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Chapter 1

Motivations

The first successful description of the atomic nucleus is based on the independent particle motion of nucleons in the average potential created by the rest of the nucleus. This description has been formalized in the shell model [1].

The shell model has provided us with a very powerful tool to interpret fundamental observations like the evolution of binding energies, excitation energies, the mass splitting of fission products: the magic numbers. Those numbers (2,8,20,28,[START_REF] Polls | Energy weighted sum rules for spectral functions in nuclear matter[END_REF][START_REF] Louchart | The prespec liquid-hydrogen target for in-beam gamma spectroscopy of exotic nuclei at gsi[END_REF], first evidenced by [2], correspond to the filling of orbitals arising from a harmonic oscillator potential with spin-orbit interaction.

This success comes at the expenses of using effective operators that account for the interaction among nucleons.

Historically, nucleon-nucleon (NN) interactions have been modeled via boson exchange [3], while recently a more systematic approach based on Chiral Effective Field Theory has been developed [4]. In the boson exchange theory, potentials are built as the sum of all the operators that satisfy the symmetry of the system, weighted with coefficients fitted on nucleon scattering data up to 350 MeV (pion production threshold), corresponding to a range of 0.5 fm. In both approaches the nucleon-nucleon interaction exhibits a strongly repulsive central interaction at small internucleon distance (<0.5 fm) and a tensor component at intermediate distances (1-2 fm). These features lead to properties of the nuclear wavefunction that cannot be accounted for within the independent particle model. Moreover, the predictive power of the independent particle model has been shown to fail dramatically outside the β stability valley. The breakdown of the above mentioned magic numbers and the appearance of new ones has been observed thanks to the development of radioactive beam facilities allowing to recreate in a laboratory environment very short-lived radioactive nuclei. The existence of halo structures for light neutron-rich nuclei at the dripline observed for the first time by Tanihata and collaborators [5] paved the way to plenty of studies of the exotic features developing in this sample of low density nuclear matter. One of the most remarkable is the appearance of cluster structures, i.e. correlated states of nucleons. Perhaps one of the most intriguing manifestation of clustering is the postulated existence of neutron clusters, like dineutron or tetraneutron. Unveiling those structures is relevant to understand the fragile stability of dripline nuclei, but also to explain the properties of neutron stars (particularly their inner crust, where density goes down to half of the saturation density of nuclear matter).

All I have said up to now relies on the hypothesis that at the level of low-energy nuclear physics, nucleons are the relevant degree of freedom to describe nuclear properties. The success of the Chiral Effective Field Theory is a clear proof, but the need to include higher and higher order terms in the nuclear interaction questions the limits of such an assumption and the correct accounting for beyond point-like nucleon degrees of freedom [6]. Understanding how the nuclear interaction emerges from the basic constituents of matter is one of the challenges of contemporary physics [7]. The nuclear force is seen as residual interaction (similar to the van der Waals force between neutral atoms) of the even stronger force between quarks, which is mediated by the exchange of gluons and holds the quarks together inside a nucleon [8]. Experimentally, observations like the European Muon Collaboration effect show the limitations of this approach and probing the nuclear structure at short range seems a promising way to quantify and overcome them.

During the most recent part of my research career I have been and I am pursuing experimental studies aimed at providing relevant observables to probe nucleon-nucleon correlations in very different regimes as the ones described above: long-range and low-momentum (see Chapter 2), short-range and high-momentum (see Chapter 3). The experimental method that I have selected is direct reactions at intermediate energies (200 MeV up to few GeV per nucleon), and more precisely quasi-free scattering reactions using protons as a probe.

As an experimentalist, I believe my role is to pin down the most relevant observables under the guidance of theory, and design experiments and experimental devices suitable to measure them, as the MINOS and COCOTIER devices that I will describe in Chapter 4.

Chapter 2

Dineutron correlations in light halo nuclei

Pairing correlations play a very important role in nucleon many-body systems in various circumstances, as openshell nuclei and neutron stars. The pairing gap varies with system parameters such as N, Z, and the rotational frequency in the case of finite nuclei, or the temperature and the density in the case of neutron stars. The pairing correlation at low density is of interest for finite nuclei when one considers neutron-rich nuclei close to the dripline, where the excess neutrons arrange in a peripheral region with densities below saturation density. When the attractive interaction between two fermions is weak, the pairing correlation can be understood in term of the BCS mechanism, showing a strong correlation in the momentum space. Conversely, if the interaction is strong enough one expects that two fermions form a bosonic bound state (BEC regime). A transition from BCS to BEC regime with the density as order parameter has been predicted by Matsuo [9] and Hagino [10], and may occur at the periphery of neutron rich nuclei. This transition can be identified by the decrease of the root mean square distance among two nucleons r rms as the distance from the core increases. The calculated r rms for two neutron-rich nuclei, 11 Li and 16 C, is presented in Fig. 2.1 taken from [10]. A distinct minimum appears at distances corresponding to the nuclear surface and to a density ρ=0.2-0.4ρ 0 .

Together with Tomohiro Uesaka (RIKEN) and Yuki Kubota (RIKEN, now TU Darmstadt) we proposed in 2013 an experiment at RIBF RIKEN to experimentally map the momentum distribution of the halo neutrons in 11 Li and 14 Be in the final state after the reaction, to grasp information about their initial state and therefore the correlations among the two neutrons of the halo. Complementary to this study, we also investigated the spectroscopy of the unbound nuclei 10 Li and 13 Be populated in the reaction process.

Experimental method

Different methods have been deployed to probe dineutron correlations, based on reactions (most often Coulomb breakup [11]) or the observation of dineutron decay [START_REF] Lunderberg | Evidence for the ground-state resonance of 26 O[END_REF]. Interferometry analysis [START_REF] Marques | Two-neutron interferometry as a probe of the nuclear halo[END_REF] has been applied to extract Figure 2.1: Root mean square distance r rms among the two nucleons of the halo as a function of the distance from the core [10].

the source size in Coulomb breakup experiments. The observable that is most often used to infer on the nature of neutron-neutron correlation is the relative energy in the final system, or between the decay neutrons. Nevertheless, it has been argued that such observable is strongly affected by final-state interaction (FSI) [14] that distorts the relative energy distribution. As in practice we never access the full relative energy distribution due to the limited acceptance of the detection system, an unknown part of the strength will be missing. In the Migdal-Watson approximation, the FSI is relevant only for low relative energies of the particles whose interaction is being considered. To overcome this issue, carbon induced fast knockout reactions have been used at GSI [15,16] and the correlation angle (see Section 2.2) has been extracted. Nevertheless, absorption effects are quite strong with a nuclear target and the reaction mechanism more complex to deal with. A new method based on intermediate energy quasi-free scattering [17] followed by a kinematically complete measurement has been proposed and attempted in 2014 with an experiment performed at the SAMURAI spectrometer at RIKEN (Spokespersons: A.Corsi, Y.Kubota).

The (p, pN ) Quasi-Free Scattering (QFS) reaction at intermediate energies (200-1000 MeV/u) is known to be the simplest nucleon-removal process [18,19]. Several studies demonstrated that the reaction is essentially a one-step process. Contributions from two-step processes are two orders of magnitude smaller than those from the one step.

Cross section and spin observables are reasonably described by distorted-wave impulse approximation (DWIA) calculations. It should be noted that this is the case only when the kinetic energies of projectile, scattered, and knocked-out nucleons are sufficiently larger than the typical depths of nuclear potential of a few tens of MeV. To guarantee the condition, the momentum transfer accompanied with the reaction should be kept larger than 1 fm -1 .

The FSI interaction between the scattered neutron and the remaining system can thus be neglected. The initial momentum of the removed neutron in the beam rest frame can be therefore reliably reconstructed via missing momentum technique. In our case, the reaction of interest is (p,pn) reaction on the Borromean nuclei 11 Li and 14 Be.

According to the definition of Borromean nuclei, the remaining A-1 system after (p,pn) reaction is unbound and decays in A-2 nucleus + 1 neutron. We have analyzed the A-2 nucleus + 1 neutron channel via the invariant mass technique, and studied the relative energy spectrum of 10 Li and 13 Be.

Figure 2.2: Sketch of the QFS process. One neutron of the beam particle (n 1 ) is hit by the proton probe while the other neutron is emitted in the decay of the unbound A-1 system into one neutron (n 2 ) and the fragment (f ).

The setup used this experiment is shown in Fig. 2.3. Indeed a kinematically complete measurement and therefore high luminosity allowed by the combination of RIBF beams and the MINOS 15-cm thick liquid hydrogen target is needed. The knocked-out neutron was measured by the WINDS array of plastic scintillators [20]. Its kinetic energy was deduced with the time of flight technique. The recoil proton was tracked first in the TPC, then in a MWDC, and subsequently traversed an array of plastic scintillators allowing the measurement of its kinetic energy via the time of flight technique (the ensemble of MWDC and plastics is labeled RP in Fig. 2.3). The identification and momentum analysis of the heavy charged fragment was achieved via the combination of tracking in the SAMURAI [21] dipole magnet via a set of MWDC placed before and after the magnet, and the energy loss and time of flight measurement in an array of plastic scintillators placed at the focal plane of SAMURAI. Their momentum could then be deduced from the measurement of their trajectory. The decay neutron was detected in the two walls of plastic scintillators of the NEBULA array [22]. Core excited states that decay via gamma emission were identified using a reduced version of the DALI2 gamma array consisting of 68 crystals, partially covering angles between 34 • and 115 • and arranged in order to avoid interference with (p, pn) measurement.

