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The NEWS-G collaboration uses Spherical Proportional Counters to search for Weakly Interacting Massive Particles (WIMP). The first detector, SEDINE, developed for this goal is a 60 cm diameter sphere installed at the Laboratoire Souterrain de Modane in France. In 2015, the collaboration took a run with neon as the target material for an exposure of 9.7 kg • days. This run allowed new limits to be set on the spin-independent WIMP-nucleon cross-sections with 90% confidence upper limit of SI < 4.4 ⇥ 10 37 cm 2 for a 0.5 GeV/c 2 WIMP. The study of the background events Zoé et Louis. Je suis très impatient de rentrer vous retrouver en France.
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observed during this run shows that it is dominated by the presence of the 210 Pb decay chain in the di↵erent materials composing the detector, its shielding, and on the inner surface of the sphere. The experience acquired in running the detector SEDINE and the analysis of its data allowed procedures to be developed to mitigate radioactive contaminations and the resulting background events in the experiment.

For the next detector a more stringent selection of radio-pure materials surrounding the detector is carried out. The radioactive background a↵ecting the experimental set up is then estimated via the measurements of material radioactive contaminations and the simulation of the di↵erent components. The development of new sensors allows a better homogeneity of the detector response and improved data acquisition in a larger detector. The new detector is a 140 cm diameter copper sphere, to be ii installed at SNOLAB in Canada in 2020. Its performances will be also enhanced by the development of new methods of signal characterisation and energy calibration.

iii

Résumé

Les compteurs proportionnels sphériques sont utilisés pour la recherche de matière noire par la collaboration NEWS-G depuis 2013 avec le détecteur SEDINE installé au Laboratoire Souterrain de Modane. Ce premier détecteur a permis d'établir une nouvelle limite de la section e cace d'interaction WIMP-nucléon pour des WIMPs (Weakly Interactive Massive Particles) de masse inférieure à 0.6 GeV/c 2 . Depuis, la collaboration travaille à la mise au point d'un nouveau détecteur. Cette thèse se concentre sur deux aspects de l'expérience, la réduction du bruit de fond radioactif et le développement de nouvelles anodes permettant de réduire le seuil en énergie du détecteur jusqu'à la détection d'électrons uniques afin de garantir les meilleurs performances pour le prochain détecteur. Le premier chapitre est une introduction à l'ensemble de la thèse.

Le second chapitre se concentre sur le problème de la matière noire. L'existence de matière noire a été postulée au cours du vingtième siècle par plusieurs observations à di↵érentes échelles. Le premier indice vint de l'astronome Fritz Zwicky qui postula l'existence d'une forme de matière inconnue en observant la vitesse des galaxies au sein de l'amas de Coma. Au cours des années 70, Vera Rubin, observa que la matière lumineuse présente dans les galaxies n'apportait pas une masse su sante pour expliquer la vitesse de rotation des étoiles. Plus récemment, l'étude du bruit de fond iv cosmologique confirma que environ 26% de l'Univers est composé de matière noire.

Plusieurs hypothèses on été formulées afin d'expliquer ces observations. L'existence d'objets macroscopiques tels que des trous noirs et des naines brunes ou des modifications des lois de la gravité ont été évoquées mais mises en défaut par plusieurs observations. L'hypothèse la plus populaire est l'existence de WIMP. Ces particules massives et interagissant faiblement pourraient être détectées via leur di↵usion élastique avec les noyaux de matériaux cibles de détecteurs présents sur terre. Les Le quatrième chapitre se focalise sur le détecteur SEDINE. Ce détecteur est une sphère de cuivre de 60 cm de diamètre installée au Laboratoire Souterrain Modane (LSM) en France. La sphère est placée dans un blindage fait de 5 à 7 cm de cuivre, 10 à 15 cm de plomb et finalement 30 cm de polyéthylène. En 2015, SEDINE a été utilisée avec un mélange de gaz composé de 99.3% de néon et 0.7% et méthane. Les données prises durant cette acquisition permirent de définir une nouvelle limite de la section e cace d'interaction WIMP-nucléon. L'analyse de ces données permit de définir vi plusieurs points faibles du détecteur à améliorer pour le suivant. La calibration du détecteur faite avec de l'Argon-37 permit de mettre en évidence la non-homogénéité de la réponse du détecteur du fait de l'utilisation d'une anode simple ainsi que l'impact de la contamination en oxygène du gaz. Ces deux aspects ont été intégrés à la simulation de la réponse du détecteur. Une fois qu'une simulation correcte du détecteur fut mise en place, les di↵érents bruits de fond radioactifs ont été étudiés. Une première analyse mit en lumière le fait que les contaminations des di↵érents matériaux composants le détecteur, son blindage et la roche du laboratoire en Uranium-238, Thorium-232 et Potassium-40 de l'ordre de quelques dizaines ou centaines de µBq/kg, ne pouvaient expliquer le bruit de fond observé. En 2017, une nouvelle méthode de mesure de la contamination de Plomb-210 dans le cuivre fut publiée et montra que l'hypothèse de l'équilibre de la chaine de l'Uranium-238 était incorrect et que l'activité de Plomb-210 est de l'ordre de plusieurs dizaines de mBq/kg. Une seconde étude prenant en compte de tel niveau d'activité de Plomb-210 dans les di↵érents matériaux composant le détecteur ainsi que sa surface interne permit de montrer que, à basse énergie, la chaine du Plomb-210 est responsable de 85% du bruit de fond observé.

Le cinquième chapitre présente l'étude menée afin de réduire le bruit de fond du prochain détecteur qui sera installé à SNOLAB au Canada. Ce détecteur est plus gros avec un diamètre de 140 cm, et fait de meilleurs matériaux. Le blindage est composé d'une coquille de 25 cm de plomb dont les 3 cm les plus proches de la sphère sont faits de plomb archéologique. Cette coquille est finalement entourée de 40 cm de polyéthylène. Plusieurs techniques ont été développées afin de réduire les di↵érents bruits de fond. Premièrement, le temps d'exposition du cuivre utilisé pour la fabrication de la sphère aux rayons cosmiques a été limité à trois mois afin de réduire vii l'accumulation principalement d'isotopes de cobalt radioactif. Une boite à gants a été installée au dessus de la sphère afin de pouvoir manipuler les di↵érents composants sans exposer la surface interne du détecteur à l'air du laboratoire contaminé par du Radon-222. Finalement, 500 µm de cuivre pur ont été plaqués sur la surface interne du détecteur afin de réduire le bruit de fond induit par la présence de la chaine de désintégration du Plomb-210 dans le cuivre.

Le dernier chapitre se concentre sur le développement de senseur. Le senseur est un paramètre clé du détecteur. L'utilisation de senseur simple tel que celui utilisé avec SEDINE limite les performances du détecteur. La tension pouvant être appliquée sur la bille est limitée par les décharges pouvant se produire avec la canne la supportant. La présence du fil reliant la bille déforme le champ électrique et induit une non-homogénéité de la réponse du détecteur. Ces deux faiblesses peuvent être corrigées en appliquant une seconde tension sur un "parapluie" fait d'un matériel résistif placé autour du fil et proche de la bille. Ces senseurs avec parapluie résistif ont montré leur capacité à avoir des seuils de détection très bas, jusqu'à la détection d'électrons uniques. Finalement, pour les détecteurs larges tels que celui qui sera utilisé à SNOLAB, des senseurs de type "Achinos" (oursin) ont été développés. Ces senseurs sont composés d'un corps central sur lequel est appliqué un matériel résistif et onze billes. Ce type de senseur a montré ses capacités à détecter des électrons uniques dans de grands volumes (1m 3 ).
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Introduction

Astrophysical observations, from galactic to cosmological scales show that a significant part of the Universe is made of invisible or "dark" matter [START_REF] Bertone | Particle dark matter: Evidence, candidates and constraints[END_REF]. None of the particles described in the standard model of particle physics or a combination of them have characteristics allowing a description of this invisible matter [START_REF] Jungman | Supersymmetric dark matter[END_REF]. Thus, identifying a particle responsible for this amount of unknown mass is a challenge benefiting for both our understanding of the Universe and the incomplete Standard Model of particle physics. Several candidates were postulated to solve the dark matter issue.

The most relevant one is weakly interacting massive particles (WIMPs). WIMPs are assumed to have a weak scale interaction cross-section with standard model particles [START_REF] Jungman | Supersymmetric dark matter[END_REF]. Three ways of detection are used to look for WIMPs. The indirect detection, where particle detectors are used to search for an excess of events due to the selfannihilation of WIMPs [START_REF] Conrad | Indirect Detection of WIMP Dark Matter: a compact review[END_REF]. The production, where detectors surrounding particle accelerators are used to search for missing transverse energy, a possible signature of WIMP production [START_REF] Dutta | Dark Matter Searches at Accelerator Facilities[END_REF]. Chapter 2 will describe the di↵erent dark matter evidences, candidates, and methods of detection. Chapter 3 presents the main interactions of radiation with matter followed by a general description of gaseous proportional counters and properties of electron drift under an electric field. The remainder of the chapter will focus on the specificities of the SPC and the pulse formation under a spherical electric field. The characteristics of the electric pulses, their amplitude and rise time, allow for determining some properties of the interacting particle such as the energy it deposited or the spatial distribution of this deposition. Then, a description of the pulse treatment and their shape discrimination is given, to finally present the tools and methods used for the detector simulation. In 2015, the NEWS-G collaboration set a new limit for WIMP masses lower than 0.5 GeV/c 2 at a cross-section of 4.4 ⇥ 10 37 cm 2 with a 60 cm detector filled with a neon and methane mixture at 3.1 bar placed at the Laboratoire Souterrain de Modane in France for 41 days of data acquisition. This result will be briefly described in chapter 4 followed by the description of the background recorded during the WIMP search run. This description relies on the estimation of radioactive contamination of the detector materials and the environment where it takes place. Chapter 5 will describe the optimization of the background of the nextgeneration detector: a 140 cm copper sphere to be installed in SNOLAB in Canada in 2020. The promising results obtained with the first detector will be strongly improved by an intensive material selection and background mitigation. The method used for radio-purity measurement in all materials composing the detector, its shield and the di↵erent methods to reduce their contributions to the background budget, and an estimation of the remaining background and its impact on the experiment sensitivity will be presented in this chapter. Chapter 6 will present improvement of the detector technology, specifically on the sensor, done to achieve low energy detection in a large SPC, in addition to the calibration method developed to ensure a good understanding of the detector behaviour at such low threshold.

Chapter 2

Dark matter

Introduction

Decades of astronomical observation brought strong evidence that our universe contains a large amount of invisible or "dark" matter. These observations were done on di↵erent scales from the galaxy to the cosmological scale. It is estimated that 70.4 ± 0.6% of the total matter content of the observable universe is in the form of non-relativistic, non-baryonic matter [START_REF] Adam | Planck 2015 results. I. Overview of products and scientific results[END_REF] at the cosmological scale. The first section of this chapter will describe the di↵erent observations which brought this intuition of dark matter. Following the evidence of invisible matter, theorists postulated several objects of di↵erent nature and size, micro or macroscopic, able to provide a significant amount of mass without producing light. The second part of this chapter will review some of the most popular candidates postulated during the past decades. As mentioned in the introduction chapter, the most popular candidate is WIMPs. The last section of this chapter will focus on WIMP detection. The three approaches to WIMP detection will be described with more details the direct detection approach used by the NEWS-G collaboration.
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Evidence for dark matter existence has arisen from several astrophysical and cosmological observations. Astrophysical observations include velocity dispersion of stars in galaxies, galaxy cluster dynamics and large scale object mass measurement by gravitational lensing. Anisotropies in the cosmic microwave background have brought evidence that at a very large scale, the Universe is made of more than only baryonic matter.

Velocity of galaxies in the Coma cluster

In 1933, the Swiss astrophysicist Fritz Zwicky [START_REF] Zwicky | Die Rotverschiebung von extragalaktischen Nebeln[END_REF] used the virial theorem to postulate the existence of an unseen matter. The total kinetic energy E of a system of N self-gravitating objects of average mass m and orbital velocity v is given by:

E = 1 2 Nmv 2 (2.1)
With an average separation of r between the N objects of the cluster, the potential energy of the N (N 1)/2 pairings is:

U = 1 2 N (N 1) Gm 2 r (2.2)
The virial theorem states that for such a cluster:

E = U 2 (2.
3)

The mass of the cluster M can be estimated from the measurements of v and r

M = Nm = 2rv 2 G (2.4)
While measuring radial velocities of galaxies in the Coma cluster and its radius, Zwicky estimated the average mass of the galaxies within the cluster and obtained a value about two orders of magnitude greater than expected from their luminosity.

To explain the di↵erence between the visible mass of the Coma cluster and the mass measured from the galaxies' velocities in the cluster, Zwicky postulated a new type of non-visible matter which only contributes to the cluster dynamic by the gravitational e↵ect. He named this matter 'Dark Matter'.

Rotation curve of galaxies

During the 1970s, Vera Rubin observed the circular velocity of stars and gas inside spiral galaxies. In such a system, stars and gas rotate around the galactic center on almost circular orbits. For a circular velocity v at a radius r from the galactic center, the condition for the stability of the orbit is that the centrifugal acceleration is equal to the gravitational acceleration:

v r = GM (r) r 2 (2.5)
Where M (r) is the mass inside the orbit of radius r. Then, the radial dependence of v would be expected to follow Kepler's Law:

v = r GM (r) r (2.6)
Rubin's measurements showed a di↵erent behaviour. The galaxy rotation-curves do not follow this law but stay almost constant after attaining a maximum of around 5 kpc as shown in Fig 2 .1. The solution to this is that in addition to stars and gas, the galaxies are made of a di↵use halo of dark matter, M (r) proportional to r, leading to v(r) ⇡ constant.

Figure 2.1: Rotation curve of few galaxies, showing the necessary contribution from a dark matter halo (dash-dot) in addition to the contributions of the gas (dot) and disk (dash) to produce the observed velocity distribution [START_REF] Begeman | Extended rotation curves of spiral galaxies: Dark haloes and modified dynamics[END_REF] 2.2. EVIDENCE FOR DARK MATTER 9

Galaxy cluster merging

A photon in a gravitational field moves as if it has mass and light rays bend around gravitating masses. It is possible to construct a map of the gravitational potential of a massive object by measuring the distortion of the images of background galaxies. On the other hand, it is possible to construct a map of the baryonic matter distribution by observing typical photons that it emits. Clowe et al. [START_REF] Clowe | A direct empirical proof of the existence of dark matter[END_REF] observed the Bullet cluster, a unique object formed by the merging of two galaxy clusters. In such a collision, galaxies behave as collisionless particles, while the gas cloud that composes most of the cluster mass experiences pressure. Figure 2.2 shows the gravitational potential (green line) and the distribution of interstellar gas (color gradient). The discrepancy of the two maps is direct proof of the existence of dark matter. 

Cosmic microwave background anisotropy

The Cosmic Microwave Background (CMB) is the photons emitted during radiationmatter decoupling. Before decoupling, the early Universe consisted of a plasma of free electrons and light nuclei. The CMB was coupled to this plasma via Thomson scattering from the free electrons. Then, when the universe was ⇡ 300000 years old, When emitted, these photons were in thermal equilibrium with the electron-nuclei plasma at a temperature of T ⇡ 3000K. The CMB has a today mean measured temperature of T = 2.725 ± 0.001 K due to the expansion of the Universe. Figure 2.3

shows a non-uniform universe. The coolest parts of the CMB correspond to higher density because photons are red-shifted as they escape the gravitational potential wells. We can extract from this mapping a relationship between anisotropy and angular scale. The fit of the spectral fluctuation of the CMB allows us to extract several pieces of information about the universe [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF]. More specifically, three parameters describing the energetic content of the universe can be obtained, ⌦ b the baryon density parameter, ⌦ c the dark matter density parameter and ⌦ ⇤ the dark energy density parameter.

These three parameters have been estimated to:

• ⌦ b = 0.0486 ± 0.0010

• ⌦ c = 0.2589 ± 0.0057

• ⌦ ⇤ = 0.6911 ± 0.0062
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This latest evidence brought the remarkable results that the energy content of our universe is made of an unknown form called 'dark energy'. Secondly, the baryonic matter described by the standard model of particle physics forms only 4% of the universe. The remaining 26% of the content of the universe is made of non-baryonic dark matter.

Dark matter candidates

Several hypotheses have been formulated during the past decades to explain the observations described in the previous section. These hypotheses can be divided into three categories: a new theory of gravitation, a large amount of mass brought by macroscopic objects, and finally the possibility of the existence of some unknown elementary particle. The three hypotheses will be discussed with particular attention on the last one, investigated by the NEWS-G collaboration.

MOND

The MOdified Newtonian Dynamics (MOND) [START_REF] Milgrom | A modification of the Newtonian dynamics as a possible alternative to the hidden mass hypothesis[END_REF] model attempts to explain the flatness of the rotation curve of galaxies by modifying the acceleration due to gravity for very low acceleration, a 0 ⇡ 10 10 ms 2 . The MOND model assumes a force of gravity given by F = mµ(a/a 0 )a instead of the well known F = ma described by Newton's second law, µ is a function of the acceleration and assumes the value of µ ⇡ 1 for a/a 0 >> 1 and µ ⇡ a a 0 for a/a 0 << 1. This model allows for a constant orbital velocity at very large radii and very low acceleration and is consistent with the observations done by Vera Rubin. However, the model is not consistent with other astronomical observations such as the Bullet cluster mass distribution and cosmological observation supported by the ⇤CDM model claiming the existence of a non-baryonic form of matter.

MACHOS

Another alternative to explain the excess of mass in the universe consists of Massive Compact Halo Objects or MACHOS. MACHOS consist of undetected astronomical objects such as black holes, neutrons stars, white or brown dwarfs or planets. The search for such objects in su cient quantity to explain the astronomical observations did not succeed [START_REF] Alcock | The MACHO project: Microlensing results from 5.7 years of LMC observations[END_REF]. Also, MACHOs are composed of baryonic matter, and it is known from the CMB measurements that the amount of baryonic matter is not enough to form a large fraction of the dark matter.

Non-baryonic dark matter

The standard model (SM) of particle physics describes all known particles. The model was developed during the 20th century and showed its strength at multiple times. The experimental confirmation of the existence of quarks, neutrinos, and gauge bosons during the past century brought strong evidence of the validity of the standard model [START_REF] Tara | The standard model[END_REF]. The discovery of the Higgs boson in 2012 by the Large Hadron Collider (LHC) at the CERN in Geneva magnified its solidity [START_REF] Chatrchyan | Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC[END_REF] [START_REF] Aad | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF]. However, it is well known that the standard model is limited and is not su cient to describe all observations, such as the neutrino mass. Additionally, the Standard Model does not give any description of gravity. These last considerations pave the way for a new physics, 'beyond the standard model' potentially providing new massive candidates able to explain the observations. Candidates for non-baryonic dark matter must satisfy several conditions. They must be stable on the cosmological scale, they must interact weakly with electromagnetic radiation, and they must have the right density [START_REF] Tanabashi | Review of particle physics[END_REF].

Neutrinos

Neutrinos are a natural candidate for dark matter because they are non-baryonic, massive, and weakly interacting. Although they are abundant in the universe, their low mass leads to an insignificant contribution to the total dark matter estimated in the universe. The analysis of the cosmic microwave background allows setting an upper limit to the neutrino density parameter, ⌦ ⌫  0.014 [START_REF] Patrignani | Review of Particle Physics[END_REF]. Thus, is it possible that neutrinos contribute some amount of dark matter but they can not provide the ⌦ c = 0.2589 ± 0.0057 alone. Axions could be detected via axion-photon interactions.

Axions

WIMPs

Weakly Interacting Massive Particles (indicated by ) are particles with masses roughly from GeV/c 2 to TeV/c 2 . In the early universe, right after the period of inflation, WIMPs are supposed to have been in thermal and chemical equilibrium with the hot 'soup' of Standard Model particles. The high temperature of the universe allows for the creation of particle -anti-particle pairs, including WIMPs. These creations were counter-balanced by the annihilation of these pairs of particle and anti-particle. As the universe cooled down the production rate of pair of particles decreased. However, they could still annihilate, and the WIMP density decreased exponentially. However, as the universe kept expanding, the WIMP annihilation rate decreased and became negligible due to their small interaction probability. This point is known as the 'freeze-out' point. The WIMP density in the universe became roughly constant with that measured today, this is known as the WIMP relic density and has been approximated to be [START_REF] Jungman | Supersymmetric dark matter[END_REF]:

⌦ h 2 ⇡ 3 ⇥ 10 27 cm 3 s 1 < v > (2.7)
where is the annihilation cross-section and v the velocity. If we assume the annihilation cross-section of WIMPs to be weak-scale, in the order of v ⇡ 10 26 cm 3 s 1 (where v is the relative velocity between the annihilating particles) [START_REF] Bertone | History of dark matter[END_REF], their estimated relic abundance is found to be of the same order of magnitude as suggested by the cosmological observations of dark matter density. This fact is known as the 'WIMP miracle'. In addition to this miracle, WIMPs are a good candidate for dark matter because several theories beyond the Standard Model propose massive particles with the property to be weakly interacting. The most prominent example of such a theory is supersymmetry (SUSY). The symmetry of SUSY relates particles with the same strong, weak and electromagnetic quantum numbers and with spins di↵ering by 1/2 unit [START_REF] Peskin | Supersymmetric dark matter in the harsh light of the large hadron collider[END_REF]. As partners of the quarks and leptons, we introduce new spin 0 squarks and sleptons, and as partners of the vector bosons, we introduce spin 1/2 gauginos.

