed that the resolution per anode ∆E/E would be 2.6 % (resp. 2.1 %) with a shaping time of 0.50 µs (resp. 0.25 µs).

When reducing the shaping time, the slight loss of statistics on the collected electrons, called ballistic decit, is compensated by the dismissing of delta electrons, for an overall improvement in energy resolution. For higher energetic ions (such as the ssion fragments at 730 AMeV of the SOFIA experiment), the amount of delta electrons is higher, and the improvement in the energy loss measurement resolution is expected to be stronger. The nal SOFIA experiment was performed with the shortest available shaping time, namely 0.25 µs. It is important to note that the optimization of the gas mixture, implemented to limit at utmost the longitudinal deformation of the electrons packet, plays an important role in our possibility of minimizing the signal shaping time, without losing too much statistics (without causing a too large ballistic decit).

Adjustments of the energy signal

The energy loss of each fragment in the Twin MUSIC is computed as the mean value of the energy loss read on each of the ten anodes, on the side of the Twin MUSIC where the fragment ies.

a A very pedagogic introduction to signal shaping is to be found in Ortec technical documentation [START_REF] Ortec | Introduction to ampliers[END_REF] A shorter shaping time leads to a loss of information, known as "ballistic decit". However it permits to dismiss the delta electrons which spoil the signal.

All the further discussed steps imply the energy loss ∆E, which is actually the mean value over all the anodes.

Velocity

As previously discussed, the energy loss of the ion varies with its kinetic energy. Since this latter is known from the time of ight measurement, this dependency is easily corrected for. The correlation between the energy loss and the time of ight is plotted in gure 5.11.

Electron absorption in the gas

As the electron bunch drifts towards the anodes, electron absorption process may occur in the gas, reducing the amount of electrons reaching the anode. Therefore, it is expected that, for a given initial energy loss, the larger the distance between the primary ionization and the anode, the smaller the collected charge. This eect needs to be corrected for, in order to reach the highest energy resolution. It is represented in gure 5.12, where X represents the horizontal position of the ssion fragment. The cathode plane stands at X = 0 mm, while the anode plane stands at X = 105 mm (see gure 4.6 page 55). This position measurement is performed with the Twin MUSIC, and will be discussed to further extent in the next section.

Furthermore, a sharp drop occurs at the vicinity of the cathode (X = 0 mm). It is due to the fact that electrons created very close to the cathode are either hereby absorbed, or cross the cathode and are therefore not collected. The amount of electrons which reach the anode is thus further reduced. This eect is also accounted for, and the corrected energy loss is plotted on the right-hand side of gure 5.12 Cross talk
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It has been found that, when plotting the energy loss of the fragment in the one side of the Twin MUSIC vs. the position of the complementary fragment in the other side of the detector, a slight and unexpected correlation shows up. This is represented in gure 5. [START_REF] Gamow | Mass defect curve and nuclear constitution[END_REF]. It is understood as a cross-talk situation: the shielding between both parts of the Twin MUSIC, ensured by the presence of the central cathode, would be somehow imperfect. The ionization electrons created in one part of the Twin MUSIC would drift across the cathode, and be collected by the anodes on the other side of the detector. It is particularly striking for the energy loss of a lighter fragment:

the complementary fragment would be heavy, and thus its energy loss is important and the considered fragment's signal is small, meaning it is all the more sensitive to cross talk.

This eect has been thoroughly accounted for.

For further experiment, it has been decided that the cathode should be slightly thicker, in order to solve this cross-talk issue.

Optimized energy loss measurement, and nuclear charge

As a result of all these adjustments, the energy loss signal from the Twin MUSIC shows an excellent resolution: the plot in gure 5.14 represents the energy loss spectrum, and each peak corresponds to an element. The peaks are very well separated. On this gure, only ssion events of 235 U secondary beam, taking place in the Active Target, are represented. The light and heavy fragments group appear, as well as a glimpse of even-odd staggering. The peak at DE = 4000 would be 54 Xe, known to be prominently Such landmarks (prominence of 54 Xe and 38 Sr, even-odd staggering) show the path to the conversion between the energy loss and the elemental number of the ssion fragments. A quadratic conversion leads to the elemental distribution of the ssion fragments, which is represented in gure 5. [START_REF] Gösta | Binding states of individual nucleons in strongly deformed nuclei[END_REF].

X [mm]
The Twin MUSIC is used to infer the elemental charge of the ssion fragments, via energy loss measurements. After a few adjustments, the energy signal is very clean, and the distribution shows well-separated peaks, each corresponding to a charge number. Plotting the energy loss of the fragments for 235 U beam unveils unambiguous signatures of the enhanced production of 54 Xe and 38 Sr, as well as even-odd staggering of the fragments. Using such landmarks, the conversion from energy loss to actual elemental charge is unequivocally performed.
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Energy loss measurement

Tracking -Bρ

The tracking of the ssion fragments implies the assignment of one trajectory and one time of ight to each ssion fragment.

First, one must estimate accurately angles (with the Twin MUSIC) and positions (with the MWPCs). The rst two subsections are therefore dedicated to the calibration of the Twin MUSIC and MWPCs.

Then, the tracking itself can be performed. For this, we will make the most of the correlations between the detectors: little MWPC and Twin MUSIC, big MWPC and time of ight wall. Finally, each of both ssion fragments will be aected one horizontal angle, vertical and horizontal positions both upstream and downstream the dipole, and a time of ight.

This consistent set of information leads the way to the trajectory reconstruction, and, together with the time of ight, to the estimate of the velocity of each fragment.

Twin MUSIC: Horizontal angle upstream ALADIN

Not only does the Twin MUSIC provide us with the charge of the fragments, but it also yields information about the fragment's path ahead of the ALADIN dipole.

Indeed, the anode plane is segmented into ten vertical rectangular anodes. As shown in gure 5.16, the segmented anode plane stands almost parallel to the fragments' path. Therefore the drift time of the bunch of ionization electrons, measured on each anode (DT on the gure), is a signature of the horizontal (X) position of the fragment. The transformation from drift time to position is performed, knowing the velocity of the electrons in the chamber. Since such information is extracted from each of the ten anodes (for each fragment), the angle of the trajectory of the fragment can be reconstructed in the horizontal plane. 

Cathode

Position measurement

Knowing the distance between the cathode and the Frisch grid (100 mm), and observing the range, in drift time, occupied by the fragments (see g. 5.17), the drift velocity of the electrons can be derived:

v drif t = D K-F G ∆t
The measured value is ≈ 42 mm/µs, which is very close to that expected (GARFIELD simulations, performed by Audrey Chatillon, provided the value: 42.6 mm/µs). Then the correlation between position and measured drift time is:

x = ±(∆t -dt) × v drif t
Where ∆t is the drift time corresponding to the cathode's position, dt the measured drift time, and ± denes which side of the Twin MUSIC is considered. 

Drift time [ns]

Extract the path, and the position resolution

The angle of the fragments' trajectory is extracted on an event-by-event basis, by means of a linear t using the set of ten position measurements performed in the Twin MUSIC. A sketch is given in gure 5. [START_REF] Strutinsky | Shell eects in nuclear masses and deformation energies[END_REF].

Figure 5.18 represents the distributions (over all events) of the t residue for each anode. The width of the distribution conveys the resolution of the position measurement. Most anodes present a good resolution of 40 µm F W HM . Anodes 1 and 10 show a slightly wider distribution. This is due to the fact that, standing at the edges of the detector, these anodes are more exposed to environment noise. Also, anodes 2 and 6 have a wider distribution. This would be due to the fact that the gain of the preampliers and main ampliers connected to these anodes was purposely set to a lower value than for the other anodes, in order to have a dynamical range covering energy losses from light fragments up to beam. It results in a slight loss of resolution.

The Twin MUSIC is also a position detector. The anode plane being segmented, a set of ten horizontal position measurements is performed for each fragment. From these positions, the path of each fragment is reconstructed in the horizontal plane.

Following a precise calibration, the nal resolution is 40 µm FWHM per anode. 

MWPC: horizontal and vertical positions, upstream and downstream ALADIN

In both MWPCs, the horizontal (resp. vertical) position is calculated from the signal of the vertical-X (resp. horizontal-Y) cathode strips. The comparison of the amplitude of the signal on each strip provides information about the location of the fragment's.

Algorithm

Beyond the intuitive barycenter method, a variety of algorithms to reconstruct the position have been developed in the past. The most accurate formula has been found to be the "hyperbolic squared secant" function [START_REF] Lau | Optimization of centroid-nding algorithms for cathode strip chambers[END_REF]. It is represented in gure 5.19, where each bin of the X-axis represents a strip, and the Y-axis is the charge measured on that strip.

The charge distribution follows the equation:

Q(x) = a 1 cosh 2 π(x-a2) a3
where a 1 is the amplitude of the distribution, a 2 its centroid, and a 3 derives as follows:

a 3 = πω cosh -1 0.5 × Q max /Q L + Q max /Q R
ω being the width of the cathode strip pitch. Finally, the centroid of the distribution unfolds from the following relation: However it is expected that the reconstruction algorithm induces a numerical artifact, resulting in a regular variation of the calculated position as compared to the real position, with a period's length equal to the cathode strip's width, for both X-and Y-strips. The expected deviation between calculated and measured position, for horizontal position measurement with our MWPC, is drawn in gure 5. [START_REF] Hilaire | Large-scale mean-eld calculations from proton to neutron drip lines using the D1S Gogny force[END_REF]. It was computed by Guillaume Boutoux using the GARFIELD code.

a 2 = a 3 π × tanh -1 Q max /Q L -Q max /Q R 2 sinh(πω/a 3 ) Position Charge Sechs Q distribution max Q R Q L Q w 0 2 a
It is possible to correct the calculation from this known artifact. More over, for the horizontal position measurement with the small MWPC in particular, one can use the information from the tracking with the Twin MUSIC to correct for this artifact: it is covered in appendix B.

The resolution on the X measurement (200 µm) is governed by the width of the cathode strips. The resolution on the Y measurement (2 mm) is governed by the pitch of the anode wires (2.5 mm), which lie horizontally. Of course our choice of putting the anode wires horizontally was guided by the fact that the horizontal measurement is very critical, since it reects the deviation of the ions in the dipole and eventually leads to the mass measurement. The vertical position is much less critical, and the distance between the rst and the second MWPC permits to obtain a reasonable resolution on the vertical angle of the fragments path.

In the SOFIA experiment, the position measurements are performed using Multi-Wire Proportional Chambers. These detectors permit to measure both horizontal and vertical positions, with a multiplicity of two to account for both ssion fragments simultaneously. A small MWPC stands ahead of the ALADIN dipole, while another bigger one stands at the end of the recoil spectrometer, right before the ToF wall.

Tracking

From each MWPC, independent X-and Y-position measurements are performed, with a multiplicity of two, corresponding to each ssion fragment. Unfortunately, it is impossible to associate X and Y positions automatically. Also, from the Twin MUSIC, an horizontal angle has been estimated to both ssion fragments. And nally, we have calculated two times of ight.

The purpose of this section is to develop the method used to assign angles, X-and Y-positions, and time of ight to each fragment.

First, one must associate X-and Y-position measurements, in each MWPC. Then, the positions in each MWPC, as well as a time of ight, should be aected to one fragment,whose charge and horizontal angle is known from the Twin MUSIC.

Little MWPC

X position Right ahead of the little MWPC, in the Twin MUSIC, one ssion fragment ies through each part (left or right) of the detector. Therefore, the fragment to the left (resp. right) in the Twin MUSIC is also the fragment to the left (resp. right) in the little MWPC. The assignment of the horizontal positions is thus straightforward.

Y position In the little MWPC, the vertical X-strips are segmented in their middle, as shown in gure 4.7a page 58. The signal read-out is performed independently in the upper (Xup) and lower (Xdown) sections of the cathode X-plane. If a fragment hits the upper part of the MWPC, the upper section will present a multiplicity of one, while the complementary part will see no signal (and vice-versa). However, when a fragment hits the vicinity of the middle of the detector (y ≈ 0), signal will be registered on both parts of the MWPC. Finally, the multiplicity in the upper and lower parts of the detector permits to disentangle a variety of situation, allowing for an appropriate aectation of the X-and Y-signals. The full description of the association process is to be found in appendix C.

Large MWPC

In the large MWPC, the X-strips are not segmented. However the location of the detector, right ahead of the time of ight wall, allows us to make the most of this latter detector, to extract the coordinates. Indeed, from the ToF wall, one knows which vertical blade has been hit. From this we can extract an estimate of the X-position. And using the time dierence between the signals which reach the upper and lower photo-multiplier tubes of this blade, a Y-position can also be extracted. Therefore, the the X-and Y-positions from the large MWPC are easily paired, and on top of that, the association with a time of ight is performed on-the-go. Finally, the fact that the ToF wall be segmented permits to use a non-segmented MWPC.

Tracking

Two pairs of coordinates have been extracted from each MWPC, for a total of four pairs (X i , Y i ) i=1.. 4 . The goal now is to assign the coordinates from the little and the big MWPC to each ssion fragment.

Since the ALADIN dipole, between both detectors, has deviated the fragments in the horizontal (X) plane according to their magnetic rigidity, the fragment to the left in the little MWPC is not necessarily the one to the left in the big MWPC. On the contrary, the ALADIN dipole has no eect on the vertical (Y) trajectory of the ions.

Therefore, the fragment to the top in the little MWPC is also the fragment to the top in the large MWPC.

From the little MWPC's assignment, we know whether the upper (resp. lower) fragment in the little MWPC is the one that ew on the left-or right-hand side of the Twin MUSIC detector. And from the large MWPC's assignment, the association with a time of ight is also known.

Finally, each fragment has been assigned an angle ahead of ALADIN, a vertical and and horizontal positions both upstream and downstream ALADIN, and a time of ight. Therefore, all the information needed to reconstruct the trajectory and the velocity are reassembled, and the value of the deviation radius ρ is calculated for each ssion fragment. The full description of the trajectory reconstruction is given in appendix D.

In order to assign vertical and horizontal positions together for each MWPC detector, and then to associate the measurements of both detectors to the ssion fragments, the most is made of the correlation with the surrounding detectors: the Twin MUSIC for the small MWPC, and the time of ight wall for the large MWPC. Finally, each fragment is aected with: one horizontal angle, vertical and horizontal positions both before and after the dipole, as well as a time of ight. The deviation ρ of each fragment is calculated with the reassembled information.

Identication of the ssion fragments

In the previous sections, the set of measurements T oF -Bρ -∆E has been covered. With these pieces of information for each ssion fragment, it is possible to extract the mass, and reach a full identication. First, we will discuss the extraction of the velocity, knowing the time of ight and the trajectory of the fragments. Then, focus will be set on the mass calculation. A few adjustments are performed in order to optimize the resolution on the mass. Finally, we will nd a way to assess our mass calibration, in an unambiguous manner.

Velocity of the fragments

In section 5.2, the time of ight of both ssion fragments has been calculated. Then, in section 5.4, each time of ight measurement was assigned to one fragment, and the trajectory of the fragments was also reconstructed. Then, the calculation of the velocity of the fragments is:

v = L T oF

Mass identication, and optimization

The mass unfolds from the previously discussed relation 2.2 page 20. A set of adjustments needs to be performed, which will be covered here-under, in order to reach the best resolution.

Mass vs. vertical position in the time of ight plastics: slewing eect

As one draws the calculated mass against the vertical position (Y) in the time of ight wall plastics (gure 5.22), a strong correlation appears, commonly named "smile eect". Each strip represents a mass number, although its deformation induces a spread of up to two and a half mass units along the plastics' height.

This is due to the fact that the time measurement is highly sensitive to the amplitude of the signal, despite the use of Constant Fraction Discriminators (see gure 5.21). For a given fragment, the amplitude of the signal on the photo-multiplier tube varies whether it impinges the middle or the extremity of the plastic blade, due to light attenuation in the scintillating material. This variation in amplitude causes a variation in the measured time, which can reach 200 ps; it is plotted in gure 5. 21. And as we mentioned earlier, it only takes 200 ps to shift the measured mass number of 2.5 mass units. Hence the large variation in the measured mass along the plastic blade.

An accurate correction of this eect is performed, to reach the proper mass measurement.

Other corrections

Other corrections include a correlation with the measured angle in the Twin MUSIC. This is due to a slight inaccuracy in the calculated path, leading again to an erroneous velocity measurement. A nal correction, as a function of the Lorentz factor and reduced velocity βγ is also performed.

Final mass, and neutron number, identication

The nal mass spectrum for the ssion of 235 U is presented in gure 5. [START_REF] Schmidt | GEF : a GEneral description of Fission observables[END_REF]. Each peak represents a mass number, and the identication is unambiguous up to A = 150. One distinguishes the light and heavy fragment groups. The resolution ranges from 0.59 u (FWHM) for the light fragments group (A ≈ 90), to 0.80 u (FWHM) for the heavy fragment group (A ≈ 145).

Knowing, for each fragment, the mass and the charge number, it is possible to infer the neutron number:

N = A -Z
The resulting neutron number spectrum is presented in gure 5. [START_REF] Scharnweber | The two-center shell model[END_REF]. The neutron number of ssion fragments ranges from 45 to 95, and the spectrum shows that all neutron numbers are well separated. Also, one nds on this graph expected landmarks, such as the prominence of closed-shell N = 82 ssion fragments, and also a strong even-odd staggering. Such landmarks assess the exactitude of our absolute mass measurement.

The nal isotopic identication plot for the ssion fragments, in the ssion of 235 U, is given in gure 5. [START_REF] Voinov | Nuclear excitations at constant temperature[END_REF].

Exactitude of the mass number and time of ight calibrations

The neutron distribution shows expected features of ssion fragments distribution, which reassures our absolute mass calibration.

There is still another way of assessing our calibration, which is even more stringent. If we consider, for the ssion of 235 U, Xenon ssion fragments, i.e. we select Z = 54, then, for each blade of the time of ight wall that has been hit by the fragment, we compute the mean mass value of the Xenon fragments.

It is expected that it slowly decreases, as it reaches blades which require a lower Bρ, i.e. a lower A/Z ratio. Such a behavior should be observed for all elements. Indeed, all other parameters (Z-number, velocity) unchanging, if the mass decreases, the magnetic rigidity also decreases, which means a smaller deviation radius, and therefore a higher deviation in the dipole. Figure 5. [START_REF] Till Von | Systematics of nuclear level density parameters[END_REF] shows the mean mass number of the Xenon (Z=54) and Strontium (Z=38) fragments, as a function of the blade number of the time of ight wall, which has been hit. We actually distinguish the "left" and "right" fragments, i.e. the fragments which respectively y to the left (or right) side of the Twin MUSIC. Indeed a softly decreasing slope is observed for each of the fragments. Figure 5.27 is a zoom on the Strontium fragments (Z=38).

The regular and soft evolution is a good appreciation of the exactitude of our calibrations, both in terms of time of ight, and absolute mass value.

With the combined information about the charge, the time of ight and the trajectory of the ion, the mass number is calculated. A few adjustments are needed to reach an excellent resolution of 0.59 u (FWHM) for the light fragments group (A ≈ 90), to 0.80 u (FWHM) for the heavy fragment group (A ≈ 135). Then, knowing the mass and charge number of each ssion fragment, the neutron number is unfolded. The neutron number distribution spectrum shows expected features of the ssion process, including even-odd staggering of the ssion fragments, and enhancement of fragments with the magic number of neutrons N = 82. Both ssion fragments are thus fully and unambiguously identied, on an event-by-event basis. 

Eciency of the setup

In the previous sections, we have covered all the measurement which are needed to perform a full identication of the ssion fragments. However, before the extraction of ssion yields and other ssion observables, one must be cautious about the eciency of the experimental setup. It is even more critical if the eciency varies with the type of fragments produced (with the asymmetry of ssion), because then it would deform the measured ssion yields. Therefore this section will focus on the limitations of the SOFIA recoil spectrometer, and we will estimate the eciency of the setup.

Limitations due to the Twin MUSIC

In the Twin MUSIC, the energy loss measurement, leading to the element identication, is performed for both ssion fragments, with each fragment ying through one of the two independent halves of the detector. In the case that two ssion fragments y on the same side of the Twin MUSIC, there is no possibility of measuring the energy loss of each fragment independently any more. Then, the event would be lost. This accounts for a loss of about 20 % of the events.

Limitations due to the time of ight wall

From the position measurement performed with the second MWPC, one can observe the hits distribution of the fragments. Since the second MWPC stands little ahead of the time of ight wall, the distribution of the fragments on the MWPC is an image of their distribution on the time of ight wall as well.

The map of ssion fragment hits is given in gure 5. [START_REF] Tovesson | SPIDER: A new instrument for ssion fragment research at the Los Alamos Neutron Science Center[END_REF]. One observes three regions: respectively to the left and to the right, the fragments cover the full height of the detector. In the middle on the contrary, the regions close to the top and the bottom of the detector are unoccupied. The transition between the peripheral (left and right) and central zones is very sharp. And it so happens that it coincides with the arrangement of the type of photo-multiplier types across the time of ight. Indeed, we have chosen to combine two types of PMTs:

PMT HAMAMATSU 6533: these are the most accurate (they have the best transit time spread), but very costly. They were placed at the center of the time of ight wall, for this is the most occupied region PMT HAMAMATSU 10580: very accurate also, yet a little less than the PMT 6533, and denitely less expensive. These were placed to the left and to the right of the time of ight wall.

The lack of hits of the extremities in the middle of the time of ight wall is due to the fact that when a fragment hits the very top (resp. bottom), the light attenuation along the plastic down to the PMT at the bottom (resp. up to the top) is too important, and despite the amplication in the PMT, the little signal that remains does not suce to trigger the constant fraction discriminator. Since our acquisition trigger demands a multiplicity of four in terms of number of PMTs that are hit, the event is lost.

What is seen in gure 5.28 is the result of a combination of two unfortunate situations:

rst, the attenuation in the plastic was much stronger than expected, and did not meet the constructor's technical fact sheet. It has been decided to change all the plastics for future experiments. second, the high voltage of the photo-multipliers at the middle was inadequately tuned, which is why they were more sensitive to the high attenuation than their less costly counterparts to the left and to the right of the detector Furthermore, the lighter fragments lose less energy to the plastics of the time of ight wall (∆E ∝ Z 2 ), therefore they are more likely to fail to trigger a signal in the photo-multiplier tube. This results in the eciency being lower for highly asymmetric ssions, than for symmetric ssions.

Other limitations

Two other limitations, though less important in terms of impact, are worth being mentioned: although the time of ight wall is highly segmented, it is possible (though rare: estimated 3 % of the events) that both ssion fragments impinge the same plastic blade. Not only is it impossible to disentangle two hits, (the estimated variation in time of ight between both ssion fragments is of the same order as the rise time of the signal in the PMT -a few nanoseconds), but also it would fail to trigger the acquisition, by lack of four hits in the PMTs of the time of ight wall also, the size of the active surface of the time of ight wall causes a loss of approximately 1.2 % of the events. For further experiments, the size of the time of ight wall has been extended to 660 × 900mm 2 .