In QFS reaction the dominant knockout mechanism is a single interaction between the incident particle and the struck nucleon which yields a kinematics for the (p, pn) reaction very close to the one of free scattering. The angular correlation between the scattered neutron and the recoil proton is shown in Fig. 2.4. The opening angle in the laboratory frame corresponds to 85 • , close to 86 • as predicted using a QFS kinematics calculator [23]. This confirms that the high-momentum transfer (> 1 fm -1 ) events selected by the detection system correspond to QFS. 

Dineutron correlations in 11 Li

The missing momentum distribution contains information on the orbital angular momentum of the knocked-out neutron in the parent nucleus. Furthermore, Kikuchi [17] and collaborators have demonstrated that the distribution of the correlation angle in the momentum space between the removed nucleon momentum and the A-1 momentum is sensitive to nucleon-nucleon correlation.

The missing momentum is defined as k:=k n1 =k n1 + k p -k p (see Fig. 2.2 for particles labels), where k (k ) stands for the momentum in the beam frame before (after) the reaction. The missing momentum distribution of the removed neutron in 11 Li is shown in Fig. 2.5. The fraction of each multipole component was determined by fitting the measured distribution with the distribution calculated by distorted-wave impulse approximation (DWIA). One can notice that a strong admixture of s and p wave occurs for 0 ≤ E rel ≤ 0.5 MeV. Overall, the partial wave decomposition results is as follow: 35±4 % for (1s 1/2 ) 2 wave, 59±1 % for (1p 1/2 ) 2 wave, 6±4 % for (0d 5/2 +0d 3/2 ) 2 wave. The correlation angle θ nf is defined as cos(θ nf )=

( k n2 -k f ) * k | k n2 -k f || k|
, with k n2 -k f representing the relative momentum of the A-1 system in the beam frame.

The θ nf distribution is plotted in Fig. 2.6 for several k intervals. The acceptance of our detection system for the measurement of θ nf is essentially flat.

The average value per interval is then plotted in Fig. 2.7 as a function of the respective k central value. A correlation angle θ nf larger than 90 • in momentum space corresponds to a correlation angle smaller than 90 • in the conjugated configuration space (θ r nf =π-θ nf ), which can more intuitively be related with the neutron-neutron distance. The value of 90 • corresponds to no correlation. The mean correlation angle θ nf decreases at smaller and larger k values and crosses 90 • at k ∼ 0.6 fm -1 , suggesting that the dineutron is formed at a distance of about 3.6 fm from the 9 Li core, but not in the tail of the halo and the inner part of 11 Li.

The correlation angle obtained with the knock-out reaction on a carbon target [15] is overlaid as a shaded area in Fig. ?? (right). Since the missing momentum could not be measured in [16], its value 103.4±2.1 • is averaged over the whole momentum range and is larger than the maximum θ nf value of ∼ 100 • in the present work. The discrepancy may be due to different peripheralities of the probes. The carbon target used in Ref. [15] selectively probed the surface of 11 Li, where the dineutron correlation is favored. Theoretical models of the knock-out process, including the transparency of the probe, should enable a quantitative comparison of these results.

The obtained k-dependence of the correlation angle is well reproduced by the quasi-free model, which is the combination of 9 Li + n + n three-body model and the knock-out reaction model of Ref. [17]. In the three-body model, the contributions from the excited 9 Li core are taken into account through the coupled-channel calculation. To describe the knock-out process, the final scattering states is approximated with the products of the plane wave of the knock-out neutron and the remaining 9 Li+n system. The final state interaction in the 10 Li resonance is taken into consideration.

The fact that a relatively simple reaction model reproduces quite successfully the experimental data proves that presented in this Section are detailed in a recently submitted paper [24].

Dineutron correlation in 14 Be

Since a realistic calculation of the correlation angle as the one presented for 11 Li, including possible core-excited components, is not yet available for 14 Be, we restrained ourselves up to now to a comparison of the distribution of the correlation angle θ nf issued from (p, pn) reaction on 11 Li and 14 Be measured in the same experiment. Comparison is shown in Fig. 2.8, displaying the average correlation angle as a function of missing momentum. One can see that both 11 Li and 14 Be show a deviation of the correlation angle distribution to values larger than 90 • , corresponding to dineutron configuration, for small values of the missing momentum (< 0.5 fm -1 ) corresponding to peripheral neutrons. Even if this deviation is indeed more pronounced for 11 Li, the correlation angle distribution of 14 Be follows rather closely the one of 11 Li pointing at the development of similar dineutron correlations in the halo of 14 Be.

Spectroscopy of 13 Be

Complementary information on the structure of 14 Be (e.g. the orbital angular momentum of the halo neutrons) and even on dineutron correlations can be obtained by studying the invariant-mass spectrum of 13 Be, which is a subject of debate in itself due to its complex structure with many overlapping resonances. In our experiment this observable could be measured with larger efficiency with respect to the missing momentum distribution and is therefore accessible also for 14 Be beam.

The unbound nature of 13 Be was suggested more than 50 years ago [25,26], and confirmed in 1973 [27]. Several experiments have attempted to study the spectroscopy of 13 Be both via missing-mass and invariant-mass technique using charge exchange [28], fragmentation [29], proton removal from 14 B [30,31,32] and neutron removal from 14 Be [16,33,34,35]. Even limiting ourselves to the last method which is similar to the one adopted in this work, different interpretations of the relative energy spectrum have been provided. Ref. [33] interprets the low lying peak as a 1/2 - ( =1) intruder state that appears due to the quenching of the N =8 spin-orbit shell gap, and the structure around 2 MeV as a 5/2 + ( =2) state. This interpretation is based on the analysis of the transverse momentum distribution using s, p and d waves, corroborated by shell-model calculations, and is in agreement with predictions by [36].

Ref. [35] makes a synthesis of existing experimental results, with special emphasis on those obtained from protoninduced one-neutron removal [33]. Nevertheless, the analysis of the transverse momentum distribution performed in Ref. [35] yields quite different conclusions with respect to Ref. [33]: a much stronger d-wave component (dominant above 2.6 MeV), and a dominance of s-wave (80(10)%) around 0.5 MeV, instead of p-wave.

This diversity and sometimes inconsistency in the positions and spin assignment of the states of 13 Be indicate that the standard fitting procedures used for the analysis of these spectra may be lacking some constraints on the possible structures due to the complexity of 13 Be spectrum. As such, in this work we study the 14 Be(p, pn) reaction using a novel method, proposed in [37], which uses consistent two-and three-body models for 14 Be and 13 Be and is able to provide predictions for the positions and weights of the structures of the spectrum, thus reducing the ambiguities in the analysis.

Part of the complexity of the 13 Be continuum spectrum stems from the admixtures of single-particle structures with core-excited components. In fact, core excitation has been postulated as a key element to understand the formation of Borromean systems [38,39], but it is very difficult to pin down. In this experiment we were able to measure with high statistics the 12 Be(2 + , 1 -) core excited component that decays via gamma rays.

The invariant mass spectrum of 13 Be is shown in Fig. 2.9 (left). The spectrum is characterized by a prominent peak with maximum at ∼ 0.48 MeV and a broader structure, peaked at ∼ 2.3 MeV, extending from ∼1 MeV to ∼5 MeV.

The contribution corresponding to 12 Be(2 + ) and 12 Be(1 -) core excited states has been fixed via coincidences with 2.1 and 2.7 MeV gamma transitions, respectively, and is shown for comparison after correcting for gamma-detection efficiency. The gamma spectrum of 12 Be is shown in Fig. 2.9 (right). The 2.1(0.1) and 2.7(0.4) MeV transitions are consistent with the known transitions deexciting the 2 + and 1 -excited states of 12 Be to its ground state. We note that the same gamma transitions were observed in Ref. [33], though with very limited statistics, while [32] observed only the 2.1 MeV transition. As can be better seen in the inset of Fig. 2.9 (left), the 2.1 MeV one is observed in coincidence with a structure peaking at ∼0 and ∼3 MeV in the relative energy spectrum, as in [32]. The 2.7 MeV one is observed in coincidence with a structure at ∼3 MeV. The contribution from the Compton events associated to the 2.7 MeV transition summing up to the 2.1 MeV transition has been estimated via the simulation and subtracted from the cross section.

Based on this, we built the partial level scheme presented in Fig. 2.10. Only the levels that can be clearly deduced from the present data are shown. The 2.3 MeV peak observed in the relative energy spectrum likely corresponds to the well-accepted 5/2 + state in 13 Be, whose tail may be responsible for the ∼0 MeV transition in coincidence with the 2 + state in 12 Be (as discussed, for instance, in Ref. [35]).