SUSY requires a new discrete symmetry that makes its lightest new particle stable.

Such particle is called the neutralino and is notated ¯ 0 . The neutralino satisfies all of the primary requirements of the WIMP model.

Search for WIMPs

The search for WIMPs is done in three di↵erent ways. High energy collisions of Standard Model particles can produce WIMPs, and this possibility is under investigation at the Large Hadron Collider in the form of a search for supersymmetric particles.

The second possibility is the indirect search for WIMPs. Indirect detection experiments aim to detect the daughter products of possible WIMP self-annihilation into Standard Model particles. Finally, direct detection relies on the scattering of WIMPs on nuclei of target material on earth. This last possibility is the one explored by the NEWS-G collaboration.

Production

A neutralino pair may be produced in a particle accelerator which is operated at energy higher than twice the neutralino mass. The search for neutralino is done by looking at missing transverse energy. Once produced by a collision of standard model particles, neutralino particles could leave the detector surrounding the collision point without interacting. The reconstruction of transverse momentum would be unbalanced, highlighting the presence of an undetected particle. To date, no WIMP production has been reported by experiments at any of the colliders, (LHC, Tevatron, LEP,...) [START_REF] Boveia | Dark Matter Searches at Colliders[END_REF]. Results from the Run-I LHC dataset recorded by the Atlas and CMS experiments are consistent with SM background expectation, limits have been set on di↵erent models, emphasizing the complementary nature of collider and direct detection searches. Collider searches can constrain the low WIMP mass region where direct detection su↵ers a lack of sensitivity. Figure 2.5 illustrates the complementarity of both methods where detection is more sensitive for dark matter masses higher than 10 GeV/c 2 and collider production is more e cient at lower masses. We emphasize that the exclusion regions obtained in this way will depend strongly on the assumptions of the model. The extrapolations are done with full knowledge that the simplified model is merely a crude guess, and one must be careful not to overgeneralise [START_REF] Boveia | Dark Matter Searches at Colliders[END_REF].

Indirect detection

The indirect detection of dark matter relies on the detection of WIMP annihilation or decay products which are SM particles [START_REF] Hooper | TASI Lectures on Indirect Searches For Dark Matter[END_REF]. These particles include neutrinos, gamma rays, positrons, antiprotons, and antinuclei. WIMPs can be slowed down, captured and trapped in celestial objects like earth or the sun, thus enhancing their density and their probability of annihilation [START_REF] Tanabashi | Review of particle physics[END_REF]. The product of such annihilations could be muons neutrinos which can interact in the earth. Incoming muons could be detected in large neutrino telescopes such as SuperKamiokande [START_REF] Habig | An Indirect search for WIMPs with Super-Kamiokande[END_REF] or IceCube [START_REF] Aartsen | Search for Neutrinos from Dark Matter Self-Annihilations in the center of the Milky Way with 3 years of IceCube/DeepCore[END_REF]. Another indirect detection method relies on the gamma-ray spectrum in the galaxy.

Galactic models can be used to derive the total gamma flux and their spectrum.

WIMP annihilation in the galactic halo would lead to a deviation from these models. This signal would strongly depend on the size of the halo but is expected to be most prominent near the galactic center. Interesting results from such a search come from the FERMI/LAT satellite experiment which detected an excess of ⇡ 133 GeV photons from the galactic center. However, the detailed analysis set a global significance estimated to 1.6 standard deviations [START_REF] Ackermann | Search for Gamma-ray Spectral Lines with the Fermi Large Area Telescope and Dark Matter Implications[END_REF]. In addition to the gamma spectrum, galactic models predict a spectrum for positrons, antiprotons, anti-deuterium, and anti-helium. Satellite-based experiments such as PAMELA [START_REF]PAMELA and indirect dark matter searches[END_REF] or AMS02 [START_REF] Palmonari | Search for dark matter in cosmic rays with the AMS-02 space spectrometer[END_REF] can measure this spectrum. Both experiments detected a rise of the positron fraction in cosmic rays. The possibility that annihilating dark matter might be responsible for this signal generated a great interest. However, it was pointed out that nearby pulsars or the acceleration of secondary positrons in supernova remnants could potentially account for the excess positrons. The combined data from PAMELA, AMS02, and Fermi show that for dark matter to generate this signal, the particle would have to be heavy,⇡ 1 3TeV/c 2 [START_REF] Hooper | TASI Lectures on Indirect Searches For Dark Matter[END_REF]. Similarly to the electron/positron ratio, AMS02 observed an excess of antiprotons at energies between 10 and 20 GeV. This excess has no simple explanation and has been interpreted as a possible signal of annihilating dark matter. However, systematic uncertainties related to the antiproton production cross-section, solar modulation and cosmic-ray transport make the significance of this feature di cult to assess at this time [START_REF] Hooper | TASI Lectures on Indirect Searches For Dark Matter[END_REF]. This excess is a suggestion for dark matter masses between 60 and 80 GeV/c 2 .

Direct detection

The direct detection of WIMPs relies on the detection of nuclear recoils induced by the elastic scattering of WIMPs on a target material. Due to the assumed weak-scale interaction cross-section between WIMPs and standard model particles, detecting such interaction demands large detectors placed in a low background environment.

This section will summarize the theory of such detection, the interaction cross-section, expected di↵erential recoil energy spectrum and characteristics of a WIMP signal and will be concluded by a summary of the current detection limits.

SEARCH FOR WIMPS 21

Cross sections

The WIMP-nucleus cross section may be written in terms of a spin-independent and a spin-dependent term. The spin independent is given by:

SI = 4µ 2 A ⇡ [Zf p + (A Z)f n ] 2 (2.8)
and the spin dependent by:

SD = 32G 2 F µ 2 A ⇡ J + 1 J (a p hS p i + a n hS n i) 2 (2.9)
where µ A = M M A /(M + M A ) is the WIMP-nucleus reduced mass, with M the mass of the WIMP and M A the mass of the nucleus. Z is the atomic number of the nucleus, J is the total nuclear spin and G F is the Fermi constant. f p , a p , f n and a n are the e↵ective spin-independent and spin-dependent couplings of the WIMP to the proton and neutron. hS n i is the expectation values of the proton and neutron spins within the nucleus [START_REF] Schnee | Introduction to dark matter experiments[END_REF]. The total WIMP-nucleus cross section is the sum of equations 2.8 and 2.9. For many spin-independent models, f p ⇡ f n , so the spin-independent WIMP-nucleus cross-section can be rewritten as:

SI 0W N = SI µ 2 A µ 2 n A 2 (2.10)
where the dependence on the target material may be factored as:

SI = 4µ 2 n f 2 n ⇡ (2.11)
is the spin-independent cross-section of a WIMP on a single nucleon. The spinindependent cross-section with a single nucleon is used in the literature because it is independent of the target nuclei.

For spin-dependent, the contributions of nucleons with opposite spins cancel, so the total spin-dependent cross-section depends on the net spin of the nucleus. Nuclei with even numbers of protons or neutrons have nearly no net proton or neutron spin and have almost no sensitivity to spin-dependent interactions on protons and neutrons respectively. For example, argon is mainly composed of 40 Ar and neon is mainly composed of 20 Ne, so these targets are insensitive to spin-dependent interactions.

Many materials used as WIMP targets such as neon, germanium, silicon or xenon have even numbers of protons and hence are insensitive to spin-dependent interactions on protons, and only a fraction of the isotopes of these targets have a sensitivity to spindependent interactions on neutrons. Experiments such as PICO [START_REF] Amole | Dark matter search results from the pico-60 cf 3 I bubble chamber[END_REF] are sensitive to spin-dependent interactions on protons by using fluorine as a target material. NEWS-G can also be sensitive to spin-dependent interactions on protons using hydrogen in the form of CH 4 as a target.

Recoil energy spectrum

Due to their low velocity in the galactic frame, around 220 km/s, WIMPs will interact with the nucleus as a single target by elastic scattering. The recoil energy E r given to a nucleus of mass m A is then:

E r = E i r 1 cos ✓ 2 (2.12)
where E i is the WIMPs initial kinetic energy, E i = M v 2 /2, ✓ is the scattering angle and r is a dimensionless parameter defined by:

r = 4M M A (M + M A ) 2 (2.13)
The energy momentum transfer is maximum for r = 1 meaning M = M A . Which means that the average recoil energy from a WIMP interaction is largest when the target mass is similar to the WIMP mass.

The di↵erential interaction rate per kilogram of detector is then defined by the product of the number of interaction per nucleon with the number of nuclei per kilogram of material:

dR = N 0 A n 0 f (ṽ + ṽE ) vd 3 ṽ (2.14)
where N 0 is Avogadro's number, so that N 0 /A is the number of nuclei per kilogram of material and is the cross section. n 0 is the local WIMP number density

n 0 = ⇢ /M
where ⇢ is the mass density of WIMPs in the galaxy. ⇢ is estimated from galactic dynamics to be about 0.3 GeV/(c 2 cm3), or roughly a third of a proton mass per cubic centimetre [START_REF] Weber | Determination of the local dark matter density in our Galaxy[END_REF]. is the WIMP-nucleus cross section.

We can reasonably assume that the WIMP velocities in the frame of the Galaxy follow the Maxwellian distribution:

f (ṽ + ṽE ) = e ( ṽ+ ṼE )/v 2 0 k (2.15)
where k is a normalisation factor and v 0 = 220 ± 20 km/s is the local circular velocity [START_REF] Schnee | Introduction to dark matter experiments[END_REF]. Considering the simplified case ignoring the earth velocity (v E = 0) and the galaxy's escape velocity (v esc = 1), we get:

dR dE R (E R ) = Z 1 E R /r 1 1 2 M v 2 r R 0 2⇡v 4 0 ve v 2 v 2 0 4⇡v 2 dv = R 0 E 0 r e E R E 0 r (2.16)
where is extended by using light target masses. This fact is of particular interest to the NEWS-G collaboration. Using gases with low A, such as neon or hydrogen, enhances its sensitivity to light WIMP candidate below 1 GeV/c 2 . At the present time, using a detector filled with methane, NEWS-G is the only experiment able to look for WIMP scattering on a hydrogen target.

R 0 = 2 p ⇡ N 0 A n 0 v (2.

Exclusion curve

Dark matter experiments count events. The number of events N expected for a given cross section and exposure follows a Poisson distribution. Without good knowledge of the background, we can assume that all detected events are dark matter candidates.

The excluded cross section at 90% confidence ex is then the one that would have 10% probability of giving the number of events observed or more. This cross section is given by:

ex = ⇥ N ex N (2.18)
where N is the integral of the di↵erential recoil energy spectrum for a given WIMP mass M and cross section . N ex is the upper limit on the number of events that the experiment should observe if the cross section is ex and is given by:

N ex = 1 2 F 1 2 (0.9; 2(N + 1)) (2.19)
where F 1 2 is the quantile of the chi-square distribution [START_REF] Tanabashi | Review of particle physics[END_REF] and N the number of events observed. If 0 (1, 2, 3) event is observed, 2.3 (3.89, 5.32, 6.68) events can be excluded at 90%. It is instructive to compare the e↵ect of the di↵erent characteristics of detectors on the exclusion curve, determined on a range of M . First, we can compare the exclusion curves for di↵erent target masses. Figure 2.8 shows the WIMP exclusion curves for di↵erent target masses, where the recoil energy spectrum was determined with formula 2.16 in a range E nr from 0.1 to 500 keV, assuming v 0 = 220 km/s, 100 kg•day of exposure and no events detected. Although the exclusion is strongly related to the energy range and other parameters, the assumptions used allow us to clearly identify the advantages of each target. We can remark that the best sensitivity occurs for WIMP masses close to the mass of the target. At lower masses, the excluded cross section rises rapidly as the cut-o↵ of the recoil spectrum approaches, and then reaches the energy threshold of the experiment. At higher masses, the excluded cross-section increases as the number of expected WIMP events decreases due to the fixed mass Secondly, we can study the WIMP exclusion curves for di↵erent energy thresholds. Finally, we can compare the e↵ect of the number of events detected on the limits, assuming that without any possibility to distinguish if an event is from a WIMP interaction or background radiation, all are considered as WIMP candidate. Figure 2.10

shows the e↵ect of the background on the exclusion curve for exposure of 100 kg•day on a neon target. The exclusion curve is strongly related to the number of events observed and the limit roughly scales with it. It is crucial to keep the background as low as possible to be able to set a competitive limit on the dark matter cross section. This is true for all dark matter search experiments and more generally for rare event detection experiments such as neutrinoless double beta decay. The three preceding plots explain the challenges to be overcome to detect WIMPs and especially sub-GeV WIMPs. We need to have a detector made of low A target masses (H, He, Ne), with an energy threshold as low as possible, to ensure a single electron detection and with the lowest background radiation possible. This thesis gives an optimization of these requirements, chapters 4 and 5 focus on the background, and chapter 6 on the hardware needed for single-electron detection.

Annual modulation

Due to the rotation of the earth around the sun, its speed in the galactic frame of reference is given by [START_REF] Schnee | Introduction to dark matter experiments[END_REF]:

v E (t) ⇡ 232 + 15 cos ✓ 2⇡ t 152.5 365.25 ◆ km/s ( 2 . 2 0 )
where t is the day of the year and with maximum occurring at t = 152.5 days, or June 2. Due to this change of velocity during the year, the expected WIMP interaction rate is expected to modulate with a variation of roughly 3% between its maximum in June and its minimum in December. This annual modulation in the expected WIMP event rate is a unique characteristic, and it allows one to validate WIMPs as the source of the signal.

WIMP experiments

There are a variety of di↵erent experimental approaches to detect dark matter directly.

All the di↵erent technologies rely on the detection of the energy deposited by the scattering of a dark matter particle on a nucleus. We can classify experiments in three main categories: detection of charges, light, and heat or a combination of two of them. singlet states and electronic recoils populate mostly triplet states. In 2017, DEAP-3600 set a leading limit on the WIMP-nucleon spin-independent cross-section on argon of < 1.2 ⇥ 10 44 cm 2 for a 100 GeV/c 2 WIMP mass (90%C.L.) [START_REF] Amaudruz | First results from the DEAP-3600 dark matter search with argon at SNOLAB[END_REF]. Solid crystals made of NaI and CsI coupled to PMTs are also used for the detection of light. Solid crystals used by DAMA [START_REF] Bernabei | First Model Independent Results from DAMA/LIBRA-Phase2[END_REF] or COSINE-100 [START_REF] Adhikari | Study of fast neutron detector for COSINE-100 experiment[END_REF] also have a powerful pulse shape discrimination. The most famous experiment using this technique is DAMA that claimed the observation of an annual modulation of the signal to be evidence of a dark matter detection. The results are controversial and will be discussed in the 'state of art section'.

Heat detection Heat detection is used by superheated bubble chambers such as PICO [START_REF] Amole | Dark matter search results from the pico-60 cf 3 I bubble chamber[END_REF] where the nuclear recoil causes a phase change of the liquid into a gas which produce a bubble. This technique has the tremendous advantage to be insensitive to and radiation giving a low background composed of neutrons and ↵. Acoustic sensors allow for ↵ rejection. In addition, combining an external neutron shield and a careful selection of the material provides a practically background free detector.

Charge detection Several collaborations search for dark matter through charge detection using three di↵erent targets. DAMIC [START_REF] De Mello Neto | The DAMIC dark matter experiment[END_REF] uses charge-coupled devices (CDDs)

where WIMP signal results in a silicon nucleus recoil. The CCD's low electronic noise allows for a low energy threshold of a few tens of eV and its high spatial resolution and the excellent energy response results in very e↵ective background identification techniques. CoGenT [START_REF] Aalseth | CoGeNT: A Search for Low-Mass Dark Matter using ptype Point Contact Germanium Detectors[END_REF] use P-type high purity germanium detectors. With their low energy threshold and ability to reject surface backgrounds, this type of detector allows for exploring 10 GeV/c 2 WIMP candidates. Other experiments using germanium detectors can detect both charge and heat and will be discussed in the next section. Finally, the charge detection can be done using gas as a target. We can first mention NEWS-G; this technology will be discussed throughout this thesis. Other gaseous WIMPs detectors rely on large gas volumes coupled to bulk micromegas [START_REF] Giomataris | Micromegas in a bulk[END_REF] producing electron multiplication in a very tiny gap. This method is used by the MIMAC collaboration [START_REF] Mayet | Mimac : A micro-tpc matrix for directional detection of dark matter[END_REF]. Running at low enough pressure, the MIMAC collaboration aims to perform directional WIMP detection at the Laboratoire Souterrain de

Modane. The TREX-DM [START_REF] Aznar | Status of the TREX-DM experiment at the Canfranc Underground Laboratory[END_REF] collaboration uses a similar method with a 20 litre cylindrical chamber that can hold pressurized gas up to 10 bar, enclosed in a micromegas readout plane. The advantage of a gaseous detector is to combine the use of light elements and a low energy threshold.

Heat and charge detection Heat and charge detection is done using a Ge or Si cryogenic detector. Energy deposition in the crystal results in the production of two signals. The primary ionization produces both charges and phonons. During their drift toward the anode, primary charges generate secondary phonons with a total energy proportional to the potential di↵erence traversed. This is known as the Neganov-Luke e↵ect [START_REF] Luke | Voltage-assisted calorimetric ionization detector[END_REF]. The recoil energy E r is reconstructed from the total phonon energy E P by subtracting a term proportional to the ionization-derived recoil energy E q to account for the Neganov-Luke e↵ect [START_REF] Agnese | Improved wimp-search reach of the cdms ii germanium data[END_REF].

E r = E p eV ✏ E q (2.21)
where e is the elementary charge, V is the absolute value of the operating potential and ✏ the average electron-hole pair creation energy. This e↵ect allows for powerful discrimination of nuclear and electronic recoil using the ionization yield. The ionization yield is defined as the ratio of the ionization energy to recoil energy (E q /E r ).

A nuclear recoil produces less ionization than an electronic recoil. Lastly, position reconstruction of the energy deposition allows for the suppression of surface events that dominate the background. Using such technology, in 2105 the CDMS collaboration set a new limit of 1.8 ⇥ 10 44 cm 2 and 1.18 ⇥ 10 41 cm 2 at 90% confidence for 60 and 8.6 GeV/c 2 , respectively. In 2016, the EDELWEISS collaboration set Light and heat detection The detection of both light and head is done with scintillating crystals. The CRESST-III collaboration used CaWO 4 crystals as cryogenic calorimeters [START_REF] Petricca | First results on low-mass dark matter from the CRESST-III experiment[END_REF]. Each interaction in the CaWO 4 crystal produces a phonon signal and a light signal measured by a second calorimeter. The light signal allows for the discrimination of nuclear and electronic recoil. The CRESST-III collaboration set the most stringent limit for WIMP masses below 1 GeV/c 2 .

State of the art of WIMP direct detection

After decades of searching for WIMPs, there has not yet been any conclusive observation. Figures 2.12 and 2.13 show the current limits on WIMP masses and nucleon cross-sections in a mass range 0.5 to 10 3 GeV/c 2 and 0.2 to 20 GeV/c 2 . . The solid dark grey curve show the current most stringent limit for sub-GeV WIMPs from the CRESST-III collaboration [START_REF] Petricca | First results on low-mass dark matter from the CRESST-III experiment[END_REF] Figure 2.12 shows two coloured areas. The purple one shows the space parameters where the DAMA/LIBRA claimed a detection [START_REF] Bernabei | First Model Independent Results from DAMA/LIBRA-Phase2[END_REF] by measuring the expected annual modulation of the WIMP event rate. However, the region of WIMP parameter space tagged by DAMA/LIBRA has been excluded by multiple other experiments.

This lack of evidence from other experiments throws the DAMA/LIBRA results into doubt. The green area shows the space parameters where CDMS reported having observed events with a Si detector [START_REF] Agnese | Silicon Detector Dark Matter Results from the Final Exposure of CDMS II[END_REF] although they do not claim this as an evidence for dark matter detection. Figure 2.13 shows the parameter space where NEWS-G will be competitive. The current most stringent limit for sub-GeV WIMPs is about ⇡ 10 38 cm 2 and was set by the CRESST-III experiment in 2017.