Eciency of the SOFIA recoil spectrometer

A set of simulations, performed by Thomas Gorbinet using the CONFID code [START_REF] Schmidt | CONFID -a COde for simulating experiments on Nuclear FIssion using a large Dipole[END_REF], has enabled us to extract the eciency of the set up, as a function of the fragment's charge asymmetry and for each ssioning element. In this simulation, all eciency losses are taken into account: one ssion fragment in each part of the Twin MUSIC time of ight wall geometrical cut no double hit in the time of ight wall and loss of events due to attenuation in the time of ight wall

The result of the simulation, in terms of "transmission" probability, is plotted in gure 5. [START_REF] Moll | Aufbau und Arbeitsweise des Spaltprodukt-Massenseparators Lohengrin am Hochuÿreaktor in Grenoble (Design and working principles of the Lohengrin mass separator for ssion products at the high ux reactor in Grenoble)[END_REF]. The eciency of the SOFIA recoil spectrometer is aected by a variety of limitations, either due to the inherent structure of the detectors, or to some of their behaviors that were not expected (too high attenuation in the plastics of the time of ight wall). A set of simulations provides us with the transmission capability of the setup, as a function of the asymmetry of ssion. This eciency will be thoroughly taken into account when calculating ssion yields. However, the overall eciency of the setup remains excellent, with a value of 72 %.
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In the previous section, both ssion fragments have been fully identied, and they have also been assigned a velocity and a trajectory. The rst part of this chapter is dedicated to the method implemented to retrieve the Coulex contribution from the data, needed for the analysis. The following parts will cover the extraction of ssion observables: ssion yields, prompt neutron multiplicity, total kinetic energy. 235 U is taken as an example.

Fragmentation reactions contribution in the data

As already discussed in section 4.2 page 50, two types of interaction leading to ssion occur in the Active Target: fragmentation and Coulomb excitation. It has also been underlined that solely ssion following Coulomb excitation is of interest in the frame of the SOFIA experiment. This part is dedicated to the method implemented to dismiss the contribution of fragmentation-ssion in the SOFIA data, named "fragmentation subtraction". Such a method was rst implemented in [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF].

Sum of the ssion fragment's charge

Sum of the charges: Coulex vs. fragmentation Inherent to the excitation process and the dierence in excitation energy (see section 5.1.1 page 62), the behavior regarding the conservation of the charge will be dierent for fragmentation-ssion and for Coulex ssion. We compare here the sum of the charges of the ssion fragments Z sum = Z 1 + Z 2 to the charge of the ion of the secondary beam Z SB .

Indeed, in fragmentation ssion, rst the fragmentation itself leads to the abrasion of some nucleons, possibly including protons; and second, the pre-fragment is sometimes left with enough excitation energy, to allow for proton emission prior to ssion. Therefore, the sum of the charges of both ssion fragments covers a large range. This is represented on the top gure 6.1, where ssions occurring in the aluminum anodes of the Active Target, thus ssions following a fragmentation reaction, are selected. Another source of fragmentation reactions is to be found in a silicon glass layer, between the second TUM MUSIC and the second TPC, ahead of the Active Target (see set up plot page 49).

On the contrary, in Coulex ssion, the ssion fragment's charges always sum up to the charge of the ssioning system. Indeed, proton evaporation prior to ssion is impossible at low excitation energy: rst because it is not a favorable de-excitation channel, and second because even then the loss of a proton would leave the actinide with less excitation energy than needed to overcome the ssion barrier a .

Fissions in the U/Pb targets show a combination of a distribution due to fragmentation reactions (similar to the one that can be found for ssions in the anodes), and a peak at Z sum = Z SB , due to Coulex ssions. Such a distribution is shown on the bottom panel of gure 6.1.

Reject events which do not preserve the total charge

The rst step in the fragmentation subtraction consists in rejecting all events which do not preserve the total charge through the ssion process. Table 6.1: Global fragmentation for each ssioning nuclide, estimated using fragmentation ssions in the Anodes secondary beam ions. It is also led in parallel for ssions occurring in the anodes and the silicon glass layer, because these will be needed for the second step of the fragmentation subtraction. This selection of events which preserve the total charge is performed on an event-by-event basis.

Residual contribution: fragmentation weight

However, a residual contribution of fragmentation ssion remains in the events which preserve the total charge. Then, there is no way to disentangle the fragmentation from the Coulex mechanisms on an event-by-event basis.

The approach consists in comparing the ssion observables (yields, prompt neutron multiplicity, total kinetic energy) for fragmentation and Coulex induced ssion in the targets on the one hand, and solely fragmentation induced ssion on the other hand.

Then, provided the amount of residual fragmentation interactions in the ssions in the targets is known, it is possible to retrieve the features of exclusively the Coulex ssion through the comparison of both sets of data.

In order to estimate the residual amount of fragmentation interactions, one compares the spectrum of the total charge of the fragments Z sum = Z 1 + Z 2 from both ssion sources (targets or anodes, see gure 6.3). An appropriate scaling should allow to make both spectrum coincide for all Z sum = Z SB . This is shown in gure 6. 3. Then, the dierence between the "fragmentation + Coulex" distribution from the targets, and the appropriately scaled fragmentation distribution from the anodes, represents the amount of Coulomb-induced process in the data. This distribution shows indeed a clean peak at

Z sum = Z SB .
The ratio of the integrals of the fragmentation vs. Coulex and fragmentation spectra in the peak Z sum = Z SB gives the residual amount of fragmentation in the events for which the total charge is maintained.

The fragmentation weight for all the nuclides of the secondary beam are compiled in table 6.1.

Underlying hypothesis: factorization and limiting fragmentation regime Hypothesis

Under some conditions, the fragmentation mechanism -including fragmentation-ssion -shows the same properties, no matter the target nor the kinetic energy of the projectile. This is called the limiting frag-mentation regime, in combination with the factorization hypothesis. It implies that, while the absolute value of the production cross section scales depending on the projectile and the target, the compared production rate of the fragments remains the same. Under such circumstances, it is legitimate to assimilate fragmentation-ssions which take place in the aluminum anodes, and in the uranium or lead targets.

"Limiting fragmentation states that, at high energy, the production cross section for the ith fragment is independent of energy*. Factorization states that σ ab ∝ C a C b i.e., the total cross section for interaction between a and b can be factored into observables that are functions of a and b only. A direct consequence of factorization in the region of limiting fragmentation is the prediction that the modes of fragmentation of the projectile [...] are independent of the target nucleus." [START_REF] Heckman | Fragmentation of 14 N nuclei at 29 GeV: Inclusive isotope spectra at 0[END_REF].

*"On the basis of existing data, [...], the total cross sections for fragmentation of heavy nuclei are approximately constant for energies greater than 0.5 AGeV."

The result of the fragmentation contribution subtraction, as shown as the "Coulex" curve in gure 6.3 is a striking evidence of the validity of this hypothesis. Indeed, the distribution uctuates closely around zero for all Z sum = Z SB . This is due to the fact that fragmentation reaction products, for ssion in aluminum or lead or uranium are produced in the same proportions, enabling for a clean subtraction of the fragmentation contribution.

Fragmentation events in the anodes or in the silicon glass Until now, only ssions occurring in the anodes of the active target have been considered for the fragmentation. However it has been mentioned that another source of fragmentation events was to be found in the SOFIA recoil spectrometer: a layer of silicon glass, standing between the second TPC and the second TUM MUSIC. Picture 6.4 shows the same subtraction method as gure 6.3, except for the fact that it combines ssions in the anodes and in the silicon glass layer for the fragmentation events. One observes that the subtraction is not as clean as previously obtained: a residual peak at Z sum = 91 = Z SB -1 appears on the spectra of the Coulex ssion.

It is expected this is due to the presence of Mylar R accompanying the silicon glass layer, which comprises hydrogen. The factorization hypothesis shows its limitation: it does not apply so well to target (or projectile) material which do not fulll the limiting fragmentation regime conditions, like hydrogen.

Therefore it should be preferred to use solely events occurring in the aluminum anodes for the subtraction of fragmentation reactions. However, due to their very thin width (18 µm), reactions in the anodes show a low rate, limiting the statistics, and nally the resolution on the Coulex ssions yields, neutron multiplicity and total kinetic energy.

A compromise was to be found for the analysis of the SOFIA data: as long as the statistics in the anodes is sucient (e.g. for the elemental ssion yields of 235 U), the events in the silicon glass layer are dismissed in the subtraction process. Yet for a variety of other ssion observables (e.g. the isotopic ssion yields), we will have to also use the fragmentation events occurring in the silicon glass. This will be explicitly written in the following sections, which cover the extraction of all the ssion observables. The label "Anodes" means only fragmentations in the anodes are used for the subtraction, while the label "Anodes + Glass" marks results following a subtraction using fragmentations both in the anodes and in the silicon glass layer.

The ssions occurring in the U/Pb targets either follow a fragmentation or a Coulomb excitation. In order to dismiss the contribution of the fragmentation reactions in the data, the most is made of the dierence in the sum of the ssion fragments' charges. Indeed, in Coulex ssion, the charges of the fragments sum up to the charge of the ion that was identied in the FRS. In fragmentation ssion, on the contrary, the sum of the fragments' charges cover a wide range, because proton abrasion, or proton emission prior to the ssion, are possible. Therefore the rst step consists in dismissing all events which do not "preserve" the total charge of the ion of the secondary beam. In all further discussed steps of the analysis, these events have been rejected. A residual contribution still remains after this selection, which can not be disentangled on an event-by-event basis. The amount of residual fragmentation ssions has been estimated. The second step thus consists in comparing the behavior of the ssion observables (yields, prompt neutron multiplicity, total kinetic energy) for solely fragmentation ssion on the one hand, and both fragmentation ssion and Coulex ssion on the other hand. Knowing the proportion of fragmentation events in the targets, it is possible to retrieve the features of Coulex ssion exclusively. This will be covered in the following sections. 

Fission yields

This section is dedicated to the estimate of Coulex ssion yields, taking the ssion of 235 U as an example. All events which do not preserve the charge have already been dismissed. The residual fragmentation ssion contribution is detailed. Elemental (Z), isotopic (A,Z), isobaric (A) and isotonic (N) yields are extracted.

Elemental yields

Retrieve residual fragmentation contribution The black dotted curve represents the spectrum for ssions in the targets. For convenience, this spectrum was normalized to 100 % The blue dashed line represents the spectrum for fragmentation ssions in the anodes. This spectrum is normalized to the fragmentation ssion weight (for 235 U, 25.4 %).

The red full line is the spectrum for Coulex ssion, resulting from the subtraction of the fragmentation contribution from the target's distribution.

Finally, the ssion fragment's charge spectrum is obtained for Coulex ssion. The next steps, to reach the proper elemental ssion yields, are explained in the following paragraphs. Fission elemental yields Integral The rst step consists in performing a multi-Gaussian t on the spectrum, in order to extract the integral of each peak. This is then normalized so that the full integral over all the fragments sums up to 200 %, leading to preliminary ssion yields (black dotted line in gure 6.6).

Eciency, Normalization As explained in section 5.6, the SOFIA recoil spectrometer shows an eciency which depends on the charge of the ssioning system. Therefore, the measured elemental yield is deformed as compared to the real ssion yield. The correction applies as follows:

Y (Z i ) = Y meas.(Z i )/ε Zi
Where ε Zi is the eciency of the SOFIA recoil spectrometer for the charge Z i . The corrected yield need a further normalization to 200 %, to obtain the nal yield (red full line in gure 6.6). 

Fragmentation ssion weight per element

From gure 6.5, one observes the amount of fragmentation ssion contribution to the events in the targets, for each element. This piece of information will be very useful for the next steps of the analysis.

Comparing, element per element, the integrals of the fragmentation ssion spectrum, and that of the fragmentation and Coulex ssion, one extracts the "fragmentation ssion weight per element", which is represented in gure 6. 7.

One notes that the contribution of fragmentation ssion is higher at symmetry, reaching up to 50 % of the events in the targets, while it decreases for asymmetric ssion, down to 20 %. The large uncertainty for the very asymmetric tails results from the lack of statistics for fragmentation ssion, which rarely results in such an asymmetric scission. 

Isotopic yields

For each element, the mass distributions of the fragments, from ssions in the targets on one side, and following fragmentation on the other side, are measured. Knowing the amount of fragmentation ssion element per element, the subtraction method for isotopic yields is similar to that explained earlier for elemental yields.

As an example, we have chosen the elements Strontium (Z = 38) and its heavier counterpart Xenon (Z = 54). Figure 6.8 represents the corresponding mass distributions: the black dotted line represents the ssion in the targets the blue dashed line represents fragmentation events, from both the anodes and the glass layer. The spectrum is adequately scaled: for 235 U, the fragmentation contribution to the formation of Sr and Xe fragments sums up to 21 %. and the Coulex distribution results in the dierence between those two spectra.

The nal Coulex distribution is tted with a multi-Gaussian function, from which we derive the integral of each peak. A normalization is performed to ensure that the yield of all isotopes sum up to the yield of the considered element. The latter step accounts implicitly for the eciency correction.

The nal isotopic yields for Strontium and Xenon fragments are plotted in gure 6.9. Note that the relative uncertainty for the heavier fragments is much higher, due to the loss of resolution on the mass number. The full isotopic yields for 235 U are plotted in gure 6. [START_REF] Kellet | The JEFF-3.1/-3.1.1. radioactive decay data and ssion yields sub-libraries[END_REF]. Mass distribution for ssions in the Active Target, fragmentation ssion and Coulex ssion.

Isobaric and isotonic yields

As far as isobaric and isotonic yields are concerned, two methods are to be considered: either perform the exact same method as for elemental yields ("direct method") or sum up on isotopic yields ("sum method")

The results of each of those two methods, both for isobaric and isotonic yields, are represented in gures 6.11 and 6.12.

It has been found that summing on the isotopic yields would be more accurate, because it is less sensitive to the weaknesses in the multi-t method, which strives at dealing with so many peaks, with a limited separation in-between. The large and abrupt uctuations both in the yields, and in the uncertainties, in the "direct method" are signatures of the limitations of the multi-t process.

Elemental, isotopic, isobaric and isotonic yields are extracted, for Coulex ssion. The residual contribution of fragmentation ssion is dismissed. The contribution of fragmentation ssions per element is inferred from the global fragmentation ssion subtraction for the elemental yield calculation. This contribution, element per element, is important for the rest of the analysis. 

Total prompt neutron multiplicity

The SOFIA experiment provides the simultaneous measurement of the mass and charge of both ssion fragments, within a few nanoseconds after the ssion event. At this stage, the prompt ssion neutrons have already been emitted: therefore, the measured mass is that after prompt-neutron emission. Knowing the mass of the ssioning system, and that of both ssion fragments, the neutron multiplicity can be inferred with a subtraction. One should keep in mind that we deal here with the total prompt neutron multiplicity for a ssion event.

Neutron multiplicity estimate

The total neutron multiplicity is dened as follows:

ν tot = A SB -(A F F 1 + A F F 2 )
In order to estimate the neutron multiplicity distribution, two approaches can be considered: On the one hand, the decimal values of the fragments' masses are used. One gets a continuous distribution, which can be "multi-tted" to provide the integral of each peak. This approach, however, will lead to some miscalculation of the multiplicity, and overestimate of the associated uncertainty, since it combines the uncertainty on both ssion fragments' mass measurement. However, the combination of the uncertainties on the masses still lets the neutron multiplicity be unraveled, as seen in gure 6.13: the peaks are distinguishable, thanks to the very good resolution on the mass measurement.

On the other hand, one can use the integer values of the masses of the fragments. This would lead to an integer value of the neutron multiplicity (i.e. a discrete distribution). Of course, since the masses are not fully separated, there may be some remaining miscalculated neutron multiplicities. Yet the errors should be fewer with this method, which is thus chosen.

From now on, we will work with integer values of the neutron multiplicity. 

Neutron multiplicity distribution

Prompt neutron multiplicity distribution is plotted in gure 6.14 (and, as usual): the black dotted curve represents the spectrum for ssions in the targets. For convenience, this spectrum was normalized to 100 % the blue dashed line represents the spectrum for fragmentation ssions in the anodes. This spectrum is normalized to the fragmentation ssion weight (for 235 U, 25.4 %). the red full line is the spectrum for Coulex ssion, resulting from the dierence between both spectra One observes that the mean neutron multiplicity is higher for fragmentation ssion than for Coulex ssion. This is expected, because the higher excitation energy which results from the fragmentation process leaves more energy available to be evacuated through neutron emission. The fragmentation subtraction cuts the higher multiplicity tail of the distribution, and leaves the Coulex events with a much narrower distribution of the prompt neutron multiplicity, with a mean value for 235 U of νtot = 3.752 ± 0.005. The perfect match of the high-multiplicity tail of the distribution with the shape of the fragmentation events distribution is highly satisfying. The resulting Coulex contribution, which uctuates around and close to zero as soon as the multiplicity reach 11-12 neutrons, is just another argument for the reliability of the limiting fragmentation regime hypothesis. 

Neutron multiplicity as a function of the charge of the fragment

The same approach as the one developed in the previous paragraph is led, element per element. Figures 6.15 and 6.16 show the examples for Z F F = 38 and Z F F = 45. Still, the black dotted curve represents the spectrum for ssions in the targets. For convenience, this spectrum was normalized to 100 % the blue dashed line represents the spectrum for fragmentation ssions in the anodes. This spectrum is normalized to the corresponding fragmentation ssion weight the red full line is the spectrum for Coulex ssion, resulting from the dierence between both spectra.

The fact that the fragmentation ssions accounts for the highest prompt neutron multiplicities is particularly striking for Rh fragments (Z = 45), because at symmetry the contribution of fragmentation is the highest. This approach permits to extract the mean total prompt neutron multiplicity as a function of the ssion fragment's nuclear charge. 

Neutron multiplicity as a function of the isotope

Finally, we want to extract the ν for each isotope produced in the ssion reaction. We recall here that the ν is the sum of the neutrons emitted by both ssion fragments. For each element again, the (A, ν tot ) distribution is drawn, for all three components (ssion in active target, fragmentation ssion in the anodes, Coulex ssion). An example is given in gure 6.17 for the element 38 Sr.

A feature that strikes immediately is the anti-correlation between the mass and the neutron multiplicity. Of course, the higher the multiplicity, the lower the mass for a given element. One also observes that the tail which extends to high values of ν tot , low A values, is dismissed by the fragmentation subtraction. These events with a high prompt neutron multiplicity follow a large excitation of the compound nucleus, which is found in the case of fragmentation ssion.

The SOFIA recoil spectrometer provides the mass of both ssion fragments after prompt neutron emission. Comparing with the mass of the ssioning system, the total prompt neutron multiplicity is estimated on an event-by-event basis. The mean value of the total prompt neutron multiplicity is extracted for all elements, and for all isotopes, produced in the ssion reaction. 

Total kinetic energy

In order to infer the total kinetic energy, the kinematics of the ssion has to be calculated at the location of the ssion, and in the frame of the center-of-mass of the ssioning system. A twofold calculation has to be led here:

First, the velocity of the beam, and those of the respective fragments, have to be evaluated at the ssion location. For the beam, the measured velocity is that in the beam-line before the experimental area (at the entrance of Cave C). The beam will lose energy until it ssions, and this energy loss must be calculated. For the fragments on the opposite, the velocity is measured in the ALADIN dipole. The fragments have then already lost energy since the ssion. This also needs to be accounted for.

Second, we know the proper velocities, but this in the laboratory frame. For a proper total kinetic energy measurement, we need to change the frame of reference to that of the ssioning system, via a Lorentz transformation.

We will rst discuss the energy-loss calculation, which will lead us to the respective velocities of the beam and both fragments where the ssion occurs. Then, we will consider the calculation which is needed to go from the laboratory frame, to the frame of the center-of-mass of the ssioning system.

Afterwards, knowing the velocity vectors of both fragments, the total kinetic energy is inferred. However, the uncertainty of the location of the ssion process within the width of the target layer induces a systematical error on the total kinetic energy measurement. In order to correct for this deviation, simulations are performed with the code CONFID [START_REF] Schmidt | CONFID -a COde for simulating experiments on Nuclear FIssion using a large Dipole[END_REF]. The correction implemented will be developed, leading to the "real" value of the total kinetic energy. Finally, the subtraction of the contribution of fragmentation-ssion events is discussed.

Energy loss and material budget in the ight path

The ssion events occur in the Active Target, either in the targets themselves (U, Pb) or in the aluminum anodes. In order to estimate the kinetic energy at the ssion place, one must correct for the energy loss, both for the fragments and the beam, between the ssion target and the place where the velocity is measured. This is represented in gure 6. [START_REF] Panebianco | Role of deformed shell eects on the mass asymmetry in nuclear ssion of mercury isotopes[END_REF]. We will distinguish three "domains" for energy loss calculation:

Upstream the Active Target This domain ranges from the beam line exit window to the active target.

In this part, the beam will systematically lose energy.

In the Active Target Depending on the location of the ssion, in each layer of the active target, energy loss correction will be applied to the beam (upstream the ssion) or the fragments (downstream the ssion) Downstream the Active Target This domain ranges from the active target to the ALADIN dipole.

In this part, the fragments will systematically lose energy.

LISE++ simulations have been made to infer the energy loss over each of the considered material layers. The variation of the energy loss with the kinetic energy, and the Z-value of the ions (whether ion of the secondary beam or ssion fragments) has also been inferred from LISE++ calculations. The full material budget description is given in appendix E. The measured value of the beam velocity is that in the beam line. The measured value of the fragments' velocity is that in the ALADIN dipole. The domains covered for the energy loss calculation are represented, as in the given example.

Velocity reconstruction in the frame of the center-of-mass

After this calculation, the kinetic energy of the fragments (resp. the beam) is known at the position of the ssion. The corresponding velocity is inferred using the following relation:

β = p E tot
where p is the momentum, and E tot the sum of the rest and kinetic energies.

Yet, this is the longitudinal velocity in the laboratory frame. To infer the total kinetic energy, one must retrieve the contribution of the beam relativistic boost from the velocity of the fragments. In order to do this, we switch to the frame of the secondary beam center-of-mass, through a relativistic Lorentz transform, described further down. In the laboratory frame, we measure the longitudinal velocity v z = ż, and the reduced velocity is

Laboratory frame

β = ż/c.
The method used to infer the transverse velocity is the one used by C. Böckstiegel in her PhD thesis [START_REF] Böckstiegel | Bestimmung der totalen kinetischen Energien in der Niederenergiespaltung neutronarmer radioaktive Isotope[END_REF].

The momentum conservation at ssion imposes:

A pre 1 × v 1 = A pre 2 × v 2
This equation can be developed as following (with θ Lab 1 , θ Lab 2 , dx, dz as described in picture 6.19, and using the small-angle approximation):

A pre 1 × θ 1 × V long =A pre 2 × θ 2 × V long A pre 1 × θ 1 =A pre 2 × θ 2 A pre 1 × θ 1 =A pre 2 × (θ 2 + θ 1 -θ 1 ) (A pre 1 + A pre 2 ) × θ 1 =A pre 2 × (θ 2 + θ 1 ) (A pre 1 + A pre 2 ) × θ 1 =A pre 2 × dx/dz
Finally,

θ 1 = A pre 2 A pre 1 + A pre 2 × dx dz θ 2 = A pre 1 A pre 1 + A pre 2 × dx dz
And similarly,

φ 1 = A pre 2 A pre 1 + A pre 2 × dy dz φ 2 = A pre 1 A pre 1 + A pre 2 × dy dz
The benet of using this method (instead of using the measured values of θ i ) is that it dismisses the contribution of a possible transverse component of the beam velocity.