In order to better understand the experimental results, we have performed structure calculations for 14 Be using a three-body model ( 12 Be + n + n) within the hyperspherical formalism [40,41,42]. To include some excitedcore components in the description of 14 Be, we parametrize the 12 Be-n interaction with a deformed Woods-Saxon potential with l-dependent central and spin-orbit terms. Following Ref. [43], we introduce an effective quadrupole deformation parameter of β 2 = 0.8, and the 0 + ground state and the first 2 + excited state in 12 Be are coupled by means of a simple rotational model [41]. In this scheme, no other excited states of 12 Be are included. Three-body calculations including also the 1 -state in a consistent way are not available. For simplicity, we start with a shallow 12 Be-n V

(1) c potential, so no negative-parity resonances appear. This potential, labeled P1, produces a 1/2 + virtual state characterized by a large scattering length. Given the open debate about the presence of a low-lying p-wave resonance in 13 Be, we consider another potential labeled P2. In this case, we increase the p-wave potential depth to produce a 1/2 -resonance around the maximum of the 12 Be-n relative-energy distribution, while keeping a small 0 1 2 3 4 5 10 .9: Left: relative-energy spectrum of 13 Be and contributions from core excited components. The inset shows the spectrum in logarithmic scale. Right: gamma spectrum of 12 Be. The two transitions are reproduced by the sum of an exponential background and the response functions (dashed curves) of DALI2 to a transition at 2.1 MeV and 2.7 MeV, obtained via a GEANT4 simulation.
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Figure 2.10: Partial level scheme based on the observed neutron-12 Be relative energy spectrum and gammaneutron- 12 Be coincidences. Transitions in the relative energy spectrum are represented by lines (black for transitions to the ground state of 12 Be, blue and green for transitions populating 12 Be(2 + ) and 12 Be(1 -), respectively). Gamma transitions are represented by the red wavy arrows. Energies are given in MeV.

scattering length for the s-wave state and the same d-wave resonance as with P1. To compare those structure calculations to our experimental data, we fed them in a reaction calculations based on the so-called Transfer to the Continuum (TC) framework [44], which was recently extended to describe processes induced by Borromean projectiles [37]. The model considers a spectator/participant scenario, in which the incident proton is assumed to remove one of the valence neutrons without modifying the state of the remaining 13 Be ( 12 Be + n) subsystem. This is consistent with QFS conditions. Under this assumption, the 14 Be structure enters through the overlap functions between the initial state (the 14 Be g.s.) and the final 13 Be states so that the cross section for different configurations of 13 Be (defined by their energy E n- 12 Be and angular momentum and parity J π T ) can be computed independently. The 13 Be = 12 Be + n relative-energy spectrum obtained by using the P1 core-neutron potential and convoluting with the experimental resolution is shown in Fig. 2.11a. Note that these reaction calculations provide absolute cross sections, so no fitting or scaling is carried out. The different contributions are labeled J T [L J ⊗I], where J T is the total 13 Be angular momentum resulting from coupling the single-particle configuration L J with the spin I of 12 Be. Trivially, since the spin of 14 Be is 0 + , J T equals j 2 = [l 2 ⊗ s 2 ], the angular momentum of the removed nucleon. In this figure, only the leading components are shown, together with the total cross section. In this way, the contributions from I = 0 and I = 2 can be separated. The cross section using P1 overestimates the experimental data at low relative energies due to the large scattering length of the s-wave virtual state. Moreover, the maximum of the cross section around 0.5 MeV is not reproduced. A much better agreement can be obtained with the P2 potential. The small 5/2 + [s 1/2 ⊗ 2 + ] contribution is consistent with the analysis from gamma coincidences. The comparison between this component and the experimental data in coincidence with the 12 Be(2 + ) decay transition is presented in the inset of Fig. 2.11b, where we can see that the calculations describe the data at low energies quite well. The disagreement at energies above ∼ 1.5 MeV might indicate that the present three-body calculations are missing some high-lying state which can also decay via 12 Be(2 + ), as suggested in Fig. 2.10. As for the full spectrum, Fig. 2.11b shows that the low-energy peak can be described reasonably well by the 1/2 -resonance using the P2 potential. The theoretical distribution is somewhat broader than the experimental data, so the calculation overestimates the measurements between ∼0.6-1 MeV. This might be an indication that the p-wave content obtained with the P2 potential is perhaps too large. In addition to the underestimation at large relative energies, this suggests that there might be missing components in the wave-function expansion, in particular those coming from the decay of other states in 13 Be via 12 Be(2 + ), or the coupling to other excited states of 12 Be. Calculations including these features are not available yet. The 13 Be structure can be further studied from the transverse momentum distributions of the knocked-out neutron. The comparison between the present calculations, using potential P2, and the experimental momentum distributions is presented in Fig. 2.12, for three different relative-energy bins: 0-0.2, 0.4-0.5 and 1.8-2.2 MeV. Overall, it is found that the width of the momentum distributions is well reproduced. In particular, we can describe the data at 0.4-0.5 MeV with a dominant p-wave contribution. Overall, our analysis shows that the peak observed in the the p-wave contribution. This assignment is in disagreement with that of Ref. [35]. We believe this discrepancy can be understood as due to the inherent uncertainties in the χ 2 procedure used in Ref. [35] to assign the orbital momentum, as well as the differences in structure and reaction model. This study has been published in [START_REF] Corsi | Structure of 13be probed via quasi-free scattering[END_REF].

1/2 + [s1/2 ⊗ 0 + ] 1/2 -[p1/2 ⊗ 0 + ] 5/2 + [d5/2 ⊗ 0 + ] 5/2 + [s1/2 ⊗ 2 + ] full TC
As an exploratory study, we have looked at the predictions for the two potentials used in this work, P1 and P2, for the initial-state two body wavefunction of the two neutrons of 14 Be halo. We can notice that the dineutron configuration, corresponding to small values of r x in the representation used in Fig. 2.13, is enhanced with P2 potential that has the feature of containing a strong admixture of p and s-waves with different parity. We are planning to explore further this feature once a reaction model allowing to propagate the initial state to the observable final state (e.g. correlation angle) will become available. 

Conclusions and perspectives

With this study of dineutron correlations we have validated a new method to probe nucleon-nucleon correlations in light Borromean nuclei. The novelty of the method consists in the use of QFS at high momentum transfer on a proton probe, followed by a kinematically complete measurement that has allowed to extract the so-called correlation angle. Within those assumptions (structureless probe, minimized FSI) the correlation angle can be calculated within a rection model where the main approximation lays in the description of the initial system within the three-body model. We have seen that this is still not satisfactory for the more complex 14 Be nucleus and indeed a theory development in this sense would be useful to achieve a better understanding of the onset of dineutron as a function of the halo density and its role to stabilize those weakly bound nuclei.

In the coming years I intend to pursue spectroscopy and correlation studies of light quasi-unbound nuclei at RIBF.

An experiment to study for the first time the spectroscopy of 22 Si and its diproton decay has been approved by the RIBF Program Advisory Committee in December 2018 (Spokesperson: A.Corsi). There has been experimental evidence of direct two-proton decay from the ground state of 22 Si [START_REF] Xu | Observation of beta-delayed two-proton emission in the decay of 22si[END_REF], which may point to the existence of the diproton correlation in the initial state, for exemple a diproton halo.

Furthermore, I am actively involved in the R that becomes highly repulsive for NN distances smaller than about 1 fm (Fig. 3.1 right). Theory [START_REF] Benhar | The nucleon spectral function in nuclear matter[END_REF][START_REF] Polls | Energy weighted sum rules for spectral functions in nuclear matter[END_REF][START_REF] Carbone | High-momentum components in the nuclear symmetry energy[END_REF] and experiment [START_REF] Piasetzky | Evidence for strong dominance of proton-neutron correlations in nuclei[END_REF][START_REF] Subedi | Probing cold dense nuclear matter[END_REF] agree that about 20% of bound nucleons are found in this high-momentum region, corresponding to a significant fraction of the kinetic energy of the nucleus (50% -60% for symmetric nuclear matter [START_REF] Carbone | High-momentum components in the nuclear symmetry energy[END_REF]).

The momentum distribution of protons in nuclei was first observed to have a high-momentum tail extending beyond k F in electron scattering (Fig. 3.2). This provided the first indication of SRC.

Later on, more exclusive measurements using proton and electron-induced QFS reactions allowed to get a better description of SRC. Fig. 3.3 shows the typical diagram corresponding to electron-induced breakup of an SRC pair.

The nucleus A can be decomposed in a SRC pair with small center of mass p cm in the A frame, and the remaining A-2 nucleus. The SRC pair is composed of two nucleons with relative momentum ∼ p ip recoil . When the electron from the beam transfers the quadrimomentum ( q, ω) to one member of the pair, the pair members become on shell and can be observed together with the scattered electron in the exit channel of the reaction. The momentum p i (so called missing momentum) can be deduced from the measurement of the outgoing momenta.