Discussion

WIMPs are investigated in three ways: production, and direct and indirect detection. 

Chapter 3

The spherical proportional counter Gaseous particle detectors have been developed for a century. The single-wire proportional counter was invented in 1908 by E. Rutherford and H. Geiger [START_REF] Ernest | An electrical method of counting the number of ↵-particles from radio-active substances[END_REF]. Several technologies involving di↵erent geometry, size, gas pressure, and electric field are used in many areas from particle physics to industry and medicine. Gaseous detector can be divided into three categories: the ionization chamber, which uses low electric fields, where the signal is induced by ions and electrons from the primary ionization; the Geiger counter, which uses a strong electric field and where all pulses are of the same amplitude regardless of the number of original ion-electron pairs that initiated the process [START_REF] Knoll | Radiation Detection and Measurement[END_REF]; and, the proportional counter which uses intermediate electric fields. In such a device, the signal from primary ionization is amplified inducing pulses considerably larger than for an ionization chamber. However, the amplification is much smaller than in a Geiger counter: the pulses are proportional to the initial number of primary electron-ion pairs, allowing for energy discrimination. The NEWS-G SPCs operate as a proportional counters.

Spherical proportional counters consist of a grounded spherical vessel with a sensor placed in its center. Under the influence of the electric field, electrons from a primary
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ionization drift toward the center of the sphere. Close to the anode, an avalanche occurs, creating a large number of secondary ion-electron pairs. The motions of the secondary ions then induces the signal. This chapter describes the functioning of an SPC, from the energy deposition to the signal treatment. The next chapters are based on simulations of the detector. These simulations are done using several software packages, each reproducing a specific interaction and detector function. These software packages will be presented at the appropriate step along with the chapter.

The first section describes the interaction of particles with matter, producing the primary ionization. The second section focuses on the properties of the signal common to all proportional counters and will be followed by the specificities of the spherical proportional counter. The penultimate section focuses on the sensor, one of the critical points of the detector to ensure the best working conditions. The last part will then link all the properties described previously to the search for dark matter.

Interaction of particles with matter

Particles crossing the detector are detected by the ionization produced during their journey through the gas volume. Depending on their charges, masses, and energies, di↵erent particles produce characteristic deposition. Charged particles such as electrons or muons deposit energy all along their path and neutral particles such as neutrons or photons ionize matter at a particular point of interaction. This section describes the di↵erent mechanisms of energy loss proper to each type of particle.

Charged particles

When charged particles pass through gas within the detector, they interact with the electrons of the gas molecules and lose energy. These interactions lead to excitation and ionization of the gaseous medium. Other interactions such as Bremsstrahlung, Cerenkov, or transition radiation are of little importance for the gaseous proportional counter.

Heavy ions

The general class of heavy ions includes all charged particles more massive than electrons. It includes pions, muons, or alphas. The energy loss is due to the e↵ect of the Coulomb force between the charged particle and the electron cloud of the atoms constituting the medium being traversed. Although interactions of the particles with the gas nuclei are possible, they are rare and not significant for gaseous detectors.

The average energy loss in an absorber with respect to the path length is called the linear stopping power:

S e = dE dx (3.1) 
The formalism of this phenomenon was described by Bethe using relativistic quantum mechanics. The electronic stopping power is given by the Bethe-Bloch formula [START_REF] Knoll | Radiation Detection and Measurement[END_REF]:

dE dx = 4⇡e 4 z 2 m 0 v 2 Z  ln ✓ 2m 0 v 2 I ◆ ln 1 2 2 (3.2)
where v and ze are the velocity and charge of the incident particle, N and Z are the number density and atomic number and, I is the ionization potential of the target material. m 0 is the electron rest mass, e is the electronic charge, and = v/c.

Fast electrons

Due to their low mass, the behaviour of electrons di↵ers from heavy ions. Because their mass is the same as the electron in the atomic cloud, they lose much more energy per interaction. Each interaction is able to change the trajectory of the incoming electron abruptly. Electrons also di↵er from heavy charged particles in that energy may be lost by radiative processes as well as Coulomb interactions. The stopping power in then the sum of a collisional and radiative component:

dE dx = ✓ dE dx ◆ c + ✓ dE dx ◆ r (3.3) 
A similar equation to Equation 3.2 was derivated by Bethe to describe the specific loss due to ionization and excitation for fast electrons:

✓ dE dx ◆ c = 2⇡e 4 NZ m 0 v 2 [ln ✓ m 0 v 2 E 2I 2 (1 2 ) ◆ ln(2) ⇣ 2 p 1 2 1 + 2 ⌘ + 1 2 + 1 8 ⇣ 1 p 1 2 ⌘ 2 ] (3.4)
where the symbols have the same meaning as in Equation 3.2. The radiative losses take the form of Bremsstrahlung radiation. The linear specific energy loss through this radiative process is:

✓ dE dx ◆ r = NEZ(Z + 1)e 4 137m 2 0 c 4 ✓ 4 ln 2E m 0 c 2 4 3 ◆ (3.5)
It is of some interest to remark that the ratio of the two energy loss mechanisms is roughly equal to:

(dE/dx) r (dE/dx) c ⇡ EZ 700 (3.6)
where E is in MeV. With an SPC filled with a low A gas (low Z) the radiative loss from Compton scattered or electron is negligible. However, the detector shell is made of copper and surrounded by lead, and high energy decay in these materials produces a large quantity of Bremsstrahlung . Gamma rays can cross a much more substantial thickness of material than electrons, so Bremsstrahlung produced in the copper and the lead are an important source of background for the experiment. This is discussed in the next chapter.

Energy loss distribution

The Bethe-Bloch formula gives a mean value of the energy loss of an incident particle per ionization or excitation of the traversed medium. However, when the medium is thin enough or made of gas at low enough pressure, there are few collisions. The the energy deposition thus depends on fluctuations due to electrons. The energy loss distribution shows significant fluctuations and is approximated by the strongly asymmetric Landau distribution as shown on Fig 3 .1, which can be approximated by:

F ( ) = 1 p 2⇡ exp ✓ 1 2 ( + e ) ◆ (3.7) 
Where:

= E E 0 (3.8)
Here E is the energy loss, E 0 is the most probable energy loss and is the mean energy loss within a thickness x of traversed matter. 

Photons

Photons are neutral electromagnetic radiation. They do not lose energy via Coulomb interaction as charged particles do. They interact with matter by three mechanisms, the photoelectric e↵ect, Compton scattering, and pair production. These interactions lead to a partial or total energy transfer to the electrons. These electrons are the particles which then deposit their energy to the medium and allow the photon to be detected. Figure 3.2 shows the predominance of each process with respect to the energy of the incident photon and the atomic number of the medium. 

Photoelectric e↵ect

This e↵ect leads to the absorption of a photon with energy E by an atomic electron with the subsequent ejection of the electron from the atomic cloud. The energy of the outgoing electron is then:

E e = E E B (3.9)
where E B is the binding energy of the electron. For photon energies above the K-shell, the photo-absorption cross section can be approximated by [START_REF] Leo | Techniques for Nuclear and Particle Physics Experiments: A How-to Approach[END_REF]:

= 4↵ 4 p 2Z 5 0 ✓ m e c 2 E ◆ 7 2 (3.10)
where ↵ is the fine structure constant ↵ ⇡ 1 137 , and 0 = 8⇡ r 2 e 3 ⇡ 6.651 ⇥ 10 25 cm 2 . The Z 5 dependency of the cross section makes atoms with high Z value interesting for detection of photons. This interaction will leave the atom in excited state. Deexcitation can occur by emission of X-ray photons or an Auger electron (Fig 3 .3) 

Compton scattering

Compton scattering is one of the best-understood type of photon interaction. It is the scattering of photons on free electrons. Of course, in matter, the electrons are bound. However, if the photon energy is high compared to the binding energy of the electron, this binding energy can be neglected and the electrons can be considered as free. Applying energy and momentum conservation, the following relations can be obtained: the energy of the scattered photon is

h⌫ 0 = h⌫ 1 + (1 cos ✓) (3.11)
and the energy transferred to the electron is

T = h⌫ h⌫ 0 = h⌫ (1 cos ✓) 1 + (1 cos ✓) (3.12)
Where = h⌫/m e c 2 , h⌫ is the energy of the incoming photon and h⌫ 0 is the energy of the scattered photon. From the above equation, we can determine the maximum energy that can be transferred to the electron. It occurs when ✓ = 180 deg. In this case, the photon is back scattered and the electron acquires an energy T max : 

T max = h⌫ 1 1 1 + 2h⌫
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The process has a threshold of 1.022 MeV which is the sum of the masses of the electron and the positron. The electron and positron created will split the excess energy of the incoming photon.

E e + E e + = h⌫ 1022 keV (3.14)
The probability to have pair production is a function of the photon energy and the atomic number Z of the absorbing medium.

Gamma detection with an SPC ( 241 Am) closed to a 30 cm diameter SPC filled with a gas mixture made of 98% argon and 2% methane at 500 mbar. The peak A is due to the photoelectric e↵ect.

The initial energy of the gamma is fully transferred to an electron, and the energy is fully reconstructed. Figure 3.6 shows that at this energy the probability of Compton scattering is roughly half than for the photoelectric e↵ect. The Compton scatterings are clearly identified by the flat component dropping around 12 keV (B). For 59.5 keV gamma ray, the Compton edge corresponding to the maximum energy transferred to an electron is at 11.2 keV. The peak C is due to X-rays coming from the sphere itself.

The sphere is made of stainless steal, so mainly iron. The interaction of photons occurring within the metal shell excite atoms which de-excite by the emission of a 6.4

keV X-ray. This characteristic X-ray is proper to each atom. For example, copper de-excitation produces 8.1 keV X-rays which are useful calibration, and are discussed in the next chapters. Finally, the continuous spectrum between the peaks is due to cosmic muon and surface electrons coming from the inner surface of the sphere.

Neutrons

Like photons, neutrons carry no charge and therefore cannot interact in matter through the Coulomb force. The interaction of neutrons with matter is only through the strong nuclear force. Neutrons must come within ⇡ 10 13 cm of the nucleus before any interaction can happen. This makes neutrons very penetrating particles. They can travel several centimeters inside a medium without interacting, making them almost undetectable in a detector of comparable size. When a neutron interacts, it may happen through a variety of nuclear processes depending on its energy [START_REF] Leo | Techniques for Nuclear and Particle Physics Experiments: A How-to Approach[END_REF]: where E n is the initial kinetic energy of the neutron and A the mass number of the nucleus. This means that to reduce the kinetic energy of neutrons, material rich in hydrogen A = 1 like polyethylene are the most e cient with a mean energy loss of E n /2 per collision.

• Inelastic scattering A(n, n 0 )A⇤,A(n, 2n 0 )B, etc: In this reaction, the nucleus is left in an excited state which may later decay by gamma-ray or some other form of radiative emission.

• Neutron capture n+(Z, A) ! +(Z, A+1),(n/p), (n, d), (n, ↵), (n, t), (n, ↵p), etc.:

In general, the cross section for neutron capture goes approximately as 1/v.

Where v is the velocity of the neutron. Absorption is most likely at low energies.

• Fission (n, f ) Again this is most likely at thermal energies.

• High energy hadron shower production. This occurs only for very high energy neutrons with E n > 100 MeV.
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The ionization yield is defined as the fraction of the energy released by a recoil in a medium through ionization compared with its total kinetic energy.

QF = E eV ee E eV nr (3.15)
Where QF corresponds to the ionization yield (Quenching Factor), E eVee the energy released through ionization and E eVnr the total energy of the nuclear recoil (E eVnr > E eVee ). Knowing the ionization yield of a detector is a key parameter to determine the energy deposited by the elastic scattering of a WIMP on a target nuclei and convert the energy measurement in electron equivalent recoil (eVee) to nuclear recoil (eVnr). This measurement is being done using the COMIMAC [START_REF] Guillaudin | Comimac a low energy table top ion/electron facility for gaseous detector calibration and ionization quenching factor measurement[END_REF] ion beam or a neutron produced by a TANDEM accelerator.

Geant4 for simulation of energy deposition

Simulation of the detector starts with the simulation of the energy deposition of particles crossing the detector. It is done with Monte Carlo methods handled by the software Geant4. Monte Carlo methods are numerical techniques for calculating probabilities and related quantities by using sequences of random numbers [START_REF] Cowan | Statistical Data Analysis[END_REF].

These methods are often used to solve a problem with no analytical or very complex solutions. GEometry ANd Tracking (Geant4) [START_REF] Agostinelli | GEANT4: A Simulation toolkit[END_REF] is an open-source toolkit developed by an international collaboration of laboratories and research institutes. The software is developed in the C++ object-oriented programming language. It allows for the simulation of the propagation of di↵erent particles through the geometry of a detector. In a Geant4 simulation, primary particles are produced one by one and transported through the various regions of the geometry by a series of steps. The length of a step is determined by the physics process. At the beginning of each step, the di↵erent processes registered for this particle type suggest a step length and the shortest suggested length is taken. If a process involves energy loss, the energy is deposited at that point. If a process produces secondary particles, they are simulated if their expected range in the given material is at least the minimum required range; otherwise, their energy is deposited. All particles are tracked until they have no more kinetic energy, disappear by a reaction or leave the detector geometry. To save time and make the simulation more e cient, the information given by Geant4 is saved only for steps occurring in a given volume of interest. In the case of the SPC, the sensitive volume is given by the volume of gas enclosed in the copper sphere. There is no standardized output format with Geant4. Several options are possible such as ROOT or ASCII files. For the simulation done in the context of this thesis work, the raw output from Geant4 was printed in ASCII files before being treated with ROOT programs. For each step inside the gas volume, information (such as the position, the energy deposited, the particle kinetic energies...) are printed in the output file.

Geant4 requires at least three inputs: a description of the geometry of the detector (G4VUserDetectorConstruction), a list of the particles and physics processes (G4VUserPhysicsList), and a primary particle generator (G4VUserPrimaryGeneratorAction).

In addition to these three classes, a class based on step (G4VUserSteppingAction) is used to print the results of the simulation for each step.
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There is no fixed set of physical processes that are automatically included in a Geant4 simulation. The user has to select all types of particles and processes involved in the simulation. One way is to build a class selecting all particles and processes.

Another way is to select one of the pre-defined reference physics lists. For the NEWS-G experiment, we used the pre-defined Shielding Physics List. The di↵erent particles and processes taken into account are described below [START_REF] Author | Shielding physics list[END_REF]:

-Photon: -Alpha and Ions:

e /e +
Only two EM processes are applied. Multiple Coulomb scattering is implemented by the Urban model at all energies. For alphas Bragg ionization is performed below 7.9

MeV and BetheBloch ionization above. For generic ions, Bragg is used below 2 MeV and BetheBloch above.

-Neutrons:

Neutrons of 20 MeV and lower use the High Precision neutron models and crosssections to describe elastic scattering, inelastic scattering, capture and fission.

Gaseous proportional counter

Section 3.2 presents the functioning of the proportional counter. All properties mentioned in this section are common to all proportional counters independently of their geometries. The functioning of the detector is briefly illustrated by figure 3.8. When particles interact in the gas volume, they ionize some gas, inducing the emission of a primary electron [START_REF] Bertone | Particle dark matter: Evidence, candidates and constraints[END_REF]. The number of primary electrons produced depends on the gas properties: its ionization potential and the mean energy to create one ion-electron pair (W-value). Under the influence of the electric field, the primary electrons drift toward the anode at the center of the sphere (2). During the drift, they di↵use such that they reach the sensor at di↵erent times. Typical drift times vary from µs to ms depending on gas pressure and composition. When primary electrons reach the amplification region, within ⇡ 100µm around the anode, the strong electric field gives them su cient kinetic energy to produce secondary ion-electron pairs, creating a charge avalanche (3). The signal is then induced by the motion of the secondary ions toward the cathode (4).
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When a particle passes through the detector, it dissipates energy and produces electron-ion pairs inside the gas by the processes described in the previous sections.

These primary electrons can be energetic enough to ionize other gas molecules. By summing all their contributions, we recover the total energy deposited and then the total number of ion-electron pairs. This number is related to the mean ionization potential of gas molecules composing the medium:

W = E n t ( E) (3.16)
W is the mean energy to create one ion-electron pair, E is the total energy deposited in the medium and n t ( E) the number of ion-electron pairs produced. The W value is always greater than the ionization potential I of a gas. It is because not all the energy dissipated goes to ionization, but also other mechanisms, such as excitation.

The W value increases with decreasing ionizing particle energy due to the fact that in low energy region, the ratio of the ionizing cross-section to the cross-section for the non-ionizing process becomes smaller. The W -value also depends on the kind of ionizing particle due to the di↵erent cross-section ratio between ionizing and nonionizing interactions for every particle type inside a certain medium. [START_REF] Author | References[END_REF].

In addition to the mean number of ion-electrons pairs formed by each incident particle, the fluctuation in their number for incident particles of identical energy is also interesting. These fluctuations set a fundamental limit on the energy resolution that can be achieved in any detector based on ionization. In the simplest model, the formation of each ion-electron pair can be considered as a Poisson process. Therefore, the total number of pairs formed should be subject to fluctuation, characterized by a standard deviation equal to the square root of the average number of pairs formed.

Thermal di↵usion of charged particles

In the absence of an external electric field, ions and electrons released in a gas behave like neutral molecules. The properties of particles under such conditions are described by the classic kinetic theory of gases. The probability for a particle of energy ✏ at the
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absolute temperature T , is given by the Maxwell-Boltzmann law:

F (✏) = 2 r ✏ ⇡ (kT ) 3 e ✏ kT (3.17)
where k is Boltzmann's constant. The Maxwell-Boltzmann law is shown on figure 3.9 

f (v) = 4⇡ ⇣ m 2⇡kT ⌘ 3 2 v 2 e mv 2 2kT
(3.18)
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The average value of v is then given by:

v = r 8kT ⇡m (3.19)
and its most probable value by:

v MP = r 2kT m (3.20) 
A localized charge distribution di↵uses symmetrically by multiple collisions following a Gaussian distribution:

dN dx = N p 4⇡Dt e x 2 4Dt (3.21)
where x is the distance from the creation point, t the time elapsed and D the di↵usion coe cient. The standard deviation of this distribution is given by:

x = p 2Dt (3.22)

Drift and di↵usion of ions in an electric field

Under the action of an electric field E, ions acquire a net motion along the direction of the field. Along their path, ions are subject to elastic scattering. Because of their high mass, their di↵usion is very weak. As a result of a large number of collisions, the drift velocity of ions is quickly saturated. The average velocity v d of this slow motion is proportional to the electric field or to the reduced electric field E/P where P is the gas pressure, up to a very high value of E (Fig 3 .10). We call this constant factor the ion mobility:

µ = v d E (3.23)
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The value of the mobility is specific to each ion moving in a given gas, values for several gases are summarized in table 3.2. It is proportional to the temperature and inversely proportional to the gas pressure through the expression:

µ(P, T ) = T T 0 P 0 P µ(P 0 , T 0 ) ( 3 . 2 4 )
A constant mobility is the direct consequence of the fact that, up to high fields, the average energy of ions is almost unmodified. Mobilities of various noble gas ions in their parent gas [START_REF] Mcdaniel | The Mobility and Di↵usion of Ions in Gases[END_REF].

The relationship between mobility and di↵usion coe cient is given by the Nernst-Townsend formula [START_REF] Sauli | Gaseous radiation detectors: fundamentals and applications. Cambridge monographs on particle physics, nuclear physics and cosmology[END_REF]:

D µ = kT e (3.25) 
Ions drifting for a time t over a length x di↵use with a probability distribution given by equation 3.22 with a linear standard deviation along the drift direction:

x = r 2kT e x E (3.26) 

Drift and di↵usion of electrons in an electric field

On the microscopic scale, electrons drifting through a gas are scattered on the molecules so that their direction is randomized in each collision. Under the action of an electric field E, between two collisions, in addition to their instantaneous velocity v i , the electrons acquire a net motion in the direction of the field with a drift velocity v d equal to its acceleration along the field, multiplied by the average time that has elapsed since the last collision [START_REF] Blum | Particle detection with drift chambers[END_REF]:

v d = eE m e ⌧ (3.27)

GASEOUS PROPORTIONAL COUNTER 63

where ⌧ is average time between two collisions. The drift velocity v d is much smaller than the instantaneous velocity v i . This extra energy, on average is lost during collision. There is a balance between the picked up and the energy lost during collision.