However with the SOFIA experiment we have measured the mass of the fragments after prompt neutron emission, while the momentum conservation applies only before neutron emission. Furthermore, the neutron multiplicity we have measured is the total multiplicity, and we need the neutron multiplicity per fragment to infer the pre-neutron mass of each fragment. For this reason we have used the GEF code [START_REF] Schmidt | GEF : a GEneral description of Fission observables[END_REF], which provides the mean neutron multiplicity as a function of the post-neutron mass (see gure 6.20).

We know now for each fragment the trajectory's angle θ in the (x, z) plane, and φ in the (y, z) plane. The coordinates for each fragment are the following: 

    t x y z     =     t z tan θ z tan φ z    
And the resulting velocity:

     ẋ ẏ ż     =      ż tan θ ż tan φ ż     
Center-of-mass frame

The ssioning system (i.e. ion from the secondary beam) ies along the z direction at a velocity V , its reduced velocity being B, in the laboratory frame.

The Lorentz transformation is the following:

            t x y z             =             γ t -V z c 2 x y γ (z -V t)            
From this, we derive:

         ∂t = γ ∂t(1 -Bβ) ∂x = ∂z tan θ ∂y = ∂z tan φ ∂z = γ c ∂t (β -B)
And nally we infer the velocity

        ẋ ẏ ż         =         tan θ cβ γ(1-Bβ) tan φ cβ γ(1-Bβ) c(β-B) 1-Bβ        
The full derivation can be found in appendix F. With this calculation, we have reached the velocity vector of both fragments in the frame of the center-of-mass of the ssioning system. The scalar velocity, and the kinetic energy of each fragment are:

v = ẋ 2 + ẏ 2 + ż 2 E k = (γ -1) × M A
And the resulting total kinetic energy of the ssion event:

T KE = E k,F F 1 + E k,F F 2
The mean total kinetic energy is represented in gure 6.21, for U and Pb targets distinctly. It is surprising the measured kinetic energy should be dierent for U and Pb targets. This measurement artifact, due to the uncertainty on the exact ssion location, is accounted for in the next section.

Total kinetic energy

In the previous section, we have calculated the total kinetic energy of the ssion. The mean total kinetic energy is given in gure 6. 21. On this gure, the red dotted curve represents the ssions in the uranium targets while the blue curve represents the ssions in the lead target. We expect to see the exact same behavior, and yet the gure shows that the ssion events occurring in the uranium target exhibit a TKE about 5 MeV higher than those occurring in the lead target. This is due to the fact that the uranium targets are much thicker (600 µm) than the lead target (125 µm), leading to a consequently larger uncertainty on the ssion location. In order to correct for this eect, we have used the code CONFID [START_REF] Schmidt | CONFID -a COde for simulating experiments on Nuclear FIssion using a large Dipole[END_REF]. This Monte-Carlo code is a tool to simulate recoil-spectrometer type experiments. This code takes as an input the geometrical description of the experiment (see gure 6.23) and the output of the GEF code, a.k.a. a set of ssion events dened by the mass and charge of both ssion fragments and the total kinetic energy. Using the provided measurement resolutions, CONFID provides an experiment-like set of data (energy loss, positions and time of ight measurements). From this simulation we estimate the "calculated TKE", just as we did for our real data. And we compare the measured TKE to the original TKE from the GEF code: see gure 6. [START_REF] Scharnweber | The two-center shell model[END_REF].

The extracted relation is used to infer the "real" TKE from the "measured" TKE.

T KE = p 0 + p 1 × T KE raw + p 2 × T KE 2 raw
The resulting total kinetic energy is drawn in gure 6.22, again for the Uranium and the Lead targets. This time, the values are very consistent between both types of targets. This is very satisfying: rst, we now have reasonable and coherent data for the ssion total kinetic energy second, this result underlines the capability of the CONFID code to describe the experiment with appropriate accuracy.

TKE for Coulex ssion Mean total kinetic energy

The subtraction of fragmentation-ssion contribution for the estimate of the Total Kinetic Energy in Coulex ssion is very similar to the previously discussed method. Figure 6.25 represents the distribution of the total kinetic energy in the ssion of 235 U secondary beam, for ssions occurring in the target (black dotted curve), fragmentation ssions in the aluminum anodes (blue dashed line) and Coulex ssion (red full line). The mean value (resp. width of the distribution) for the TKE is higher (resp. lower) for Coulex ssion than for fragmentation ssion: this is again a signature of the dierence in excitation energy between Coulex-and fragmentation-ssion.

TKE [MeV]

Indeed, in Coulex ssion, symmetric ssion is much less frequent than asymmetric ssion. In fragmentation ssion on the contrary, symmetric ssion is almost as probable as the asymmetric ssion. This dierence in behavior is reected both in the mean value and the width of the TKE distribution: the symmetric ssion is characterized by a low total kinetic energy, while the asymmetric ssion is characterized by a high total kinetic energy. Symmetric ssion being more probable for fragmentation than for Coulex, the mean TKE value is lower for fragmentation than for Coulex. the ratio symmetric over asymmetric ssion is very low for Coulex ssion, and much larger for fragmentation ssion. On the one hand, the width of the distribution for Coulex ssion is dominated by the width of the distribution for the TKE of asymmetric modes. On the other hand, the width of the distribution for fragmentation ssion results from the combination of the impact of both symmetric and asymmetric components; it is therefore larger.

Mean total kinetic energy, as a function of the element, and of the isotope

The mean value of the TKE for each element and each isotope produced in as ssion fragments is also very relevant for our understanding of the ssion process. The method to extract the TKE as a function of the fragment's properties is rigorously the same as for the prompt neutron multiplicity, it will thus not be detailed here again. The extraction of the total kinetic energy needs several steps:

TKE [MeV]

First, the velocity of the beam and the ssion fragments, at the location of the ssion, is estimated by means of energy loss calculations Second, the velocity is converted to the center-of-mass reference frame using the Lorentz transform Third, the estimated total kinetic energy is found to present a deviation, due to the uncertainty of the location of the ssion within the width of the target layer. Simulations are performed to estimate the impact of this uncertainty.

From the simulation, a correction method is implemented, and applied to the measured kinetic energy, to reach a "nal" total kinetic energy. Fourth, and nally, the subtraction of fragmentation-ssion contribution is performed.

It is found that the total kinetic energy of fragmentation-ssion events is lower than for Coulex-ssion events. This is understood as another signature of the dierence in excitation energy following the nuclear-and Coulomb-interaction.

Chapter 7

Results
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The previous chapter was dedicated to the extraction of ssion observables: yields, prompt neutron multiplicity, total kinetic energy. The complete set of data from the SOFIA experiment for the ssion of 238 Np, 237 Np, 235 U, 234 U, 232 Pa, 231 Pa is to be found in appendix G. In the following chapter, we will develop chosen points of interest, either focusing on one ssioning system, or observing the evolution on a set of ssioning systems. For completeness, the results obtained by Eric Pellereau regarding the ssion of 238 U with the SOFIA experiment [START_REF] Pellereau | Contribution à la mise en place, à la réalisation, et à l'analyse des données de rendements de ssion issues de l'expérience SOFIA au GSI[END_REF] will be considered in this part. Many comparisons to codes and existing experimental data will be performed. 7. 

1

234

U is chosen because the compound nucleus is the same as for the reasonably well-known neutron induced ssion of 233 U, and thus more experimental and evaluation data are available than for other, more exotic or less stable, ssioning systems.

First we will test codes against our data. We will observe that the GEF code reproduces very eectively our observations. Therefore, we can use this code in the development of this chapter, to help us in the interpretation of observed features.

Second, a systematic comparison between SOFIA and existing experimental and evaluated data, on ssion yields, will assess our experimental method, give us an insight on the impact of excitation energy on ssion yields, since we compare Coulex ssion to thermal and fast neutron induced ssion, covering a range in excitation energy from 6 to 20 MeV.

Finally, we will observe the isotopic yields for the SOFIA data, the experimental data from ILL, and a GEF simulation.

Comparison to codes

Semi-empirical code GEF

A calculation was performed with the code GEF, for the ssion of the compound nucleus 234 U, and using as an input the excitation energy spectrum calculated in part 5. 1. The output of the code provides a variety of ssion observables, including elemental yields, which are plotted in gure 7.1 (page 131). The data from the SOFIA experiment is also plotted.

The agreement between the code and the experimental data is overall excellent. However one notices that the results from the GEF code show a stronger even-odd staggering (note in particular the staggering close to Z = 34, Z = 58), and a lower proportion of symmetric ssion. This behavior has found no explanation to this day.

Still, in view of the capability of the GEF code to reproduce the experimental data, it will be extensively used in the comparison of the SOFIA data to experimental data from ILL, to help us in the understanding of the dierences between Coulex ssion and thermal neutron induced ssion. 

Code SPY

Another code was tested against the SOFIA experiment: the code SPY (Scission Point Yields), developed at CEA Bruyères-le-Châtel and CEA Saclay [START_REF] Panebianco | Role of deformed shell eects on the mass asymmetry in nuclear ssion of mercury isotopes[END_REF]. The comparison is plotted in gure 7. 2. The agreement of the experimental data with the SPY simulation is quite weak, apart from the fact that ssion is asymmetric. However, this code is based on microscopic ingredients, and has few adjustment parameters, leaving little room to adjust to the data. That it should be able to reproduce asymmetric ssion is already a success. Furthermore, the code is still under development.

Comparison to existing data: impact of excitation energy

Experimental data: thermal neutron induced ssion at ILL Figure 7.3a represents the isobaric yields for the Coulex ssion of 234 U. Comparison is made with thermal neutron-induced ssion of 233 U, measured at ILL, Grenoble [START_REF] Quade | Nuclide yields of light ssion products from thermal-neutron induced ssion of 233 U at dierent kinetic energies[END_REF], [START_REF] Martin | Measurements of the mass and isotopic yields of the 233 U(n th , f ) reaction by the Lohengrin spectrometer[END_REF]. For completeness, a simulation has been performed using the code GEF, for those two mechanisms: Coulex ssion of 234 U on the one hand, and thermal neutron induced ssion of 233 U on the other hand. It is represented in gure 7.3b.

As expected, thermal neutron-induced ssion shows a more asymmetric behavior, the symmetric valley being completely depleted. With Coulex ssion on the contrary, the excitation energy is higher, and symmetric ssion occupies an important role.

On the lighter fragments group, one observes in gure 7.3a a ne structure that is impressively similar for both excitation energies: the enhancement of the yields at A = 90 and A = 94 is visible on the data both from Lohengrin and GSI. It is remarkable that such ne structure eects should be preserved over the large range of excitation energy.

An interesting feature stands in the heavy fragments group: it seems that the Standard 1 mode is unaected by the variation in excitation energy, while the Standard 2 decreases in favor of the increasing contribution of the Super Long mode. This results in the depletion of the production of very heavy fragments. This feature is remarkably well reproduced with the GEF code: although the amplitude of the peaks is somehow dierent from that observed, the depletion of the heaviest fragments, is visible. Figures 7.4a and 7.4b show experimental results for elemental and isotonic yields, respectively, of the compound nucleus 234 U.

Elemental yields are not aected by the emission of prompt neutrons. The observed partition of the charges in both ssion fragments is thus an image of the conguration at scission. Isotonic yields on the opposite are aected by the emission of prompt neutrons. Either way, the features previously discussed are to be found also in elemental and isotonic yields of thermal neutron induced ssion as compared to Coulex ssion: the reduced contribution of the symmetric mode the higher even-odd staggering the increasing contribution of ST2 as compared to ST1.

Evaluations: epithermal and fast neutron induced ssion

Evaluations are available for neutron-induced ssion of 233 U, at three neutron energies: thermal neutrons (0.0253 eV, energy of the neutron after thermalization), epithermal neutrons (400 keV) or fast neutrons (14 MeV , which corresponds to the energy of the emitted neutron in the fusion of deuterium and tritium).

Excitation energy in Coulex ssion has been estimated to have a mean value of 12 MeV, which corresponds to the excitation energy brought by the absorption of a ≈ 6 MeV neutron. Comparison is thus performed with evaluations at neutron energies of 400 keV and 14 MeV. This is found in picture 7.5, with evaluations from the European JEFF 3.1.1. library. The top gure represents the ssion yield, while the bottom gure represents the associated uncertainties. Note that for the SOFIA experiment, only statistical uncertainty is taken into account there.

One observes that the ssion yields from the SOFIA experiment stand indeed between the yield of 233 U, at respectively 400 keV and 14 MeV (neutron energy). The evolution of the contribution of symmetric ssion is particularly striking: while it is almost non-existent for epithermal neutron induced ssion, it increases for the SOFIA data, and increases further for fast neutron induced ssion.

The feature previously discussed regarding the depletion of ST2 mode, and the almost constant intensity of the ST1 mode when excitation energy increases, is also observed between the evaluation at E n = 400 keV and the SOFIA data. However, the evaluation at E n = 14 MeV seems to go the opposite direction: when increasing the excitation energy, the production of the heaviest fragments remains unchanged, while the ST1 becomes less probable. This is quite surprising.

These three reaction mechanisms (Coulex ssion, 400 keV and 14 MeV neutron induced ssion) have been simulated with the GEF code. The results are reported in gure 7. 6. As expected, the GEF results suggest that the observed trend should be continuous, i.e. the higher the excitation energy, the lower the contribution of the very asymmetric ST2 ssion mode.

The lack of experimental data for 14 MeV neutron induced ssion may account for the dicult evaluation of ssion yields at this excitation energy.

Another aspect not yet considered is the uncertainty (gure 7.5). It is striking that the uncertainty from the SOFIA experiment stands much below the uncertainty from the evaluations. One could hope that the SOFIA experiment will bring interesting data for the evaluations, permitting to reduce the uncertainties in the widely used libraries. 

Isotopic yields

SOFIA experimental data

Before any comparison, it seems important to underline a few features of the isotopic yields from the SOFIA data. In gures 7.7 and 7.8, each item corresponds to a Z-value of the fragment, and the isotopic yields is plotted against the N-value of the fragments. The isotopic yield is extracted for elements from Z = 30 up to Z = 62. It appears that for all elements, the isotonic distribution follows almost a Gaussian distribution, covering eight to twelve neutron numbers. Elements Z = 49 and 50 show a quite dierent behavior: the shape is frankly asymmetric, and very dierent from that of a Gaussian function. Note how element 49 (Indium) is centered on N=73, and shows a tail which extends to higher values of N, up to 80. Element 50 (Tin) on the contrary is centered around N=78, with a tail which extends to smaller N-values down to 72. It is impressive that a shift of just one Z unit should cause a shift in neutron number of 5 units.

We have already underlined the role of the doubly closed shell in the vicinity of 132 Sn on asymmetric ssion in the introduction, and this is an experimental assessment of its importance. The strong jump in N-value between Z=49 and 50 is linked to the attractive power of the 132 Sn region, and the transition between the symmetric SL mode, and the asymmetric ST1.

The tails observed in the isotonic distributions of elements Indium and Tin are the signatures of each ssion mode, SL and ST1. Element Indium is mainly produced by the Super Long channel, but also by the ST1 channel which causes a tail extending to higher N values. Element Tin on the contrary is mainly produced by the ST1 channel, and the residual contribution of the SL mode provokes a tail towards lower N-values. The fact that we should observe this transition more strongly on elements 49 and 50, than on their lighter complementary elements 42 and 43 testies of the prominent role of the heavier fragment, and of the doubly magic 132 Sn.

Experimental data obtained on Lohengrin at ILL

The isotopic yield obtained at ILL covers only the light fragments group.

One observes that the even-odd staggering is systematically enhanced for the ILL data. This is expected, since the excitation energy is lower at ILL with thermal neutron induced ssion, than at GSI with Coulex ssion.

Also, the dierence in amplitude for elements Z = 34, 36, 38 is due to the fact that the elemental yield presents a stronger even-odd staggering at low excitation energy, therefore increasing the production of even-Z fragments (see gure 7.4a page 137).

Despite these variations in amplitude, one observes that the structure for each element is quite well reproduced: note in particular elements Z = 35, 36, 37, 38, 39. For elements Z = 41, 42, 43, it appears that only the lighter part of the distribution is measured at Lohengrin, therefore one should not be surprised by the lack of similitude between the yields measured at ILL and at GSI.

Simulation data obtained from the code GEF

Coulex ssion of 234 U was simulated with the code GEF.

In a general manner, the agreement between the data from the SOFIA experiment, and the results of the GEF code is very good.

As already mentioned, the code GEF provides a lower contribution of symmetric ssion, than observed with the SOFIA experiment. This accounts for the strong variations in amplitude of elements 42-49: the amplitude of the SOFIA distribution is systematically higher than for the code.

The even-odd staggering on isotopic yields is also stronger in the code than in the experimental data. This is consistent with the observations made in section 7. 1.1. Taking into account these systematic dierences in even-odd staggering, and in amplitude for the symmetric ssion fragments region, it becomes obvious that the structure of the distributions is very well reproduced.

The strongest (yet slight) disagreement is to be found for elements Indium (Z = 49) and Tin (Z = 50). These two elements cover the transition from symmetric to asymmetric ssion on the heavy fragment's side: we observe a combination of symmetric and asymmetric modes, which had never been experimentally measured, and it is thus not surprising that the code, having no experimental landmark for this phenomenon, should strive at reproducing it.

Extensive comparison has been performed on ssion yields of the compound nucleus 234 U, often measured as neutron induced ssion of 233 U. Yields have been compared to two ssion codes: the semi-empirical GEF code, and the statistical SPY code. The agreement of the experimental data is very good with the semi-empirical code GEF, although the latter presents lower contribution of symmetric ssion, and a stronger even-odd staggering. Comparisons to experimental data at low excitation energy reveals that some ne structures are maintained with the variation of the excitation energy. It has also been observed that the contribution of the most asymmetric ssion mode (ST2) decreases as the excitation energy increases, in favor of the symmetric ssion mode (SL). The less asymmetric ssion mode (ST1), seems to be little aected by the variation in excitation energy. This trend, although corroborated by simulations with the GEF code, is not observed in the evaluation of neutron induced ssion of 233 U, at neutron energy E n = 14 MeV. The lack of experimental data at this energy may account for the dicult evaluation of ssion yields, and the high associated uncertainty in the JEFF library. Isotopic yields have also been compared for Coulex ssion at GSI, thermal neutron induced ssion at ILL and GEF simulation of Coulex ssion. Expected variations, inherent to the dierence in excitation energy between the experimental data from GSI and ILL, are observed. Beyond these variations, the agreement is excellent, the central values and width of the neutron distributions for each element is well reproduced for both experimental sets of data and simulation. This part has enabled us to situate the SOFIA data among the available codes or existing data. In the next section, we will focus on the elemental and isotonic yields of the SOFIA data for the actinides. 

Elemental and isotonic ssion yields

This part is dedicated to the elemental and isotonic ssion yields. By separating the protons distribution, and the neutrons distribution, it is hoped to get a better insight on the respective inuence of the Z-and N-shells of the fragments on the ssion process.

The evolution of the yields along isotopic chains of Protactinium, Uranium and Neptunium is underlined. The mean position of the heavy neutron and charge numbers are extracted for all measured ssioning nuclei.

Uranium elemental yields

For the same Z-value, and dierent N-values in the ssioning nucleus, the elemental yields is found to vary quite strongly. This is observed in the ssion of 234 U, 235 U and 238 U in gure 7.9. This evolution is understood as the variation of the contribution of each asymmetric ssion modes ST1 and ST2. Indeed, the lower the number of neutrons in the compound nucleus, the weaker the contribution of the asymmetric ssion mode ST1, as compared to the ST2 ssion mode. In order to emphasize the contribution of each ssion mode, all elemental distributions have been tted with a set of ve Gaussian functions a : one function, centered in Z = 46, with a width of 4 units, picturing the contribution of the symmetric super long ssion mode two functions, respectively centered on Z = 40.5 and Z = 51.5, with widths of 1.3 units, picturing the contribution of the asymmetric ST1 mode two functions, respectively centered on Z = 38 and Z = 54, with widths of 2.3 units, picturing the contribution of the asymmetric ST2 mode.

It becomes obvious that the Gaussian functions corresponding to the ST1 ssion mode become more and more prominent as the number of nucleons in the compound nucleus increases. It is known that the ST1 ssion mode is guided by the spherical, doubly magic, 132 50 Sn ssion fragments. And when computing the mass over charge ratio of the compound nucleus, one observes that for these three Uranium isotopes, the higher the number of neutrons, the closer to the mass-over-charge of the doubly magic 132 50 Sn, the same quantity of the compound nucleus: the values are compiled in table 7 Our understanding is thus that, as the mass-over-charge value of the compound nucleus gets closer to that of the doubly magic 132 50 Sn, the production of this fragment becomes more important, and in a more general manner, that the asymmetric ssion mode ST1 gains amplitude. The next section, covering a The choice of the default values for the t are chosen according to the reference [START_REF] Böckstiegel | Nuclear-ssion studies with relativistic secondary beams: Analysis of ssion channels[END_REF].

the elemental and isotonic yields of all seven ssioning systems ( 231 Pa, 232 Pa, 234 U, 235 U, 238 U, 237 Np, 238 Np), will give a larger overview of this phenomenon. 7. 2.2 Elemental and isotonic yields of Protactinium, Uranium, Neptunium

For each ssioning element (Protactinium, Uranium, Neptunium), the elemental (g. 7.10) and isotonic (g. 7.11) yields of all measured isotopes are superimposed.

Elemental yields The neptunium isotopes (g. 7.10c) shows the same behavior regarding the competition between standard one and standard two ssion modes: for 238 Np, the contribution of the ST1 ssion is enhanced, as compared to 237 Np. It is mostly observed through the shift in the mean heavy and light peaks: it is centered on a more asymmetric ssion for 237 Np. This trend is not obvious in the elemental yields of 231 Pa and 232 Pa (g. 7.10a), but this should be aected to the higher uncertainty on the yields. In addition it shows that, in order to observe such ne eects (see the dierence between the elemental yields of 234 U and 235 U, gure 7.10b), an extremely low uncertainty is needed.

On a more global point of view, when observing the elemental yields of protactinium, uranium, and neptunium, it appears that the heavier peak is approximately centered at the same position, the lighter peak compensating for the dierence in total charge number. The fact that the heavier fragments should remain at the approximate same position in the actinides region has long been observed [START_REF] Flynn | Distribution of mass in the spontaneous ssion of 256 Fm[END_REF].

Isotonic yields As already discussed, isotonic yields must be treated with caution, because they are the result of the ssion process itself, and the emission of prompt neutrons.

Let's focus on the uranium isotopes rst (g. 7.11b). The rst striking feature is the fact that we observe a shift in the distributions: the distribution which is more shifted to the heaviest fragments is that of 238 U, the one which is more shifted to the lightest fragments is that of 234 U, and the distribution of 235 U stands in between. This unfolds from the variation in the total number of neutrons in the compound nucleus.

The peak of the heaviest fragments however is approximately centered at the same position for all three isotopes, while the lightest peaks show a larger uctuation, accounting for the dierence in total neutron number. The production of the isotone N = 82 is approximately the same for all three ssioning isotopes, and is clearly more important than the other isotones. This is due to the magicity of the number 82. Although it is probably favorably produced in the ssion process, it also comes from the fact that heavier isotones which emit neutrons, reaching to the magic number N=82, are very unlikely to emit further neutrons, due to a high neutron separation energy.