Two-nucleon SRC are found to be isospin dependent correlations. Exclusive measurements showed that 90 ± 10% of SRC correlated pairs are proton-neutron pairs [START_REF] Piasetzky | Evidence for strong dominance of proton-neutron correlations in nuclei[END_REF][START_REF] Subedi | Probing cold dense nuclear matter[END_REF]. The dominance of proton-neutron pairs can be explained by the fact that at the NN distance of 1-1.5 fm, where SRC develops, the NN potential is dominated by the tensor term that is mainly active in the isospin T=0 channel. The measurement of SRC on stable nuclei ranging ). The dominance of T=0 isospin content of the high-momentum tail implies also that, in N/Z asymmetric nuclei, the average momentum of the minority species will be higher and the fraction of high-momentum nucleons of the majority species will saturate. Due to having the same amount of protons and neutrons in the high momentum part (k > k F ) of the momentum distribution, the low momentum part (k < k F ) will be more depleted for the minority species.

A study of the momentum dependence of the isospin composition of SRC pairs was reported in Ref. [START_REF] Korover | Probing the repulsive core of the nucleon-nucleon interaction via the 4 He(e, e pn) triplecoincidence reaction[END_REF]59] 

On the interpretation of SRC

If the square of momentum transfer in the reaction is larger than a few hundreds of MeV 2 , the differential nucleon knockout cross section can be described using the Impulse Approximation. Within the Impulse Approximation, the reaction is seen as if a bound nucleon is knocked out from the nucleus and the rest of the nucleus acts as a spectator allowing a factorization of the cross section into a structure part, the spectral function (that describes the probability of finding the nucleon in the nucleus with momentum p i and energy e i ), and a reaction part, the elementary electron (proton)-proton cross section.

Two-nucleon knockout cross sections can be factorized similarly replacing the spectral function with the two-nucleon decay function. Indeed, different potentials may yield the same cross section which is a model independent observable, but different spectral functions. This is illustrated in Fig. 3.6 by using a potential evolved via a unitary transformation via the Similarity Renormalization Group method [START_REF] Furnstahl | How should one formulate, extract and interpret 'non-observables' for nuclei?[END_REF]62]. One can see that the high-momentum tail of the momentum distribution (the spectral function integrated over the missing energy) disappears when the potential is evolved at different resolution scales.

This implies some precautions should be taken when extracting SRC properties from knockout cross sections.

Using general Effective Field Theory (EFT) or the specific Generalized Contact Formalism (GCF), recent works [START_REF] Chen | Short-range correlations and the emc effect in effective field theory[END_REF]64] demonstrated the scale separation between the strong relative interaction of nucleons in SRC pairs and their weaker interaction with the residual A-2 nuclear system. Using this scale separation and many-body quantum Monte Carlo calculations, the two-nucleon density in either coordinate or momentum space was shown to approx- imately factorize at small separation or high momentum to the product of nucleus (A) dependent nuclear contact terms C N N,α A and universal two-body wavefunction for the different isospin NN (np, pp) and spin α channels. The ratio of those contact terms, taken with respect to a reference nucleus (deuteron or 4 He), was found to be a scheme (NN interaction) and scale independent quantity both at small distance and high relative momentum, cf. Fig. 3.7

(top) and [64]. This shows that the relative abundance of SRC pairs is a long-range nuclear phenomenon that is experimentally observable. This behavior is also true for the absolute nuclear contact terms (for most of the interactions), especially in the dominant spin-1 proton-neutron channel. As shown in Fig. 3.5, all potentials except for the unphysical AV 4 (without tensor term) correctly predict the pp pair fraction extracted from the ratio of (e,e pp) and

(e,e p) events. Measuring pp and pn pair fraction in a nucleus A, and their ratio with respect to a reference system, provides therefore a valuable benchmark for the short-range part of NN interaction.

Similarly, Ref. [START_REF] Chen | Short-range correlations and the emc effect in effective field theory[END_REF] using EFT shows that the SRC scaling factor a 2 (ratio of quasi-elastic scattering cross section on the nucleus A with respect to the deuteron) is asymptotically equal to the ratio of the two-body coordinate space distribution at short distance, cf. Fig. 3.7 (bottom). 

a 2 (A, x) = 2σ A Aσ d | 1.5<x<2 = lim r→0 2ρ 2 (A, r) Aρ 2 (2, r) (3.1) 

SRC and open questions in nuclear physics

In this chapter I will provide two examples at different energy scale to illustrate the potential impact of SRC on the understanding of nucleon and nuclear structure.

EMC effect

Due to the small nuclear binding energy and quark-gluon confinement, nucleons are often considered to be the relevant degree of freedom to describe nuclear properties. The European Muon Collaboration (EMC) at CERN [START_REF] Aubert | The ratio of the nucleon structure functions f2n for iron and deuterium[END_REF] showed for the first time the breakdown of this scale separation manifesting in a decrease of per-nucleon electron deep inelastic cross-section in nuclei with A>2 compared to the deuteron. The strength of the EMC effect is characterized by the slope of the ratio of the cross section for a given nucleus with respect to deuteron as a function of the Bjorken-x x B variable for 0.35 < x B < 0.7, as illustrated in Fig. 3.8. A striking linear correlation between the EMC slope and the SRC strength a 2 has been found [START_REF] Weinstein | Short range correlations and the emc effect[END_REF]. This suggests that modifications of the quark distributions in nucleon can occur when those nucleons are paired at short range.

This hypothesis is strengthened by a separate analysis of per-proton and per-neutron EMC and SRC probabilities, who are still linearly correlated until nuclear mass A=12 (N/Z symmetric nuclei), while the correlations in the neutron sector saturate at A=12 and an N/Z asymmetry correction is needed to restore the linear correlation, especially in the proton sector [START_REF]Schmookler and The CLAS Collaboration[END_REF]. This study is summarized in Fig. 3.9. 

Quenching of spectroscopic factors

SRC have been related to another longstanding problem in nuclear physics concerning reduction of measured knockout cross section with respect to the prediction of the mean-field theories, often named as a reduction of spectroscopic factors. This reduction is usually associated with long and short-range types of correlations (LRC, SRC), which deplete the occupancy of single particle states below the Fermi energy. This depletion has been quantified initially via electron scattering experiments and amounts to 30-40% for a wide range of nuclei along the nuclides chart [68]. A dependence of the quenching with the proton-neutron asymmetry, usually quantified via the difference of separation energy, has been reported [START_REF] Tostevin | Systematics of intermediate-energy single-nucleon removal cross sections[END_REF]. It has been argued that this dependence disappears when one uses another reaction mechanism (e.g. nucleon transfer) and therefore a different reaction model to extract the spectroscopic factors [START_REF] Flavigny | Limited asymmetry dependence of correlations from single nucleon transfer[END_REF]. Also the role of core excitation in depleting the one-nucleon removal channel, in the case of deeply bound nucleon removal, has been argued [START_REF] Louchart | Nucleon removal from unstable nuclei investigated via intranuclear cascade[END_REF]. A more recent work using QFS on Oxygen isotopes shows a reduction factor consistent with a weak or even no dependence on the neutron proton asymmetry [START_REF] Atar | Quasifree (p, 2p) reactions on oxygen isotopes: Observation of isospin independence of the reduced single-particle strength[END_REF]. The fact that the fraction of protons participating in SRC increases in neutron rich systems corresponds to a more significant 

Why Short-Range Correlations in exotic nuclei?

In the previous paragraph, two examples have been given to illustrate the connection between open puzzles in nuclear and sub-nuclear physics, and SRC and its isospin dependence. We propose to study SRC in exotic nuclei to significantly extend the range of isospin values with respect to the one that can be explored using stable nuclei.

Nowadays, the only way to access exotic nuclei is by performing the experiment in inverse kinematics i.e. by sending the radioactive-ion beams onto a proton target.

This will also offer several advantages, such as the possibility to measure for the first time the residual system (A-2 fragment, or lighter). The measurement of the momentum of the residual system will allow to determine directly the center-of-mass momentum of SRC pairs. Due to the kinematical focusing at forward angles the measurements in inverse kinematics will also benefit of an increased acceptance for 4-fold coincidences (scattered proton and its partner nucleon, recoil proton, and residual nucleus) with respect to 3-fold coincidences in direct kinematics.

In 2017 I submitted the COCOTIER (COrrelations de COurte port ée et spin IsotopiquE à R 3 B) project to the French Research Agency ANR to perform the first study of SRC in exotic nuclei. The project was financed, including the founding for the construction of a liquid Hydrogen target (see Chapter 4) that will allow, together with the R 3 B system at the GSI accelerator complex of Darmstadt, to perform the first experiments with radioactive beam isotopes.