For a drift distance x the mean number of collisions n is given by:

n = x v d 1 ⌧ (3.28)
The energy balance along the path of length x is given by:

nf (✏)✏ = eEx (3.29)
where f (✏) is the average fractional energy loss per collision. The average time between collision ⌧ can be expressed in term of cross section and the number density

N : 1 ⌧ = N (✏)v i (3.30)
Here v i is related to the total energy of the drifting electron by:

✏ = 1 2 m e v 2 i (3.31)
From these considerations, we can derive the two equilibrium velocities:

v 2 d = eE m e N (✏) r f (✏) 2 (3.32) v 2 i = eE m e N (✏) s 2 f (✏) (3.33)
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As long as ✏ is below the excitation levels of the gas molecules, the scattering is elastic and f (✏) is approximately equal to twice the mass ratio of the collision partners. It is on the order of 10 4 for electrons. In a gas mixture composed of several components i, the e↵ective cross-section and fractional energy loss per collision have to be calculated from the properties of individual component:

(✏) = ⌃n i i (✏)/N (✏) (✏) = ⌃n i i (✏) i (✏)/N N = ⌃n i (3.34)
As a result of multiple collisions with gas molecules giving a randomly oriented velocity, electrons di↵use spreading the initially localized charge cloud. The size of the cloud depends on the gas and also strongly on E due to the increase of the electron energy. To take this into account, the Nernst-Townsend formula can be modified by introducing the phenomenological characteristic energy ✏ k , name defined by:

✏ k = eED(✏) v d (E) (3.35)
Then, the linear space di↵usion over the drift distance x can be written as:

x = r 2✏ k e x E (3.36)

Electron loss e↵ect

Two phenomena can lead to a loss of electrons and, therefore, a degradation of the signal. First, when a positive ion and a negative electron collide, they might recombine
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to form a neutral atom releasing a low energy photon. The recombination rate can be written as:

R c = dn + dt = dn dt = ↵n + n (3.37)
with n + and n respectively the ion and electron concentration and alpha the recombination coe cient. Recombination is not a critical e↵ect under the influence of an electric field, because the charges are strongly separated by the field.

The second and more problematic cause of electron loss is the electron capture by a molecule having electron a nity creating a negative ion.

e + M ! M (3.38) 
Assuming p the fraction of electronegative pollutant in the gas and the electron mean free path, the number of collisions per unit time of an electron with the electronegative molecules is v d p/ and the probability of attachment is:

hv i p v d = 1 c (3.39)
where c is the mean free path for capture defined by:

c = r m 2✏ v d Nhp ✏ (3.40)
and h the probability of attachment per collision. The loss of electrons along a drift distance x is then:

n n 0 = e x/ c
(3.41)
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Our primary concern is the contamination of oxygen and water vapor. When the energy of a drifting electron exceeds the ionization potential of an atom or molecule of the medium, bound electrons can be ejected producing an ion/electron pair while the ionizing electron continues its path. Then, both primary and secondary electrons can ionize more gas molecules leading to an exponential increase of ion/electron pairs known as a Townsend avalanche. is the average distance an electron has to travel before having an ionizing collision; its inverse, ↵ = 1/ , is known as the first Townsend coe cient and represents the number of ion/electron pairs produced per unit length. It is related to the ionization cross-section through the expression:

↵ = N (3.42)
where N is the number of molecules per unit volume. The Townsend avalanche results in charge amplification. The amplification process occurs at high electric field, close to the anode. Figure 3.12 shows the dependency of the Townsend coe cient with the strength of the electric field, and Fig 3 .13 shows where the secondary ion-electron pairs are created. The avalanche starts roughly at 100 µm around the anode and the number of pairs created rises exponentially as we approach its surface. 
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Consider one electron released in a uniform electric field. After a path 1/↵, one ion/electron pair will be produced. The two electrons continue to drift, and after another mean free path 1/↵, they create two more ion/electron pairs and so on. If n 0 electrons initiate an avalanche, the number of ion/electron pairs after a path dx is given by:

dn = n 0 ↵dx (3.43)
Integrating over a path length x:

n = n 0 e ↵x (3.44) 
The ratio

G = n n 0 = e ↵x (3.45) 
represents the charge multiplication factor and is also called the 'gas gain'. In the general case of a non-uniform electric field, ↵ is a function of the position. The multiplication factor along a path between coordinate x 1 and x 2 can be obtained as follows:

G = e R x 2 x 1 ↵(x)dx (3.46) 
A simple approximation of the parameter ↵ is given by [START_REF] Sauli | Gaseous radiation detectors: fundamentals and applications. Cambridge monographs on particle physics, nuclear physics and cosmology[END_REF]:

↵ P = Ae B P E (3.47)
where A and B are constants depending only on the gas mixture. This formula shows the dependence of ↵ on the electric field and the pressure explicitly.

Gain fluctuations can be caused by many di↵erent processes such as pressure variation, geometrical imperfection or attachment. If we want to determine the mean number N of ions in the total avalanche, we sum over the probability P (n) of getting n electrons in the individual small avalanches.

N = n 1 + n 2 + n 3 + ... + n k (3.48)
where each of the independent variables n i has a distribution function P n . If the number k of initiating electrons is large, the central limit theorem of statistics applies.

If the mean of P (n) is called n and the variance is 2 , the central-limit theorem states that in the limit k ! +1, P (N ) is Gaussian:

P (N ) = 1 p 2⇡ exp ⇥ (N N ) 2 /2 2 ⇤ (3.49)
For a large number of primary electron k, the exact shape of P (n) is not needed for the distributions of avalanches. For low energy events, and especially single-electron events, P (n) is defined by the Polya distribution [61]

P ⇣ n n ⌘ = (✓ + 1) ✓+1 (✓ + 1) ⇣ n n ⌘ ✓ e [ (✓+1)n/n] (3.50)
The variance of the Polya distribution is given by:

2 = 1 ✓ + 1 (3.51)
The shape of the Polya distribution is driven by the value of the parameter ✓ (Figure 3.14 ), from an exponential distribution for ✓ = 0 to a Gaussian distribution for ✓ 1. 

P N polya ⇣ n n |✓ ⌘ = ✓ (1 + ✓) (1+✓) (1 + ✓) ◆ N ⇣ n n ⌘ (N ✓+N 1) e (1+✓) n n ⇥ N 1 Y i=1  (i + i✓) (1 + ✓) (i + 1 + (i + 1)✓) (3.52)
As shown on figure 3.15, for large value of N , the Polya distribution tends to a Gaussian distribution. In some gas mixture, such like Ne and CH 4 , the avalanche is amplified by Penning transfer [START_REF] S ¸ahin | Penning transfer in argonbased gas mixtures[END_REF]. This e↵ect occurs when during the avalanche, Ne ⇤ atoms with excitation energy higher than the ionization potential of the CH 4 will ionize it, increasing the number of secondary ion-electron pairs.

Simulation of electron drift

The simulation of the drift of electrons in gas and an electric field relies on two software packages. The first one, COMSOL multiphysics, allows for a detailed description of the electric field within the detector. The second one, Magboltz,models the properties of electron motion such as drift velocity, di↵usion and Townsend coe cient at a given electric field.
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COMSOL Multiphysics

COMSOL Multiphysics is a general-purpose simulation software for modeling designs, devices, and processes in all fields of engineering, manufacturing, and scientific research [START_REF]Comsol muliphysics[END_REF]. The AC/DC Module add-on of the COMSOL Multiphysics platform provides a wide range of modeling features and numerical methods for investigating the electromagnetic field by solving Maxwell's equations. For our purpose, COMSOL is used to produce a detailed map of the detector's electromagnetic field. 

Detector description

The detector consists of a grounded metallic spherical vessel filled with gas. The anode is a small ball made of metallic or resistive material, on which a positive high voltage is applied, placed at the center of the sphere and supported by a grounded metallic rod. The electric field varies with the inverse of the distance from the anode squared (1/r 2 ) and is highly inhomogeneous along the radius. The large variation of the electric field, from the sensor to the sphere, divides the detector volume naturally into two regions. Most of the detector volume is the drift region. Electrons produced in this region drift towards the sensor. Within a few hundreds of µm around the Figure 3.17: Accelerating cavity from LEP converted into SPC.

anode, electrons enter the amplification region. In this small region, the electric field is strong enough to accelerate electrons above the ionizing potential of the gas, and an avalanche occurs (Sec 3.2.6). Figure 3.8 briefly describes the functioning of the detector.

The ideal electric field

The angular isotropy of the electric field is a crucial parameter for the optimal operation of an SPC. Although the spherical symmetry is broken by the presence of the grounded rod, this section describes the ideal electric field. The e↵ect of the rod on the detector response is discussed later. In the ideal case where a potential V is applied to the anode with radius r 2 , and the cathode of radius r 1 is grounded, the anode ball contains an electric charge Q. Gauss' Law can be used to calculate the
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electric field inside the detector volume:

I S Ẽ • d S = Q ✏ (3.53)
where ✏ is the gas permittivity, of the order of 0.1 pF/cm. The integration around a sphere of radius r gives:

E(r) = Q 4⇡✏ 1 r 2 (3.54)
Using E = rV , we have:

V (r) = Z E(r)dr = Q 4⇡✏ Z dr r 2 = Q 4⇡✏ 1 r + C st (3.55) 
By applying the boundary conditions V (r 2 ) = V 0 and V (r 1 ) = 0, we obtain:

V (r) = V 0 ⇢ ✓ 1 r 1 r 1 ◆ (3.56) with: 1 ⇢ = 1 r 2 1 r 1 (3.57) 
and

V 0 = Q 4⇡✏⇢ (3.58)
We deduce the capacitance of the detector from the previous equation:

C = Q V 0 = 4⇡✏⇢ (3.59)
Replacing E(r) by equation 3.60:

r 2 dr = ↵dt (3.63) 
with:

↵ = µ 0 V 0 P ⇢ (3.64)
Integration of equation 3.63 on the drift range gives:

Z r r 2 u 2 du = Z t 0 ↵dt (3.65)
The ions arrive at the time t at the distance r given by:

r(t) = (r 3 2 + 3↵t) 1 3 
(3.66)

By substituting equation 3.66 into equation 3.56, we can derive the potential at a point where an ion is at t:

V (t) = V 0 ⇢  (3↵t + r 3 2 ) 1 3 1 r 1 (3.67)
The duration of the ion drift corresponds to r = r 1 :

t max = r 3 1 r 3 2 3↵ (3.68)
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The ion drift time is long, typically a few seconds. Now we apply the Shockley-Ramo theorem to compute the charge on the anode induced by the motion of ions:

dQ ind = q ions dr E(r) V 0 dQ ind = q ions v ions dt E(r) V 0 dQ ind = q ions µEdt ⇢ r 2 dQ ind = q ions ↵⇢ dt r 4 dQ ind = q ions ↵⇢ r 3 2 + 3↵t 4 3 dt (3.69)
By integration over time, we get the charge pulse given by the detector for an avalanche created at time t 0 = 0:

Q ind = q ions ⇢ " 1 r 2 1 (r 3 2 + 3↵t) 1 3 # (3.70)
We can remark that at the maximum ion drift time t max given by equation 3.68, which is the duration of the detector pulse, the induced charge is equal to sum of charges on the avalanche:

Q ind = q ions (3.71)
Now we can derive the expected shape of the induced signal by taking into account the pre-amplifier response. As the transfer function of the pre-amplifier, we can take an exponential:

A = e t (3.72)
The electric signal given by an avalanche created at t = 0 is then given by the convolution of the detector response by the amplifier transfer function:

S(t) = Z t 0 A(t u) dQ ind du (u)du (3.73) S(t) = q ind ↵⇢e t/⌧ Z t 0 e u/⌧ r 3 2 + 3↵u 4 3 du (3.74)
We can now derive the expected signal for a point-like energy deposition such as from photon conversion. The N primary electrons reach the anode with a temporal dispersion due to the longitudinal dispersion the electron cloud during its path in the gas. The total signal S tot , is the convolution of each individual amplified signal and the dispersion :

S tot = N X i=1 1 p 2⇡ Z t inf S i (t u)e u 2 2 2 du (3.75)
The signal induced by the motions of charges in the sphere decreases and returns to equilibrium before t max , the time taken to positive ions to reach the cathode due to the time constant ⌧ of the pre-amplifier. t max is on the order of few seconds while ⌧ is on the order of tens of µs. Figure 3.18 shows the induced charge and the output voltage from a single electron. For this example, the detector is a 60 cm diameter sphere filled with 3 bars of neon with a 3 mm radius sensor biased at 2520 V. The signal is read through a pre-amplifier with a time constant of 140 µs. With such conditions, t max ⇡ 8.5 s, is much larger than the time constant of the pre-amplifier. 

Charge induced by electrons and ions

The Shockley-Ramo theorem states that in a system of a stationary conductors, the charge induced on a conductor i by a unit charge moving from point A to B is

q i = V B V
A where is V is potential assuming 1 V on the conductor i and 0 on the other. Following their creation within a few µm around the anode, electrons experience a small potential di↵erence and induce a negligible charge compared to ions that travel from all along the radius of the sphere, from the potential V A to the ground. In SPCs, the signal is predominantly induced by the motion of ions. In the example of the simulation of the avalanche in Fig 3 .13, 96.9% of the induced charge is from ions and 3.1% from electrons.

Ballistic deficit

The ballistic deficit is the loss of output signal amplitude due to the interplay between the finite charge collection time in a detector and the characteristic time constant of the amplifier [START_REF] Loo | Ballistic deficits in pulse shaping amplifiers[END_REF]. When the time constant of the amplifier is much smaller than the total drift time the ions t max , the amplitude of the output signal does not correspond to the total charge produced during the avalanche. This e↵ect biases the amplitude of the output signal, especially when the signal is induced by several primary electrons reaching the sensor at di↵erent times. We see that the total amplitude of the pulse is not simply double the amplitude of the signal induced by one electron (B < 2A). In such conditions, we can not rely on the amplitude of the pulse to determine the energy deposited in the gas. The pulses need to be treated to obtain a value directly proportional to the energy deposited in the gas.

Pulse treatment

As mentioned in the previous section, the amplitude of the recorded pulses can be current with a Fourier deconvolution method [START_REF] De Sola | Wimp and axion searches with news-g: Progress report[END_REF]. This produces a roughly Dirac delta-shaped signal corresponding to the arrival time of primary electrons. The Dirac delta shapes are then integrated (lower right). Two main parameters can be extracted from the integrated pulses. The amplitude of the event is defined by the height of the integrated pulse which is proportional to the energy deposited. The rise time of the pulse is taken between 10% and 75% of the maximum height, and is related to the spatial distribution of the energy deposition. 

Gain of the detector

The amplitude of the integrated pulses is related to the number of secondary charges produced by the avalanches. This amplitude is expressed in ADU (Analog-to-Digital Unit). The ADU measurements can then be converted to charge using the gain of the pre-amplifier (G P A ) and the gain of the digitizer (G DIG ). The gain of the digitizer is estimated by measuring the output signal with a 1 V test signal input. Knowing these two parameters, it is possible possible to estimate the gain of the avalanche using a calibration source. The number of secondary electrons N SE producing a pulse of amplitude A expressed in ADU is:

N SE = A G P A G DIG (3.76)
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Knowing the energy E that induced the pulses and the W value of the gas mixture, the gain of the avalanche G AV is given by:

G AV = A G P A G DIG W E
(3.77)

Pulse shape discrimination

The combination of the rise time and amplitude allows for a fiducialisation of the detector volume. The amplitude of the integrated pulse is proportional to the energy deposited within the gas volume. The rise time of the pulses is correlated to the spatial distribution of the energy deposition. For point-like energy deposition, the rise time of a pulse is related to the dispersion of the arrival time of primary electrons on the anode. For a point like deposition close to the sensor, the longitudinal di↵usion of electrons is smaller than for deposition close to the sphere, producing a pulse with a shorter rise time. The rise time of track-like events is correlated to the di↵erence of drift time between the closest and farthest energy deposition from the sensor. 

Electronic noise

Gas detectors can be seen as a charged capacitor of capacitance C where a voltage V is applied. The charge Q on the anode is then given by Q = C ⇥ V . A noise voltage will then induce a charge variation proportional to C. One of the main advantage of the spherical geometry is its natural low capacitance. For such a geometry, the capacitance is given by:

C sphere = 4⇡✏ 0 ⇢ (3.78)
where ✏ = 8.85 ⇥ 10 12 Fm 1 is the vacuum permittivity. A 60 cm diameter sphere with a 3 mm radius sensor has a capacitance of C sphere ⇡ 0.33pF. To compare the capacitance of a cylindrical and parallel plates detectors are given by:

C cylinder = 2⇡✏ 0 L ln ⇣ rout r in ⌘ (3.79)
where L is the length of the cylinder, r in the radius of the wire and r out the radius of the cylinder and

C plates = ✏ 0 A d (3.80)
where A is the surface of the plates and d the distance between them. We can compare detectors with a similar volume of detection. For a sphere, with r 1 >> r2, C sphere ⇡ 4⇡✏r 2 does not depend on the volume but only on the size of the sensor.

With a 3 mm radius sensor, SEDINE has capacitance of C sphere ⇡ 0.33 pF for volume of V ⇡ 0.1 m 3 . A similar volume is obtained with a 1 m 2 parallel-plate detector separated by 10 cm for which the capacitance is C plates ⇡ 88 pF. A similar volume can be obtained with a 1 m long cylinder with a radius of 56 cm. Assuming the anode is made of 10 µm radius wire, the capacitance of the detector is C cylinder ⇡ 12 pF.

Depending on their dimension, cylindrical and parallel-plate detectorss would have a capacitance two to three orders of magnitude higher than that of a sphere. A similar perturbation external to the detector would have an impact two to three orders of magnitude more important. The low noise level of the detector is clearly visible in The presence of the grounded rod also produces temporal instability. At high voltage, higher than the breakdown voltage of the gas mixture used, a spark between the sensor and the rod can occur. This e↵ect limits the voltage that can be applied to the sensor and consequently, its gain. These di↵erent problems can be handled by applying a second voltage on a so-called umbrella. The umbrella first insulates the rod in order to avoid sparks with the ball. Second, applying a second voltage modifies the geometry of the electric field and gives a more homogeneous detector response.

The choice of material is crucial. It has to have a large resistivity, to avoid any charge accumulation which could disturb the electric field and induce sparks and to ensure a fast evacuation of positive ions to avoid charge e↵ect that makes the detector response 

Chapter 4

Background of the SEDINE detector

Introduction

The SEDINE detector is a 60 cm diameter sphere made of commercially available copper. It has been operated at the Laboratoire Souterrain de Modane in France since 2013. In 2015, the collaboration operated SEDINE for 41 days with a gas mixture made of 99.3% neon and 0.7% methane and set a world-leading limit on WIMPs mass and nucleon cross-sections for WIMP masses below 0.6 GeV/c 2 [START_REF] Arnaud | First results from the NEWS-G direct dark matter search experiment at the LSM[END_REF]. A presentation of these results followed a detailed description of the detector and its shield. The purpose of this chapter is to explain the background events observed during this run and the di↵erent e↵ects of electron attachment and non-homogeneity of the electric field on pulse formation. During this run, the detector response was not perfect. The rise time and amplitude correlation of the recorded pulses shows an electron loss e↵ect.

In addition, the non-gaussianity of the 37 Ar is a sign of a non-homogeneity of the detector response (Fig 4 .3). The electron attachment e↵ect is simulated with Magboltz, and the e↵ect of the field anisotropy in the amplification region is determined empirically. Once the detector response is known, it is then possible to estimate the
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e↵ect of di↵erent contaminants in the detector and its surrounding environment on the observed count rate and energy spectrum. These estimations are based on Geant4 simulation [START_REF] Agostinelli | GEANT4: A Simulation toolkit[END_REF], and the di↵erent contaminations were measured or estimated from the available data. The results of this analysis show a lack of events in the dark matter region of interest. This chapter concludes with a list of possible contamination that could explain the missing events.

The SEDINE detector

The SEDINE detector is a 60 cm diameter detector made of ultra-pure NOSV copper.

It is placed in a cubic shielding made of 5 to 7 cm of copper, 15 cm of lead and finally 30 cm of polyethylene. The experiment is located at the Laboratoire Souterrain de Modane (LSM), under ⇡ 1700 m of rock. A conservative analysis threshold was set at 150 eVee, above the trigger threshold of ⇠ 36 eVee, to ensure a ⇠ 100% trigger e ciency. Further on, a quality cut was applied to reject events within a 4-second window after triggering to remove nonphysical events introducing a dead time resulting in 20.1% exposure loss. This cut allows for suppressing spurious "after pulses" sometimes observed after a physical event. After the quality cut, we defined a preliminary Region Of Interest (ROI) in rise time, 10 µs 32 µs, and energy 150 eV 4000 eV. Sideband regions were used to determine the expected backgrounds in the preliminary ROI. The event rate measured in the 4000 eVee 6000 eVee, energy range was used to extrapolate the expected Compton background down to lower energy, assuming a flat recoil energy spectrum.

The sideband region was used together with the simulation to extrapolate the expected number and distribution of surface events leaking in the preliminary ROI. For a total exposure of 9.7 kg • days, 1620 events were recorded in the preliminary ROI.