With much caution, one can also observe that the light fragments group show a dierent shape for 234 U and 235 U on the one side, and 238 U on the other side: it is more shifted to the very asymmetric values for the lighter isotopes of uranium, and to the less asymmetric values for 238 U. This may be understood as a signature of the ssion modes competition, as was detailed in the previous section. Indeed, we underlined the fact that for 238 U, the contribution of the standard 1 mode, the less asymmetric of both asymmetric modes, was enhanced. This seems to be consistent with the observation of the light peak.

To draw a conclusion regarding the other ssioning systems (neptunium and protactinium) is more tricky, due to the limited statistics on the isotonic yields. However, the fact that heavier ssioning isotopes lead to heavier isotones fragments is still observed for protactinium and neptunium. Also, in a more general manner, we observe that the heavy peak remains at the approximate same position for all ssioning systems, the lighter peak moving accordingly to compensate for the variation in the total number of neutrons.

Mean position of the heavy fragment Background

In the previous sections, we have underlined that:

The asymmetric ssion modes ST1 and ST2 are in competition, and their contribution to the total yields varies with the number of neutrons and protons in the compound nucleus. It is particularly striking in elemental yields, where we have observed that it varied with the number of neutrons in the compound nucleus, despite the fact that the Z-value of the ssioning system remains the same (along chains of uranium, neptunium). For the same Z-value, the heavier the compound nucleus, the stronger the contribution of ST1 ssion. We have also observed in both elemental and isotonic yields that the heavy fragments plays a prominent role in the asymmetric ssion of the actinides: indeed, the heavy peak remains approximately at the same position, the lighter peak compensating for the variation in N-or Z-number of the compound nucleus. This feature has long been known.

The remaining question is whether the N-or Z-shells of the fragments are more decisive in the stabilization of the heavy fragments?

With the breakthrough performed by K.-H. Schmidt in the systematic measurement of elemental yields over a large region of the nuclide chart [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF], it has been found that the heavy peak showed an almost constant mean Z-value; the N-value has been estimated to vary as a function of the compound nucleus. This would indicate that the Z-shell plays a more prominent role in the stabilization of the heavy fragments, rather than the N-shell. However, this study was performed without the direct measurement of the mean N-value of the heavy fragments. In this paper, the mean neutron number was estimated using the UCD (Unchanged Charge Density) approximation, which states that the mass over charge value of the fragments before prompt neutron emission is the same as that of the compound nucleus. This approach would neglect polarization eects: the polarization accounts for the variation of the mass over charge ratio of the fragments, as compared to the ssioning nuclide. Later papers [START_REF] Schmidt | General description of ssion observables[END_REF] present studies performed taking into account the polarization of the ssion fragments, calculated with the code GEF. The conclusion of the study remains unchanged: the heavier fragment group is characterized by an almost constant mean Z-value (Z ≈ 54), while the mean N-value varies more importantly when observing the ssion of long isotopic chains.

Since however the neutron number in the heavy peak had not been directly measured until very recently, it seemed interesting to add our data to this study.

Calculation

The elemental and isotonic yields have been systematically tted with three Gaussian functions (see example gure 7.12): one covering the symmetric component of the yield two covering the asymmetric component of the yield.

From this t, one extracts the mean value of the Gaussian function which represents the heavy asymmetric peak. Yet the goal of this study is to understand the impact of the respective N-and Zshells of the fragments in the partition of the compound nucleus. The N-distribution is measured after prompt neutron evaporation, thus also resulting from this phenomenon. The mean heavy neutron number, before neutron emission, has been estimated using the measured total prompt neutron multiplicity (see table 7.6 page 158). And, relying on previous observations regarding the respective prompt neutron evaporation by the light and heavy fragments, we have aected two thirds of the total prompt neutron multiplicity to the heavy fragment. Finally, we compute the mean heavy neutron number as:

N pre H = N post H + 2 3 × νtot
In order to assess the validity of our method, we have used the code GEF. This code provides (1) the pre-neutron evaporation isotonic yields, (2) the post-neutron evaporation isotonic yields, (3) the total prompt neutron multiplicity. The mean N-value of the heavy fragments is computed both from a t on the pre-neutron isotonic yields (1), from a t on the post-neutron isotonic yields (2), which is corrected for the prompt neutron evaporation by adding two thirds of the total multiplicity (3).

The results of these calculations are provided in table 7.2. For all ssioning nuclides (except for 231 Pa), the dierence in the mean heavy neutron number calculated with these two methods does not exceed 0.3 neutrons (see tab. 7.2). We take this as a validation of our method.

All extracted values are compiled in tables 7.3 and 7. 4. They are compared, for the Z-value, to the experimental data of 1996 at GSI (label "KHS", reference [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF]). Figure 7.13 compiles all the results.

Regarding the uncertainty for the mean N-value of the heavy fragments, we provide: the statistical uncertainty, combining the uncertainties on the mean post-neutron N-value of the heavy fragments, and on the total prompt neutron multiplicity, the systematic uncertainty, associated to the amount of prompt neutron emission coming from the heavy fragments. We have found reasonable to account two thirds of the total prompt neutron multiplicity to the heavy fragment. However we estimate the systematic uncertainty, inherent to this factorization, amounts to 8 % of ν tot .

Mean N-value of the heavy fragment The fact that for each element, the mean N-value of the heavy fragment should increase with the mass of the compound nucleus is due to the increased number of neutrons in the compound nucleus, which are distributed to both the light and the heavy fragments.

In this excerpt of the SOFIA data, the neutron number of the compound nucleus varies between 146 ( 238 U) and 140 ( 231 Pa), for a range of 6 units. The mean N-value of the heavy fragments covers a range of 1.2 units. The ratio of the heavy fragments range to the compound nucleus range is 20.8 %.

Mean Z-value of the heavy fragment The values for the SOFIA experiment agree with those of the 1996 experiment, taking into account the uncertainties. The fact that for each element, the mean Z-value of the heavy fragment decreases with the mass of the compound nucleus is a direct consequence of the competition between the standards one and two, discussed in sections 7.2.1 and 7.2.2. In this excerpt, the charge number of the compound nucleus varies between 93 and 91 for a range of 2 units. The mean Z-value of the heavy fragments covers a range of 0.37 units. The ratio of the heavy fragments range to the compound nucleus range is 18.5 %. Table 7.4: Mean Z-value for the heavy fragments. Estimated by tting the elemental yields with a set of three Gaussian functions: two for the asymmetric components, and one for the symmetric component.

Partial conclusion

With this excerpt of the SOFIA data, it is not possible to give a conclusion regarding the respective stability of the N-and Z-shells. The relative variation of the mean neutron and charge number of the heavy fragments, as compared to that of secondary beam, are very similar. The suggested stabilization of the Z-value does not appear very clearly. However, the variation in the Z-value and N-value of the compound nucleus are not strong enough (3 elements, 7 isotones) to give any conclusions. It is suggested that it would be interesting to gather as much data of this type as possible, to assess the conclusions given by Dr. Schmidt. The full analysis of the SOFIA data, including the protactinium, thorium and actinium chains should permit to confront the conclusions of the study with very accurate experimental data.

Neutron and proton even-odd staggering

It has been observed in both the elemental and isotonic yields, that the even charge or neutron numbers showed an enhanced production. This staggering is quantied, both globally and locally.

Global even-odd staggering

The global quantication of the even-odd staggering is calculated as follows:

G eo = Y even -Y odd Y even + Y odd
Where Y even is the total yield of even charge (or neutron) number fragments, and Y odd is the total yield of odd charge (or neutron) number fragments.

The values for all studied ssioning systems, and for both Z-and N-yields, are listed in table 7. 5. The value obtained on Lohengrin at ILL, by Quade [START_REF] Quade | Nuclide yields of light ssion products from thermal-neutron induced ssion of 233 U at dierent kinetic energies[END_REF], for the thermal neutron induced of 233 U has been included, as well as the value for Coulex ssion of 234 U obtained at GSI in 1996.

Z even-odd staggering In the uranium chain, and for Coulex ssion, one observes that the evenodd staggering is all the weaker that the mass of the compound nucleus is high. This is understood by the fact that as the mass increases, the height of the saddle point increases also (the ssility is reduced). The descent from saddle to scission is thus longer, leaving more room for energy dissipation. The energy which becomes available during the descent is transferred to the pre-fragments under the form of excitation energy, and it becomes possible to break nucleon pairs.

Another observation stands in the comparison of the compound nucleus 234 U, in Coulex ssion or in thermal neutron induced ssion of 233 U. The lower excitation of the compound nucleus induced in the thermal neutron ssion process causes the global even-odd eect to increase by a factor of 80 % as compared to Coulex ssion.

Also, one can underline that the measured values from the SOFIA experiment, and the 1996 experiment at GSI with Coulex ssion also, provide results in complete agreement.

Regarding the global even-odd staggering of odd Z-ssioning nuclides (neptunium and protactinium), the charge conservation in the ssion process enforces the global even-odd staggering to be null. However, when selecting only the lighter part of the fragments distribution, it appears that there is indeed a slight even-odd staggering. Due to conservation, the (semi-) global value for the heavy fragment groups is negative. This feature has already been observed, and shows that the even-odd staggering is preferably maintained in the light fragment region for odd-Z ssioning systems.

Nuclide Table 7.5: Global even-odd staggering on Z-and N-yields observed on the SOFIA data (except 233 U (n,f) (ILL), from [START_REF] Quade | Nuclide yields of light ssion products from thermal-neutron induced ssion of 233 U at dierent kinetic energies[END_REF] and 234 U (Coulex, f) (GSI '96) from [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF]). For odd-element number ssioning systems, the global even-odd staggering on Z-yield in parenthesis is estimated for the light fragments only (below Z CN /2).

G eo (Z)[%] G eo (N )[%]
N even-odd staggering The even-odd staggering observed on isotonic yield results both from the ssion process itself and the prompt neutron evaporation. The variation of the global N evenodd staggering with the excitation energy, observed in the comparison between Coulex ssion of 234 U and thermal neutron induced ssion of 233 U, is much weaker than for the Z even-odd staggering. An explanation for this nding had been developed in the PhD thesis by E. Pellereau [START_REF] Pellereau | Contribution à la mise en place, à la réalisation, et à l'analyse des données de rendements de ssion issues de l'expérience SOFIA au GSI[END_REF], based on a work by M.-V. Riccardi ([62]). This work underlines the prominent role of the last step of neutron evaporation of the fragment, and the fact that the neutron separation energy of the last fragment is decisive in the observed even-odd staggering, and bears much more inuence than the excitation energy of the compound nucleus.

Local even-odd staggering

The local quantication of the even-odd staggering is performed according to the approach proposed by [START_REF] Tracy | Rb and Cs isotopic cross sections from 40 -60 -MeV proton ssion of 238 U, 232 Th, and 235[END_REF], which gives an estimate of the local uctuation of the yields as compared to a smooth Gaussian curve:

δ eo (i + 1.5) = - 1 8 i ln(Y i+3 ) -ln(Y i ) -3 × ln(Y i+2 ) -ln(Y i+1 )
Where i is the charge or neutron number considered. Since this local even-odd staggering estimate involves contributions of yields ranging from i to i + 3, it is plotted against i + 1.5 (see gures 7.14, 7.15 and 7.16). It is all the more impressive given that we have observed that the elemental yields of 234 U-235 U and 238 U presented a quite dierent behavior. The even-odd staggering however seems to be unaected by the global shape of the ssion yields. Note that all local variations, at Z = 49 -50, 52 -53, 55 -56 are extremely well reproduced for all isotopes of Uranium. The compound nucleus 234 U does not systematically reproduce so well the behavior of both other isotopes, however the uncertainty for this nuclide is much larger (due to low statistics), and probably accounts for variations (for example, the large decreases of even-odd staggering in the symmetry region).

Z-yield

The global trend seems to show that the even-odd staggering is lowest for the symmetric region. For asymmetric regions on the contrary, it becomes rapidly important (10 %) and increases steadily with the asymmetry.

A comparison to existing experimental data is presented in gure 7.15, compiling the values for the Coulex ssion and the thermal neutron induced ssion of the compound nucleus 234 U. As underlined in the paragraph regarding the global even-odd factor, the lower excitation energy in thermal neutron induced ssion leads to a higher even-odd staggering. Yet the gure emphasizes the fact that, while the absolute value of the even-odd staggering is much stronger for lower excitation ssion, the local uctuations and variations are perfectly reproduced in both ssion mechanisms. Observe in particular the enhanced even-odd staggering in the regions of Z = 35 -36, 39, 42 and their heavier counterparts Z = 50, 53, 56 -57. It is very interesting to observe that while the higher excitation energy in Coulex ssion tends to reduced considerably the even-odd staggering on a global scale, it perfectly reproduces the local uctuations along the Z-values of the fragments, as compared to low excitation energy ssion.

N-yield Figure 7.16 is the same gure for N-yields, in the Coulex ssion of 235 U and 238 U. The high uncertainty for the ssion of 234 U prevented us from including its curve on the plot. Again, it is striking that even the nest local uctuation in the even-odd staggering are perfectly well reproduced for both ssioning systems, which actually present a dierence in total neutron number of 3 neutrons.

Both curves are in complete agreement in the light region. The large peak at N = 82.5 in the region of the heavier fragments is a signature of the prominent production of N = 82 isotones, enhanced due to the closed shell. In the rest of the heavier fragments region and starting from N = 70, it is interesting to underline that, while both the global trend and the local uctuations are very similar for both systems, 238 U presents a systematic deviation of approx. -2 % (abs.) as compared to 235 U.

We have noted on Z-yields that in case of odd Z-value of the compound nucleus, the even-odd staggering is maintained in the light fragment group and not in the heavy fragment group. If we assume the same behavior for the N-even-odd staggering, it means that the even-odd staggering at scission and on the heavy fragment group, should be positive for 238 U (N=146) and negative for 235 U (N=143). The fact that after prompt neutron evaporation, the local even-odd staggering should be stronger for 235 U is all the more surprising. This observation has not yet found an interpretation.

In this section, we have led a systematic study on the isotonic and elemental yields of the actinides 231 Pa, 232 Pa, 234 U, 235 U, 238 U, 237 Np, 238 Np. By separating the neutron and charge yields, it was hoped to get a better insight on the respective roles of the Z-and N-shells of the ssion fragments, on the ssion process. The rst conclusion we brought concerns the competition of the asymmetric ssion modes ST1 and ST2: the evolution of the elemental yields, along a chain of isotopes of ssioning nuclides, showed that the increased number of neutrons in the compound nucleus would lead to a higher contribution of the ST1 ssion mode. This is understood as the higher inuence of the doubly magic 132 Sn nucleus, which is "hold responsible" for the ST1 mode, as the mass-over-charge value of the compound nucleus approaches that of 132 Sn. Then, observing the isotonic yields, we have found that the increased number of neutrons in the compound nucleus was distributed to both the heavy and light fragments, causing a shift in the isotonic yields. We have also observed the prominent production of the isotones N = 82. This production is the result of both the ssion process, and the subsequent prompt neutron emission. The shell N=82 acts as a trap: fragments which were directly produced with 82 neutrons, and those produced with more neutron which then emitted enough prompt neutrons to reach the closed shell, are very unlikely to emit further neutrons due to higher neutron separation energies. On both the elemental and isotonic yields, it has been assessed that the heavy fragments remains at the approximate same position for all ssioning systems, while the lighter fragment compensates for the variation in total proton or neutron number. In order to dig further in the understanding of the inuence of the respective Nand Z-shells of the fragments on ssion yields, the mean N-and Z-values of the heavy fragments has been systematically estimated. This follows a study by K.-H. Schmidt, which suggests that the Z-value of the fragments present an enhanced stability as compared to the N-value. Yet this study has been performed without the direct measurement of the N-value of the fragments: measurement which is performed with the SOFIA experiment. Therefore, we think our data is valuable in the assessment of the conclusion proposed by K.-H. Schmidt. Unfortunately, the limited number of ssioning systems in this work makes it complicated to compare the variation of the mean neutron and charge numbers in the heavy fragment group. It is suggested that it would be interesting to compile this information for as many nuclides as possible: this should be available when the analysis of the full SOFIA data will be nished. Finally, the even-odd staggering in ssion yields, both global and local, have been calculated. Through a comparison between Coulex and thermal neutron induced ssion, it has been observed that a higher excitation energy in the compound nucleus leads to a global decrease in the charge even-odd staggering, yet the local structure of the staggering is extremely well preserved at both excitation energies. Regarding the neutron number even-odd staggering, we have compared the behavior of the 235 U and 238 U ssioning systems. It has been underlined that the light fragment group presents a strikingly similar local structure. The heavy fragment group shows also a similar local structure, yet 235 U presents an enhanced even-odd staggering as compared to 238 U. This feature has not found an interpretation yet. Comparison between SOFIA data (full circles), and data from the 1996 experiment at GSI (empty squares, [START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF]). The mean value of the total prompt neutron multiplicity for all studied ssioning nuclides are compiled in table 7.6 and in gure 7.17. As expected, the larger the neutron excess in the compound nucleus, the larger the prompt neutron multiplicity. [START_REF] Lemaître | SPY: A new scission point model based on microscopic ingredients to predict ssion fragments properties[END_REF]. Note that the neutron-induced ssion data is provided as a function of the kinetic energy of the incident neutron, to which we have added the separation energy of the neutron, to estimate the total excitation energy induced in the compound nucleus through neutron absorption. For both compound nuclei 234 U and 238 Np, we observe that the prompt neutron multiplicity we measured is approximately 0.45 units higher than that observed in neutron-induced ssion, for the same compound nucleus and the same excitation energy.

A variety of reasons might explain this slight discrepancy:

In direct kinematics measurement The neutron detection eciency is often calibrated with a 252 Cf source, which ssions spontaneously, and neutrons are emitted isotropically in the frame of the compound nucleus. However, with 6 MeV neutrons, the recoil of the compound nucleus can not be neglected anymore, and the prompt neutrons are emitted in a slightly forward direction. The neutrons emitted forward are detected with a lower eciency. Furthermore, direct reactions may occur, in which the incident neutron scatters inelastically and leaves the resulting nucleus with lower excitation energy, than in the case of neutron absorption. Such situations lead to a lower prompt neutron emission.

In the SOFIA experiment It is possible that double reactions occur in the SOFIA setup, whether reactions of the secondary beam prior to ssion, or reactions of the ssion fragments after ssion.

Although we have dismissed all events in which a proton or a light charged particle has been removed, and the nuclear ssions contribution has been retrieved, it is possible that a few multiple reactions remain. It is important to know that these double reactions are very scarce, and they are all the fewer that the cross section for a single reaction is already quite low. However, these multiple reactions, which imply nuclear reactions in the material layers of the setup, correspond to a high loss of neutrons, and could bias our prompt neutron multiplicity, increasing the measured value.

Angular momentum considerations An important dierence between 6 MeV neutron induced ssion, and Coulex ssion, stands in the angular momentum transferred to the compound nucleus, and eventually to the fragments. We understand this has a bearing on the observed dierence in total prompt neutron multiplicity, between Coulex and neutron induced ssion.

In the case of neutron induced ssion, and when the neutron energy is as high as a few MeV, the angular momentum added to the target nucleus can reach ten units of . It has been shown that the increased angular momentum of the compound nucleus reects in the angular momentum of the ssion fragments [START_REF] Naik | Some important aspects of fragment angular momentum in medium energy ssion of 238[END_REF]. The γ emission, which competes with prompt neutron emission in the decay of the excited ssion fragments, would gain amplitude with the angular momentum of the fragments, and due to energy conservation, the prompt neutron emission would be consequently reduced.

On the opposite, in Coulex ssion, since we excite the giant dipolar resonance, the momentum added to the compound nucleus sums up to 1 , and does not change with the excitation energy.

Finally, for an equal excitation energy of the compound nucleus, the entrance channel (whether it is through neutron absorption, or electromagnetic excitation) bears an importance on the angular momentum added to the compound nucleus, and eventually on the angular momentum of the ssion fragments. In the data we are considering, it would mean that the angular momenta of the fragments are larger in neutron induced ssion than in Coulex ssion. The angular momentum would cause an increase in γ emission, limiting the energy available for prompt neutron emission. This interpretation could explain the fact that the prompt neutron emission should be lower for neutron-induced ssion, than for Coulex ssion (for a given compound nucleus, and a given excitation energy). 
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Projections of ν tot

The variation of the prompt neutron multiplicity is plotted against the N-and/or Z-values of the fragments.

Prompt neutron multiplicity vs. charge number Figure 7.20 represents the mean prompt neutron multiplicity vs. the charge of the ssion fragments. One observes that it ranges from 3.5 up to 6 neutrons, with the highest multiplicity occurring for symmetric ssion events (Z = 43 -49). This symmetric conguration corresponds to the Super-Long mode of ssion. The path from saddle to scission is very long, and both ssion fragments show a high quadrupolar deformation. After the scission, the fragments relax into their ground state shape, and the deformation energy is converted to excitation energy. This excitation energy is then released through prompt neutron emission. Therefore, the multiplicity is much higher than in asymmetric ssion.

For asymmetric ssion on the contrary, the multiplicity drops of about 2.5 neutrons. Asymmetric ssion, covering both Standard I and Standard II modes, is characterized by a shorter path to ssion, and smaller deformation of the fragments. The relaxation of the fragments is consequently smaller, and so is the excitation energy to be released through neutron emission.

It is often thought that the mean neutron multiplicity is a signature of the excitation energy of the ssioning system. This is certainly true in average. However, we can underline here that it is also highly dependent on the partition of the fragments, i.e. on the scission conguration.

Prompt neutron multiplicity vs. neutron number

The projection of the mean neutron multiplicity on the neutron number of the fragments is presented in gure 7. 21. Features observed in gure 7.20, i.e. the high multiplicity for symmetric ssion, and the lower multiplicity for asymmetric ssion, are also observable here. However it is striking, and to some E* [MeV] extent surprising, that the distribution should not be symmetric at all. In particular, the prompt neutron multiplicity is approximately constant at ν ≈ 3.8 for N-values below 56, while it decreases sharply on the opposite side of the isotonic yield distribution, starting from N = 82 up to N = 90, covering a range in total prompt neutron multiplicity from ν ≈ 3.6 down to ν ≈ 2. 6. Of course, if the ν was plotted against the pre-emission neutron number, it would be symmetric. Though surprising, these results were assessed with the code GEF (see gure 7.22), which gives very similar results to those obtained.

It is quite tricky to interpret this behavior, because we observe the total prompt neutron multiplicity, as a function of the post emission neutron number of one of the fragments.

However, in the simplest approach, we can say that it is quite intuitive that the post-emission neutron number of the fragments should be all the lower that the emission is important. And in parallel, the postemission neutron number of the fragments is all the larger that few prompt neutrons have been emitted (decreasing tail for heavy isotones). So, to some extent, we expect to see a decreasing trend of the ν with the increasing neutron number of the fragments. And on top of this, we know that the multiplicity is higher for symmetric ssion due to the large deformation of the nascent fragments. This resembles the trend we observe. The steep decrease in the total prompt neutron multiplicity in the vicinity of N = 60 is very strong, and well reproduced by the code GEF. This isotone N L = 60 is approximately the complementary of N H = 82, which accounts for the low total prompt neutron multiplicity.