Before detailing in section 3.4.2 the program at GSI/FAIR, I will present in section 3.4.1 the results of a pilot experiment that we performed in 2018 at the JINR Nuclotron accelerator in Dubna with a stable 12 C beam. This was the first attempt to study SRC in inverse kinematics. First of all we analyzed 12 C(p,2p) events. Fig. 3.12 shows missing energy (E miss =m p -e miss , with e miss energy Figure 3.11: Setup used for the SRC experiment at the Nuclotron accelerator in Dubna [74] .

Pilot experiment at Nuclotron

component of the missing momentum quadrivector) distribution for all (p,2p) events, and for (p,2p) 11 B events. We can notice that the peak at E miss =0 corresponding to elastic scattering clearly appears with this second selection.

This shows the power of gating on the recoil (as routinely done in nuclear physics experiments in inverse kinematics)

to select quasi-free knockout and get rid of secondary scattering processes where initial or final state interaction (ISI/FSI) left 11 B in an unbound state.

To search for SRC events, we look at events with 10 B or 10 Be fragment, that can be produced either by scattering Figure 3.12: Missing energy distribution of inclusive 12 C(p,2p) reaction and tagged events with 11 B coincidence [74].

The second class of events is normalized on the inelastic peak of the first one for the sake of comparison.

on a proton belonging to an SRC pair, or by scattering on a proton followed by nucleon emission from an excited state of 11 B. To select the first class of events, we apply a combination of cuts on missing momentum, missing energy, missing mass, and in-plane laboratory opening angle between the scattered protons. Those cuts are driven by known information on SRC pairs (e.g. their high missing momentum, above k F ) and by the features displayed by GCF simulations (GCF predicts an in-plane opening angle larger than 63 • and -110 ≥ E miss ≥ 240 MeV for SRC events). As an exemple, Fig. 3.13 shows the missing energy versus missing momentum correlation. The 26 events surviving to all selections are superimposed to GCF-based simulations. The projections in missing energy and momentum show a very good agreement with GCF predictions once the same cuts are applied.

Even if statistics is quite limited, one can note that the ratio between events corresponding to a scattering on a pp and np pairs among those events is 3 to 23, consistent with the np pairs dominance established by previous experiment.

We then looked at the angular correlations displayed by those 26 SRC events. The cosine of the angle between the missing momentum and the undetected recoil nucleon momentum shows a clear back to back correlation as expected for SRC pairs, in good agreement with GCF predictions including ∼150 MeV/c gaussian momentum distri- bution for the pair center-of-mass. The undetected recoil momentum is reconstructed from momentum conservation.

The cosine of the angle between 10 Be and the relative momentum, instead, shows a flat distribution signifying that those variables are uncorrelated and confirming the validity of the factorization assumption that is at the basis of GCF. A paper with the first results of this pilot experiment is under collaboration review [74]. A follow up experiment at the Nuclotron accelerator is envisaged in the next future to collect more statistics and quadruple-coincidences for the SRC events.

Physics program at GSI/R 3 B

The unique place in the world to perform QFS measurements with radioactive ion beams in inverse kinematics is the GSI facility which is being upgraded into the FAIR facility. This is due to the availability of radioactive beams at kinetic energies ∼ 1 GeV/u (and up to 1.9 GeV/u for 12 O, for example), which will allow to study QFS reactions under sufficiently large momentum transfer.

Together with O. Hen (MIT), I proposed to the 2020 GSI Program Advisory Committee an experiment to study SRC in 12,16 C isotopes, and deuterium. If approved and successful, the method can be extended to the full Carbon isotopic chain. The goal of this measurement is: • determine SRC properties (pair ratio, relative and pair center-of-mass momentum) in an exotic nucleus for the first time

• perform a fully exclusive SRC study in inverse kinematics with a hadronic probe

• establish the lower limit in momentum transfer for SRC studies and factorization

The choice of Carbon isotopes is motivated by the fact that 8 different isotopes can be produced as a beam, from 10 C to 18 C, including the reference isotope 12 C that has been already studied in direct kinematics and in inverse kinematics at Dubna. This corresponds to a significant extension in the N/Z direction, as illustrated in Fig. 3.15.

The R 3 B setup is designed to allow an exclusive measurement of reaction products in inverse kinematics. In the case of SRC measurement, we will be typically dealing with A(p,pNN)A-2 reactions, with NN=pn, pp or nn. Only the first two processes will be measured, but the NN=nn is expected to be identical to NN=pp due to isospin symmetry.

The X C beam will be sent onto a thick (5 cm) liquid hydrogen target. The vertex position inside the target will be reconstructed by an array of Silicon tracker detector (AMS in Fig. 3.16). The protons scattered at angles above 7 • will be detected by CALIFA calorimeter, while the ones scattered at angles below 7 • and the A-2 fragment will enter the GLAD dipole magnet and be momentum analyzed using the GLAD focal plane detectors (Fibers, TOFD, PDCs, NeuLAND in Fig. 3.16). The most forward emitted neutrons will also go through the GLAD gap, and will be detected Chapter 4

Technical developments

In this chapter I will describe three technical developments I have been or I am involved into (MINOS, GLAD TPC and COCOTIER), trying to underline my original contribution to each of them.

The MINOS device

The MINOS concept originates from an idea of A.Obertelli who was awarded in 2010 of an ERC Grant to develop it.

I was part of the team that developed and tested the tracking detector, a Time Projection Chamber.

MINOS is the combination of a thick liquid hydrogen target (up to 15 cm of thickness) and a vertex tracker allowing to reconstruct the vertex position with a resolution of 5 mm (FWHM). This allows to increase luminosity (15 cm of liquid hydrogen contain about 10 times more scattering centers compared to a standard few-mm Be target) and benefit of the relative simplicity of the QFS reaction mechanism [START_REF] Obertelli | Hydrogen targets for exotic-nuclei studies developed over the past 10 years[END_REF]. Furthermore, energy loss of charged particles in a proton target is low with respect to a target of equivalent thickness allowing the use of very thick targets when combined to a vertex tracker.

Thanks to the vertex tracker one can preserve the information on vertex position that is used to reconstruct the momenta of the particles emitted in the reaction (in particular charged particles which are affected by energy loss in the target material) in missing mass and invariant mass spectroscopy, and to apply an accurate Doppler Correction in gamma spectroscopy.

MINOS has been used for several physics experiments at the RIKEN RIBF facility since 2014.

MINOS Time Projection Chamber

The MINOS vertex tracker is a Time Projection Chamber (TPC). A TPC allows to reconstruct a track in 3D by directly measuring the 2D track (or better its projection) in a position sensitive detector, and reconstructing the third dimensions via the drift time of ionization electrons in a well controlled electric field.

In the case of MINOS the TPC volume consists of a hollow cylinder filled with a mix of Ar (82%), CF 4 (15%) and Isobutane (3%) gas delimited by two field cages and a cathode and anode plane as endcaps. The internal hole is meant to host the cylindrical liquid hydrogen target. A sketch of the MINOS TPC is in Fig. the electrons drift. In this case, the field is parallel to the axis of the cylinder. Each cage is made of a series of 1-mm large strips printed with a 1.5-mm pitch on both sides of a 50µm thick Kapton foil for an equivalent 0.75 mm pitch between the top and bottom strips. Two 3.9 MΩ resistors are soldered in parallel between a top and its adjacent bottom strip for a total of 196+195 strips and 788 resistors. The field cage Kapton foils were manufactured at CERN/TE-MPE-EM workshop and the resistors were soldered at the cabling division of CERN/TE-MPE-EM. The kapton foil is then glued on a Rohacell cylinder that defines the mechanical structure of the TPC. The high voltage of typically 6 kV is applied to the cathode, which is electrically connected to the field cage allowing to define an electric field of 200 V/cm along the 30 cm of the TPC drift volume. The electrons produced by a charged particle traversing and ionizing the gas are then drifted to the detection plane that in our case is a segmented Micromegas detector (Fig. 4.2 left), with 2x2 mm 2 pads. More details on the TPC can be found in Ref. [76] and references therein. 

Tests of the MINOS Time Projection Chamber

Different off-beam and in-beam [START_REF] Santamaria | Tracking with the minos time projection chamber[END_REF] tests have been performed with the MINOS TPC. Nevertheless, one out of the two prototypes (#2) presents a default in the track reconstruction that up to now could not be completely identified and fixed. This default has been observed during 2017 experiments as a deviation of the observed opening angle in (p,2p) reaction and vertex points z-distribution with respect to the expected ones. The reconstructed opening angle between the two protons is in fact 88(0.3) • (to be compared to 81 • predicted by kinematics calculations) and the reconstructed target length is 157.5 (10) mm (to be compared to the measured target length of 148 mm).

Those basics quantities where correctly reproduced with the prototype #1 used in previous experiments. The default manifests as a distortion of the reconstructed tracks. The most precise tool to pin down this kind of distortion is a comparative measurement of the same track with another device with tracking capability. For this kind of tests, cosmic rays are the most accessible and suitable ionizing particles that can be found off-beam, with energy loss very similar to the one of the protons of interest (∼ 1 keV/mm). The Detector Division of IRFU disposes of a cosmic bench, a device that is conceived for this purpose and consists of two sets of two planar position sensitive detectors of 0.5 mm pitch, allowing to track the position of interaction of the cosmic rays and thus to reconstruct its 3D image.