The ROI was tuned by using a Boosted Decision Tree (BDT) [START_REF] Hocker | TMVA -Toolkit for Multivariate Data Analysis[END_REF]; a machine learning algorithm which was trained with 10 5 simulated background events and signal events for 8 di↵erent WIMP masses (from 0.5 to 16 GeV/c 2 ). For each WIMP mass, the events were classified as background-like or signal-like using the BDT score (ranging between -1 and 1 respectively), resulting in a WIMP-mass-dependent fine-tuned ROI in the rise time vs energy plane.
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For each WIMP mass and considering as candidates all the events observed in the corresponding fine-tuned ROI, a 90% Confidence Level (C.L.) upper limit on the spin-independent WIMP-nucleon scattering cross-section was derived using Poisson statistics. The resulting exclusion limit is presented on ). This calibration run also shows a non-gaussianity of the response of the detector. This e↵ect is understood to be due to the inhomogeneity of the electric field around the sensor.

This non-gaussianity can be simulated by an empirical method. A weighting factor is applied to each simulated pulse depending on the arrival angle on the sensor. This section describes the estimation of these two e↵ects.

O 2 contamination in the gas

After the physics run taken in 2015, we performed a calibration run using 37 Ar in the same gas and voltage conditions. This isotope of argon is radioactive and decays by electron capture with a half-life of 35 days. Capture from the K and L-shells release, respectively, 2.82 and 0.270 keV X-rays. The calibration run lasted 16 hours and used the same bias voltage and electronic readout as for the physics run. distinguish the two populations corresponding to the 0.270 and 2.82 keV events. The histogram shows a strong correlation between rise time and amplitude, especially for 2.82 keV events. This correlation can be explained by the presence of an impurity in the gas. Events with longer rise time were induced by decays occurring far from the center of the sphere giving a higher probability for a primary electron to be absorbed by an electro-negative impurity, resulting a pulse with a smaller amplitude. This e↵ect can be reproduced on simulation by adding oxygen contamination to the gas mixture property used by Magboltz. The same procedure was applied to simulations with di↵erent oxygen contaminations. Figure 4.6 shows the relationship between the slope of the amplitude vs.

rise-time correlation and oxygen contamination. The contamination presenting the closest slope to the one observed on the data is 16 ppb. For the next detector, the presence of electronegative impurities will be limited by an Oxy-Sorb filter installed in series with the gas cylinder and monitored with a residual gas analyser. 4.5 22 Na calibration, physical events selection

In addition to the calibration done with 37 Ar, we performed a calibration with a 22 Na source. 22 Na decays by + emission into 22 Ne in an excited state. The excited neon decays to the ground state by emitting a 1275 keV [START_REF] Galan | Table de radionucléides[END_REF]. This source produces induced events from the 1275 keV and also from 511 keV from the annihilation of the positron with an electron of the surrounding material. Those rays are a very useful calibration source because they produce events throughout the whole volume of the detector, with a typical rise time vs. width distribution (where the width of a pulse is define as its width at half height). This distribution is shown in 

Background of the physics run

The purpose of the rest of this chapter is to give an explanation of the events observed during the run used to set the dark matter limit described in Section 4.3 and published in 2017 [START_REF] Arnaud | First results from the NEWS-G direct dark matter search experiment at the LSM[END_REF].

Calibration

The run was calibrated using the 8.1 keV X-ray fluorescence of the copper. Selecting volume events, with rise time lower than 30µs, a clear excess of events is visible No simulation done with Geant4 reproduces this rise of the rate for very low energy events. The rest of this chapter focuses on events with energy above 500 eV. 

(Fig 4.

Lead shielding

The sphere and the copper shielding are enclosed in cubic lead shielding. Five walls are 15 cm thick and one 10 cm. The lead composing the lead shielding has not been tested for 238 U, 232 Th and 40 K as the copper. 

Summary on first estimation of the background events

The figure 4.23 shows a comparison of the data (red) and the sum of the sources of background described previously (black). The background understood with these simulations is mainly due to the contamination of the lead shielding (gray) followed by the gamma rays form the rock (green), the copper shielding (orange) and finally the copper sphere (blue). It is evident that the sources of background listed above only contribute a small fraction of the total background observed. At low energies, between 1 and 5 keV, the average event rate is 29 events/keV/kg/day, where the sum of the simulation is only 8.1. At lower energy, between 500 eV and 1 keV the event rate is 50 events/keV/kg/day where the sum of all the background sources is 9.6. The next section describes other sources of background beyond others already mentioned.

210 Pb in the copper

In the previous section, we showed that several background sources present in the copper, the lead, and the rock surrounding the detector do not explain the observed background. As daughter of 238 U, 210 Pb was assumed to be in equilibrium and therefore be a negligible component. Gamma ray spectroscopy using high purity germanium detectors has a limit of 120 mBq/kg for detecting 210 Pb by measuring the 46.6 tivity in bulk copper using a low background alpha particle counter [START_REF]Identification of 210pb and 210[END_REF]. The result shows that the equilibrium of 238 U is highly broken. The 210 Pb activity in OFC copper lies between 17 and 40 mBq/kg, three orders of magnitudes higher than the 238 U activity. The 210 Pb contamination is understood to be a residual of an electrolysis process [START_REF] Abe | Identification of 210 Pb and 210 Po in the bulk of copper samples with a low-background alpha particle counter[END_REF]. As the SEDINE detector is made of copper and surrounded by a copper shielding the 210 Pb decay chain in the copper is a promising candidate as a primary source of background. In addition to the contamination in the bulk copper, the surface of the detector is also contaminated with 210 Pb from exposure to the air of the laboratory polluted with 222 Rn. The following sections first present estimates of 210 Pb activity in both the copper bulk and inner surface of the detector and second shows the impact of these contaminations on the background of the experiment. Shortly after the physics run, we took another run with the same gas conditions and acquisition but with a lower voltage, 2200 V. Figure 4.25 shows the rise-time vs. amplitude scatter plot where the ballistic deficit and attachment are corrected ad-hoc. The rise time distribution can be divided into two parts, higher and lower than 47 µs. Alpha decay from an isotope fixed on the inner surface of the detector produces events with rise times higher than 47 µs. Events with rise times lower than 47 µs are induced by 222 Rn decay in the gas volume (orange ellipse). Events with rise-time higher than 47 µs and amplitude higher than⇡ 19000 AU are induced by 218 Po (blue ellipse). Finally, the events in the red box are a mixture of 222 Rn in the gas and 210 Po decay on the inner surface and within the bulk of copper. events populate this area. However, due to the short half-life of 218 Po compared to 222 Rn, both are in secular equilibrium. We should expect 68 events from the detector. We assume the 210 Pb activity in the copper of the shielding to be the same as in the copper of the sphere. The presence of 222 Rn itself in the gas mixture is not a problem because it decay in the volume are fully reconstructed and does not populate the low energy region.

However, its daughters 218 Pb is left charged and drift toward the sphere to be plated on its surface. 

Surface events

Volume events are mostly induced by Compton interaction distributed in the gas volume. Surface events originate mostly from charged particles coming from the surface of the sphere and the bulk of copper. These charged particles can be created by alpha or beta decay or by the interaction of photons with the copper. Due to their large dE/dx, charged particles deposit their energy close to the surface of the sphere and produce events with large rise time because their primary electrons drift further towards the anode. 

High energy events

At energies greater than ⇡ 30 keV, an electron from a Compton interaction has a long enough path length to produce track events. The rise time of the events is not dominated by the di↵usion of the electrons along their path but the closest and farthest primary electron from the sphere center. This non-linearity of the energy response of the detector at high energy is not fully understood. Several factors can cause such behavior such as, electron attachment due to the presence of oxygen. However, an attachment strong enough to attached almost 98% of the primary electrons would have a dramatic e↵ect and low energy events studied in the two previous sections would be barely detectable. A second possibility is the ionization yield. However, an estimation of the ionization yield with SRIM for 5.3 MeV alpha in the gas mixture shows a yield of 99.8%. A way too small amount of the energy is dissipated through phonon to explain this non-linearity. The third explanation is a screening e↵ect during the avalanche process. For high enough energy events, with a large enough dispersion of the arrival of the primary electrons, the avalanche induced by the first electrons screens and reduce the electric field. Primary electrons that arrive later produce smaller avalanches, reducing the total amplitude 

Conclusion and hypothesis on other background sources

Table 4.3 shows the event rate observed at all energies for the three regions of the rise time distribution. The simulation properly reproduces the rate for surface and track events but not for volume events.
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Rate 

The rod

Although it is placed inside the sphere, due to its low mass (40 g) compared to the sphere, the background induced by the rod is negligible. Assuming the same contamination as the sphere, its contribution is hundreds of times lower. The simulations of the 238 U decay chain down to 210 Pb with the same contamination give 1.1 ⇥ 10 4 events/keV/kg/day between 500 eV and 1 keV from the rod and 0.036 events/keV/kg/day from the sphere, 1.2 ⇥ 10 4 from the rod and 0.053 for the 232 Th and 0.013 from the rod and 3.63 form the sphere for the 210 Pb decay chain.

4.10.2 14 C on the inner surface of the sphere Some evidence shows that all surfaces are covered by a carbonaceous contamination overlayer [START_REF] Dragoun | Scattering of 7.3 kev conversion electrons from a 57co source covered gradually by gold absorbers of various thicknesses[END_REF] 2 nm thick. The inner surface of the sphere being 1.13 m 2 , the carbonaceous volume is about 4.5 ⇥10 3 cm 3 . The density of carbonaceous compounds are of the order few g/cm 3 (2.93 g/cm 3 for Al 4 C 2 and 3.16 g/cm 3 for SiC). Assuming half of the mass of the compound is made of carbon, the carbon quantity on the inner surface is roughly 7 ⇥10 3 g. Assuming this carbon to be in equilibrium with atmospheric 14 C production, its activity on the inner surface of the sphere is roughly 1.6 mBq (1.4 ⇥ 10 2 nBq/cm 2 ). Figure 4.33 and 4.34 show a comparison of the data,
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the simulation of 14 C on the inner surface of the detector and the sum of all other background simulations. Although this simulation su↵ers from a large uncertainty on the activity, we can conclude that the 14 C on the inner surface of the detector does not strongly contribute to the background of the volume events. However, this contamination could be a significant contribution to the surface background but giving the estimated contamination. The sum of 14 C and other contaminations seem to overestimate the total rate. Second, 3 H decays by beta emission with a Q-value of 18.58 keV [START_REF] Nagy | On the qvalue of the tritium -decay[END_REF]. So, 3 H decay in the gas will produce events in the same region as dark matter signal: low energy events distributed in the volume. We do not know the history of the neon used for the WIMP search run. However, assuming the cylinder was exposed to cosmic ray for one year, given the production rate, the 3 H activity would be 0.14 ± 0.01mBq/kg.

The 3 H in the sphere is then 0.04 ± 0.003mBq. Figure 4.35 shows a comparison of the simulation of 3 H decay within the gas volume and the data. We see that one year of exposure of the neon bottle is not enough to produce tritium in su cient quantities to explain the observed background. However, this is true if you consider the neon
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cylinder being free of tritium when it is produced, which is not necessary the case. 

External gamma ray sources

The previous figures show that the event rate of the data (red) drops for energy deposition higher than 25 keV. The volume events being mostly induced by gamma rays, this pattern looks like a Compton edge induced by gamma ray of ⇡ 120 keV.

This hypothesis can be tested by simulating a point-like gamma source placed on the external surface of the sphere. Figure 4.36 shows the normalized spectrum of the volume events from data and point-like gamma ray source placed on the outer surface of the detector simulation. An hypothesis for the missing 1.8 mHz of volume events is a 120 keV gamma source with an activity of 2.1 Bq. Figure 4.37 shows the e↵ect of such a source on the background rate. The black curve shows the sum of all the other backgrounds, the blue crosses the background induced by the source and the orange curve shows the sum of both. Such a source allows for the reproduction of the rate at energies higher than 10 keV but strongly increases the emission of 8.1 keV fluorescence from the copper sphere. A 120 keV gamma ray source is a good candidate to explain the missing background but is not su cient. We have not identified a source candidate for this radiation. 
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Discussion

The table 4.4 presents the main sources of background estimated for the SEDINE experiment.

This chapter presents a study of the background of the SEDINE detector. The main information is that the background is dominated by the presence of the 210 Pb decay chain on the surface and the bulk of the di↵erent material composing the detector and its shielding and particularly the contamination of the NOSV copper of the sphere. The analysis of this background run highlights several issues to be improved for the next-generation detector. The presence of an impurity in the gas causes electron attachment and degrades the signal. This e↵ect can be estimated and parametrized but has to be reduced for the future experiment. The inhomogeneity of the electric field a↵ects the signal; the use of a simple sensor limits the quality of the Chapter 5

NEWS-G at SNOLAB

Introduction

The next-generation SPC for dark matter searches is currently under construction.

The aim is to extend the sensitivity of the detection method by using a bigger detector made of better material with a lower background level. In addition, new ways of calibration, gas purification and data analysis have been developed to ensure the best working condition and results extraction. This chapter presents the work done on the background optimization. Reducing the background involved several tasks. First, measuring the activity of the di↵erent contaminations. These measurements were done on several materials including copper and lead, and were done using di↵erent methods such as mass spectrometry and detection with high-purity germanium or alpha counters. Second, each background contribution was estimated by simulation using the software packages described in the previous chapter. This chapter will present the techniques used to reduce the main background contributions. the air in the laboratory. The copper sphere is not in contact with the lead shielding.

To prevent background from the 222 Rn, the gap between the sphere and the shielding is filled with nitrogen. The total contributions of these contaminations bring 450 events/keV/kg/day below 1 keV per Bq of 222 Rn in the gas volume. To keep this contribution below 0.05 dru, the 222 Rn contamination of the gas mixture should not exceed 111 µBq.

3 H decay chain in the gas mixture

During exposure to cosmic ray, 3 H is produced in neon cylinder. This activation is a problem for two reasons. First the 3 H is a long-lived isotope with a half-life of 12.32 years. Secondly, 3 H decays by beta emission with a Q-value of 18.58 keV [START_REF] Nagy | On the qvalue of the tritium -decay[END_REF]. The 3 H decay in the gas will populate the same region as the dark matter signal, low energy events distributed in gas volume. The event rate below 1 keV is 3940 dru / (Bq/kg). To keep this background contribution lower than 0.05 dru, the [START_REF]SNOLAB User's Handbook[END_REF], one hour of exposure of the volume of the sphere would bring a surface activity of 0.56 mBq, inducing an event rate of 1.12 dru for events with energy lower than 1 keV.

Surface cleaning and glove box

The two previous estimates show the importance of the cleaning of the inner surface of the detector. Although the 14 C and 210 Pb decay chain produce surface events that could be suppressed by a rise time cut, such backgrounds could strongly reduce the performances of the detector. Before its installation in its shielding, the inner surface of the sphere will be cleaned and passivated with a solution of hydrogen peroxide and sulphuric acid [START_REF] Hoppe | Cleaning and passivation of copper surfaces to remove surface radioactivity and prevent oxide formation[END_REF], protected under nitrogen atmosphere. The passivation will remove a few µm of copper from the surface bringing the contamination with solution.

Once the passivation is done, the inner surface of the sphere should never be exposed to the air of the cavern to avoid any new deposition of 14 C or 210 Pb. A glove box will be installed on top the shielding to allow for changing the sensor without exposing the sphere to the air. The main radioactive isotopes produced in copper are 56 Co, 57 Co, 58 Co, 60 Co, 54 Mn, and 59 Fe. The excitation function for all these isotopes have been estimated

with experimental data or by calculation. Experimental data was obtained using proton beams irradiating natural copper target from a few MeV to a few GeV and low energy ( 100 MeV) neutron beams [START_REF] Cebrián | Cosmogenic activation in germanium and copper for rare event searches[END_REF]. Calculated cross-sections are available from the MENDL libraries [START_REF] Shubin | Cross-section data library mendl-2 to study activation and transmutation of materials irradiated by nucleons of intermediate energies, international atomic energy agency (iaea)[END_REF] and the semi-empirical Silberberg and Tsao formula using YIELDX code [START_REF]Updated partial cross sections of proton-nucleus reactions[END_REF]. The figure 5.4 shows the excitation function of 60 Co in natural copper from di↵erent libraries. [START_REF] Cebrián | Cosmogenic activation in germanium and copper for rare event searches[END_REF].

Due to their di↵erent half-lives, and production rates, the concentrations of these di↵erent isotopes will evolve di↵erently. The following figures show the build-up activity with time and the evolution of the activity after 93 days of exposure to cosmic neutrons at sea level. These 93 days represents the estimated amount of time the copper will spend at sea level before being brought underground. The background induced by these seven isotopes was estimated by simulating decays of each isotope randomly distributed within the 10.5 mm of thickness of the copper sphere. Knowing the half-life of the di↵erent isotopes, we can estimate the evolution of the background rate with time. Figure 5.7 shows the sub-keV background rate induced by each isotope and their sum. Starting around 3.5 events/kg/day for sub-keV events, the rate drops below 1 events/kg/day after approximately six months.

Due to their short half-lives, the event rate is dominated by 56 Co and 58 Co. These two isotopes rapidly decay and after a long period of time, the background is dominated by the long-live isotope of 57 Co and 60 Co.

This section shows how much the exposure of material to the cosmic neutron flux is a critical aspect of the experiment. We choose to estimate the background after three months of exposure of the copper to cosmic neutron because it is approximately the time needed for welding of the two hemispheres, pressure certification, and transportation. Although the contamination of 238 U is expected in the range of few tens of µBq/kg the equilibrium is highly broken at the level of 210 Pb. The 210 Pb contamination in commercial copper has been estimated by the XMASS collaboration to be in the range of 17-40 mBq/kg using a low-background alpha particle counter [START_REF] Abe | Identification of 210 Pb and 210 Po in the bulk of copper samples with a low-background alpha particle counter[END_REF]. A sample of the copper used to make the sphere was measured with this method and shows an activity of 28.5 ± 8.1 mBq/kg. 210 Pb decay is followed by de-excitation and decay of 210 Bi.

All these processes can induce low energy events by emission of gamma rays, X-ray or Auger electrons. In particular, the decay of 210 Bi produces a bremsstrahlung X-ray. Figure 5.8 shows the radial position of the decays within the copper thickness.

As expected, due to their short range in copper the electron events originate within the few first hundred µm and gamma events are rapidly attenuated but can originate from the whole thickness of copper. From the previous figure, we can deduce that most of the events are from decays within the innermost few hundred µm of the sphere. This background can be strongly reduced by plating pure copper on the inner surface of the detector. Figure 5.9 shows the e↵ect of having a layer of pure copper. The event rate below 1 keV from gamma events distributed in the volume of the detector is reduced by respectively 62% and 70% with 500 µm and 1 mm of pure copper plated on the inner surface. Thus, we decided to electroplate 500 µm of pure copper on the two hemispheres before welding to form the sphere. 

M = m r R I(t)dt zF (5.2) 
where m r is the molar mass of the element, I(t) the current as a function of time, z the number of electrons transferred in reduction reaction (2 for Cu 2+ ) and F the Faraday constant.

After the process, the amount of pure copper plated on the inner surface was estimated to be 502.1 ± 0.2 µm on the first hemisphere and 539.5 ± 0.2 µm on the second. This amount of pure copper, in addition to a contamination of 210 Pb of 28.5 ± 8.1 mBq/kg will resulting an event rate of 1.04 ± 0.38 events/keV/kg/day below 1 keV, 1.01 ± 0.33 events/keV/kg/day between 1 and 5 keV. The half-lives of all daughter isotopes are much shorter than the Gyr range of 232 Th and 238 U, so the secular equilibrium of the chain is often assumed. We consider this for the 232 Th decay chain, both in the copper of the sphere and the lead around it. But, we do know that it is not true for 238 U . In both copper and lead, the equilibrium is broken at the level of the 210 Pb. So in this section, we will consider the whole decay chain of 232 Th and the decay chain of 238 U between 238 U and 210 Pb to be in equilibrium. The amount of 238 U and 232 Th in the copper was measured at the Pacific Northwest National Laboratory (PNNL) using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Eleven samples of copper were cut from a test hemisphere with high-pressure water jet. The samples were cleaned to remove any oil or lubricant and etched in nitric acid to remove the exposed surface of copper, rinsed in de-mineralized water, and then were fully dissolved in nitric acid. Finally, the samples were analyzed on an Agilent 8800s ICP-MS and quantified using an isotope dilution mass spectrometric method. The background rate of from these two contaminations was estimated by simulating the whole232 Th decay chain and 238 U decay until 210 Pb. Decays were randomly distributed within the copper sphere with the innermost 500 µm layer free of any decays. These two simulations show for 232 Th, 0.075 ± 0.001 events/keV/kg/day below 1 keV and 0.069 ± 0.001 events/keV/kg/day between 1 and 5. For 238 U, 0.012 ± 0.0004 events/keV/kg/day below 1 keV, 0.011 ± 0.0004 events/keV/kg/day between 1 and 5 keV. µBq/kg gives an event rate of 0.0145 events/keV/kg/day below 1 keV, 0.0145 events/keV/kg/day between 1 and 5 keV.