Total prompt neutron multiplicity vs. charge and neutron numbers

To complete our study on prompt neutron multiplicity, we have plotted in gures 7.23 and 7.24 the mean total prompt neutron multiplicity, as a function of one of the fragments' mass and charge numbers.

We observe that for each Z-value, the lower the neutron number, the higher the prompt neutron multiplicity. This is steadily observed for all elements, except for element Molybdenum (Z=42). Both the asymmetric ST1 and the symmetric SL modes contribute to the production of this element, but they In the ST1 ssion mode, as we wrote before, the lower the neutron number, the higher the prompt neutron multiplicity. yet as the number of neutrons increases, the SL mode plays a large role, and it tends to increase the prompt neutron multiplicity in consequence of the high deformation of the fragment it causes. This is not seen on the complementary element Tin (Z=50), which is also produced both through the ST1 and the SL modes, because the contribution of the SL mode increases as the neutron number diminishes.

It thus contributes to the increase in prompt neutron multiplicity as the number of neutrons in the fragment decreases. Instead, we observe a variation in the slope: it is stronger from N=71 to N=77, and then softer. The total prompt neutron multiplicity is estimated in the SOFIA experiment on an event-by-event basis. The mean value of the total prompt neutron multiplicity, for the compound nuclei 238 Np and 234 U, have been compared to neutron-induced ssion, at a neutron energy of 6 MeV which should bring the compound nucleus to the same excitation energy as in Coulex ssion. In Coulex ssion, it is found that the total multiplicity is ≈ 0.43 -0.5 units higher than in neutron induced ssion. An interpretation for this dierence has been proposed, which relies on considerations on ssion fragments angular momentum. The projection of the mean prompt neutron multiplicity against the charge of the ssion fragments unveils the signature of ssion modes: the symmetric SL ssion mode shows a scission conguration with very elongated, highly deformed, fragments. As these fragments relax to their ground state deformation, the deformation energy is evacuated through neutron emission, leading to an increased prompt neutron multiplicity as compared to other modes. The enhancement amounts to 2.5 neutrons. Therefore it is important to keep in mind that, while the prompt neutron multiplicity is a good signature of the excitation energy of the compound nucleus, it also varies heavily with the asymmetry of the ssion. The correlation between the mean prompt neutron multiplicity and the neutron number of the fragments also shows the signature of symmetric and asymmetric ssion modes, yet a frank dierence in the evolution of the ν tot was observed for the lightest and heaviest isotones. It is all the more complicated to give an interpretation to this observation, that the total prompt neutron multiplicity, and the post emission neutron number of the fragments, are compared. Finally, the prompt neutron multiplicity is observed for each isotope produced as ssion fragment. This gives us more insight into the impact of the ssion modes on the prompt neutron emission. Notably, we have noticed that for each element, the prompt neutron multiplicity diminishes as the neutron number of the fragments increases. However for element Molybdenum, which is produced by both the SL and ST1 ssion modes, this diminution in ν tot is counteracted by the eect of the SL mode which tends to cause an increase in the prompt neutron multiplicity. For the complementary fragment of Molybdenum, that is Tin, the contribution of the SL mode actually tends to enhance the slope of the variation of the ν tot against the neutron number.

Total kinetic energy

The total kinetic energy of the fragments is a ssion observable which is loaded with information on the deformation conguration at scission. Indeed, the most compact the scission conguration, the higher the Coulomb repulsion, leading to a higher kinetic energy of the fragments. On the opposite, when both fragments are highly deformed, their center-of-mass are far apart at scission, the Coulomb repulsion between the fragments is all the lower, and the kinetic energy is consequently smaller. 7. 4

.1 Uncertainty

The uncertainty on our measurement of the total kinetic energy unfolds mainly from the uncertainty on the energy loss, which is calculated in order to estimate the velocity of the beam and of the fragments at the ssion location. The energy loss was calculated by means of LISE++ simulations, and we estimate that the uncertainty amounts to 3 % of the calculated energy loss. The variation of the calculated total kinetic energy with the variation on the energy of the beam and the fragments, within the range of the uncertainty, amounts to approximately 2 MeV. We take this range, 2 MeV as an estimate for the systematic uncertainty on the total kinetic energy. However, despite this large uncertainty, we are condent that the local and relative variations in total kinetic energy in our data are measured with a very good accuracy.

Mean value

The total kinetic energy has been estimated for the 235 U ssioning system. The mean value is measured to be 166.16±2.MeV. A recent paper [START_REF] Lestone | Energy dependence of plutonium and uranium average fragment total kinetic energies[END_REF] provides the evolution of the TKE with the incident neutron energy for the neutron-induced ssion of 235 U. This is shown in gure 7.25; the SOFIA data has been added to the plot (only the statistical uncertainty is drawn in the plot). On the experimental measurements of the TKE for the neutron induced ssion of 235 U, one observes a slight dip in the vicinity of E n ≈ 6 MeV, which is the equivalent mean neutron energy, for Coulex induced ssion. The dierence between neutron induced ssion of 235 U at 6 MeV neutron and our measurement for the Coulex ssion of 235 U is 1.2 MeV. This discrepancy is quite low, and stands well within our estimated systematic uncertainty.

Impact of deformation

As suggested in the introduction, the total kinetic energy reects to some extent the deformation of the nascent ssion fragments at scission: the most deformed, the further apart, and thus the lower the kinetic energy.

The respective charge of the ssion fragments are also obviously very important in the estimate of the Coulomb repulsion between the nascent fragments. A very much simplied calculation has been performed, to estimate the Coulomb repulsion between two point-like charges, at a xed distance of 17 fm b : it is represented in gure 7. [START_REF] Till Von | Systematics of nuclear level density parameters[END_REF]. As expected, the product of the charge of both ssion fragments is maximized for symmetric ssion, and it decreases with asymmetry.

Figure 7.27 represents our measurement of the total kinetic energy, as a function of the Z-value of the fragments, for the compound nucleus 235 U. It does agree on the order of magnitude with the calculated Coulomb potential energy. It shows a very strong dip at symmetry, with an amplitude of no less than 16 MeV. Such a variation is due to the fact that the distance between the fragments is not constant ; it is all the larger that the fragments are elongated.

Figure 1.4 (page 9) shows the scission congurations for respectively the Super Long symmetric mode, and the ST1 asymmetric mode. The SL mode is characterized by highly deformed, elongated prefragments: the distance between the center-of-mass of both nascent fragments is very long, and thus the Coulomb repulsion is quite weak. This is what we observe in the total kinetic energy for the symmetric ssions, ranging from Z = 43 to Z = 49.

On the opposite, the ST1 mode is very compact: the heavy pre-fragment is almost spherical (due to the double closed shell Z = 50, N = 82), and the distance between the nascent fragments is short. The total kinetic energy is thus very high, and this is observed in gure 7.27: the TKE for Z = 50 is indeed very high, almost the highest reached TKE.

Note that the behavior of the total kinetic energy as a function of the scission asymmetry is somewhat complementary to the behavior of the prompt neutron multiplicity. To the low TKE at symmetry corresponds a high prompt neutron multiplicity, and to the large TKE in the vicinity of 132 Sn corresponds a very low prompt neutron multiplicity.

Even odd staggering in the TKE Having a closer look at the gure 7.27, one observes a very ne eect, an even-odd staggering in the total kinetic energy. It has already been observed that fragments with even charge number exhibit a higher kinetic energy, in the thermal neutron induced ssion of 235 U [START_REF] Lang | Nuclear charge and mass yields for 235 U(n th , f ) as a function of the kinetic energy of the ssion products[END_REF]. In this experiment, an enhancement in the kinetic energy of the even fragments of about 0. observe indeed. This observation supports a high quality of our measurement.

The quantitative estimate of the even-odd staggering in TKE has been performed using the same method as for the even-odd staggering in Z-or N-yields. It is found to amount to 0.20 ± 0.08% in the Coulex ssion of 235 U.

The local even-odd staggering is also calculated, and plotted in gure 7. [START_REF] Tovesson | SPIDER: A new instrument for ssion fragment research at the Los Alamos Neutron Science Center[END_REF]. One observes a very sharp peak in the vicinity of Z = 50, which represents the strong variation in TKE between the SL and ST1 modes. Although quite weak, one observes a distinct structure in the local even-odd staggering: it is stronger in the vicinity of Z = 52 -53. This structure is astoundingly similar to the one observed on the local even-odd staggering on Z-yields. Such a behavior certainly deserves to be thought about, and digged further.

TKE per isotope

The total kinetic energy has also been inferred for all ssion fragments produced in the ssion of 235 U. It is represented in gures 7.29 and 7. 30.

In gure 7.29, the total kinetic energy is plotted as a function of the number of neutrons in the fragment, each line representing one Z-value of the fragments. Figure 7.30 represents a nuclide chart, with the measured total kinetic energy vs. the charge and neutron number of the fragments.

In the light peak, it appears that the kinetic energy is more sensitive to the neutron number of the fragments, than to the charge number. This has not yet found a proper interpretation. However, it is interesting to observe that, in the light region, the TKE increases readily with the number of neutrons. A radical change in behavior is observed for Z = 42, where the kinetic energy slightly increases, and then decreases eectively, with the increasing number of neutrons. This is due to the Super Long mode, which starts approximately at N = 62, and which is characterized by a low kinetic energy. It is particularly striking that the ssion modes overlap each other, the element Z = 42 presenting a variation in behavior with its light isotones (asymmetric mode, TKE increases slightly with the number of neutrons) and its heavier isotones (symmetric mode, TKE drops readily). The region N = 62 -75 shows the lowest values of TKE: the symmetric SL mode is predominant in this region.

Then, we observe a sharp increase in the total kinetic energy, as the asymmetric mode ST1 is approached. It is obvious that the higher kinetic energy is found in the vicinity of the doubly magic 132 Sn fragment. On the heavier fragments region, it appears that for a given isotone, each charge variation induces a strong variation in the TKE. This behavior is dierent from that observed in the light group. Also, one observes again the even-odd staggering on the TKE, particularly striking for elements Z = 55, 56, 57. The total kinetic energy is a particularly interesting observable in ssion, because it is intimately connected to the scission conguration. In the ssion of 235 U, we have observed and assessed a variety of TKE features:

the Super Long mode, which corresponds to highly deformed fragments at scission, causes a dip in the TKE distribution as a function of the charge of the fragments, of 16 MeV the maximum reached TKE is found in the production of fragments close to the doubly magic 132 Sn the observation of the TKE for each produced ssion fragment permits to observe transitions between symmetric and asymmetric ssion modes. also, the TKE is aected of an even-odd staggering, which had already been observed at Lohengrin. This even-odd staggering is very thin, and estimated to amount to 0.20 %. The fact that we can observe it is a good assessment of our measurement the calculation of the local even-odd staggering on the total kinetic energy has been performed. The local structure happens to be very similar to that observed on the Z-yields even-odd staggering. This similarity is impressive, and quite exciting Chapter 8
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Summary

The SOFIA experiment aims at measuring, for the very rst time since the discovery of ssion seventy ve years ago, the full isotopic yields through the simultaneous identication in mass and charge of both ssion fragments. The total kinetic energy of the ssion fragments is also measured. These measurements are performed for a wide variety of ssile nuclei, and this work reassembles an excerpt of the experimental data taken in August 2012, covering the region of the actinides: 231 Pa, 232 Pa, 234 U, 235 U, 237 Np, 238 Np.

Inverse kinematics

The measurement of full isotopic yields is made possible by the advent of heavy ion accelerators, and particularly the GSI at Darmstadt, which accelerates 238 U beams up to 1 AGeV. At this facility, it is possible to exploit the strength of inverse kinematics at relativistic energies, a technique rst applied to ssion studies in the nineties. Inverse kinematics are particular in the sense that the ssile nuclide (of which we make a target in direct kinematics) is accelerated, and the ssion is induced in ight.

The identication of the ssile nuclei, and of both ssion fragments, are also performed in ight. Such a technique permits to lift the severe restrictions which apply to direct kinematics methods :

all constraints inherent to the use of a target in direct kinematics (cost, stability with regard to radioactivity and handling) no longer apply. In inverse kinematics, the ssioning system is created, and its ssion is induced, in ight. The study of the ssion of unstable nuclei is made possible, with a very permissive limit in life time of a few hundreds of nanoseconds minimum. The sole limitation in the choice of the ssioning system stands in its production cross section through fragmentation reaction.

the impulse transmitted by the ssioning system to the ssion fragments tends to focus them in a narrow cone, in the laboratory frame. This leads to a very high geometrical eciency, and this is the reason why (1) we can identify both ssion fragments simultaneously and (2) cover the whole ssion fragments range. On the contrary, in direct kinematics, both fragments are emitted back to back, and in all directions. A full geometrical acceptance would require 4 π detectors, which is both very costly and a challenge in terms of resolutions. in direct kinematics, the measurement of the nuclear charge of the ssion fragments is inhibited by the fact that the electronic cloud of the fragments "hides" the information on the nucleus charge.

When the fragments y at relativistic velocities, which is the case in the SOFIA experiment, the electronic cloud is completely ripped out, the fragments are naked, and the measurement of the nuclear charge is made possible with an ionization chamber.

Preparation of the secondary beam A cocktail secondary beam is produced by the fragmentation of 238 U primary beam on a Beryllium target. The use of a high resolution spectrometer, the FRS facility at GSI, permits to select ions of interest, and dismiss all other ions from the secondary beam. The secondary beam which reaches the ssion experimental area thus consists of a small array of chosen actinides. The identication of the ions on an event-by-event basis is performed by means of ∆E -T oF -Bρ measurements.

Fission induced in ight After their passage through the FRS, the secondary beam ions reach the experimental area Cave C, where the ssion experiment itself takes place. The ssion of the projectile is induced in a target of heavy material (lead or uranium), through Coulomb excitation. The Coulomb interaction causes mostly the excitation of the Giant Dipole Resonance of the actinides. The mean excitation energy of the compound nucleus after the excitation process is 12 MeV, which is equivalent to the excitation energy induced by the absorption of a neutron of approximately 6 MeV. This is (still) a low-energy ssion, which preserves ne eects such as even-odd staggering and signatures of the shell eects of ssion fragments, giving us a good insight in the ssion mechanism.

Another excitation mechanism, namely a fragmentation reaction, is also likely to take place in the targets. However this second mechanism leads to higher excitation energy, and to the abrasion of nucleons of the projectile, prior to ssion. Therefore, in the frame of the SOFIA experiment, these events have been rejected.

SOFIA recoil spectrometer Both ssion fragments, created in the ssion of the actinide, are focused in a narrow cone due to the relativistic boost inferred from the projectile. Their simultaneous identication is performed by means of ∆E -T oF -Bρ measurements. For this purpose, the SOFIA collaboration has developed and built a recoil spectrometer around the existing ALADIN magnet. Taking into account all limitations, the geometrical acceptance of the SOFIA recoil spectrometer amounts to 72 %.

In order to reach a good resolving power on the mass, extracted from the previously mentioned measurements, the needs in terms of resolution are very stringent (given at FWHM): 200 µm on position measurements, in order to reach a resolution on the Bρ measurement of 1/300 40 ps on the time of ight measurement, which corresponds to a relative resolution slightly above one per mil an unambiguous identication of the charge number of the ion To reach such resolution, the four years preceding the experiments have been dedicated to developing cutting edge detectors. The resulting resolution (FWHM) for the identication of the ssion fragments, observed during the experiment are: 0.40 units on the charge measurement, thus fully separated charges 0.60 units on the mass measurement, for light fragments (A ≈ 90) 0.80 units on the mass measurement, for heavy fragments (A ≈ 135) Fission observables For each event, both ssion fragments are identied in mass and charge, and the total kinetic energy is measured. Also, the total prompt neutron multiplicity is unfolded knowing the mass of the ssioning system, and that of both ssion fragments. Provided the statistics of events of the considered ssioning system allows it, the complete isotopic, isotonic, elemental and isobaric yields are extracted. Regarding the TKE and the total prompt neutron multiplicity, the mean values as well as their projection against the mass and/or charge of one of the fragments are calculated. The SOFIA experiment is all the richer of the simultaneous measurement of a variety of ssion observables, because it permits to observe their correlations and their respective evolution against each other.

Results

Comparison to existing data In our results, we have rst performed a systematic comparison between our yields for the Coulex ssion of 234 U, and existing experimental data and evaluations for the neutron-induced ssion of 233 U, which leads to the same compound nucleus. We have observed that the increase in excitation energy led to the enhancement of the ST1 ssion mode, as compared to the ST2 ssion mode. Evaluated data at a neutron energy of 14 MeV does not reproduce this trend. This underlines the strong need of quality experimental data, to feed the evaluations.

Elemental and isotonic yields in Coulex ssion Second, we have systematically observed the elemental and isotonic yields of all ssioning systems covered in this PhD. For completeness, we have added the data from the SOFIA experiment analyzed by E. Pellereau, regarding the ssion of 238 U.

It has appeared that the competition between the ST1 and ST2 modes also takes place in the variation of the number of neutrons of the compound nucleus, along an isotopic chain and for a constant excitation energy. Comparing the isotonic and elemental yields of 234 U, 235 U, 238 U, the ST1 mode becomes stronger as the mass increases. This is understood as the inuence of the doubly magic 132 Sn ssion fragment, which is responsible for the ST1 ssion mode, and which gains amplitude when the mass over charge ratio of the compound nucleus approaches that of 132 Sn.

It has long been known that the heavy fragment plays prominently in the asymmetric ssion of the actinides, due to strong shell eects of the nascent fragments. However, the respective roles of the N-and Z-shells of the fragments are not well understood. In the experiment on ssion led at GSI in 1996, it has been found that the mean Z-value of the heavy fragments remained approximately constant at Z = 54 for many surveyed ssioning systems, while the mean N-value has been estimated to vary more strongly. This nding suggested a strong inuence of the Z-shell of the fragments, although no theoretical approach had foreseen a particular stability for Z=54, even at deformations typical of the fragments. However, the missing element in that study is the behavior of the N-yields, which was not measured, but rather estimated. Since the SOFIA experiment permits to access the charge and the neutron number of the fragments, it has been found interesting to add our data to this study. The range of compound nucleus gathered in this work is too weak to give any conclusions. However, the compilation of the results of all the SOFIA data should permit to get a better understanding of the respective impact of the N-and Z-shells of the fragments.

Signatures of ssion modes It is commonly understood that the ssion of actinides present three main modes (in the frame of the Brosa interpretation): two main asymmetric modes Standard one (ST1) and Standard two (ST2), and one symmetric mode Super long (SL). Each ssion mode is characterized by a scission conguration. The estimate of the total kinetic energy, and of the total prompt neutron multiplicity, in the frame of the SOFIA experiment has given us an insight on the behavior of each of these modes.

We have surveyed the behavior of both of these observables (TKE and ν tot ) against the Z-value of the fragments in a rst approach, and against both the mass and charge of one of the ssion fragments in a second step.

We have observed that for symmetric ssions, the total kinetic energy is very low, while on the contrary the prompt neutron multiplicity reaches its highest value. This is due to the fact that in this mode, both ssion fragments are highly deformed at scission. The Coulomb repulsion is thus very low, because the center-of-mass of both ssion fragments are far apart. And to this elongated conguration corresponds a high deformation energy, which is transferred to the fragments under the form of excitation energy, before it is released through neutron emission.

On the contrary, the ST1 mode is characterized by a compact conguration, composed of an almost spherical heavy pre-fragment, and a deformed lighter pre-fragment. This ssion mode is attributed to the enhanced stability of the double closed shell in the vicinity of 132 Sn, region which is covered by the heavy fragment. The behavior of the TKE and the ν tot in this mode is then in complete opposition with the SL mode : the close distance between the nascent fragments induces a strong Coulomb repulsion, while the low deformation of the fragments leaves little energy to be dissipated through neutron evaporation, thus the prompt neutron multiplicity is very low. The ST2 asymmetric mode, which is even more asymmetric than the ST1 mode, is supposedly characterized by an almost spherical light pre-fragment, and a deformed heavy pre-fragment. The TKE and ν tot which characterize this ssion modes stand between those of ST1 and SL.

Our results thus meet with great consistency the interpretation of the ssion in terms of modes, as dened by Brosa. Even-odd staggering On elemental and isotonic yields, the local even-odd staggering has been calculated for neutron induced ssion and Coulex ssion, and for a variety of ssioning nuclei. It has been found remarkable that the local structure of the even-odd staggering was hardly inuenced by the excitation energy of a given compound nucleus, although in the case of lower excitation energy, the local even-odd staggering on Z-yield is enhanced in a global manner. Besides, it appeared that for a given element, the variation in neutron number did not impact the local structure of the even odd staggering on the N-or Z-yields.

A puzzling nding stands in the local even-odd staggering on isotonic yields, in the Coulex ssion of 235 U and 238 U. In the light fragment region, both ssioning systems show an impressively similar behavior. In the heavier region, the local structure is also similar for both systems, yet the local even-odd staggering of 235 U shows a systematic enhancement of about 50 % as compared to 238 U in this region. It is thus an important shift that we observe. The total kinetic energy, which is known for each element produced as ssion fragments, has been found to also present an even-odd staggering. It had already been observed that fragments with even Z-value exhibit a higher kinetic energy, and that higher kinetic energy corresponds to a stronger even-odd staggering in the elemental yields.

In our study, we have given a quantitative estimate of the local even-odd staggering on the total kinetic energy as a function of the corresponding Z-value. It has appeared that the local structures in the TKE even-odd staggering meet exactly those observed in the elemental yields even-odd staggering. This gives a further insight in the strong correlation between the even-odd staggering of the total kinetic energy, and of the ssion yields.

A possible interpretation stands in the transition between ssion modes. Indeed, it is expected that the ssion observables of one single mode follow an approximately Gaussian distribution, modulated by even-odd staggering. Therefore, the local quantication of the even-odd staggering is performed in a manner that it emphasizes the uctuation of the observable as compared to a Gaussian function. However, when two modes come into account, or when we face a transition between two modes, the Gaussian approximation does no apply anymore, and the prescription used to calculate the local evenodd staggering nds its limitations. Then, it is possible that the calculated local even-odd staggering is increased, not because of a real enhancement of the even-odd staggering, but rather because of the deviation from the Gaussian approximation. This could explain for example the high value of even-odd staggering in the vicinity of Z = 49 -50 both on ssion yields (gure 7.14 page 156) and on the total kinetic energy (gure 7.28 page 171): these elements cover the transition from symmetric SL ssion to asymmetric ST1 ssion. We have observed other systematical enhancements, in the vicinity of Z = 52-53 and Z = 55 -56. Their correspondence to a mode transition is not as obvious. However, we expect that this behavior is loaded with information, and it would be interesting to pursue the study of local uctuations in the even-odd staggering.

Outlook On this work

Within this work, we have tried to gain an overview of the ssion observables in the region of the actinides. We have underlined observations which have not yet found an interpretation, and which we think deserve a pursued study. We expect that by conducting further the analysis, and by scrutinizing a variety of correlations in our data, it is possible to acquire an even better understanding of their interdependence. The high statistics recorded for the ssion of the actinides, which was in the rst place guided by the need of high quality, low uncertainty data for the applications, has enabled us to observe very ne eects, notably even-odd staggering on yields and total kinetic energy, as well as their evolution as a function of the nuclides produced as ssion fragments.