The TPC (or any other detector to test) is inserted on the shelf in between those planes, as in Fig. 4.3. The coincidence of a pair of plastic scintillators is used to trigger both the cosmic bench detectors, and the detector to test.

Fig. 4.4 shows the square root of the residuals calculated as the squared sum of the minimum distance between the coordinates (x i , y i , z i ) of each TPC point i and the line interpolated from the cosmic bench hits. One can notice that for the prototype #2 the residuals distribution drops more slowly (left) and is much broader (right), corresponding to a systematic deviation of the track measured by the TPC from the reference one measured by the cosmic bench.

This deviation is more pronounced as the drift distance increases (Fig. 4.4 right) reinforcing the explanation based compared to the nominal value of 386 MΩ. One can see that in the case of the prototype #2, the deviation is more significant and may correspond to one or few resistances that are disconnected (since the resistances are in parallel, this will increase the total resistance).

COMSOL simulations showed that such a localized default may have a global impact on the drift field, but realistic simulations of the drift in the TPC under this distortion, that could be compared to measured tracks, have not been performed.

To further verify this hypothesis and inspect the shape of the cages, we had a 2D and 3D X-ray scan of the prototype #2 performed by the Anticyp company at their laboratories in Massy and Evry (France). This scan allows to check if a global mechanical deformation exists and possibly to detect any visible default (disconnected resistance, cut strip). Fig. 4.5 shows an exemple of cross section of the TPC, as directly visible from the scan, and the data elaborated with the ROOT analysis software to look for the profile of the inner and outer cage. A marginal deformation can be observed, but not enough to explain the observed distortion of the tracks.

Even if no electric default is visible at the scan, this remains our main hypothesis to explain the drift field default of the prototype #2. One should note that those resistances were measured individually before folding the cages with the Rohacell in their cylindrical shape, and were very close to the nominal value. Afterwards, the access to individual resistance becomes very difficult or impossible without disassembling the TPC (half of the resistances are sandwiched between the Kapton and the Rohacell).

The experience of MINOS TPC has shown the importance of being able to perform non-invasive diagnostics on the electric components of the TPC after they have been assembled. The X-rays scan seems the more promising technique in this respect and a more accurate analysis of the TPC scan looking for faulty resistances is ongoing.

GLAD Time Projection Chamber

While the MINOS TPC operates with an electric field only, several TPC in the world (Sπrit [START_REF] Shane | Spirit: A time-projection chamber for symmetry-energy studies[END_REF], AT-TPC [START_REF] Shane | Spirit: A time-projection chamber for symmetry-energy studies[END_REF][START_REF] Bradt | Commissioning of the active-target time projection chamber[END_REF]) have been conceived to operate in a magnetic field. The charged particles that are detected by the TPC are bent by the magnetic field, and measuring their trajectory allows to reconstruct their magnetic rigidity. A combined measurement of magnetic rigidity and energy loss allows to identify the particle. The presence of a magnetic field does not perturb the functioning of the TPC provided the magnetic field is aligned with the drift direction. In this way, the Lorentz force is null or rather has a focussing effect counterbalancing the diffusion in the electron drift and improving the position resolution of the TPC.

Driven by the requirements of different experimental programs (namely SRC and Hypernuclei study) and more precisely by the need to measure reaction products (protons, pions, kaons) with energies well above 500 MeV, in 2017 we have started together with Alexandre Obertelli and Yelei Sun (TU Darmstadt) a brainstorming to investigate the feasibility of using a TPC inside the GLAD dipole magnet at GSI. GLAD is a large acceptance dipole magnet built by IRFU for the R 3 B experiment. Its magnetic field is approximately dipolar, with the y axis as the dipole axis, but with large components in x and z direction especially far from the center. Two samples of GLAD field map are shown in Fig. 4.6.

The TPC that better fits this configuration would have the drift field along the y axis. The detailed geometry of One can note that the deviation is always below 1 cm, allowing to preserve the projection of the track. This shows that the drift path can be precisely mapped provided the field map is well known to recover the nominal resolution of the TPC. 

The COCOTIER Liquid Hydrogen Target

An important part of the R 3 B physics program uses QFS reactions in inverse kinematics to probe the structure of the nuclei under study [START_REF] Aumann | Quasifree (p,2p) and (p,pn) reactions with unstable nuclei[END_REF]. For the reasons exposed at the beginning of the chapter, a liquid hydrogen target is a The working principle of the Saclay liquid hydrogen targets is the following. The hydrogen is liquefied in a cryostat equipped with a cryocooler (cold head mounted on the cryostat and compressor in the vicinity of the cryostat), that can deliver a power of 8 Watt at a temperature of 19 K. The hydrogen is liquefied in the condenser and falls by gravity into the target cell. A turbomolecular pump is used to achieve a good vacuum (10 -7 mbar in the cryostat and in the target chamber) to prevent heat flux via convection. The full system is sketched in Fig. 4.11 (left).

The target cell is made of Mylar and composed of an entrance window and an exit window. In case its length exceeds 15 mm a cylindrical body is added. The caps are thermoformed at 160 • by mechanical stamping to obtain the desired geometry. Their thickness correspond to 120 and 180 µm for the entrance and exit window, respectively.

The target cell is further wrapped in several 50 µm thick multilayer insulation foils to reduce heat flux via radiation.

The target cell diameter is 42 mm, compatible with the beam spot size. Three target lengths of 15, 50 and 150 mm are available to cope with the requirements of various experiments. The specific design on this target and its support is determined by the space and operational requirements of the R 3 B experiments. The main constraint is to have a large horizontal distance (0.7 m) between the cryostat and the target cell, which represents the bottleneck for the cooling process speed.

This cryogenic system operates in a closed loop. The target is connected to a 852 l storage tank via two check valves. The tank is filled with 800 l of hydrogen at room temperature. After liquefaction the hydrogen is at 20.3 K and 1041 mbar.

The target is further surrounded by a Silicon tracker that allows to reconstruct the vertex position inside the target. This information is needed in order to correct the trajectories and energy loss of the measured particles, and thus perform the spectroscopy of the nuclei under study .

Safety is insured by operating at a pressure close to atmospheric pressure (1041 mbar), using safety valves and bar for 15 mm target, several times larger than the operation pressure. In case of target cell rupture, the liquid hydrogen will evaporate in the chamber and the gas will be pumped by the rotary pump. If needed, a vacuum buffer will be installed to prevent overpressure.

The control system is composed of one Programmable Logic Controller (PLC) connected to remote I/O devices like pneumatic valves and low-temperature measurement devices. The PLC is connected to a control system named MUSCADE, developed at CEA/IRFU, via a dedicated Ethernet protocol. The systems allows remote connection through an internet client. The graphical interface of MUSCADE is shown in Fig. 4.13 (right). A detailed description of a very similar system used for the PRESPEC experiment at GSI can be found in [START_REF] Louchart | The prespec liquid-hydrogen target for in-beam gamma spectroscopy of exotic nuclei at gsi[END_REF].

The construction and filling tests of the liquid hydrogen target have been completed at Saclay in 2019 under the direction of Gilles Authelet. The target has been installed at GSI between October 2019 and January 2020 and is now ready for experiments at R 3 B. A photo of the system installed on the R 3 B beam line is shown in Fig. 4.13. absolute charge radii of stable nuclei [86]. Luminosity in those elastic scattering experiments was typically 10 28 s -1 cm -2 , 10 27 s -1 cm -2 being the minimum luminosity required to measure form factors up to the second dip (for nuclei with atomic number Z ≥ 30) and extract, beyond the charge radius, the shape of the charge distribution. A first attempt to apply this technique to unstable nuclei is the Japanese project SCRIT [START_REF] Suda | First demonstration of electron scattering using a novel target developed for shortlived nuclei[END_REF]. Within the SCRIT project, the ions to be studied are injected and electromagnetically trapped in a limited section of the electron beam, providing an effective target. After a successful experiment with 132 Xe stable beam [START_REF] Tsukada | First elastic electron scattering from 132 Xe at the scrit facility[END_REF] , the method could not yet be applied to unstable nuclei due to the difficulty to achieve the required luminosity.

To overcome this luminosity limitation, together with Alexandre Obertelli and Vittorio Som à we proposed in 2015 the ETIC (Electron-Trapped Ion Collider) projet within the "GANIL 2025" call for ideas. The project raised interest in the nuclear physics community and has been now included in the document prepared for "Prospectives Nationales 2020-2030" in Nuclear Physics and Nuclear Astrophysics.