The lead shield

The purpose of the lead shield is to protect the detector from backgrounds induced by gamma ray in the cavern around the experiment. This background will be discussed in the next section. The choice of lead as a shield material is because of its high Z value [START_REF] Gordon | Measurement of the flux and energy spectrum of cosmicray induced neutrons on the ground[END_REF] making it particularly e cient for stopping gammas. Its own intrinsic radioactivity is a particular concern. Due to the presence of 238 U and its decay chain product in lead ores, the 210 Pb concentration is higher than 1 Bq/kg [START_REF] Pattavina | Radiopurity of an archeological Roman Lead cryogenic detector[END_REF]. While refining raw lead metal, a 210 Pb concentration process is encountered. In fact, while other radioactive nuclides which are not chemically a ne to lead are segregated from the slag, 210 Pb is concentrated. A large amount of 210 Pb such as 24 Bq/kg [START_REF] Armengaud | Background studies for the EDELWEISS dark matter experiment[END_REF] would have a catastrophic impact on the background level of the experiment due to the bremsstrahlung radiation and X-rays from 210 Bi. The solution to this problem is to build the lead shield in two di↵erent shells; a first shell, 3 cm thick of Roman lead and a second shell 22 cm thick made of modern lead. The Roman lead is lead found in the sea, in a boat that sank roughly two thousands years ago. This time corresponds to hundreds of half-live of the 210 Pb and decreases its activity by a factor 2 100 . The material is essentially free of 210 Pb. This section will be divided in two sections focusing first on the shell of Roman lead and second on the shell of modern lead.

The Roman lead shell

238 U and 232 Th decay chain

Similarly to the copper of the sphere, we measured the 238 U and 232 Th of the archaeological lead with ICP-MS at PNNL. In the same manner as for the copper sphere, the background rate from these two contaminations was estimated by simulating the whole of the 232 Th and 238 U chains until 210 Pb, with decays randomly distributed in a 3 cm shell of lead surrounding the detector. These two simulations show for 232 Th, 0.025 ± 0.005 events/keV/kg/day below 1 keV, and 0.0161 ± 0.003 events/keV/kg/day between 1 and 5 and for 238 U, 0.14 ± 0.02 events/keV/kg/day below 1 keV and 0.09 ± 0.02 events/keV/kg/day between 1 and 5 keV. The archaeological lead is free of 210 Pb from decay products of 238 U chain originally present in the lead ore. However, the EDELWEISS collaboration which use the same Roman lead as us measured its 210 Pb activity and set an upper limit of 120 mBq/kg [START_REF] Armengaud | Background studies for the EDELWEISS dark matter experiment[END_REF]. This result being an upper limit, it does not disagree with the assumption of a 210 Pb free lead. However, before being melted to form the shell for NEWS-G, the lead bricks were stored for several years at the LSM. LSM air contains 222 Rn, so deposition of 210 Pb occurs on the surface of the bricks. Although we cleaned the surfaces of the bricks before melting them, a contamination of a few tens of mBq/kg is possible.

Simulation of 210 Pb randomly distributed in the lead volume is time consuming, getting a significant sample of events this way is infeasible. The solution is to first simulate decays of 210 Pb and look at the particles which cross the inner surface of the shield. Then we simulate this particle flux on the copper sphere. Figure 5.12 shows the event rate estimated from the simulation of 210 Pb and its daughter distributed in the shell of lead (blue), electron (orange), and gammas ray (red), from the spectrum showed in Fig 5 .11. We can first remark that although the electron flux from the lead is much higher than the gamma ray one, the contribution of those electrons to the detector background is negligible. The two methods show a good agreement. Finally, the expected background rate, with an upper limit on the contamination at 25 mBq/kg is 0.14 events/keV/kg/day below 1 keV and 0.12 events/keV/kg/day between 1 and 5 keV. As for the copper sphere, we did not measure the amount of 40 K in the Roman lead.

However, its activity was investigated by the EDELWEISS collaboration which set an upper limit of 1.3 mBq/kg [START_REF]Radiopurity control in the NEXT-100 double beta decay experiment: procedures and initial measurements[END_REF]. From this we set an upper limit on the background induced by the 40 K in the Roman lead to 0.28 events/keV/kg/day below 1 keV and 0.23 events/keV/kg/day between 1 and 5 keV. The simulation of the 232 Th decay chain shows 0.025 ± 0.005 events/keV/kg/day below 1 keV and 0.020 ± 0.04 and events/keV/kg/day between 1 and 5 keV. And the simulation of the 238 U chain until 210 Pb shows 0.17 ± 0.03 events/keV/kg/day below 1 keV and 0.13 ± 0.02 events/keV/kg/day between 1 and 5 keV.

210 Pb chain

The 210 Pb activity in the modern shield was measured at the LSM using a germanium counter. The data shows an activity of 4.6 ± 0.02 Bq/kg. Similarity to 210 Pb in the Roman lead, a simulation giving good enough statistic would take too much time.

Instead we first simulate decays of 210 Pb and its daughters randomly distributed within the 22 cm shell of modern lead and record the flux of gamma ray reaching the surface of the Roman lead. The recorded flux is then propagated through the Roman lead, and the flux of gamma rays crossing its inner surface is recorded, to be propagated toward the copper sphere. Figure 5.13 shows the gamma ray flux reaching the outer surface and crossing the inner surface of the Roman lead shell. The simulation of the flux from the inner surface of the Roman lead shell shows an event rate of 0.053 ± 0.0002 events/keV/kg/day below 1 keV and 0.055 ± 0.0002 events/keV/kg/day between 1 and 5 keV. 40 

K

As for the copper sphere and the Roman lead, we did not measure the amount of 40 K in the modern lead. However, its activity was investigated by the XENON100 collaboration which set an upper limit of 1.46 mBq/kg [START_REF]Material screening and selection for xenon100[END_REF]. This amount allows us to set an upper limit on the background induced by the 40 K in the Roman lead of 0.35 events/keV/kg/day below 1 keV and 0.26 events/keV/kg/day between 1 and 5 keV.
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The previous sections presented an estimation of the background induced by the material of the detector itself and shield surrounding it. The di↵erent layers of shield aim to protect the detector from the radiation present in the environment around it.

Two kinds of radiation are coming from the rock of the Creighton mine: gamma rays and neutrons. Both these particles are produced by the decay of isotopes from the 238 U, 235 U, and 232 Th chains and from 40 K composing the rock. The neutron and gamma ray flux within the cavern and their impact on the background budget will be discussed in the first two sections. In addition to radiation from the rock, 222 Rn from the 238 U decay chain is gaseous and can escape the rock to fill the air of the cavern.

Gamma rays

The gamma ray flux within the cavern can be estimated from the activity of 238 U, The final simulation shows a sub-keV event rate of 0.0084 events/keV/kg/day and 0.0095 events/keV/kg/day between 1 and 5 keV.

Neutrons

Neutrons can be a source of background in two di↵erent ways. 

222 Rn

The 222 Rn in the cavern environment is a problem for two reasons. First the decay of short lived elements in its chain, (before 210 Pb) induces background events.

Second, the deposition of long-lived 210 Pb on surfaces will be a long term source of backgrounds.

Decay between the copper sphere and the lead shell

The copper sphere is separated from the lead shell by a gap of 12 mm, corresponding to a volume of 0.072 m 3 . The impact of the decay of 222 Rn followed by its daughters until 210 Pb was estimated by simulating one million decays of these isotopes randomly distributed in the gap. The 222 Rn concentration in the SNOLAB cavern is 123.3 ± 13.0Bq/m 3 . The results of the simulation show the catastrophic impact of the 222 Rn: 30 ± 3 events/keV/kg/day of sub-keV events. To mitigate this, we inject nitrogen in the space between the copper sphere and the lead shell. Typical activity of 222 Rn in nitrogen cylinder lies between 1 and 50 µBq/m 3 [START_REF] Zuzel | Experience of gas purification and radon control in BOREXINO[END_REF]. This amount is eight orders of magnitudes lower than the activity in SNOLAB air and makes this background negligible compared to all others.

210 Pb deposition on the outer surface

We need to estimate the background induced by the deposition of 210 Pb on the outer surface of the copper sphere and deduce a maximum allowed exposure time to the air of the SNOLAB cavern. This estimation was done by simulating 210 Pb and its daughters randomly distributed on the 59 ⇥ 10 3 cm 2 of the outer surface of the copper sphere. The simulations shows and sub-keV event rate of 1.5 ⇥ 10 6 (events/keV/kg/day)/(nBq/cm 2 ). We can estimate the amount of 210 Pb deposited on the outer surface of the copper sphere assuming that all 222 Rn decays in a shell 40 cm thick around the sphere will deposit their daughters on its surface.

Taking into account the 222 Rn activity in the SNOLAB cavern, one day of exposure would bring a surface activity of 710 ± 75 nBq/cm 2 , inducing an sub-keV event rate of 0.0011 ± 0.0001 events/keV/kg/day. Assuming the outer surface of the sphere will be cleaned upon its arrival at SNOLAB, the few days needed for its transportation in the cube hall and its installation in its shield before being covered by nitrogen will cause a negligible amount of background compared to others sources. The muon flux in SNOLAB, attenuated by 6.011 km.w.e (kilometre equivalent water) is 0.27µ/m 2 /day [START_REF]SNOLAB User's Handbook[END_REF] A parametrization of the energy distribution is defined by [START_REF] Mei | Muon-induced background study for underground laboratories[END_REF]:

dN dE µ = Ae bh( µ 1) • E µ + ✏ µ 1 e bh µ ( 5.3) 
Where b = 0.4/km.w.e, µ = 3.77 and ✏ µ = 693 GeV, and h is the depth of the laboratory 6.011 ± 0.1 km.w.e.

The angular distribution is parametrized by:

I th (h, ✓) = I 1 e h•sec(✓)/ 1 + I 2 e h•sec(✓)/ 2 sec(✓) ( 5 . 4 ) 
where I 1 =(8.60 ± 0.53) ⇥ 10 6 s 1 cm 2 sr 1 , I 2 =(0.44 ± 0.06) ⇥ 10 6 s 1 cm 2 sr 1 , 1 =0.45 ± 0.01km.w.e and 2 =0.87 ± 0.02 km.w.e. Although the number of recorded events is low, leading to a large uncertainty, the expected events rate is negligible compare to all other. We can expect 6.2 ± 1.1 ⇥ 10 4 events/keV/kg/day below 1 keV and 4.4 ± 4.2 ⇥ 10 4 events/keV/kg/day between 1 and 5 keV.

Conclusion

The table 5.6 summarize, the main backgrounds of NEWS-G at SNOLAB. The selection of low activity material in addition to the shielding surrounding the detector will reduce its background by at least one order of magnitude compared to the one Total + cosmogenic activation of the copper sphere 5.20 5.20

5.4

Total + cosmogenic activation of the copper sphere and 6 months of cooling 2.8 2.5

3.4

Total + cosmogenic activation of the copper sphere and 1 years of cooling Improving detector performance

Introduction

This chapter presents development done on the sensor. The goal of these studies is to solve some of the issues presented at the end of the chapter 3. Ideally, we want a sensor stable in time with a good resolution and a uniform gain. Two main sensors were developed and tested. A resistive umbrella sensor, the "bakelite sensor", was used to develop single electron calibration using a UV laser. The second sensor tested, Achinos sensor was developed for the big detector to ensure a strong enough drift field in the whole detector and high amplification.

Weakness of the single ball sensor

In real conditions, the ideal geometry of the electric field described in chapter 2 is broken by the presence of the grounded rod that supports the sensor at the center of the sphere. The rod implies two problems. First, the electric field symmetry is not spherical any more (Fig 3 of the signal is expected to occur leads to amplification factor that will depend on the precise point on the anode surface where the field line ends. This inhomogeneity in gain is magnified by the exponential dependence of the avalanche gain with the electric field. The simple, one voltage electrode, is unsuitable for application where an homogeneous response over the whole detector volume is required. These problems can be analysed and the detector performance improved by applying a second voltage close to the anode. Having a simple sensor also limits the voltage that can be applied on the anode before electric discharge occurs between the ball and the rod. A solution to these issues is the use of resistive material for a field corrector. The second voltage is applied on a so called "umbrella" supported by the rod. Several designs involving di↵erent materials have been tested.

6.3

The experimental set-up at Queen's University

Gas handling system

The studies at Queen's University have been done with a 30 cm sphere and gas handling system shown in Fig 6 .1. The pumping is done with two pumps. The backing pump is used to carry out a primary vacuum in order of few 10 2 mbar. Then, the turbo pump starts and reaches a vacuum in a range of 10 5 mbar. A good vacuum is a sine qua non condition before injecting gas. It ensures a low level of impurity and a good working conditions.
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Di↵erent gas mixtures are used. They can come from pre-mixed bottles or from separate bottlse from which we make the desired mixture. The sphere is connected to two pressure gauges with di↵erent sensitivities. One low pressure gauge is used to measure the vacuum level after pumping and the leak rate. A high pressure gauge is used to read the pressure during and after filling the sphere with gas. As the gas The RGA works at low pressure on the order of a few 10 4 mbar. It is connected to the pumping system with CF40 tubing. The RGA makes it possible to determine the composition of the gas within the sphere with a sensitivity of few ppm.

The gas can be continuously cleaned with a circulator and a gas purifier. The circulator is made of a small fan inserted in a machined cube. Two valves connected in series with the sphere make it possible to inject impurities such as air. This makes it possible to quantify the electronic attachment due to impurities and verify the e ciency of the purification system.

Finally a cylinder containing Ar 37 is connected to the sphere through a valve. The anode and the umbrella are respectively linked to high voltages HV1 and HV2 (Fig 6 .2) coming from a low noise power supply. They are both filtered by low pass filters with cuto↵ frequency f = 0.64 Hz. The signal from the anode is sent to a charge pre-amplifier through a decoupling capacitor of C = 471 pF. Then, the output signal from the charge pre-amplifier is sent to a digitizer and treated by an acquisition software. We will discuss in more detail the properties of the pre-amplifier and the digitizer so called "CALI box".

The pre-amplifier

The pre-amplifier amplifies the input signal to give an output signal proportional to the number of charges deposited on the anode. The pulses produced decrease with a time constant ⌧ characteristic of each pre-amplifier. We used the CREMAT CR-110 charge sensitive pre-amplifier. Its decay time constant is ⌧ = 140 µs and its gain is 1.4V/pC.

The digitizer

The amplified signal is digitized by a "CALI" box digitizer at the CEA in Saclay [START_REF] Fard | Étude d'un détecteur sphérique gazeux pour la recherche d'événements rares à bas seuil en énergie[END_REF].

It works in a dynamic range of ±1.25 V with a maximum sampling frequency of 5

MHz. It is possible to use di↵erent gain (x1, x2 or x4). The digitized signal is sent to a computer through ethernet cable. The umbrella is installed between the ball and the rod to prevent electric discharge from the anode. A second voltage, HV2, can be applied on the umbrella to correct the e↵ects of the anisotropy of the electric field. The umbrella is made of resistive material to allow the application of a voltage on its surface and prevent electric discharge with the anode. Figure 6.4 shows a bakelite umbrella. The resistivity of bakelite has been measured to be on the order of 10 12 ⌦ • cm. However, this method has a limit. For too low HV2, less than 10% of HV1, the direction of the field on the upper half of the sphere reverses. This volume would be lost because in the region, electron from primary ionization would drift toward the sphere instead of the sensor. Capture from the K-shell and L-shell release 2.82 keV and 270 eV X-rays respectively.

This gaseous radioactive source is produced at the Royal Military College in Kingston by irradiating calcium-oxyde with the thermal neutron flux of a SLOWPOKE-2 nuclear reactor [START_REF]The facile production of ar-37 using a thermal neutron reactor flux[END_REF]. The sphere was filled with 500 mbar of gas mixture made of 98% of Ar and 2% of CH 4 . The voltage HV1 applied on the anode was +2000 V and four voltages were tested on the umbrella. This decrease of HV2 also improves the detector energy resolution. For HV2=0V, the recorded spectrum does not exhibit a gaussian shape. By applying a negative HV2, in order to obtain a ratio HV1/HV2 equal to 2.5%, 5% and 7.5% the gaussian fits on the yellow, green and red curves show a resolution of 18.5%, 14.2% and 12.7% respectively. These results confirm an improvement of the homogeneity of the gain of the detector for events distributed in its whole volume. Figure 6.7 shows the e↵ect of HV2 on the detector resolution and the event rate. A reasonable negative value of HV2, higher than 8% of HV1, strongly improve the detector resolution with a very small loss of sensitive volume. The detector response to single electrons has been studied using a solid state laser.

The laser beam is split and sent through an optical fibre to a photo-detector and inside the sphere. Primary electrons are extracted from the sphere's inner surface by The laser is also used to monitor the stability of the detector with time. Figure 6.9 presents the fit of laser data taken by triggering on the photo-detector.
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With a strong enough attenuation of the light beam, the number of extracted electron follows a Poisson distribution with less than one electron expected. The recorded events are noise fluctuation when no primary electrons are extracted; this is the gaussian shape on the left of the spectrum centred at 0 ADU (Analogue-to-Digital-Unit).

The tail at higher amplitude is the contribution of events with one or two primary electrons emitted. The fit of the recorded spectrum allows us to determine the mean number of primary electrons emitted (µ = 0.08), the mean gain (< G >= 41.6 ADU/e ), and the baseline resolution ( = 4.3 ADU). Sensitivity to single electrons allows us to determine the parameter of the ✓ parameter of the Polya distribution. For the tested conditions of gas and voltage, this parameter is close to 0. Figure 6.9: Data taken with solid state laser. The fit of the data (red) allows us to determine the mean number of primary electrons extracted from the sphere surface (µ = 0.08). The blue curves represent the contribution of events for which 0, 1 or 2 primary electrons were extracted [START_REF] Arnaud | Precision laser-based measurements of the single electron response of spherical proportional counters for the NEWS-G light dark matter search experiment[END_REF]. In addition to laser events, we injected 37 Ar in the detector. Figure 6.11 shows the X-rays induced by electron capture from the L and K-shells was fixed to the expected ranching ratio L/K of 0:0987 [START_REF] Barsanov | Artificial neutrino source based on the 37ar isotope[END_REF]. The combination of both laser and 37 Ar events allows for measuring the W-value of the gas mixture. For that particular case, the measured value is W=27.6 ± 0.2eV Figure 6.11: 37 Ar energy spectrum [START_REF] Arnaud | Precision laser-based measurements of the single electron response of spherical proportional counters for the NEWS-G light dark matter search experiment[END_REF] 6.5 Novel sensor approach for large SPC, Achinos Sensor

Large future detectors will require new sensor technologies to allow for single electron detection. The size of the anode and the value of the high voltage need to reach a compromise between the amplification and the strength of the drift field. These two imperatives lead to a conflict for large scale detectors. To avoid electron attachment, a strong drift field is needed, requiring a large anode. On the other hand, the high gain needed for sub-keV threshold demands a small anode. In the case of spherical detector with a single ball sensor a limitation exists: the electric field, inversely proportional to the surface of the central sphere in such a way that all the anode balls are on a virtual sphere larger than the central sphere. The central sphere is made of either highly resistive material or a total insulator covered by a conducting surface, thus making it possible to apply HV2 on its surface (bias electrode). The value of HV2 is chosen to optimize the electric field configuration and improve the energy resolution of the detector. Several Achinos designs have been tested with an 55 Fe source placed inside the sphere. Figure 6.14 shows the recorded spectrum with an 11, 2 mm anode Achinos.

The gas mixture was made of helium, argon, and methane with in respective proportion of respectively 80%, 11% and 9% at 650 mbar. The high voltage applied on each ball was 2015 V and -200 V on the central anode. The 5.9 keV x-ray of the 55 Fe is measured with a resolution of 12.4%. The observed large distribution is due to the precision of balls, of the solders and the positioning of the various components. New tools have been developed and a technical e↵ort is under way to improve the precision of various elements. The Achinos sensor was tested during the commissioning run of the NEWS-G detector.