On the SOFIA-1 experiment

This work is only an excerpt of the full SOFIA data which was recorded in August 2012. The analysis is still on-going for some ssioning systems, and the compilation of all the data will, we expect, provide an unprecedented overview on ssion observables over a large area of the nuclide chart.

On further SOFIA experiment(s)

The SOFIA experiment is actually a rst step in a larger experimental program. The next SOFIA experiments, and long-term directions of the experimental program, are guided by the will to ever improve our understanding of the ssion process, and by known limitations of the rst experiment.

A rst upgrade has been performed, in order to prepare for the SOFIA-2 experiment which took place on the 22nd-24th October 2014. The evolution of the experimental set-up has been guided by the added knowledge built on the analysis of the data from the 2012 experiment. It relied mostly on technological upgrades, and it should result in a higher resolving power of the mass of the ssion fragments, and a higher counting rate allowing for increased statistics. The aim of the experiment was then to measure the Coulex ssion of 236 U, which leads to the same compound nucleus as the neutron induced ssion of 235 U, of high importance for the applications. A second upgrade which is foreseen for the next ve years, is the combination of the SOFIA recoil spectrometer, with the R 3 B facility at GSI [START_REF]Technical proposal for the design, construction, commissioning and operation of R 3 B -a universal setup for kinematical complete measurements of reactions with relativistic radioactive beams[END_REF]. R 3 B stands for Reaction with Relativistic Radioactive Beams: it consists of an array of detectors dedicated to kinematically complete reaction studies. A variety of detectors, which are part of the R 3 B project, can be combined with the SOFIA recoil spectrometer to access a new variety of ssion observables: the NeuLAND neutron detector, which we think might help us in extracting the prompt neutron multiplicity per ssion fragment the CALIFA calorimeter, set around the ssion target, will provide the total energy, as well as the multiplicity, of the ssion gamma-rays.

Furthermore, the ALADIN magnet will be replaced by the GLAD magnet, which is more powerful and will thus permit to improve further the resolving power on the mass of the ssion fragments. We have already underlined that the SOFIA-1 and 2 experiments are all the richer of the simultaneous measurement of a variety of ssion observables. Through the addition of other ssion observables, we hope to get a further understanding in the inter-correlations which guide them.

In a slightly more distant future, the GSI facility will be upgraded into FAIR (Facility for Antiproton and Ion Research). At this new facility, an electron-ion collider should be built, where it is foreseen to perform ssion studies, within the frame of the FELISe project [START_REF] Simon | The ELISe experiment at FAIR[END_REF]. Many aspects of this project will be similar to the present SOFIA experiments : the method still relies on inverse kinematics techniques, with a ssile nuclei produced and identied in ight, and the identication of the ssion fragments also in ight. However, the main change -which represents a real 'revolution'-stands in the way the ssion reaction is induced : rather than using a target of heavy material to excite the giant resonances of the actinides and pre-actinides, the excitation will be performed by means of electron-ion collision. Again, the resonances of the secondary beam ion are excited, but in this situation, the scattered electron is collected. This permits to extract the excitation energy of the ssioning system on an event-by-event basis. The measurement of this quantity is of great importance, and represents the main limitation of the SOFIA experiment to this day. Optimize the Twin MUSIC's signal It was underlined that the measurement from the Twin MUSIC was provided with a relative calibration. It means that the relative position measurements of all the anodes the one another, are coherent. But the absolute position measurement cannot be inferred from the Twin MUSIC. The MWPC, on the contrary, provides an absolute measurement, which can be used as a reference for the Twin MUSIC nal calibration.

Figure B.2 represents the deviation δx as a function of the position measured in the MWPC. On the left, the gure shows a strong linear correlation, probably due to a slightly erroneous estimate of the velocity of the electron drift in the Twin MUSIC. The position as estimated with the Twin MUSIC has been corrected for this correlation, and the resulting gure is on the right. On a smaller scale, one observes a strong jump at the vicinity of x = 0, that is at the vicinity of the cathode in the Twin MUSIC. It is understood that when the fragment ies very close to the cathode, part of the ionization electrons are absorbed (it is a feature already underlined during the discussion on the energy loss in the Twin MUSIC), slightly shifting the apparent center of the electron cloud (the measured position).

[mm] Comparing the signal from the Twin MUSIC and that from the MWPC, it is possible to improve further the position measurement of the Twin MUSIC. Indeed, it has been made possible to provide an absolute position calibration for the Twin MUSIC, and to correct for ne edge eects, which would have otherwise remained unnoticed.

Optimize the MWPC's signal

The multi-wire chamber also benets from the comparison with the Twin MUSIC. Figure B.3 represents the dierence between the position measurements δx as a function of the position in the MWPC. It shows a regular structure, with a period of 3.125 mm, i.e. precisely the pitch of the x-cathode strips. This was discussed in the previous paragraph, and a regular and periodic uctuation was expected (see gure 5.20). Yet gure B.3 shows that some non-linearities, linked to the intrinsic structure of the MWPC and the limited accuracy on the width of the strips, deviate from the expected regular oscillation. To correct for this eect, the comparison with the signal from the Twin MUSIC is particularly adapted: the Twin MUSIC being a gaseous detector, no such algorithm artefacts are expected to appear. The same spectrum with corrected positions is presented in gure B. 4. The deviation between the position extracted from the Twin MUSIC measurements and that measured on the MWPC are now fully coherent, and the deviation between those two measurements remains steadily around zero for the whole range of occupation of the fragments.

Finally, with these additional corrections applied to the position measurement in the MWPC, the horizontal position measurement is performed with further accuracy. and at the exit of ALADIN:

x D = x C + L 2 × sin η cos(η -α) z D = z C + L 2 × cos η cos(η -α)

Trajectory

The trajectory of the fragment is dened by: the curvature radius ρ the covered angle ω and the total length The curvature radius is calculated as:

ρ = Abs L 2 sin( η-θ 2 ) × cos(α - η -θ 2 )
The covered angle is:

ω = Abs 2 sin -1 (z D -z B ) 2 + (x D -x B ) 2 2 × ρ
And the total length: In the center-of-mass frame The Lorentz transformation is the following: 

L tot = z B -z f ission cos θ + ρ × ω + z F -
        t x y z         =          γ t - V z c 2 x y γ (z -V t)          (F.
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 1112 Figure 1.1: Evaluation of the elemental yields of thermal neutron induced ssion of 235 U
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 13 Figure 1.3: Potential energy surface of 238 U, in quadrupolar and octupolar coordinates. Microscopic calculation using the eective nucleon-nucleon interaction Gogny D1S, and the HFB method. Court. N. Dubray, CEA DAM DIF.
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 1 4b presents the scission conguration at the end of the asymmetric path. It is characterized by an almost spherical heavier fragment, and a deformed lighter fragment.
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 14 Figure 1.4: Plots of the nascent fragments at scission, as extracted from the potential energy surface.
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 21 Figure 2.1: Layout of the GSI facility
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 22 Figure 2.2: Fissioning systems studied within the SOFIA experiment. Court. G. Boutoux
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 31 Figure 3.1: Schematic view of the FRagment Separator. The primary beam comes from the left, and the production target is right upstream S0. The end of the spectrometer, to the right, leads to Cave-C, where the ssion experiment takes place. Three dierent lines correspond to three dierent magnetic rigidities of the secondary beam nuclides. The black full line corresponds to the central trajectory.The blue dotted line corresponds to a higher Bρ value, while the red dashed line corresponds to a lower Bρ value as compared to the reference nuclide. This sketch is not to scale.
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 32 Figure 3.2: Nuclide chart, Z vs N. Black lines represent the drip lines [38]. Example of the selection process for a FRS setting centered on 235 U. Left: produced nuclides in the reaction 238 U at 1 GeV on hydrogen, according to reference [39]. The red lines represent the A/Z selection performed between the target area and S2. Center : nuclides transmitted up to the focal plane S2. The red lines represent the Z selection performed between S2 and Cave-C. Right: nuclides transmitted up to the nal focal plane at Cave-C.
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 33 Figure 3.3: Picture of the TUM-MUSIC detectors and TPC detectors, dedicated to the secondary beam identication, at the entrance of Cave C. The red arrow represents the ight path of the secondary beam.
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 35 Figure 3.5: Raw energy loss measurement in a TUM-MUSIC. The blue dotted line represents the distribution for primary 238 U, while the red full line represents the distribution for secondary beam, with a ( 238 Np, 235 U) FRS-setting.
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 36 Figure 3.6: Correlation histogram, between the measured charged state in the rst TUM-MUSIC against the same observable in the second TUM-MUSIC.
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 37 Figure 3.7: STOP detector for the secondary beam time of ight measurement. It consists of a thin scintillating plastic layer, and two photo-multiplier tubes.
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 38 Figure 3.8: Sketch of a TPC, side view on the left, and front view on the right. The red arrow represents the beam path.

Figure 3

 3 Figure3.9: Y vs X positions in a TPC, when the scintillating bers placed ahead of the chamber (the mask) are hit. The mask construction is very neatly recognized, with two vertical bers and three horizontal bers. The slope observed on the right-hand side of the gure is the deviation of the horizontal bers to reach the photo-multiplier tube. The same is observed for the vertical bers, at the bottom of the gure.
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 310 Figure 3.10: Picture of TPC detectors at S2, along with the START plastic for the beam time of ight measurement. The arrow represents the ight path of the secondary beam.
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 3 Figure3.11: Horizontal position measurement at S2 with 238 U primary beam setting. We can distinguish two peaks: the highest-intensity and centered-one which corresponds to fully stripped 238 U 92+ ions, and a smaller peak on the right-hand side, which corresponds to hydrogenoid 238 U 91+ ions. This observation is a measurement of the FRS dispersion between S0 (production target location) and S2 (focal plane at the middle of FRS).

With(

  Bρ S0-S2 ) 0 Magnetic rigidity of the reference ion, on which the FRS setting is centered ∆X S2 Distance between considered spot and that of the reference ion, at S2 D S0-S2 Dispersion between S0 and S2, as experimentally measured
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 3 Figure3.13: Secondary beam identication map (A/Z, q), for the U/Np setting. In the top gure, the "raw" extracted A/Z value is drawn, while at the bottom, some optimization and dependency corrections have been performed, in order to improve the resolution. The amount of events is irrelevant, since this plot only includes a sample of the recorded statistics.
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 314 Figure3.14: Left: Secondary beam identication map, for the U/Np setting, focused on Uranium and Protactinium isotopes. (Zoom from bottom picture of gure3.13) Right: Mass over charge ratio distribution, for q ≈ 92 in black dotted line, and q ≈ 91 in red full line. Let's not be misguided by
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 41 Figure 4.1: SOFIA set-up in Cave C.
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 42 Figure 4.2: Sketch of the active target. The secondary beam comes from the left. The targets are labeled U and Pb. The anodes are labeled A i . The red arrows represents a ssion event, taking place in the second uranium target.
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 43 Figure 4.3: Pictures of the start detector for the ssion fragments' time of ight. The detector is wrapped in Mylar foils (see right hand side picture), to shield the photo-multiplier tubes from the daylight. Plastic EJ-232, no quencher Plastic dimensions 5 × 32 × 600 mm 3 Total active dimension 5 × 900 × 600 mm 3 Photo-multiplier tubes Hamamatsu 6533 and 10580Table 4.3: STOP -Technical specications
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 44 Figure 4.4: Pictures of the stop detector for the ssion fragments' time of ight. On the left gure, the vertical plastic blades as well as the photo-multiplier tubes (top and bottom) are visible. The black "curtain" is then closed to shield the photo-multiplier tubes from the daylight. The operational detector is shown on the right-hand side gure.
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 45 Figure 4.5: Mechanical design of the Twin MUSIC detector. The ssion fragments, represented by the large red arrows, y from the left-to the right-hand side of the gure. The ionization chamber itself is placed into a housing. The central cathode plane, and the surrounding anode planes are distinguished.On the right-hand side of the detector, outside the housing, the board for the preampliers is drawn in green.
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 46 Figure 4.6: Top and side sketches of the Twin MUSIC.The large red arrows represent the fragments which y through the chamber. In 4.6a, the drift of the ions and the electrons created in the ionization of the gas, is represented in the right-hand side of the detector (bottom). The inuence of the electrons drift is read out on each of the ten anodes, labeled R1 to R10 (R for Right). The same is done for the other fragment, on anodes labeled L1 to L10 (L for Left).
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 47 Figure 4.7: Working principle of a MWPC. On the left, sketch of the anode wires plane, surrounded by a vertically segmented cathode plane (for X position) at the front, and a horizontally segmented cathode plane (for Y position) at the back. The large red arrows represent the path of the ssion fragments. On the right, schematic view of the electric eld around the wires. The latter is built

  Nuclear interaction. The impact parameter b is small, and nucleons are abraded from the projectile. Coulomb interaction. The impact parameter b is large. When the projectile reaches the vicinity of a nucleus of the target, a virtual photon is exchanged, due to the Coulomb interaction between both nuclei.
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 51 Figure5.1: Sketches of two dierent types of interaction occurring in the Active Target detector. On each gure, the secondary beam comes from the left; b is the impact parameter; the excited nuclide is drawn on the right.

Figure 5 .

 5 Figure 5.5 gives a scheme of ssions which occur at a variety of locations in the active target. In a consistent manner, gure 5.6 shows the energy loss as read by two adjacent anodes. Let's consider a ssion taking place in the second anode (case (b) in the examples):
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 5253 Figure 5.2: Calculation of the excitation energy of 235 U at 640 A MeV following a Coulomb interaction in a 238 U target. (A) The Coulomb eld of the target nuclide is decomposed in multipolarities: the equivalent dipolar (red dashed line) and quadrupolar (blue dotted line) photon uxes, as seen by the projectile, are drawn. (Calculated data, code EMD [48]). (B) Photon absorption cross section of the projectile. The red dashed line represents the dipolar excitation, mostly the Giant Dipole Resonance GDR. The blue dotted line represents the quadrupolar excitation, mostly the Giant Quadrupolar Resonance GQR. (Calculated data, code EMD [48]). (C) Excitation function of the projectile after Coulomb excitation. (C) = (A) × (B) (D) Probability that the chosen de-excitation channel be ssion, as a function of the excitation energy of the projectile. Remarkable features are the ssion barrier just above 6 MeV, the threshold of the second-chance ssion at 11 MeV and that of the third-chance ssion at 17 MeV. (Calculated data, Court. P. Romain, CEA/DAM/DIF.) (E) Excitation function of 235 U at ssion, following a Coulomb excitation. (E) = (C) × (D). The mean value is 12 MeV.

Figure 5 . 4 :Figure 5 . 5 :Figure 5 . 6 :

 545556 Figure 5.4: "Excitation-energy distribution at ssion after nuclear collisions of 234 U inside the plastic target, calculated with the ABRABLA code under the condition that all protons of the secondary projectile are still present in the ssion fragments. This condition selects very peripheral collisions that only remove neutrons from the secondary projectile.". Caption and gure from[START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF].

Figure 5 . 7 :

 57 Figure 5.7: Sketch of the time of ight wall detector. Each vertical plastic blade is connected to two photo-multiplier tubes, and each blade needs a time of ight calibration.

Figure 5 . 8 :Figure 5 . 9 :

 5859 Figure 5.8: Time of ight measurement, before (top) and after (bottom) the calibration of the time of ight wall, vs. vertical plastic blade number of the time of ight wall. Lead-208 primary beam at 420 AMeV.

Figure 5 . 10 :

 510 Figure5.10: Energy loss in the Twin MUSIC: considerations on the shaping time. A longer shaping time enables to take into account all the ionization electrons. It is represented on the left-hand side of gure5.10a, and the resulting shaped signal is the full line in gure 5.10b. On the other hand, a shorter shaping time reduces the amount of electrons taken into account, to only those created in the closest neighborhood of the ion's path. It is represented on the right-hand side of gure5.10a, and the resulting shaped signal is the dotted line in gure5.10b. A shorter shaping time leads to a loss of information, known as "ballistic decit". However it permits to dismiss the delta electrons which spoil the signal.

Figure 5 . 11 :

 511 Figure 5.11: Energy loss in the Twin MUSIC vs. time of ight. Each band corresponds to one element (one Z). On the left-(resp. right-) hand side of the gure, the energy spectrum before (resp. after) correction.

Figure 5 . 12 :

 512 Figure5.12: Energy loss vs. position of the fragment. The cathode of the Twin MUSIC stands at X = 0 mm, and the anodes stand at X = 105 mm. On the left-(resp. right-) hand side of the gure, the energy spectrum before (resp. after) correction.

Figure 5 . 13 :

 513 Figure 5.13: Energy loss of the fragment in the right-hand side of the Twin MUSIC, vs. position of the complementary fragment in the left-hand side of the Twin MUSIC. The cathode of the Twin MUSIC stands at X = 0 mm, and the anodes stand at X = -105 mm. On the left-(resp. right-) hand side of the gure, the energy spectrum before (resp. after) correction.

Figure 5 . 14 :

 514 Figure 5.14: Spectrum of the energy loss in the Twin MUSIC, after a set of adjustments of the signal. Selection on 235 U beam, and ssion events in the Active Target.

Figure 5 . 15 :

 515 Figure 5.15: Spectrum of the charge of the fragments. Selection on 235 U beam, and ssion events in the Active Target.

Figure 5 . 16 :

 516 Figure5.16: Sketch of the position measurements in the Twin MUSIC. Only one half of the detector is represented here. The drift time (DT), measured on each anode, is all the longer that the distance between the fragment's path and the anodes is large.

Figure 5 . 17 :

 517 Figure 5.17: Drift time (DT) spectrum in the Twin MUSIC. The sharp drop at DT ≈ 2400 ns represents the cathode, and the drift time range covers the full width of (one side of) the Twin MUSIC, i.e. 100 mm.

10 Figure 5 . 18 :

 10518 Figure 5.18: Spectrum of the t residue, for each anode, on one side of the Twin MUSIC.

Figure 5 . 19 :

 519 Figure 5.19: Hyperbolic squared secant function ("sechs") and corresponding charge distribution, as measured on the cathode pads of a MWPC.

Figure 5 . 20 :

 520 Figure5.20: Deviation between real and calculated position in the MWPC. Calculation performed by Guillaume Boutoux using the code GARFIELD. This deviation repeats periodically over each cathode strips' width.

Figure 5 . 21 :

 521 Figure 5.21: Time slewing eect. According to the amplitude of the signal, the extracted time from the constant fraction discriminator shows a variation which can reach 200 ps [45].

Figure 5 . 22 :

 522 Figure 5.22: Measured mass vs. vertical position in the time of ight wall, before (left) and after (right) the correction for the "smile eect".
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 523524525526527 Figure 5.23: Mass spectrum. This spectrum only includes 235 U secondary beam which ssions in the targets

Position in MWPC- 2 XFigure 5 . 28 :

 2528 Figure 5.28: Hits distribution of the fragments on the MWPC2, which is also an image of the distribution on the time of ight wall.

Figure 5 . 29 :

 529 Figure 5.29: Eciency of the SOFIA setup for the fragment's detection in the ssion of 235 U secondary beam. Eciency is plotted against the ssion fragment's charge. Court. Thomas Gorbinet.

Figure 6 . 2

 62 represents the correlation between the measured charge of both ssion fragments (Z 1 , Z 2 ), for 235 U secondary beam ssioning in the targets. Each diagonal line Z 2 = k -Z 1 represents the events for which the fragment's charges sum up to k. The red line represents the cut which is performed, selecting events for which Z 1 + Z 2 = Z U = 92. The same approach is led for the ssion of Pa and Np a e.g. 235 U(10M eV ) → p + 234 Pa(4.3M eV ), below B f (≈ 6M eV for actinides) Nuclide k f ragmentation[%] 
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 61626364 Figure 6.1: Sum of the ssion fragments' charges, for ssions in the active target's aluminum anodes (top), and in the U/Pb targets (bottom). On the bottom picture, the contribution of Coulex interaction increases drastically the Z sum = Z SB peak.

Figure 6 . 5

 65 Figure 6.5 represents the charge distributions of the ssion fragments of 235 U.
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 65 Figure 6.5: 235 U secondary beam. Fission fragments' charge distribution, for ssion in the targets, fragmentation ssion, and Coulex ssion.

Figure 6 . 6 :

 66 Figure 6.6: Elemental yields for the Coulex ssion of 235 U.

Figure 6 . 7 :

 67 Figure 6.7: Contribution of fragmentation ssion to the ssion in the targets, as a function of the charge of the ssion fragments.

Figure 6 . 8 :

 68 Figure 6.8: 235 U secondary beam, Strontium (Z = 38, left) and Xenon (Z = 54, right) fragments. Mass distribution for ssions in the Active Target, fragmentation ssion and Coulex ssion.

Figure 6 . 9 :Figure 6 . 10 : 235 U

 69610235 Figure 6.9: 235 U secondary beam, Strontium (Z = 38, left) and Xenon (Z = 54, right) fragments. Isotopic yield (top), and associated relative uncertainty (bottom).

Figure 6 . 11 :

 611 Figure 6.11: Isobaric yield. Comparison between the results of both approaches detailed in the text.

Figure 6 . 12 :

 612 Figure 6.12: Isotonic yield. Comparison between the results of both approaches detailed in the text.

Figure 6 . 13 :

 613 Figure 6.13: Prompt neutron multiplicity distribution, for Coulex ssion of 235 U

Figure 6 . 14 :

 614 Figure 6.14: 235 U secondary beam. Prompt neutron multiplicity distribution, for ssion in the targets, fragmentation ssion and Coulex ssion

Figure 6 . 15 :Figure 6 . 16 :

 615616 Figure 6.15: Distribution of the neutron multiplicity for element 38 Sr

Figure 6 . 17 :

 617 Figure 6.17: Neutron multiplicity as a function of the isotope

Figure 6 . 18 :

 618 Figure6.18: Sketch of the material in the ight path, from the exit window of the beam line, up to the ALADIN magnet. The measured value of the beam velocity is that in the beam line. The measured value of the fragments' velocity is that in the ALADIN dipole. The domains covered for the energy loss calculation are represented, as in the given example.

Figure 6 . 19 :

 619 Figure 6.19: Transverse velocity reconstruction in the laboratory frame

Figure 6 . 20 :

 620 Figure 6.20: Mean neutron multiplicity as a function of the post-neutron mass, as calculated with the GEF code, for the ssion of 235 U.

Figure 6 . 21 :

 621 Figure 6.21: Mean (raw) total kinetic energy, in the uranium or the lead targets.

Figure 6 . 22 :

 622 Figure 6.22: Mean total kinetic energy, in the Uranium or the Lead targets.

Figure 6 . 23 :

 623 Figure 6.23: Set up of the SOFIA experiment as described for the CONFID code.

Figure 6 . 24 :

 624 Figure 6.24: Simulation data. Comparison between the (simulated) calculated TKE, and the real TKE of the ssion event, in the Uranium target (top), Lead target (middle) and Aluminum target (bottom). The black line is y = x for comparison. The red curve represents the t of the correlation, which parameters are printed.