The measurement of matter radius is indeed a challenge, even for stable nuclei, the main default of the most used technique (total reaction cross section, elastic proton scattering measurement) being the model dependence of matter radius extraction [START_REF] Zenihiro | Neutron density distributions of 204,206,208 Pb deduced via proton elastic scattering at E p = 295 mev[END_REF]. Parity violation in electron scattering has been proved to be an accurate technique [START_REF] Abrahamyan | Measurement of the neutron radius of 208 Pb through parity violation in electron scattering[END_REF] by the PREX collaboration, but its precision is still limited by the very low interaction cross section and its application to unstable nuclei out of current reach. For the sake of comparison, R n =5.78 +0. 16 -0.18 fm from PREX [START_REF] Abrahamyan | Measurement of the neutron radius of 208 Pb through parity violation in electron scattering[END_REF], R n =5.653 +0.054 -0.063 fm from a recent proton elastic scattering measurements [START_REF] Zenihiro | Neutron density distributions of 204,206,208 Pb deduced via proton elastic scattering at E p = 295 mev[END_REF]. Coherent pions photo-production seems a promising method but allows only to measure charge to matter radius difference [START_REF] Tarbert | Neutron skin of 208 Pb from coherent pion photoproduction[END_REF]. Matter radius is clearly a missing piece of experimental information, even for stable nuclei! Alternative techniques developed in neighboring domains, like coherent elastic scattering of neutrinos off nuclei [START_REF] Akimov | Observation of coherent elastic neutrino-nucleus scattering[END_REF], appears as a promising tool that deserves further investigation.

Coherent elastic neutrino-nucleus scattering can occur if qR 1, where q is the modulus of the three-momentum transfer and R the nuclear radius. The cross section for such process is proportional to the neutron form factor, which is the Fourier Transform of the matter distribution [START_REF] Cadeddu | Average csi neutron density distribution from coherent data[END_REF].

Indeed the synergies with neighboring domains (e.g. nucleon structure and neutrino physics) appear as a key to progress in our understanding of the atomic nucleus and the Nuclear Physics Department of CEA Saclay, with its different components, seems to me a very promising environment to develop them in the near future. te wave-function being made up of only small components that long to the lowest shell-model configurations, while instead s-, and d-shells are populated with almost equal weights [START_REF] Lunderberg | Evidence for the ground-state resonance of 26 O[END_REF][START_REF] Marques | Two-neutron interferometry as a probe of the nuclear halo[END_REF],

Be(g.s.) = α 10 Be ⊗ (1s 1/2 ) 2 + β 10 Be ⊗ (0p 1/2 ) 2 + γ 10 Be ⊗ (0d 5/2 ) 2 .

(2) re, 10 Be forms an inert core with a closed 0p 3/2 neutron shell. is conjecture has actually been confirmed in a series of recent periments [14][15][16][17][18]. In Ref. [14] it was found that N = 8 is not good closed shell for 12 Be since it contains a major (s 2d 2 ) ruder configuration. This breakdown of the N = 8 shell clore is also expected theoretically [START_REF] Marques | Two-neutron interferometry as a probe of the nuclear halo[END_REF][19][20][21][22][23][24]. This means that the ucture of 12 Be essentially is of few-body character and that a scription of 13 Be with a 12 Be core having a closed p 1/2 shell not a good approximation. The open decay channels from 13 Be excited states in 12 Be makes the situation even more compli- 
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 23 Figure 2.3: Sketch of the experimental setup at SAMURAI.
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 24 Figure 2.4: Angular correlation in the laboratory frame of proton and neutron in14 Be(p, pn) reaction. The red line correspond to the kinematics calculated with the QFS code of Ref.[23].
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 25 Figure 2.5: Missing momentum distribution for (a) 0 ≤ E rel ≤ 0.5 MeV, (b) 2.0 ≤ E rel ≤ 3.0 MeV, and (c) all data.E rel is the relative energy in the 9 Li-n system. Red, green, blue and black solid curves represent DWIA calculations for s, p, d-waves, and their sum, respectively. The (p,pn) acceptance is overlaid in panel (c).
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 26 Figure 2.6: Correlation angle distribution for different k intervals.
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 27 Figure 2.7: Average correlation angle per missing momentum interval, as a function of the respective missing momentum central value. The error bars represents the statistical error and the green shaded area the systematic error. The correlation angle obtained in [15] is overlaid as a grey shaded area.
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 28 Figure 2.8: Correlation angle distribution for different k intervals. The points are presented with their statistical error, while the shaded area represents the systematic error.
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 2 Figure2.9: Left: relative-energy spectrum of13 Be and contributions from core excited components. The inset shows the spectrum in logarithmic scale. Right: gamma spectrum of12 Be. The two transitions are reproduced by the sum of an exponential background and the response functions (dashed curves) of DALI2 to a transition at 2.1 MeV and 2.7 MeV, obtained via a GEANT4 simulation.
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 211 Figure 2.11: 13 Be relative-energy spectrum using the (a) P1 and (b) P2 potentials. Results are shown after convoluting the theoretical lineshapes with the experimental resolution function. The inset shows the relative energy spectrum measured in coincidence with the 12 Be(2 + ) decay transition, compared to the calculated core-excited component. See text for details.
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 212 Figure 2.12: Experimental transverse momentum distributions at 0-0.2, 0.4-0.5 and 1.8-2.2 MeV relative energy with P2 potential. The solid black line is the total TC result, convoluted with the experimental resolution and globally rescaled through a χ 2 fit. Dashed lines are the contributions corresponding to removal of a neutron from a s-(red), p-(blue) or d-wave (green).

Figure 2 . 13 :

 213 Figure 2.13: Ground state probability density of 14 Be with P1 and P2 potentials. Figure courtesy J.Casal.

  -of-the-art on Short-Range CorrelationsShort-Range Correlations (SRC) are two-body components of the nuclear wave function with high relative momentum and low center of mass (c.m.) momentum with respect to the Fermi momentum k F ∼ 250 MeV/c[47,[START_REF] Hen | Nucleon-nucleon correlations, short-lived excitations, and the quarks within[END_REF].The effect of SRC results in the population of high-momentum states with k > k F , beyond what is expected for a free-Fermi gas (FFG), as illustrated in Fig.3.1 (left). SRC nucleon-nucleon pairs are formed as temporary highdensity fluctuations with 2-5 times the nuclear saturation density, limited by the nucleon-nucleon (NN) interaction
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 31 Figure 3.1: Left: Correlated momentum distributions of symmetric nuclear matter from Av18 and CDBONN interactions compared to free Fermi gas (FFG) (adapted from [51]). Right: Same potentials in the 1 S 0 channel. Central and tensor parts of Av18 potential are plotted in the inset.

Figure 3 . 2 :

 32 Figure 3.2: Experimental momentum distribution from electron scattering on12 C (markers) compared to the momentum distribution calculated within the independent particle model (dashed line) and the Correlated Basis Function theory (solid line)[START_REF] Benhar | The nucleon spectral function in nuclear matter[END_REF]. From Ref.[START_REF] Rohe | Nuclear transparency from quasielastic 12 C(e, e p)[END_REF].

Figure 3 . 3 :

 33 Figure 3.3: Diagram corresponding to the breakup of a SRC pair induced by an electron [55].

Figure 3 . 4 :

 34 Figure 3.4: Proton-proton over neutron-proton SRC pairs ratios in stable isotopes as a function of their mass A [55]. The horizontal dashed lines show the ratios calculated with the Generalized Contact Formalism for different NN potentials.

Figure 3 . 5 :

 35 Figure 3.5: Ratio of (e,e pp)12 C and (e,e p)12 C events as a function of missing momentum, compared with Generalized Contact Formalism calculations with different interactions[59].

Figure 3 . 6 :

 36 Figure 3.6: Deuteron momentum distribution with Av18 potential at different resolution scales λ [62].

Figure 3 . 7 :

 37 Figure 3.7: Top: ratios of spin-1 pn contact terms extracted using different NN+3N potentials for different nuclei to deuterium (top) or 4 He (middle), and of spin-0 pp contact terms for different nuclei to 4 He (bottom) [64]. Bottom: ratio of two-body density between the nucleus A ( 3 He and 4 He in blue and red, respectively) with respect to the deuteron. The left panel shows the results obtained with the same N2LO potential at different resolution scales (open and filled symbols), while the right panel shows the results with the AV18+UIX potential [63].

Figure 3 . 8 :

 38 Figure 3.8: Ratio of the nucleon structure functions F2 of Iron and deuterium. Taken from [65].

Figure 3 . 9 :

 39 Figure3.9: Per-neutron (left) and per-proton (right) strength of the EMC effect versus the per-neutron and perproton number of SRC pairs. The bottom panels are with a N/Z asymmetry correction allowing to restore the linear correlations. Taken from[START_REF]Schmookler and The CLAS Collaboration[END_REF].

Figure 3 . 10 :

 310 Figure 3.10: Quenching factor from (p,2p) data[START_REF] Atar | Quasifree (p, 2p) reactions on oxygen isotopes: Observation of isospin independence of the reduced single-particle strength[END_REF] compared to a phenomenological calculation including SRC and LRC, here decomposed in PVC (particle-vibration coupling) and PC (pairing correlations)[START_REF] Paschalis | Nucleon-nucleon correlations and the single-particle strength in atomic nuclei[END_REF].