The detector was filled with 135 mbar of pure CH 4 . The performance of the detector where investigated with the same tools as at Queen's University, the combination of laser and 37 Ar calibration. The high voltage applied on each ball was 2020 V and the central anode was grounded. During an 11 days run, the stability of the detector was controlled using the laser at high power. Figure 6.15 shows the evolution of the ratio of the amplitude of the pulses recorded by the photo-detector and the pulse recorded by the sphere vs. the time in hour. We can remark that this ratio decreases over time and follows two patterns. A linear decreasing of 0.09 ± 0.001% per hour during the first 110 h (blue line) and 0.018 ± 0.0005% during the following 142 hours (yellow line). These slow decreases of the gain can be explained by several factors.
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First the gas circulation and purification was not used during this run, so a slow di↵usion of oxygen could be responsible for this decrease. Secondly, a degradation of the optical fibres could lead to the same result. The quality of optical fibres to be used at SNOLAB are under investigation at Queen's University. However, the absence of electric discharges show the suitability of such sensor for long term operation. Following these 10 days of data acquisition, we injected 37 Ar in the detector. Figure 6.16 shows the rise time vs. amplitude distribution for the 37 Ar data. The 2.82 keV peak is clearly visible. We remark a correlation with lower amplitude for higher rise time. An oxygen contamination could be responsible for such correlation and shows the importance of using a gas purification system. Additionally, the lower part of the spectrum is polluted by electronic noise inducing events with a strong rise time vs. amplitude correlation. In addition to the high power laser and 37 Ar run, several runs with low power laser where taken to control the low energy response of detector. Figures 6.17 These first results show that the Achinos sensor provide good stability while giving 6.6. CONCLUSION 196 the low threshold to allow single electron detection.

Conclusion

SPCs have already shown their potential for dark matter detection with the SEDINE detector. New calibration methods confirm the ability of the detector to measure single electrons and recent sensor developments exhibit a stable behaviour for large detectors. The first commissioning runs show the potential of the achinos sensor and confirm the feasibility of single electron detection in a large detector. These first runs are under analysis and show the potential of the new detector. Its performance will be improved by the utilization of gas purification and intensive work on electronic noise reduction.

the detector can be sensitive to single electron. The development of the achinos structure confirms this capability in large detectors. All these improvements will allow the experiment to set new constraints on WIMP-nucleon cross section three orders of magnitude better than the one set by SEDINE for WIMP masses of 0.6

GeV/c 2 and to explore lower masses. The background of the next detector will still be dominated by the presence of the 210 Pb decay chain at 28.5 mBq/kg. After two years of cooling underground the copper of the sphere will contribute almost 60% of the total background. The future of the collaboration relies on a new sphere made of 6N copper pure at 99.9999%. Such copper shows 210 Pb contamination below the limit of the current best detection method at 4.1 mBq/kg [START_REF] Abe | Identification of 210 Pb and 210 Po in the bulk of copper samples with a low-background alpha particle counter[END_REF] . Fully electro-formed sphere in underground environment would constitute the ultimate low background detector, as 238 U and 232 Th contributions have been measured to be lower than in 6N copper and all cosmogenic contributions from handling copper at surface would be eliminated.

  WIMPs sont la classe de particule principalement recherchée par la collaboration NEWS-G. La collaboration est spécialisée dans la recherche de matière noire légère, d'une masse inférieure à quelques GeV/c 2 . Cette spécificité impose d'utiliser des noyaux cibles légers tels que l'hydrogène ou l'hélium et d'avoir un seuil de détection en énergie le plus faible possible, jusqu'à la détection d'électrons uniques. Le fait que ces particules interagissent faiblement impose d'avoir un bruit de fond le plus bas possible. Cette particularité pour la détection des WIMPs est commune à toutes les expériences. Plusieurs autres expériences, utilisant d'autres technologies ainsi que d'autres matériaux cibles tels que l'argon ou le germanium recherchent la matière noire. En conclusion, ce chapitre présente un état de l'art de la recherche de WIMP. Le chapitre suivant présente la technologie des compteurs proportionnels sphériques utilisée par la collaboration NEWS-G pour la recherche de matière noire. Ce détecteur consiste en une sphère de cuivre remplie de gaz. La sphère est reliée à la masse et une tension est appliquée sur une anode placée en son centre. Le détecteur o↵re alors un large volume de gaz baigné par un champ électrique. Lorsqu'une particule interagit avec un atome du gaz, elle dépose de l'énergie qui se traduit par une ionisation et l'émission d'électrons primaires. Sous l'influence du champ électrique, les électrons v primaires dérivent vers l'anode au centre de la sphère. Lorsque qu'un électron est proche de l'anode, à moins de 100 µm, sous l'e↵et du champ électrique su samment intense, il acquiert une énergie cinétique supérieure au potentiel d'ionisation du gaz et déclenche une avalanche qui crée plusieurs milliers de paires électrons-ions secondaires. Le signal est alors induit par le mouvement des ions secondaires en direction de la sphère. Ce courant électrique est intégré par un pré-amplificateur puis digitalisé. L'étude de la forme des impulsions mesurés permet d'identifier la nature des dépôts d'énergie. L'amplitude des impulsions est liée à l'énergie déposée et leur temps de montée est lié à la distribution spatiale du dépôt. La discrimination de la forme des pulses permet d'identifier les dépôts d'énergie ponctuels. Ce type de détecteur o↵re plusieurs avantages. D'abord il est possible d'utiliser plusieurs matériaux cibles et de comparer la compatibilité d'un éventuel excès avec l'hypothèse d'un signal de matière noire. La géométrie du détecteur lui confère une faible capacité électrique qui ne dépend que de la taille de l'anode centrale. Cette faible capacité procure un très faible bruit électronique intrinsèque et donc un seuil en énergie faible. Finalement, la discrimination de la forme des pulses permet d'identifier les dépôts ponctuels et donc le dépôts attendus résultant de la di↵usion élastique des WIMPs.
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  And finally the direct detection, where detectors are used to search for WIMPs scattering on target nuclei. The WIMP mass being unknown, different detector technologies covering a large range of targets from hydrogen to xenon are exploring the possible accessible masses. Exploring the mass and cross-section parameters implies several challenges. First, low cross-section requires a very low background environment. Any interaction of , , µ or neutron can mimic a WIMP pulse, reducing the sensitivity of the experiment. The NEWS-G collaboration with Spherical Proportional Counters (SPC) [5] is exploring the lower part of the mass range with a WIMP mass region of interest lying below 1 GeV/c 2 . This specificity implies a second challenge, having a very low energy threshold down to single-electron detection. The goal of this work is to improve and optimize the SPC technology to meet the criteria of low background experiment and low energy threshold. The optimization of the background is done through the selection and simulation of the materials composing the experiment. Optimization of the detector response relies on the development of sensors sensitive enough to ensure a single electron detection.

Figure 2 . 2 :

 22 Figure 2.2: The Bullet cluster. The green contours are the gravitational potential.The colors indicate the X-ray temperature of the plasma which corresponds with the distribution of baryonic matter.[START_REF] Clowe | A direct empirical proof of the existence of dark matter[END_REF] .

  electrons and nuclei combined to form atoms. At this point, photons ceased to interact and travelled toward us. These photons composing the CMB contain information on the state of the universe at the time of the decoupling. Several experiments have observed the CMB. The latest map of the CMB was obtained by the Planck mission (Fig 2.3) and published in 2015.
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 23 Figure 2.3: Cosmic Microwave Background measured by the Planck spacecraft. The color scale indicates the fluctuation of the temperature [10].
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 24 Figure 2.4: Fluctuation of the CMB with regards to the angular scale. The red curve is obtained with the theoretical ⇤CDM model with free parameters adjusted by maximum likelihood [11].

  Originally introduced by the Peccei-Quinn theory in 1977 to resolve the strong CP problem in Quantum Chromodynamics (QCD), axion particles are viable Dark Matter candidates. The strong CP problem is due to the observed conservation of the Charge Parity symmetry in QCD while this symmetry is expected to be violated in the frame of the Standard Model. Peccei and Quinn introduced a new symmetry whose spontaneous breaking leads to the CP conservation by the creation of a pseudo-Nambu-Goldstone boson called the axion. Cosmological and astrophysical observations require axions to be very light with a mass in the range 10 6  m a  10 3 eV/c 2 .

Figure 2 . 5 :

 25 Figure 2.5: The 90% CL constraints from the CMS experiment m DM -spinindependent DM-nucleon plane for a vector mediator, Dirac DM, and benchmark couplings g DM = 0.25 and g DM = 1.0 [21]

and 2 .

 2 7 were produced assuming a velocity of the earth in the WIMP halo to be v = 220 km/s and a nucleon cross section on the order of the weak scale, = 1 pb = 10 36 cm 2 .

Figure 2 . 6 :

 26 Figure 2.6: Recoil energy spectrum of WIMPs with di↵erent masses on a neon target.

Figure 2 . 7 :

 27 Figure 2.7: Recoil energy spectrum of 1 Gev/c 2 WIMP on di↵erent target mass

  density of WIMPs. This figure shows clearly that to search for light WIMPs, we have to use light targets.

Figure 2 . 8 :

 28 Figure 2.8: WIMP exclusion curve for di↵erent target, assuming an exposure of 100 kg•day, a threshold of recoil energy range in [0.1;500] keV and no events detected.

Figure 2 .

 2 Figure 2.9 shows the exclusion curves on a neon target with di↵erent energy thresholds for exposure of 100 kg•days and the same other assumptions as for the previous figure. The exclusion curves rise as the WIMP mass reaches the energy threshold, so it fundamental to keep the threshold as low as possible, typically down to the ionization potential of the target material used.

Figure 2 . 9 :

 29 Figure 2.9: WIMP exclusion curve for di↵erent energy threshold, assuming an exposure of 100 kg•day on a neon target.

Figure 2 . 10 :

 210 Figure 2.10: WIMP exclusion curve for di↵erent number of events detected, assuming an exposure of 100 kg•day on neon target and a threshold at 22 eV.

Figure 2 .

 2 [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF] illustrates the di↵erent techniques used for direct detection.

Figure 2 . 11 :

 211 Figure 2.11: Summary of direct detection experiments [31]. The names correspond to experiments and they are related to the searched signal, heat, charge, light, and combination of two of them.

limit of 9 . 4 ⇥

 94 10 44 cm 2 and 4.3 ⇥ 10 40 cm 2 at 90% confidence for 20 and 5 GeV/c 2 respectively [43]. Charge and light detection Charge and light detection are done in large Time Projection Chambers (TPC) filled with a liquid noble gas, usually argon or xenon.Under the influence of an electric field, charges drift toward the anode. The anode is placed on top of the TPC where the target material is in the gaseous phase allowing for signal amplification. The light is detected by PMTs placed below and above the target material. A first prompt scintillation signal (S1) generated in the liquid phase is recorded by the PMTs followed by a second signal (S2) induced by the ionization electrons. This technology benefits from a strong background suppression by the charge to light ratio (S2/S1) and the multiplicity of the S2 signal[START_REF] Aprile | The XENON1T Dark Matter Experiment[END_REF]. In addition, a spatial reconstruction of the events is possible. The relative amount of light in the di↵erent PMTs allows for the xy reconstruction of the energy deposition, and the z is constructed based on the time di↵erence between S1 and S2. This allows for the rejection of surface events. Using this technique, the Xenon-1T collaboration2.5. STATE OF THE ART OF WIMP DIRECT DETECTION 35based at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy set a limit of 7.7 ⇥ 10 47 cm 2 for 35 GeV/c 2 and PandaX-II[START_REF] Cui | Dark Matter Results From 54-Ton-Day Exposure of PandaX-II Experiment[END_REF] set a limit of 8.6 ⇥ 10 47 cm 2 for 40 GeV/c 2 , both in 2017. Using large dual-phase TPCs filled with xenon is the most competitive technique for spin-independent dark matter searches with masses above 10 GeV/c 2 . This technology also shows competitive results at lower masses when filled with argon. The DarkSide-50 collaboration used an argon TPC to set the most stringent limit on the spin-independent dark matter with masses down to 1.8 GeV/c 2 .

Figure 2 . 12 :

 212 Figure 2.12: Parameter space for elastic spin-independent dark matter-nucleon scattering [17]. The DAMA/LIBRA and CDMS-Si enclosed areas are regions of interest from possible signal events. The NEWS-G results are indicated by the purple dashed line [47].

Figure 2 . 13 :

 213 Figure 2.13: Parameter space for elastic spin-independent dark matter-nucleon scat-tering zoomed in the low mass region. Between 2 and 6 GeV/c 2 , the most stringent limit is from the Dark-Side 50 collaboration (red curves)[START_REF] Agnes | Low-Mass Dark Matter Search with the DarkSide-50 Experiment[END_REF] . The solid dark grey curve show the current most stringent limit for sub-GeV WIMPs from the CRESST-III collaboration[START_REF] Petricca | First results on low-mass dark matter from the CRESST-III experiment[END_REF] 

  Today, after decades of investigation, a tremendous investment of thousands of physicists around the world, no non-ambiguous signal of a dark matter signature can be claimed. The direct detection of WIMPs is an intensive field of research and employs a variety of detection techniques. Exploring the possible mass range of the WIMPs candidates is challenging. For masses higher than a few GeV/c 2 , dual-phase TPCs set the most stringent limits. The low mass part of the range is currently explored by cryogenic and gaseous detectors. The NEWS-G collaboration explores this part of the spectrum. The NEWS-G detectors are particularly e↵ective in this parameter space because of their low energy threshold and the possibility to use low A target nuclei such as hydrogen. The next chapter will detail the SPC technology.

Figure 3 . 1 :

 31 Figure 3.1: Experimentally measured energy loss distribution in an argon carbon dioxide counter, compared to the corresponding Landau and Gaussian distributions [52].

Figure 3 . 2 :

 32 Figure 3.2: The relative importance of the three types of interaction of gamma rays with matter.

Figure 3 . 3 :

 33 Figure 3.3: Graphical illustration of the phenomena taking place during the photoelectric scattering process.

Figure 3 . 4 :

 34 Figure 3.4: Compton scattering.

mec 2 !

 2 (3.13) Pair production In the presence of a Coulomb field, like the one from the nucleus of an atom, a photon can produce an electron-positron pair like shown in Fig 3.5.

Figure 3 . 5 :

 35 Figure 3.5: Graphical illustration of the pair production process.

Figure 3 .

 3 Figure 3.6 shows the mass attenuation coe cient of gamma rays in a gas mixture made of 98% of argon and 2% of methane for energies between 1 and 100 keV. At low energy, the photoelectric e↵ect is dominant but its influence decreases and Compton scattering becomes dominant for gammas with energy higher than ⇡ 75 keV.

Figure 3 . 6 :

 36 Figure 3.6: Mass attenuation coe cient of gamma in a gas mixture made of 98% of argon and 2% of methane. The red curve shows the Compton scattering and the blue curve show the photoelectric e↵ect.

Figure 3 . 7 :

 37 Figure 3.7: Spectrum of a 59.5 keV gamma source recorded with an SPC filled with 98% argon and 2% methane.

Figure 3 .

 3 Figure 3.7 shows the spectrum recorded by placing a 59.5 keV gamma source

3. 1 . 51 •

 151 INTERACTION OF PARTICLES WITH MATTER Elastic scattering from nuclei A(n, n)A: This is the principal mechanism of energy loss for neutrons in the MeV region. During the process a part of the kinetic energy of the neutron is transferred to the nucleus and the velocity and direction of the neutron changes. The average energy loss will be 2E n A/(A+1)2 

  pair production is implemented by the Bethe-Heitler model with the LPM e↵ect at high energies and Compton scattering is implemented by the Klein-Nishina model. The photo-electric e↵ect and Rayleigh scattering are both handled by the Livermore models. -Electrons and Positrons: Multiple Coulomb scattering is handled by the Urban model from 0 to 100 MeV and by the WentzelVI model from 100 MeV to 100 TeV. This is combined with the single Coulomb scattering model, which is applied for large-angle scattering. Bremsstrahlung is implemented by the eBremSB model and the eBremLPM model, which takes into account the LPM e↵ect at high energies. The Moller-Bhabha formulation models ionization, and positron annihilation is implemented by the eplus2gg model. -Muons: Multiple Coulomb scattering is handled by the WentzelVI model combined with the 3.2. GASEOUS PROPORTIONAL COUNTER 55 single scattering model at all energies, and by the eCoulombScattering model at all energies. The MuBrem model handles Bremsstrahlung. Ionization is implemented by several models depending on energy and particle type. From 0 to 200 keV, the Bragg model is used for µ + and the ICRU73Q0 parameterization is used for µ . Between 200 keV and 1 GeV, the BetheBloch model is used for both µ + and µ , and from 1 GeV to 100 TeV, the MuBetheBloch model is used for both µ + and µ . The muPair-Production model handlese + /e pair production caused by either µ + or µ .
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 38 Figure 3.8: Schematic view of the spherical proportional counter and detection principle.

Figure 3 . 9 :

 39 Figure 3.9: Energy distribution of ions and electrons at normal conditions (T = 293.15 K)

Figure 3 . 10 :

 310 Figure 3.10: Drift velocity of several ions in their own gas as a function of the reduced electric field [52].

Figure 3 . 11 shows

 311 the fraction of electrons surviving after 20 cm drift in two gas mixtures as a function of the oxygen content. The value of h, frequency of collision, and average attachment time for these two contaminants at normal conditions are given in Tab 3.3.
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 3117225 Figure 3.11: Fraction of electrons surviving after 20 cm drift in two gas mixtures, as a function of the oxygen contamination. (E = 200 V/cm) [52]

Figure 3 . 12 :

 312 Figure 3.12: Simulation of the Townsend coe cient. The detector is a 60 cm diameter sphere filled with Ne + 0.7%CH 4 at 3.1 bar with a 6 mm diameter sensor biased at 2520 V.

Figure 3 . 13 :

 313 Figure 3.13: Simulation of the radius where secondary ion-electron pairs are created by 50 primary electrons reaching the sensor. The detector is a 60 cm diameter sphere filled with Ne + 0.7%CH 4 at 3.1 bar with a 6 mm diameter sensor biased at 2520 V.

Figure 3 . 14 :

 314 Figure 3.14: Polya distribution for di↵erent values of the parameter ✓

Figure 3 . 15 :

 315 Figure 3.15: N th convolution of the Polya distribution.

  Figure 3.16 shows the meshing used by COMSOL to compute the voltage and electromagnetic field in the detector volume, equipotential lines, and the direction of the electric field, determined for a 30 cm diameter detector with a 3 mm diameter sensor biased at 1750 V and supported by a grounded rod.

Figure 3 . 16 :

 316 Figure 3.16: Left: Meshing used by COMSOL to compute the voltage and magnetic field in the detector volume. Centre: Equipotential lines. Right: Electric field direction.

Figure 3 . 18 :

 318 Figure 3.18: Induced charge and output pulse of a single electron.

Figure 3 .

 3 19 shows the induced charge (red) and output voltage (blue) created by two electrons reaching the sensor with a time di↵erence of 200 µs and producing the same number of secondary ion-electron pairs integrated by a pre-amplifier with a time constant of 140 µs.

Figure 3 . 19 :

 319 Figure 3.19: Induced charge and output pulse of two electrons.

  biased by the transfer function of the pre-amplifier shorter than the time taken by secondary ions to fully induce the current. The solution is to treat raw pulses to take into account the transfer function of the pre-amplifier and the shape of the current induced by ion motion. The processing of the pulses is shown in Fig 3.20. The example shows a laser-induced pulse where three electrons reach the anode. This event comes from a run taken with a 30 cm diameter sphere filled with 500 mbar of Ar + 2%CH 4 . The sensor is a 3 mm ball biased at 1900 V. The raw pulses (upper left) are first smoothed by a trapezoidal filter and then double deconvolved for the pre-amplifier response (upper right) and the shape of the ion-induced (lower left)

Figure 3 .

 3 Figure 3.20: (A) upper left: Raw pulse smoothed, (B) upper right: Pulse deconvolved from the amplifier response, (C) lower left: Pulse deconvolved from amplifier response and ion induced current, (D) lower right: Integral of the double deconvolved pulse.

Figure 3 .

 3 Figure 3.21 shows an example of pulse shape discrimination with the SEDINE detector (Chapter 3.5 ) filled with 3.1 bar of Ne + 0.7%CH 4 and a 6 mm sensor biased at 2520 V. The events in rectangle A are tracks with a large rise time (high energy and Compton scattering). Rectangles B and C containe point-like events originating from the inner surface of the detector and the gas volume of the detector volume respectively. A dark matter signal is expected to sit in rectangle C.

Figure 3 . 21 :

 321 Figure 3.21: Pulse shape discrimination: (A) Track-like events, (B) Point-like events from the surface of the sphere, (C) Point-like events distributed in the gas volume.

Fig 3 . 88 3. 4

 3884 Fig 3.20 where the charge induced by a single electron is much higher than the charge induced by the noise.

Figure 3 . 22 :

 322 Figure 3.22: The sensor used in SEDINE for the neon WIMP search run.

3. 4 . 89 Figure 3 . 23 :

 489323 Figure 3.23: Electric field lines in the SEDINE detector with 2520 V applied on a 6 mm sensor.

3. 4 . 90 Figure 3 . 24 :

 490324 Figure 3.24: Norm of the electric field at 0.1 mm (blue), 0.5 mm (green) and 1 mm (red) form the sensor surface.

3. 5 .