Figure 6 . 25 :

 625 Figure 6.25: TKE distribution for 235 U (1 -black dotted line) ssion in the target, (2 -blue dashed line) fragmentation ssion in the anodes, (3 -red full line) Coulex ssion.
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 71 Figure 7.1: Elemental yields for the ssion of compound nucleus 234 U. Comparison to code GEF 2.1.

Figure 7 . 2 :

 72 Figure 7.2: Elemental yields for the ssion of compound nucleus 234 U. Comparison to code SPY.

Figures 7 . 7

 77 Figures 7.7 and 7.8 compile the isotopic yields of the compound nucleus 234 U. The red full curve represents data from the SOFIA experiment 234 U (Coulex, f). The black dotted curve represents experimental data from Lohengrin for the ssion of 233 U (n th , f) [57]. The blue dashed line represents data obtained with the code GEF for the Coulex ssion of 234 U.

Figure 7 . 3 :

 73 Figure 7.3: Isobaric yield of the compound nucleus 234 U. Top: Comparison between SOFIA and ILL experimental data ([57] and [58]). Bottom: Simulation of both Coulex and thermal neutron induced ssion with the code GEF.

Figure 7 . 4 :

 74 Figure 7.4: Elemental (top) and isotonic (bottom) yields of the compound nucleus 234 U. Comparison between SOFIA and ILL experimental data. Reference to be found in[START_REF] Quade | Nuclide yields of light ssion products from thermal-neutron induced ssion of 233 U at dierent kinetic energies[END_REF].
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 7576 Figure 7.5: Isobaric yields for the ssion of compound nucleus 234 U. Comparison to evaluation le JEFF 3.1.1.. Top: Isobaric yield (uncertainty is not drawn). Bottom: Absolute uncertainty on yield. For the SOFIA data, only statistical uncertainty is considered.
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 77 Figure 7.7: Isotopic yields, part 1. X-axis: neutron number. Y-axis: isotopic yield [%]. Red full line: SOFIA, 234 U(Coulex, f ) at GSI. Black dotted line: [57], 233 U(n th , f ) at ILL. Blue dashed line: GEF code, 234 U(Coulex, f ).

Figure 7 . 8 :

 78 Figure 7.8: Isotopic yields, part 2. X-axis: neutron number. Y-axis: isotopic yield [%]. Red full line: SOFIA, 234 U(Coulex, f ) at GSI. Black dotted line: [57], 233 U(n th , f ) at ILL. Blue dashed line: GEF code, 234 U(Coulex, f ).
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 7 14 presents the local Z even-odd staggering in the Coulex ssion of 234 U, 235 U and 238 U. The similarities are absolutely striking.
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 79 Figure7.9: 234 U, 235 U, 238 U elemental yields. The distributions are tted with ve Gaussian functions: two pairs for the asymmetric modes ST1 and ST2, and one for the symmetric SL mode. Data for 238 U is courtesy of E.Pellereau. 
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 712 Figure 7.10: Elemental yields

Figure 7 . 13 :

 713 Figure 7.13: Mean N-(top) and Z-(bottom) values of the heavy fragment, vs. the mass of the ssioning nucleus. Lines connect the isotopes of a given element. Statistical uncertainty is plotted.Comparison between SOFIA data (full circles), and data from the 1996 experiment at GSI (empty squares,[START_REF] Schmidt | Relativistic radioactive beams: A new access to nuclear-ssion studies[END_REF]).
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 714 Figure 7.14: Local even-odd staggering in Z-yields, for the Coulex ssion of 234 U, 235 U, 238 U

Figure 7 . 15 :

 715 Figure 7.15: Local even-odd staggering in Z-yields, for the Coulex and thermal neutron induced ssion of the compound nucleus 234 U.
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Figure 7 . 18 :

 718 Figure 7.18: 233 U (n,f) -Prompt neutron multiplicity vs. total excitation energy. Data in [65].

Figure 7 . 19 :

 719 Figure 7.19: 237 Np (n,f) -Prompt neutron multiplicity vs. total excitation energy. Data in [66].
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 720 Figure 7.20: 235 U Coulex ssion. Prompt neutron multiplicity vs. Z-value of the fragments
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 721722723 Figure 7.21: 235 U Coulex ssion. Prompt neutron multiplicity vs. N-value of the fragments
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 724 Figure 7.24: 235 U Coulex ssion. Mean total prompt neutron multiplicity, for each isotope produced as ssion fragment.
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 725 Figure 7.25: Mean TKE in neutron induced ssion of 235 U, as a function of the incident neutron kinetic energy. Figure from [67].

Figure 7 . 26 :

 726 Figure 7.26: Coulomb potential energy calculation, neglecting the pre-fragments' deformation and the pre-scission kinetic energy.

Figure 7 . 27 :

 727 Figure 7.27: Measured TKE for the ssion of 235 U

Figure 7 . 28 :

 728 Figure 7.28: Local even-odd staggering on the TKE vs. Z, for the ssion of 235 U.

Figure 7 . 29 :

 729 Figure 7.29: Total kinetic energy as a function of the charge and neutron numbers of the fragments. Coulex ssion of 235 U. Each line represents one element.

Figure 7 . 30 :

 730 Figure 7.30: Total kinetic energy ([MeV]) as a function of the charge and neutron numbers of the fragments. Coulex ssion of 235 U.
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 2 Figure B.2: Optimization of the Twin MUSIC x-measurement
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 32 Figure B.3: Oscillation of the MWPC x-measurement

  Figure D.1: Trajectory reconstruction
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 21 Figure G.1: Total prompt neutron multiplicity distribution
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 345 Figure G.3: Total prompt neutron multiplicity distribution
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 7 Figure G.7: Data for coulex ssion of 234 U , as a function of Z
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 9 Figure G.9: Total prompt neutron multiplicity distribution
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 11 Figure G.11: Data for coulex ssion of 235 U , as a function of Z
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 13 Figure G.13: Total prompt neutron multiplicity distribution
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 161718 Figure G.16: Total prompt neutron multiplicity distribution

Table 3 .

 3 1: FRS setting centered on 235 U, 238 Np

	Reference ion	235 U 92+
	(Bρ S0-S2 ) 0	13.5961 Tm
	D S0-S2	67.4 mm/%
	(Bρ S2-CC ) 0	11.6828 Tm
	D S2-CC	-100.8 mm/%
	M S2-CC	1.50
	Beam intensity	
	Target -S0 Focal plane S2 Experimental area Cave C2 2 × 10 3 Hz 10 × 10 6 Hz 2 × 10 4 Hz

  Scheme of the TUM-MUSIC detector. The chamber is lled with ArCH 4 gas. The large red arrow represents the ight path of a secondary beam ion through the chamber. The projectile ionizes the gas and the free electrons drift towards the anode plane (smaller arrows). The latter consists of eight rectangular anodes (labeled A 1 to A 8 ), perpendicular to the ight path. On each anode, an energy loss and a drift time are measured.

		A 1	A 2	A 3	A 4	A 5	A 6	A 7	A 8
	Anodes							
	Frisch grid							
	Cathode							
	x y	z	20 mm						HV
	Figure 3.4:							

Table

  

	Entrance charge state Exit charge state population 92+ 91+ 90+ 92+ 78.5 % 20.2 % 1.3 % 91+ 45.5 % 48.9 % 5.6 % 90+ 26.4 % 50.0 % 23.6 %

Table 3 . 3 :

 33 Population of the charge states at the exit of the 86 mg/cm 2 Nb foil, as a function of the charge state at the entrance of the foil of a 235 U ion at 700 AMeV. Calculation using the AMADEUS code.[START_REF] Hanelt | AMADEUS : A MAgnet and DEgrador Utility for Scaling[END_REF] 

	Entrance charge state Exit charge state population 92+ 91+ 90+ 92+ 76.1 % 22.3 % 1.6 % 91+ 69.3 % 28.1 % 2.6 % 90+ 63.0 % 32.7 % 4.2 %

SOFIA -Secondary beam -Uranium ions

  

	A/Z	2.56 2.57					raw A/Z	vs	θ		Counts [a.u.]	6 8	×	3 10	raw A/Z
		2.55													
													4		
		2.54													
													2		
		2.53	-15	-10	-5	0	5	10	[rad] 15 θ	×	-3 10	2.53 0	2.54	2.55	2.56	A/Z 2.57
		2.56 2.57					calib A/Z	vs	θ		Counts [a.u.]	10 12 14 16	×	3 10	calib A/Z
		2.55											8		
													6		
		2.54											4		
													2		
		2.53											2.53 0	2.54	2.55	2.56	2.57
																A/Z
	Figure 3.														

Table 4 .

 4 1: Active Target -Technical specications Plastic EJ-232, 0.25 % MBZ quencher Plastic dimensions 1.5 × 50 × 32 mm 3 Photo-multiplier tubes Hamamatsu 6533

	Windows	20 mm 6 µm alumnized Mylar R
	Gas	P10 = 90 % Ar + 10 % CH 4
	Anodes Cathodes 1 and 2 Cathode 3	18 µm Al 600 µm depleted U 125 µm Pb
	High voltage	-300 V

Table 4 .

 4 2: START -Technical specications

Table 4 .

 4 

4: Twin MUSIC -Technical specications

Table 4 .

 4 5: MWPC -Technical specicationsThe SOFIA recoil spectrometer is installed at Cave C around the ALADIN dipole. A variety of detectors were designed and built by the SOFIA collaboration:

	The latter is built

2014-06-16 16:4

  

	TKE (MeV)	200 250 150	Uranium target		2 χ 2 χ	/ ndf / ndf	724.3 / 117 724.3 / 117
					p0 p0	18.76 18.76	± ±	0.43 0.43
		100			p1 p1	1.073 1.073	± ±	0.005 0.005
					p2 p2	-0.001426 -0.001426	± ±	0.000017 0.000017
		50 50	100	150	200			mes TKE	(MeV)
	TKE (MeV)	200 250 150	Lead target		2 χ 2 χ	/ ndf / ndf	399.5 / 117 399.5 / 117
					p0 p0	-2.853 -2.853	± ±	0.316 0.316
		100			p1 p1	1.181 1.181	± ±	0.004 0.004
					p2 p2	-0.001081 -0.001081	± ±	0.000014 0.000014
		50 50	100	150	200			mes TKE	(MeV)
	TKE (MeV)	150 250 200	Aluminum target (anode)		χ χ	2 2	/ ndf / ndf	520.6 / 117 520.6 / 117
					p0 p0		-5.313 -5.313	± ±	0.200 0.200
		100			p1 p1		1.183 1.183	± ±	0.003 0.003
					p2 p2		-0.001006 -0.001006	± ±	0.000010 0.000010
		50 50	100	150	200			mes TKE	(MeV)

  234 U ssion yields. Comparison with existing experimental data, evaluations and codes Yields of the Coulex ssion of 234 U are compared to existing experimental data, evaluations, and codes.

Table 7 .

 7 .1. 1: Mass over charge value of the doubly magic 132 50 Sn, and the 234 U, 235 U, 238 U isotopes

	Nuclide Mass over charge (A/Z) 132 50 2.640 Sn 238 92 2.587 U 235 92 2.554 U 234 92 U 2.543

Table 7 .

 7 Table 7.2: Mean N-value for the heavy fragments, GEF code. Estimated by tting the isotonic yields with a set of three Gaussian functions: two for the asymmetric components, and one for the symmetric component. *: N pre H is computed as N post H + 2/3ν tot . **: N pre H is computed from the pre-neutron emission isotonic yields. 3: Mean N-value for the heavy fragments, SOFIA data. Estimated by tting the isotonic yields with a set of three Gaussian functions: two for the asymmetric components, and one for the symmetric component. *: N pre H is computed as N post Z H, SOFIA Z H, KHS

	Nuclide N post H, GEF V2.1	N pre * H, GEF V2.1	N pre * * H, GEF V2.1
	238 Np	82.9 ± 0.2	85.3		85.1
	237 Np	82.7 ± 0.2	85.0		84.7
	238 U	83.8 ± 0.2	86.1		86.0
	235 U	83.0 ± 0.2	85.1		84.9
	234 U	82.6 ± 0.1	84.7		84.6
	232 Pa	82.6 ± 0.2	84.7		84.4
	231 Pa	82.6 ± 0.2	84.5		84.0
	Nuclide N post H	N pre * H	σ stat (N pre * H ) σ syst (N pre * H )
	238 Np	83.4 ± 0.1	86.0	0.1	0.4
	237 Np	83.2 ± 0.15 85.6	0.2	0.3
	238 U	84.08 ± 0.01 86.56 0.01	0.3
	235 U	83.32 ± 0.03 85.73 0.03	0.3
	234 U	83.03 ± 0.04 85.31 0.04	0.3
	232 Pa	83.3 ± 0.1	85.75 0.11	0.3
	231 Pa	83.1 ± 0.3	85.34 0.31	0.3
		238 Np 237 Np 238 U 235 U 234 U	53.81 ± 0.06 -54.00 ± 0.09 -53.38 ± 0.01 -53.75 ± 0.01 -53.87 ± 0.05 53.79 ± 0.05
		232 Pa	54.12 ± 0.07 54.03 ± 0.04
		231 Pa	54.1 ± 0.1	54.04 ± 0.02

H + 2/3ν tot .

Nuclide

Table 7 .

 7 6: Total prompt neutron multiplicity. See gure 7.17. Mean prompt neutron multiplicity,vs. the neutron excess of the compound nucleus Prompt neutron multiplicity and excitation energy A variety of measurements have been performed in neutron induced ssion, to correlate the excitation energy of the compound nucleus to the prompt neutron multiplicity. We compared the results we obtained from Coulex ssion of 234 U (resp. 238 Np) to experimental data for neutron-induced ssion of 233 U (resp. 237 Np), in gures7.18 and 7.

	Nuclide νtot
	238 Np	4.04 ± 0.026
	237 Np	3.72 ± 0.044
	235 U	3.752 ± 0.005
	234 U	3.56 ± 0.011
	232 Pa	3.74 ± 0.040
	231 Pa	3.41 ± 0.050

  5 MeV has been observed. This would correspond to 1 MeV on the total kinetic energy, and this is what we

			Estimate of the Coulomb energy
	[MeV]	175					
	coulomb E	170					
		165					
		160					
		155					
		30	35	40	45	50	55	60
								Z

  10% CH 4 1.5648 × -3 8 × 2000 Table E.2: Material budget in the Active Target. ρ is the material density, ∂x is the width of the considered layer. Gas compositions are given in molar fraction. Table E.3: Material budget downstream the Active Target. ρ is the material density, ∂x is the width of the considered layer. Gas compositions are given in molar fraction.

			1.4000	12
	Target 1 Anode 2 Target 2 Anode 3 Target 3 Anode 4 OUT window Mylar R U Al U Al Pb Al Gas P10 90% Ar, Detector Description Chemical description Helium pipe IN window Mylar R Helium He OUT window Mylar R	1.8950 × 1 2.6989 1.8950 × 1 2.6989 1.1350 2.6989 1.4000 Density ρ (g.cm -3 ) 1.4000 1.6632 × 4 1.4000	600 18 600 18 125 18 12 Width ∂x (µm) 50 1 200 000 50
	Twin MUSIC	IN window Mylar R Neon-gas 84.7% Ne, 12% CH 4 , 3% CO 2 (or) P25 gas 75% Ar, 25% CH 4 OUT window Mylar R	1.4000 8.5075 × -4 600 000 37 1.4151 × -3 600 000 1.4000 37
	MWPC	IN window Mylar R (ArCO2) 80% Ar, 20% CO 2 OUT window Mylar R	1.4000 1.6983 × -3 35 000 20 1.4000 20
	MWPC IN window Mylar R He Gas He	1.4000 1.6632 × -4 700 000 50

  Table G.5: Number of ssion events registered in the dened layers of material νtot 3.74 ± 0.040 Table G.6: Mean total prompt neutron multiplicity

	G.3 232 Pa	Z Yield [%] σ yield [%] 30 0.134 0.081 31 0.014 0.173 32 1.703 0.243 33 2.588 0.322 34 7.347 40 6.743 41 3.832 42 3.020 43 2.840 44 2.984 45 2.699 46 2.699 47 2.984 48 2.840 49 3.020 50 3.832 51 6.743 57 7.347 58 2.588 59 1.703 60 0.014 61 0.134 0.081 0.173 0.243 0.322 0.485 56 10.420 0.654 55 14.850 0.765 54 14.890 0.706 53 14.950 0.685 52 10.980 0.631 0.652 0.588 0.507 0.490 0.489 0.515 0.515 0.489 0.490 0.507 0.588 0.652 39 10.980 0.631 38 14.950 0.685 37 14.890 0.706 36 14.850 0.765 35 10.420 0.654 0.485 Targets Anodes Glass Entries 12 291 294 854

Table G .

 G Figure G.8: Data for coulex ssion of 234 U , as a function of (Z,N)Z N Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ] 12: Data for coulex ssion of 234 U , as a function of (Z,N) (1/8) Z N Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ]

	tot ν TKE [MeV]	1 1 32 0.042 Z=32 Z=37 Z=42 Z=47 Z=52 Z=57 50 50 32 0.117 32 0.186 32 0.260 32 0.206 32 0.061 32 0.017 32 0.009 33 0.057 33 0.152 33 0.298 36 0.149 36 0.575 36 1.542 36 2.913 36 3.311 36 2.712 36 1.261 36 0.498 36 0.079 33 0.397 33 0.310 33 0.180 33 0.067 33 0.011 34 0.090 34 0.298 34 0.677 34 1.086 37 0.100 37 0.346 37 1.036 37 2.173 37 3.026 37 2.848 37 1.715 37 0.696 37 0.229 34 0.926 34 0.554 34 0.238 34 0.065 35 0.072 35 0.331 35 0.987 35 1.424 35 1.599 38 0.320 38 0.985 38 2.273 38 3.578 38 3.949 38 2.830 38 1.620 38 0.572 38 0.262 35 1.008 35 0.515 35 0.115 39 0.126 39 0.521 39 1.192 39 2.331 39 2.747 39 2.662 39 1.668 39 0.918 39 0.264	Z=33 Z=38 Z=43 Z=48 Z=53 Z=58 0.042 60 60 0.013 4.353 0.210 Z=34 Z=39 Z=44 Z=49 Z=54 Z=59 70 70 --0.017 3.653 0.160 0.019 3.100 0.097 0.015 2.652 0.090 0.098 --0.023 --0.006 --0.025 --0.027 3.755 0.184 0.023 3.292 0.087 0.027 4.593 0.360 0.046 3.903 0.035 0.049 3.945 0.047 0.063 3.575 0.030 0.063 3.362 0.031 0.055 3.141 0.032 0.036 2.807 0.048 0.023 2.657 0.073 0.012 --0.025 3.070 0.083 0.024 2.931 0.087 0.017 2.742 0.140 0.009 --0.003 --0.013 --0.025 3.810 0.180 0.032 3.461 0.071 0.036 3.406 0.059 0.019 --0.026 4.586 0.112 0.041 3.925 0.038 0.052 3.818 0.037 0.062 3.582 0.031 0.058 3.315 0.031 0.048 3.095 0.039 0.035 2.595 0.060 0.020 2.325 0.100 0.032 3.138 0.054 0.027 2.861 0.060 0.023 2.489 0.130 0.013 --0.018 --0.027 3.908 0.102 0.039 3.474 0.053 0.045 3.275 0.043 0.045 3.010 0.041 0.029 4.555 0.078 0.046 4.442 0.057 0.056 4.042 0.039 0.067 3.797 0.026 0.069 3.457 0.027 0.058 3.061 0.028 0.044 2.711 0.040 0.038 2.341 0.065 0.026 1.869 0.109 0.037 2.895 0.059 0.025 2.829 0.084 0.011 2.330 0.172 0.047 5.222 0.249 0.034 4.922 0.120 0.045 4.130 0.048 0.057 3.725 0.030 0.061 3.348 0.030 0.060 3.025 0.029 0.053 2.677 0.041 0.044 2.377 0.055 0.025 1.921 0.087	Z=35 Z=40 Z=45 Z=50 Z=55 Z=60 80 80 154.3 -154.7 157.2 161.4 ----149.8 156.8 156.1 161.4 159.5 162.9 164.7 165.0 168.2 169.0 -153.3 156.4 161.2 ---154.7 153.6 158.6 -158.2 161.9 160.9 165.3 166.6 168.3 171.9 168.4 160.8 161.2 159.1 --157.1 161.1 163.3 159.0 157.3 160.4 163.8 167.5 167.1 170.9 171.7 171.4 172.2 161.5 163.8 163.3 159.1 160.8 167.7 167.2 171.2 172.8 174.0 174.4 175.7	90 90	Z=36 Z=41 Z=46 Z=51 Z=56	-4.03 2.64 2.61 1.86 ----4.85 5.82 2.21 1.04 0.80 0.71 0.78 0.97 1.34 -2.20 2.98 3.05 1.34 ---3.96 2.09 -3.04 1.26 1.00 0.81 0.64 0.95 1.68 1.46 1.33 1.26 1.64 3.67 --3.37 1.42 1.34 1.89 1.65 1.02 0.60 0.62 0.70 0.96 1.48 3.10 0.95 1.20 1.41 3.78 3.42 1.82 1.73 0.86 0.72 0.71 1.20 1.24 1.73	N 100 N 100

Table G .

 G [START_REF] Gamow | Mass defect curve and nuclear constitution[END_REF]: Data for coulex ssion of 234 U , as a function of (Z,N) (2/8)Z N Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ]

	40 0.332 40 0.860 40 1.834 40 2.779 40 2.971 40 2.497 40 1.278 40 0.580 40 0.130	0.034 4.619 0.110 0.045 3.913 0.031 0.053 3.715 0.038 0.058 3.456 0.035 0.062 2.940 0.030 0.058 2.634 0.032 0.045 2.356 0.045 0.030 2.130 0.079 0.019 1.763 0.163	156.8 166.2 167.6 171.0 173.7 176.1 176.2 178.2 173.4	3.81 1.44 1.04 0.74 0.91 0.78 1.05 1.88 3.92
	41 0.136 41 0.315 41 0.808 41 1.206 41 1.831 41 1.486 41 1.018 41 0.450 41 0.189	0.022 5.415 0.348 0.025 4.330 0.109 0.040 3.936 0.088 0.047 3.499 0.062 0.054 3.101 0.048 0.050 3.064 0.049 0.041 2.778 0.063 0.026 2.741 0.087 0.016 2.694 0.118	167.7 166.8 170.4 170.1 173.7 173.3 175.1 176.0 174.1	3.65 3.25 1.67 1.52 1.21 1.31 1.41 1.72 1.37
	42 0.138 42 0.440 42 0.918 42 1.169 42 1.250 42 0.862 42 0.491 42 0.242 42 0.059	0.024 5.082 0.250 0.033 4.455 0.142 0.040 4.060 0.080 0.044 3.819 0.063 0.046 3.616 0.054 0.042 3.544 0.067 0.046 3.600 0.082 0.043 3.654 0.121 0.037 --	164.1 164.0 171.9 172.1 170.5 171.7 171.7 170.5 -	5.95 3.47 1.72 1.52 1.28 1.25 1.86 4.04 -
	43 0.094 43 0.189 43 0.366 43 0.574 43 0.531 43 0.455 43 0.189 43 0.104 43 0.015	0.019 0.029 5.918 0.314 --0.031 5.206 0.153 0.039 4.799 0.085 0.036 4.593 0.083 0.028 4.761 0.090 0.033 3.935 0.110 0.024 3.702 0.091 0.006 --	-170.1 163.0 164.3 165.3 164.2 163.4 156.2 -	-6.22 4.99 1.72 2.00 2.02 2.94 4.32 -

Table G .