A pioneering experiment with stable 12 C

 12 beam in inverse kinematics was proposed in 2017 by O.Hen (MIT), Mikhail Kapishin (JINR), E.Piasetsky (Tel Aviv University) and T.Aumann (TU Darmstadt) at the Nuclotron accelerator in Dubna. I joined the team for the experiment that was performed in March 2018 using the BMN setup and the LAND detector from GSI at the Dubna Nuclotron accelerator. V. Panin (postdoc DPhN, 2018-2019) was in charge of the analysis of the fragment.The Nuclotron setup is shown in Fig.3.11. The main elements are a two-arms telescope for the measurement of (p,2p) reaction, an ensemble of a dipole magnet and fragment tracking detectors for fragment analysis, and the LAND neutron detector (that was not used in this first analysis).

Figure 3 . 13 :

 313 Figure 3.13: Missing energy vs missing momentum correlations for the measured 12 C(p,2p) 10 B (upward triangles) and 12 C(p,2p) 10 Be (downward triangles) events, on the top of the GCF simulation [74].

Figure 3 . 14 :

 314 Figure 3.14: Distribution of the cosine of the angle between the recoil nucleon and missing momentum (left), and 10 B fragment and pair relative momentum (right) [74].

Figure 3 . 16 :

 316 Figure 3.15: Nuclei we plan to study in the first experiment at R 3 B compared to the ones studied at Jefferson Laboratory (USA) in direct kinematics measurements.
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 4141 Figure 4.1: Technical drawing of the TPC with the sketch of a (p,2p) reaction.

Figure 4 . 2 :

 42 Figure 4.2: Photo of the Micromegas detector (left) and of the assembled field cages (right).

Figure 4 . 3 :

 43 Figure 4.3: Technical drawing of one cosmic bench of IRFU Detector Division used for the tests of the MINOS TPC.

Figure 4 . 4 :

 44 Figure 4.4: Residuals between the tracks measured by the cosmic bench, and the TPC points. The left (right) plot is made with points detected in a cylindrical slice of 10 cm height on the anode (cathode) side, corresponding to an average 5 cm and 25 cm drift distance.

Figure 4 . 5 :

 45 Figure 4.5: Optical image of the TPC (left) and after data analysis (right). Courtesy Maxence Vandenbroucke.

Figure 4 . 6 :

 46 Figure 4.6: Y (left) and Z (right) component of the GLAD magnetic field along the z direction for a central trajectory.

Fig 4 . 8 Figure 4 . 7 :

 4847 Fig 4.8 shows the deviation (in mm) in x and z at the detection plane for tracks originating at different (x, z) position,

Fig 4 . 9

 49 Fig 4.9 shows the spread of the deviation. One can note that the spread is around or less than 1 mm (sigma).

  Those results encouraged us to push forward the TPC study, namely focussing on the extraction of the momenta of the charged particles from the trajectory reconstructed via the TPC. The projet is now lead by TU Darmstadt and focussed on the study of hypernuclei. A simulation of3 Λ H hypernucleus formation and decay is shown in Fig.4.10.A prototype, called HYDRA, focussed on the detection of the π -particle originating from the weak decay of the hypernucleus has been designed. Simulations performed by Y. Sun show that an invariant mass resolution of 1.5MeV (sigma) for the decay of 3 Λ H can be achieved with such prototype and the GLAD system. A Letter of Intent to endorse the use of HYDRA in GLAD, including a test beam time request, has been submitted in 2020 by A.Obertelli to the GSI Program Advisory Committee.

Figure 4 . 8 :

 48 Figure 4.8: Deviation of the electron drift from the vertical projection (z axis, in mm), for electrons originating at different heights in the TPC.

Figure 4 . 9 :

 49 Figure 4.9: Sigma of the distribution of the deviation of the electron drift from the vertical projection (z axis, in mm), for electrons originating at different heights in the TPC.

Figure 4 . 10 :

 410 Figure 4.10: Simulated tracks corresponding to the production and decay of 3 Λ H, with the footprint of the HYDRA TPC. Courtesy Y.Sun.

Figure 4 .

 4 Figure 4.11: Left: technical drawing of the target and cryostat ensemble. Right: photos of the three target cells with their support and pipes, all wrapped in the multilayer insulation foils.

Figure 4 . 12 :

 412 Figure 4.12: Graphical interface of the remote control.

Figure 4 . 13 :

 413 Figure 4.13: Photo of the liquid hydrogen target system coupled to the R 3 B reaction chamber. The whole target is hanging underneath the R3B gantry structure placed upstream the GLAD magnet. One half of the CALIFA array can be seen behind the target chamber.

1 / 38 From• 9 •q 12 ••. 3 .
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  3 B collaboration at GSI. I consider R 3 B at GSI and, later on, FAIR, as the setup of choice for high-resolution kinematically complete measurement necessary for QFS based correlation studies. To foster this program, we have equipped the R 3 B setup with a liquid hydrogen target (seeChapter 4).Besides the study of Short-Range Correlations which is detailed in Chapter 3, I am involved in other physics program based on QFS reactions using this target and aiming at spectroscopy and correlations studies in key regions of the nuclides chart, like neutron-rich Li, Be, B, C and N isotopes, and around 132 Sn.

Be relative-energy spectrum at E r ∼ 0.5 MeV, populated in the

Be(p, pn) reaction, is most likely dominated by

-8 -6 -4 -2

-8 -6 -4 -2 -

ü Pilot experiment: 12 C(p,2p) @ 3.15 GeV/u ü (p,2p) channel

Remerciements

We have verified that the prototype #2 presents the nominal electrical and mechanical features.

Once the TPC is mounted, the only meaningful electrical quantity that can be measured is the global current flowing through the cages, that is 14.984 µA and 14.713 µA at 6kV for the prototype #1 and #2, respectively. The deduced value of the total resistance of the TPC is 388 MΩ and 396 MΩ for the prototype #1 and #2, respectively, to be

Je voudrais ici adresser quelques mots à certains d'entre eux, en

Chapter 5

Conclusions and perspectives

I believe the two fundamental and still unanswered questions in modern nuclear physics are:

• How does the complex phenomenology of nuclei emerge from nucleon-nucleon interaction?

• How does the nucleon-nucleon interaction emerge from quantum chromodynamics? This Manuscript tries to address those two questions. The phenomenology of neutron-rich nuclei at the dripline, and the limits of nuclear existence (Chapter 2), challenges the theoretical models. SRC (Chapter 3) arises at the interface between nuclear and subnuclear scale, where the validity of the approximation of nucleons as point-like particles shows its shortcomings.

In the coming 10 years, a wealth of opportunities for those kind of studies via direct reactions is opened by the ongoing technical developments and in particular the construction of the FAIR and FRIB facilities, and the upgrade of the RIBF facility at RIKEN. I am convinced that ab-initio models of nuclei provide an indispensable tool to understand, and being able to predict, this rich phenomenology. Initially applicable only to closed-shell nuclei, methods like Coupled Cluster and Self-Consistent Green Functions were generalized and are now successfully applied to open-shell nuclei [START_REF] Papuga | Shell structure of potassium isotopes deduced from their magnetic moments[END_REF][START_REF] Sun | Restoration of the natural e(1/21+) -e(3/21+) energy splitting in odd-k isotopes towards n = 40[END_REF].

In this context, I am convinced the role of the experimentalists is to provide an accurate and precise measurement of the most appropriate observables, which should also be the ones that theory is able to predict. Looking a bit beyond the subjects of this Manuscript, a good exemple of such observables seems to me basic properties of nuclei as matter and charge radii and/or distributions [START_REF] Lapoux | Radii and binding energies in oxygen isotopes: A challenge for nuclear forces[END_REF].

At present, three complementary techniques are applied to obtain nuclear charge radii: elastic electron scattering, laser spectroscopy of isotope shifts in regular atoms and X-ray spectroscopy of muonic atoms. Among those techniques, only laser spectroscopy has been applied yet to unstable nuclei, even if limited to lifetimes larger than several 100 ms, to extract charge-radius differences along an isotopic chain.

Electron scattering has been successfully used (among others, at the Acc él érateur Lin éaire de Saclay) to extract The MINOS device: the Time Projection Chamber Field cage: Dineutron correlations in 11Li

• Measure K' ( 9 Li-n 2 momentum) and k (n 1 missing momentum)

• Deduce the correlation angle in the momentum space Dineutron correlations in 11Li and 14Be

• Dineutron correlation develops at the periphery (missing momentum ~ 0.3 fm -1 )

• Similar correlation angle pattern in 14 Be • Reaction theory for 14 Be under development..

Structure of 13Be

• Inconsistent interpretations of 13 Be spectrum in the literature • Gamma-n- 12 Be coincidences with high statistics 

Structure of 13Be

• Inconsistent interpretations of 13 Be spectrum in the literature • Gamma-n- 12 Be coincidences with high statistics => level scheme • Core excited contribution in the cross section is marginal • All MINOS and COCOTIER teams