 G 14: Data for coulex ssion of 234 U , as a function of (Z,N)(3/8) Z N Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ]

	51 0.102 51 0.200 51 0.441 51 0.580 51 0.788 51 1.187 51 1.327 51 1.426 51 0.831 51 0.401 51 0.117 51 0.040	0.026 5.838 0.172 0.023 6.380 0.245 0.048 5.695 0.114 0.060 4.682 0.069 0.075 3.998 0.052 0.094 3.308 0.043 0.089 2.883 0.041 0.079 2.456 0.037 0.082 2.111 0.045 0.082 1.745 0.062 0.058 0.935 0.151 0.011 --	145.5 153.3 155.5 163.6 170.0 172.2 175.1 180.5 180.3 179.8 178.7 -	13.54 4.77 3.05 2.24 1.73 1.13 1.11 1.14 1.30 2.09 4.01 -
	52 0.136 52 0.403 52 0.543 52 1.358 52 1.921 52 3.311 52 2.556 52 2.029 52 0.764 52 0.155 52 0.085	0.028 5.799 0.047 0.037 5.386 0.123 0.047 4.469 0.047 0.084 4.086 0.048 0.102 3.449 0.034 0.185 3.073 0.026 0.124 2.753 0.028 0.135 2.430 0.032 0.087 2.008 0.047 0.027 1.238 0.103 0.012 --	132.4 152.0 162.6 167.6 171.3 174.8 175.7 176.6 176.5 174.7 -	1.35 2.71 1.83 1.15 0.92 0.81 0.73 0.79 1.08 2.44 -
	53 0.234 53 0.414 53 0.832 53 1.904 53 2.831 53 3.066 53 1.809 53 0.893 53 0.250 53 0.197	0.035 6.199 0.267 0.036 5.143 0.119 0.068 4.318 0.059 0.097 3.791 0.039 0.118 3.404 0.027 0.153 3.156 0.023 0.164 2.762 0.033 0.102 2.310 0.043 0.037 1.665 0.077 0.018 1.235 0.110	161.8 161.3 167.6 167.0 169.9 173.2 172.4 175.3 178.8 173.3	4.42 2.50 2.15 1.04 0.77 0.58 0.91 1.13 2.11 2.40

Table G .

 G Z Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ] Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ] Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ] 25: Data for coulex ssion of 235 U , as a function of (Z,N) (2/9) Z N Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ] Yield [%] σ yield [%] νtot σ ν T KE [MeV] σ T KE [M eV ]

	0.009 0.018 0.075 0.172 0.775 1.454 4.016 6.051 12.530 0.088 3.678 0.011 0.006 --0.008 --0.011 --0.016 --0.025 3.381 0.046 0.033 3.284 0.033 0.049 3.590 0.019 0.060 3.449 0.016 12.080 0.084 3.701 0.011 15.920 0.101 3.707 0.010 12.630 0.090 3.554 0.011 13.850 0.096 3.393 0.011 7.843 0.078 3.349 0.016 5.543 0.069 3.906 0.020 2.284 0.059 4.862 0.041 2.043 0.059 5.423 0.044 1.734 0.056 5.582 0.050 1.947 0.055 5.746 0.063 1.734 0.056 5.582 0.050 2.043 0.059 5.423 0.044 2.284 0.059 4.862 0.041 5.543 0.069 3.906 0.020 7.843 0.078 3.349 0.016 13.850 0.096 3.393 0.011 12.630 0.090 3.554 0.011 15.920 0.101 3.707 0.010 12.080 0.084 3.701 0.011 12.530 0.088 3.678 0.011 6.051 0.060 3.449 0.016 4.016 0.049 3.590 0.019 1.454 0.033 3.284 0.033 0.775 0.025 3.381 0.046 0.172 0.016 --0.075 0.011 --0.018 0.008 --0.009 0.006 --Z N 32 0.015 0.004 1.951 1.158 32 0.077 0.005 3.844 0.055 32 0.126 0.006 3.851 0.074 32 0.243 0.008 3.438 0.049 32 0.178 0.007 2.996 0.043 32 0.098 0.006 2.812 0.068 32 0.033 0.003 2.422 0.117 32 0.005 0.001 2.282 0.419 33 0.017 0.004 3.314 0.519 33 0.083 0.007 3.883 0.118 33 0.247 0.009 3.655 0.044 33 0.389 0.011 3.282 0.034 33 0.416 0.011 3.124 0.032 33 0.193 0.008 2.970 0.049 33 0.084 0.006 2.627 0.071 33 0.024 0.003 2.501 0.187 34 0.036 0.008 3.855 0.331 34 0.199 0.011 3.981 0.015 34 0.576 0.013 3.996 0.030 34 1.029 0.016 3.701 0.021 34 1.046 0.016 3.481 0.021 34 0.716 0.014 3.249 0.025 34 0.304 0.009 2.965 0.037 34 0.091 0.005 2.713 0.075 34 0.019 0.002 2.319 0.172 35 0.036 0.007 4.260 0.252 35 0.205 0.011 3.653 0.070 35 0.769 0.015 3.948 0.028 35 1.253 0.019 3.751 0.022 35 1.669 0.021 3.399 0.017 35 1.192 0.018 3.113 0.019 35 0.678 0.015 2.881 0.027 35 0.194 0.009 2.706 0.054 35 0.054 0.004 2.514 0.091 Z N 36 0.079 0.008 4.970 0.084 36 0.347 0.012 4.405 0.011 36 1.157 0.018 4.275 0.022 36 2.381 0.024 3.994 0.015 36 3.147 0.026 3.726 0.013 36 2.940 0.026 3.450 0.013 36 1.608 0.021 3.159 0.017 36 0.699 0.016 2.896 0.025 36 0.171 0.010 2.651 0.061 37 0.061 0.009 5.753 0.099 37 0.192 0.021 5.110 0.075 37 0.713 0.017 4.321 0.022 37 1.670 0.024 4.071 0.016 37 2.820 0.029 3.864 0.013 37 2.932 0.028 3.568 0.012 37 2.261 0.025 3.318 0.014 37 0.957 0.020 2.987 0.021 37 0.390 0.014 2.618 0.031 37 0.085 0.007 2.311 0.063 38 0.175 0.011 4.849 0.045 38 0.642 0.016 4.580 0.022 38 1.717 0.024 4.361 0.018 38 3.140 0.030 4.061 0.013 38 3.879 0.032 3.741 0.011 38 3.109 0.031 3.407 0.012 38 2.034 0.028 3.036 0.014 38 0.872 0.022 2.643 0.022 38 0.351 0.015 2.214 0.034 39 0.074 0.009 4.815 0.081 39 0.305 0.013 4.859 0.040 39 0.901 0.019 4.467 0.024 39 2.022 0.024 4.134 0.015 39 2.615 0.025 3.769 0.013 39 2.882 0.028 3.393 0.012 39 1.996 0.029 2.994 0.015 39 1.301 0.025 2.591 0.019 39 0.386 0.024 2.288 0.032 39 0.147 0.016 1.844 0.063 40 0.185 0.011 4.331 0.096 40 0.631 0.016 4.481 0.021 40 1.479 0.023 4.091 0.016 40 2.617 0.030 3.763 0.013 40 3.061 0.032 3.298 0.012 40 3.118 0.033 2.991 0.013 40 1.625 0.031 2.708 0.018 40 0.889 0.026 2.370 0.022 40 0.244 0.015 2.137 0.050 41 0.062 0.010 5.719 0.179 41 0.213 0.013 4.304 0.005 41 0.607 0.017 3.949 0.022 41 1.148 0.020 3.609 0.021 41 1.833 0.023 3.332 0.018 Z N 51 0.063 0.021 5.832 0.436 51 0.152 0.019 6.537 0.104 51 0.284 0.027 5.762 0.048 51 0.521 0.035 5.271 0.038 51 0.626 0.038 4.563 0.028 51 1.098 0.047 3.833 0.020 51 1.275 0.053 3.205 0.015 51 1.732 0.058 2.785 0.013 51 1.135 0.058 2.430 0.016 51 0.726 0.062 2.084 0.021 51 0.157 0.050 1.449 0.042 51 0.073 0.039 0.756 0.075 41 1.694 0.028 3.110 0.018 41 1.394 0.027 2.906 0.021 41 0.575 0.023 2.851 0.034 41 0.277 0.017 2.699 0.051 41 0.042 0.007 2.294 0.099 42 0.085 0.009 3.550 0.173 42 0.310 0.016 3.909 0.004 42 0.715 0.023 3.961 0.032 42 1.139 0.027 3.913 0.028 42 1.303 0.029 3.715 0.024 42 0.980 0.026 3.715 0.027 52 0.072 0.050 5.545 0.224 52 0.201 0.017 5.743 0.027 52 0.517 0.025 5.290 0.038 52 0.980 0.039 4.597 0.025 52 1.790 0.054 3.957 0.016 52 2.855 0.069 3.470 0.011 52 3.255 0.084 3.123 0.010 52 2.681 0.104 2.823 0.011 52 0.958 0.123 2.324 0.017 52 0.434 0.090 1.861 0.029 52 0.105 0.032 1.155 0.055 42 0.653 0.025 3.715 0.032 42 0.258 0.022 3.683 0.052 42 0.101 0.014 3.685 0.086 43 0.021 0.007 3.957 0.678 43 0.096 0.010 4.988 0.047 43 0.301 0.016 5.205 0.070 43 0.426 0.019 4.905 0.047 43 0.562 0.020 4.853 0.036 43 0.424 0.026 4.717 0.039 43 0.325 0.023 4.548 0.039 43 0.090 0.012 4.271 0.070 43 0.040 0.006 4.080 0.104 53 0.159 0.043 6.352 0.080 53 0.286 0.056 5.374 0.041 53 0.608 0.043 4.876 0.032 53 1.578 0.058 4.296 0.019 53 2.392 0.074 3.797 0.013 53 3.456 0.080 3.488 0.011 53 1.967 0.084 3.085 0.012 53 1.298 0.118 2.707 0.015 53 0.598 0.143 2.167 0.023 53 0.220 0.181 1.594 0.040 53 0.067 0.079 0.877 0.071	----155.5 156.7 158.7 161.0 163.2 165.2 167.6 169.5 172.6 173.0 171.7 162.2 160.0 157.0 156.7 157.0 160.0 162.2 171.7 173.0 172.6 169.5 167.6 165.2 163.2 161.0 158.7 156.7 155.5 -----152.6 152.1 156.9 157.6 158.7 ---151.8 152.4 157.3 158.2 159.8 160.3 --153.6 156.7 158.4 160.0 161.4 161.6 163.6 --156.9 157.6 159.3 162.2 162.7 164.4 166.1 164.1 155.7 155.9 159.9 161.4 163.5 164.9 166.8 167.4 169.1 150.1 157.2 159.3 162.7 164.3 166.4 167.9 169.0 170.9 173.7 155.5 162.2 163.0 165.8 167.2 170.1 171.6 173.8 175.5 153.4 157.5 162.6 166.0 168.8 171.3 172.8 175.2 174.7 179.9 160.7 164.2 166.7 170.7 173.6 175.4 176.3 179.0 177.7 160.2 164.2 165.7 170.5 173.6 159.2 153.9 157.7 160.1 165.7 169.4 174.9 178.1 178.6 179.8 181.0 184.5 175.1 175.9 176.4 175.8 -176.7 170.5 172.0 170.9 172.2 173.5 152.2 158.0 162.5 167.0 169.6 173.0 174.6 176.0 177.2 177.1 177.6 171.5 170.1 166.2 -154.1 161.8 163.0 163.0 163.2 163.8 166.4 -145.4 159.4 163.3 167.1 169.2 171.1 172.3 172.8 173.9 175.4 178.8	----0.91 0.59 0.31 0.25 0.17 0.17 0.15 0.17 0.17 0.26 0.33 0.70 0.78 0.85 1.00 0.85 0.78 0.70 0.33 0.26 0.17 0.17 0.15 0.17 0.17 0.25 0.31 0.59 0.91 -----3.68 2.12 1.31 0.91 1.52 ---2.18 1.44 0.81 0.95 1.50 2.58 --1.34 0.80 0.62 0.55 0.65 0.86 1.90 --1.72 0.76 0.51 0.43 0.53 0.58 1.46 1.85 4.08 1.22 0.61 0.36 0.33 0.35 0.40 0.68 0.88 3.19 1.79 0.80 0.48 0.33 0.31 0.33 0.58 0.81 1.79 2.85 0.84 0.47 0.31 0.28 0.32 0.41 0.54 0.98 4.24 1.59 0.78 0.42 0.36 0.32 0.37 0.49 0.85 1.56 1.96 0.95 0.54 0.36 0.32 0.32 0.47 0.55 1.26 7.53 2.39 1.02 0.64 9.55 3.96 1.78 1.15 0.85 0.58 0.40 0.40 0.44 0.59 1.09 1.17 0.48 0.49 0.52 0.80 1.13 -6.87 1.75 0.91 0.62 0.62 6.44 2.15 1.01 0.67 0.42 0.31 0.27 0.32 0.50 0.79 1.43 0.72 0.77 1.19 1.60 -4.50 1.88 1.54 0.94 0.95 1.07 -2.49 3.77 1.59 0.94 0.47 0.35 0.29 0.33 0.43 0.71 1.23 2.33

Table G .

 G 29: Data for coulex ssion of 235 U , as a function of (Z,N) (6/9) G.6 237 Np Targets Anodes Glass Entries 14 474 175 599 Table G.33: Number of ssion events registered in the dened layers of material νtot 3.72 ± 0.044 Table G.34: Mean total prompt neutron multiplicity

  Data for coulex ssion of 237 N p, as a function of Z Figure G.15: Data for coulex ssion of 237 N p, as a function of (Z,N) G.7 238 Np Targets Anodes Glass Entries 50 461 552 2596Table G.44: Number of ssion events registered in the dened layers of material νtot 4.04 ± 0.026 Table G.45: Mean total prompt neutron multiplicity
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G.14: 

3.2. ATOMIC CHARGE

b This value is chosen according to a microscopic calculation of the scission conguration in the frame of the Bruyères-le-Châtel calculations of potential energy surface. It corresponds to the distance between both nascent fragments in the standard one (ST1) ssion mode.

2.6989 

Table G.4: Data for coulex ssion of 231 P a, as a function of Z

Table G.11: Data for coulex ssion of 234 U , as a function of Z

TableG.15: Data for coulex ssion of 234 U , as a function of (Z,N) (4/8)

TableG.16: Data for coulex ssion of 234 U , as a function of (Z,N)(5/8) 

TableG.17: Data for coulex ssion of 234 U , as a function of (Z,N)(6/8) 

TableG.19: Data for coulex ssion of 234 U , as a function of (Z,N)(8/8) 

Table G.23: Data for coulex ssion of 235 U , as a function of Z

TableG.24: Data for coulex ssion of 235 U , as a function of (Z,N) (1/9)

TableG.26: Data for coulex ssion of 235 U , as a function of (Z,N)(3/9) 

TableG.28: Data for coulex ssion of 235 U , as a function of (Z,N)(5/9) 

TableG.30: Data for coulex ssion of 235 U , as a function of (Z,N)(7/9) 

TableG.32: Data for coulex ssion of 235 U , as a function of (Z,N)(9/9) 

Table G.46: Data for coulex ssion of 238 N p, as a function of Z

Table G.50: Data for coulex ssion of 238 N p, as a function of (Z,N) (4/8)

TableG.52: Data for coulex ssion of 238 N p, as a function of (Z,N)(6/8) 

SOFIA (Studies On FIssion with Aladin -Études de ssion avec ALADIN) est un projet expérimental qui se propose de mesurer systématiquement les rendements isotopiques de ssion, ainsi que l'énergie cinétique totale des fragments, pour une large gamme de noyaux ssionants. Le travail de thèse présenté ici prend part au projet SOFIA, et a pour objet l'étude de la ssion de noyaux dans la région des actinides : 234 U, 235 U, 237 Np et 238 Np.

L'expérience SOFIA est menée au GSI, un accélérateur d'ions lourds situé à Darmstadt en Allemagne. Cette installation fournit un faisceau relativiste et intense d'uranium-238. Par une réaction de fragmentation de ce faisceau primaire, il est créé un faisceau secondaire contenant une large variété d'ions, dont, pour certains, la ssion va être étudiée. Les ions de ce faisceau secondaire sont triés et identiés dans le séparateur de fragments FRS, un spectromètre de recul de haute résolution qui est réglé pour sélectionner les ions d'intérêt.

Ensuite, les ions ssiles sélectionnés continuent leur vol jusqu'à la Cave-C, une aire expérimentale où l'expérience de ssion elle-même a lieu. À l'entrée de la cave, l'ion du faisceau secondaire est excité par interaction Coulombienne alors qu'il traverse une cible; les voies de dé-excitation possibles incluent la ssion de basse énergie. Lors d'une ssion, les deux fragments sont émis dans un cône étroit dans le référentiel du laboratoire, dû à l'impulsion relativiste qui leur est tranmise par le système ssionant.

Un spectromètre de recul complet a été développé par la collaboration SOFIA autour du dipôle existant ALADIN. L'identication des fragments est réalisée par des mesures de perte d'énergie, de temps de vol et de déviation dans l'aimant. Les deux fragments de ssion sont identiés simultanément et complètement (en masse et en charge).

Ce document présente l'analyse menée pour (1) l'identication du système ssionant, (2) l'identication des deux fragments de ssion -évènements par évènements -, et (3) l'extraction des observables de ssion : rendements, énergie cinétique totale, multiplicité total en neutrons prompts. Ces résultats concernant les actinides sont discutés, et l'ensemble des données extraites est fourni.
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Maximum divergence of the ssion fragments in the laboratory frame

To reach the highest deviation of the ssion fragments as compared to the beam axis, one must accumulate two congurations:

First, the ssion event should be highly asymmetric, so that the momentum conservation imposes the light fragment to have a very high kinetic energy (in the frame of the ssioning nuclide) Second, the emission of the ssion fragments should be perpendicular to the direction of the beam. Such a situation is represented in picture A. 1. Following an adequate Lorentz transform to switch from the center-of-mass frame to the laboratory frame, we can infer the radial component of the fragment's velocity, and the highest angle covered by the ssion fragments, which is indeed 40 mrad. (left), and in the laboratory frame (right). We take as an example a very asymmetric ssion: 235 U → 156 Sm+ 74 Zn, T KE = 150 MeV, with a transverse fragments emission, as compared to the beam axis. A plain momentum conservation at ssion gives us the reduced velocity values β F F 1,CM , β F F 2,CM of the fragments, in the frame of the ssioning system. In order to take into account the relativistic boost from the ssioning nuclide (red arrow), a reverse Lorentz transform is performed (see appendix F), and the resulting transverse velocity of the fragments is given in the right-hand side gure. From the combination of the transverse and longitudinal velocity of the fragments, we can unfold the maximum deviation of the fragments as compared to the beam direction.

Appendix B

Optimization of the position measurements with the Twin MUSIC and the little MWPC This appendix is dedicated to the horizontal measurement from the Twin MUSIC and the little MWPC. Indeed, the signals of both detectors are complementary, and it is possible to exploit the strength of each detector to improve the signal of the other one.

Using the Twin MUSIC, the trajectory of each ssion fragment has been reconstructed. With this estimate, it is possible to extend to the expected position of the ssion fragment, at the location of the little MWPC. This is represented in gure B. 1. In the following paragraphs, the quantity of interest is δx, dened as the dierence between the extrapolated position as obtained from the Twin MUSIC x twin , and the position as measured with the MWPC x mwpc . Little MWPC, association of X and Y coordinates

In the little MWPC, the association between X-and Y-coordinates is enabled by the fact that the X-cathode plane is segmented in two parts, one upper part and one lower part (see gure C.2).

The multiplicity of the X-signals read in respectively the upper and lower parts is a signature of the type of situation that is faced. The proportion of each situation is represented in picture C. 1. Then, the total charge collected can be a landmark: the higher the charge of the fragment (this information is known from the Twin MUSIC's measurement), the higher the total current.
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Upstream ALADIN

We know the positions (x A , y A , z A ) at the MWPC-1, and the entrance angle θ. We infer the position at the center of the dipole:

We infer the position at the entrance of ALADIN.

where L is the eective length of the ALADIN dipole : L = 1400 mm.

Downstream ALADIN

We know the positions (X E , Y E , Z E ) at the MWPC-2, in the (X, Y, Z) reference frame. We switch to the laboratory frame: 
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And nally we infer the velocity

This section is divided in six parts, each corresponding to one ssioning nuclide.

Statistics

The number of registered events is provided. These events correspond to fully reconstructed ssion events, in which the total number of protons of the ssioning nucleus is found in the ssion fragments (no light charged particles emission nor proton abrasion have taken place).

Uncertainties The numerical values for the ssion observables are given, as well as the statistical uncertainty, which actually includes the uncertainty inherent to the measurement resolution itself. When appropriate, systematical uncertainty is also provided. The uncertainties are provided at 1 σ.

Fragmentation-ssion subtraction Table G.1 compiles the ssion observables provided for each ssioning system. Since the isotonic and isobaric yields, as well as the projections of ν and T KE against the mass or neutron number, are obtained through a sum on the corresponding isotopic distribution, it is not explicitly given in the data tables. When accompanied with a single star (*), it means only the ssion in the anodes have been used for the fragmentation-ssion subtraction. On the opposite, values accompanied with a double star (**) correspond to values obtained using the ssion in both the anodes and the glass layer for the fragmentation ssion subtraction. SOFIA (Studies On FIssion with Aladin) is an experimental project which aims at systematically measuring the ssion fragments' isotopic yields as well as their total kinetic energy, for a wide variety of ssioning nuclei. The PhD work presented in this dissertation takes part in the SOFIA project, and covers the ssion of nuclei in the region of the actinides : 234 U, 235 U, 237 Np and 238 Np.

The experiment is led at the heavy-ion accelerator GSI in Darmstadt, Germany. This facility provides intense relativistic primary beam of 238 U. A fragmentation reaction of the primary beam permits to create a secondary beam of radioactive ions, some of which the ssion is studied. The ions of the secondary beam are sorted and identied through the FR-S (FRagment Separator), a high resolution recoil spectrometer which is tuned to select the ions of interest.

The selected -ssile -ions then y further to Cave-C, an experimental area where the ssion experiment itself takes place. At the entrance of the cave, the secondary beam is excited by Coulomb interaction when ying through an target; the de-excitation process involves low-energy ssion. Both ssion fragments y forward in the laboratory frame, due to the relativistic boost inferred from the ssioning nucleus.

A complete recoil spectrometer has been designed and built by the SOFIA collaboration in the path of the ssion fragments, around the existing ALADIN magnet. The identication of the fragments is performed by means of energy loss, time of ight and deviation in the magnet measurements. Both ssion fragments are fully (in mass and charge) and simultaneously identied.

This document reports on the analysis performed for (1) the identication of the ssioning system, (2) the identication of both ssion fragments, on an event-by-event basis, and (3) the extraction of ssion observables: yields, TKE, total prompt neutron multiplicity. These results, concerning the actinides, are discussed, and the set of data extracted is provided.