 5 DISCUSSION, SPC FOR DARK MATTER SEARCH 91 correlated to the event rate. Several umbrella technologies have been tested. Chapter 5 summarizes results obtained with new sensors.

3. 5

 5 Discussion, SPC for dark matter search The spherical proportional counter has several advantages for the search for dark matter. The combination of the significant amplification from Townsend avalanches and its low natural capacitance and electronic noise allows for a very low energy thresholds allowing the detection of single electron events. The pulse shape discrimination allows for fiducialization of the detector volume, also allowing for the discrimination of point-like and track-like events; WIMP induced signals are expected to be pointlike. The detector can be operated with di↵erent target material and especially low A targets such as hydrogen. The target materials are a↵ordable and commercially available. The next two chapters focus on the background of SPCs for dark matter searches. These studies rely on the simulation of the detector and the radiation surrounding it. The next chapter shows a comparison of the simulation and data taken with SEDINE at the LSM, and the following presents an estimation of the expected background in the next-generation detector. Chapter 6 finally presents the development of new sensors.

Figure 4 .

 4 [START_REF] Bertone | Particle dark matter: Evidence, candidates and constraints[END_REF] shows the detector inside its shielding seen for the top and a schematic view of the sphere and shielding.

( a )

 a Top view of SEDINE (b) Schematic view of the shielding
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 41943 Figure 4.1: The SEDINE detector and its shield

Fig 4 . 2

 42 as a solid red line, setting new constraints on the spin-independent WIMP-nucleon scattering cross-section below 0.6 GeV/c 2 and excluding at 90% C.L. a cross-section of 4.4 ⇥ 10 37 cm 2 for a 0.5 GeV/c 2 light DM candidate mass.

Figure 4 . 2 :

 42 Figure 4.2: Constraints on the spin-independent WIMP-nucleon cross section versus WIMP mass. The result from this analysis is shown as a solid red curve [70].

Figure 4 . 3 :

 43 Figure 4.3: 2D histogram rise time vs amplitude of events recorded during the 16hour run of 37 Ar calibration. The strong correlation of lower amplitude for larger rise time shows the presence of impurities in the gas.

Figure 4 .

 4 Figure 4.3 shows the rise time vs amplitude of the recorded events. It is possible to

4. 4 .

 4 ASSESSING THE O 2 CONTAMINATION AND FIELD ANISOTROPY 98

Figure 4 . 4 : 99 Figure 4 . 5 :

 449945 Figure 4.4: E↵ect of the O 2 contamination on the rise time vs amplitude correlation for 37 Ar simulation: (a) 0 ppb; (b) 5 ppb; (c) 10 ppb; and, (d) 20 ppb

4. 4 . 100 Figure 4 . 6 :

 410046 Figure 4.6: Relationship between oxygen contamination and amplitude vs risetime correlation for 37 Ar simulation. The oxygen contamination showing the closed slope to the one observed on data is 16 ppb.

4. 4 .Figure 4

 44 Figure 4.7: 6.3 mm Si sensor used in SEDINE.

Figure 4 . 8 :

 48 Figure 4.8: The electric field structure of SEDINE.

4. 4 .Figure 4 . 9 :Figure 4 . 10 :Figure 4 .Figure 4 . 12 :

 4494104412 Figure 4.9: Norm of the electric field at 0.1 (green), 0.5 (red) and 1 mm (blue) from the surface of the sensor. ✓ = ⇡/2 corresponds to the direction of the wire.

4. 4 .Figure 4 . 13 :

 4413 Figure 4.13: Comparison of the amplitude spectrum of data and simulation of the 2.8keV peak of the 37 Ar.

Figure 4 . 14 :

 414 Figure 4.14: Comparison of the rise time spectrum of data and simulation of the 2.8keV peak of the 37 Ar.

Fig 4. 15 left.

 15 Physics events have widths between 86 and 500 µs and rise time between 9.6 and 350 µs. Outside this window, the events are electronic noise (Fig 4.16(c)), amplifier response to non-physical current, or physical events on top of a very noisy baseline (Fig 4.16(d)).

Figure 4 . 15 :

 415 Figure 4.15: Rise time vs. width of the 22 Na calibration.

Figure 4 . 16 :

 416 Figure 4.16: Example of pulses in di↵erent rise time and width windows: (a) physical event; (b) physical event; (c) noise, (d) physical events on noise
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Figure 4 . 17 :

 417 Figure 4.17: Calibration of the physics run with the 8.1 keV X-ray fluorescence.

Figure 4 .

 4 [START_REF] Tanabashi | Review of particle physics[END_REF] presents a fit of the 8.1 keV peak with a cut for amplitude lower than 1000 ADU. Figure4.18 shows the volume events without energy threshold cut, scaled by the conversion factor determined previously. The event rate increases by roughly two orders of magnitude for events below 500 eV.

Figure 4 . 18 :

 418 Figure 4.18: Volume events energy spectrum

Figure 4 . 19 :

 419 Figure 4.19: Comparison of volume events data and simulation of the copper sphere contamination.

Figure 4 . 20 :

 420 Figure 4.20: Comparison of volume events data and simulation of the copper shielding contamination.

Figure 4 .

 4 Figure 4.21 shows a comparison of the background induced by the contamination of lead shielding and the surrounding gamma flux. The contribution of the lead shielding is strongly dominated by the presence of the 210 Pb decay chain.

Figure 4 . 21 : 4 . 6 . 4

 421464 Figure 4.21: Comparison of volume events data and simulation of the lead shielding contamination.

Figure 4 . 22 :

 422 Figure 4.22: Comparison of volume events data and simulation of the surrounding gamma flux.

Figure 4 . 23 :

 423 Figure 4.23: Comparison of volume events data and simulation of the lead shielding contamination and surrounding gamma flux.

4. 7 .

 7 210 Pb IN THE COPPER 117 keV de-excitation after its decay to 210 Bi. However, in May 2017, K. Kobayashi from the University of Tokyo presented the first measurement of the 210 Pb and 210 Po ac-

4. 7 . 1

 71 Assessing the 210 Pb contamination By running the detector at a lower voltage, with a lower gain, it is possible to estimate the alpha rate from the inner surface and the bulk of the copper sphere. Alpha particles from the surface of the detector are fully reconstructed at 5.3 MeV and those coming from the copper bulk are degraded and deposit less energy in the gas (Fig 4.24).

Figure 4 . 24 :

 424 Figure 4.24: Schematic of 210 Pb decay in the copper surface and bulk.

Figure 4 . 25 :

 425 Figure 4.25: Rise time vs, amplitude scatter plot for a low voltage run.

Figure 4 .

 4 Figure 4.26 shows the spectrum of events with rise time higher than 47 µs (red)and lower than 47 µs (blue). These two distributions can be used to determine the di↵erent activities:

Figure 4 . 26 :

 426 Figure 4.26: Energy distribution of the low-gain run. The blue crosses show the spectrum of 222 Rn (events with rise time lower than 47 µs) and the red curve shows events with rise time higher than 47 µs, induced by 222 Rn, 218 Po and 210 Po.

Figure 4 . 27 :

 427 Figure 4.27: Comparison of volume events data and simulation of the 210 Pb activity.

Figure 4 . 4 . 8 222

 448 Figure 4.27 shows a comparison of the data and simulation of the di↵erent contaminations of 210 Pb. The violet curve represents the sum of the 210 Pb contamination on the inner surface, the copper sphere, and the copper shielding. At low energy, in the 500 eV to 1 keV range the rate is 8.0 ± 1.2 events/keV/kg/day. This total contribution of the 210 Pb contamination in the sphere and copper shield is strongly dominated by the activity of the copper sphere (orange for 210 Bi, blue for 210 Pb) and the 210 Pb in the inner surface. Finally, the thick black curve on Fig 4.27 shows the sum of all the contributions listed in the two previous sections. This total contribution does not reproduce the observed background. The simulated background is lower than the observed one. The observed background drops for energy higher than roughly 25 keV where the simulated background continuously decreases. Sevral hypothesis for the

Figure 4 .

 4 28 shows the volume events background induced by the 222 Rn daughters. Due to the very short half-life of the 214 Po (164.3 µs ), it was simulated together with the 214 Bi. The 0.2 mBq determined in section 4.7.1 bring a negligible background contribution in volume events compare to other sources.

Figure 4 . 28 : 4 . 9

 42849 Figure 4.28: Comparison of volume events data and simulation of the 222 Rn plated on the inner surface of the sphere.

Figure 4 . 29 :

 429 Figure 4.29: Rise time vs. amplitude 2D histogram of the background run. The two lines delimit the surface events region.

Figure 4 .

 4 Figure 4.29 shows the rise time vs. amplitude 2D histogram of the background run. An apparent accumulation of events appears for rise times between 30 and 50 µs.Figure 4.30 shows a comparison of the spectrum of background surface events

Figure 4 .

 4 [START_REF] Weber | Determination of the local dark matter density in our Galaxy[END_REF] shows a comparison of the spectrum of background surface events and simulations. We can remark that this spectrum is dominated the presence of the 210 Pb decay and particularly the 210 Pb deposition on the inner surface of the detector (cyan). Between 20 and 26 keV, we can observe an accumulation in the simulation of the 210 Po (green) on the inner surface. This accumulation is due to the recoil of206 Pb after an alpha decay. The 206 Pb recoils with an energy of 103 keV. However, the deposited energy is a↵ected by the ionization yield. In addition, primary electrons emitted close to the surface travel through the whole detector radius and su↵er a large electron capture. The addition of the electron capture and the ionization yield show events much attenuated. The ionization yield was estimated to be 44% with the software SRIM. The recoils of 206 Pb should appear around 45 keV. The data 4.9. SURFACE EVENTS AND HIGH ENERGY EVENTS 126 shows an accumulation around 30 keV. The missing energy is correlated to electron capture. The di↵erence between the data and the simulation can be explained by an underestimation of the quenching factor or an overestimation of attachment. Finally, unfortunately, the simulation does not reproduce the rise of events below 2.5 keV.

Figure 4 . 30 :

 430 Figure 4.30: Comparison of surface events data and simulation.

Figure 4 .

 4 [START_REF] Zhou | Overview of dark matter direct detection experiments[END_REF] shows the rise time vs. amplitude 2D histogram of the background run in the whole rise time and energy range. We remark that for high energy events, the detector response is highly nonlinear in energy. The accumulation around 130 keV is the alpha particles, mainly from the decay of 210 Po on the inner surface of the detector. Those events should appear at 5.3 MeV.

Figure 4 . 31 :

 431 Figure 4.31: Rise time vs. amplitude 2D histogram of the background run extended in the whole energy range.

4. 10 .

 10 CONCLUSION AND HYPOTHESIS ON OTHER BACKGROUND SOURCES 128of the induced pulse. This e↵ect can not be added to the simulation by ad-hoc parametrization. However, Fig 4.32 shows the simulation of di↵erent contaminations producing track events with rise times higher than 50 µs. Again, the background in this region is strongly dominated by the 210 Pb decay chain, especially by the decay of 210 Bi in the copper sphere bulk (orange).

Figure 4 . 32 :

 432 Figure 4.32: Comparison of track events data and simulation.

Figure 4 . 33 :

 433 Figure 4.33: Comparison of 14 C simulation and data for volume events.

4. 10 .Figure 4 . 34 :

 10434 Figure 4.34: Comparison of 14 C simulation and data for surface events.

4. 10 .3 3 H

 103 in the gas mixture Exposure of neon to cosmic rays can result in the production of 3 H. The production rate was estimated to 228 ± 16 atoms / kg /day[START_REF] Amare | Cosmogenic production of tritium in dark matter detectors[END_REF]. This activation is a problem for two reason. First the 3 H is a long-lived isotope with a half-life of 12.32 years.

Figure 4 . 35 :

 435 Figure 4.35: Comparison of 3 H simulation and data for volume events.

Figure 4 . 36 :

 436 Figure 4.36: Volume event spectrum of simulated point like gamma ray sources with di↵erent energy.

Figure 4 . 37 :

 437 Figure 4.37: Spectrum of a 120 keV point like gamma source with an activity of 2.1 Bq

  development of better sensors inducing a homogeneous electric field and fast evacuation of positive ions is a crucial point for the future experiment. Finally, a better understanding of the background is essential. This can be achieved first with an accurate measurement of the activity of all the components of the detector and its shielding. Second, the main background is due to Compton interactions in the gas volume. It is planned for the next detector to take several other runs with di↵erent target gases with higher Z such as argon or xenon to increase sensitivity to gamma rays and improve the understanding of this background. The next chapter presents the estimation of the background of the NEWS-G detector at SNOLAB, and the last one presents the development of new sensors.

Figure 5 . 1

 51 Figure 5.1 shows the S140 detector and its shielding. The detector is a 1.4 m diameter shell made of C10100 commercially available copper. The thickness of the sphere is 10 mm and 0.5 mm of copper was plated on its inner surface. The sphere is enclosed in a 25 cm lead shell. The lead shielding is composed of two shells made of di↵erent types of lead. The main shell is made of commercially available lead. The high contamination of 210 Pb in such lead would create a tremendous amount of background. The detector is protected from this background source by a 3 cm thick shell of Roman lead with a much lower 210 Pb contamination. The lead shielding is enclosed in a 40 cm polyethylene shield to protect the detector from neutron radiation coming from the rock surrounding the cavern. A glove box is placed on top of the shielding. This box allows us to change the sensor without exposing the detector to

Figure 5 . 1 :

 51 Figure 5.1: Schematic view of the S140 detector.

Figure 5 . 2 :

 52 Figure 5.2: Simulation of tritium decay in 2 bars of neon + 10% CH 4 mixture, event rate expected for 1 Bq of 3 H in the gas volume.

Figure 5 .

 5 Figure 5.2 shows the simulated spectrum of tritium decay within the gas volume.

1

 1 Cosmogenic activation of the copper sphere Time needed for material production, machining and transportation outside underground laboratories must be minimized to ensure the lowest background. The production rate R of an isotope by exposure to a flux of cosmic rays can be evaluated as:R = N Z (E) (E)dE (5.1)where is the production cross section and E is the energy of the incident particle, and N is the number of target nuclei. The production rate relies on two basic quantities: the flux of cosmic rays and the cross section for isotope production. The main hadronic component of cosmic rays is neutrons, so the production rate of isotope is then strongly related to the cosmic neutron flux. This flux has been estimated by several measurements of nucleon flux at sea level by Ziegler[START_REF] Ziegler | Terrestrial cosmic ray intensities[END_REF] and from several measurement of cosmic-ray-induced neutrons on the ground across the United States by Gordon et al.[START_REF] Gordon | Measurement of the flux and energy spectrum of cosmicray induced neutrons on the ground[END_REF]. Figure 5.3 shows the di↵erential neutron flux in New York city estimated from Ziegler and Gordon et al.'s parametrisation.

Figure 5 . 3 :

 53 Figure 5.3: Di↵erential neutron flux at sea level,[START_REF] Cebrián | Cosmogenic activation in germanium and copper for rare event searches[END_REF] 

Figure 5 . 4 :

 54 Figure 5.4: 60 Co excitation functions in natural copper [73].

Figure 5 . 5 :

 55 Figure 5.5: Activity of cosmogenically produced isotopes in natural copper.

Figure 5 . 6 :

 56 Figure 5.6: Activity of cosmogenically produced isotopes in natural copper after 3 months of exposure to cosmic ray at sea level.

Figure 5 . 7 : 5 . 5 . 2 210

 57552 Figure 5.7: Sub-keV event rate of cosmogenic induced background in the copper sphere.

Figure 5 . 8 :

 58 Figure 5.8: Position of the decays with the thickness of the copper sphere.

Figure 5 . 9 :

 59 Figure 5.9: E↵ect of the electroplating pure copper on the inner surface of the detector.

  (a) Schematic of the plating process. (b) Picture of the plating set-up.

Figure 5 .

 5 Figure 5.10: Electroplating procedure

5. 5 . 3

 53 238 U and 232 Th decay chain Uranium and thorium are present in the Earth's crust as a relic from its formation. Due to their long half-lives of 14.1 Gyr for 232 Th and 4.5 Gyr for 238 U, they are 5.5. THE COPPER SPHERE 153 currently present in rock even 4.5 Gyr after the formation of solar system. Both 232 Th and 238 U decay by ↵-emission and are the beginning of a long decay chains.

40 K

 40 The40 K activity in the copper sphere was not estimated by our collaboration. However, C10100 copper is a commercial component used by several experiments. The NEXT-100 experiment, a double beta decay investigated the radiopurity of C10100 copper and found a contamination of 61 and 91 µBq/kg. A contamination of 91

Figure 5 .

 5 [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF] shows the spectrum of gamma rays and electrons crossing the inner surface of the Roman lead.

Figure 5 . 11 :

 511 Figure 5.11: Spectrum of gamma rays and electrons crossing the inner surface of the Roman lead assuming 25 mBq/kg of 210 Pb.

Figure 5 . 12 :

 512 Figure 5.12: Comparison of the direct simulation of the 210 Pb decay chain in the Roman lead shell and simulation of gamma ray and electron flux crossing it's surface.
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 62 The modern lead shell 238 U and 232 Th decay chain The amount of 238 U and 232 Th in the modern lead were measured with the same method as for the Roman lead, the results are shown in the following table.

Figure 5 . 13 :

 513 Figure 5.13: Gamma spectrum from the 210 Pb dacay chain in modern lead on the outer and inner surface the Roman lead shield.

232

  Th, and40 K in the Norite rock surrounding SNOLAB. The rock contains 1.2% potassium, 1.3 ppm of 238 U and 3.3 ppm of 232 Th[START_REF]SNOLAB User's Handbook[END_REF]. These concentrations represent 0.04 Bq/kg of 40 K, 13 Bq/kg of 238 U and 15 Bq/kg of 232 Th. The gamma flux within the cavern can be estimated by a simulation of these elements within a shell of concrete 10 m thick with a 20 m inner radius, and by looking at gamma rays crossing the surface of a 3 m radius sphere placed at the center of the cavity. Figure5.14 and 5.15 represent the spectrum of gamma rays crossing the 3 m sphere and their zenith angle. In that case, the zenith angle is the angle between the direction of the momentum of the gamma when it crossed the surface and the vector normal to the sphere surface at the point where the gamma ray cross the surface.

Figure 5 . 14 :

 514 Figure 5.14: Gamma flux in the SNOLAB cavern.

Figure 5 . 15 :

 515 Figure 5.15: Zenith angle of momentum of gamma ray entering the volume of interest.

Figure 5 . 16 :

 516 Figure 5.16: Attenuation of gamma flux through the shield.

  First, the elastic scattering of fast neutrons with target nuclei of the gas mixture can mimic WIMP signals. Second, the interaction of neutrons (thermal and fast) with the materials of detector and the shield surrounding it can produce gamma rays which induce similar backgrounds to those listed in the previous sections. The main source of neutrons is the radioactivity of the cavern rock where neutrons are produced by (↵, n) reaction and spontaneous fission. The flux of thermal neutron was estimated to be 4144.9 ± 49.8 ± 105.3 neutrons/m 2 /day[START_REF] Browne | Preparation for deployment of the neutral current detectors[END_REF] and the fast neutron flux to be 4000 neutrons/m 2 /day[START_REF]SNOLAB User's Handbook[END_REF]. Similarly to the gamma ray spectrum, it takes too much CPU time to simulate the neutron spectrum through the whole shield surrounding the detector. The neutron spectrum is first propagated through the polyethylene shield and the attenuated flux is propagated on the lead shield.

Figure 5 . 17 :

 517 Figure 5.17: Blue, SNOLAB cavern neutron spectrum [93]. Red, spectrum reaching the lead shield surface.

Figure 5 .

 5 Figure 5.18 shows the quenching factor of the H, C and Ne nuclei in the considered gas mixture determined with the SRIM software package [94].

Figure 5 . 18 :

 518 Figure 5.18: Quenching factor of Ne, C and H in a gas mixture made of Ne + 10 % CH 4 at 2 bars.

Figure 5 .

 5 Figure 5.[START_REF] Bertone | History of dark matter[END_REF] shows the expected event rate from the attenuated neutron flux from the SNOLAB cavern before (blue) and after (red) applying the quenching factor determined with SRIM. The expected event rate below one keV is 0.0043 events/keV/kg/day and 0.0004 events/keV/kg/day between 1 and 5 keV.

Figure 5 . 19 :

 519 Figure 5.19: Neutron background with and without quenching factor applied.

Figure 5 . 20 :Figure 5 . 21 :

 520521 Figure 5.20: Muon energy spectrum in SNOLAB cavern

Figure 5 . 22 :

 522 Figure 5.22: Muon event rate.

Table 5 . 6 :

 56 Summary of the main background of NEWS-G at SNOLAB, without rise time selection. The upper limits of activities in the lead are not taking into account in the total. observed with SEDINE. Figure5.23 presents the sensitivity projection of NEWS-G at SNOLAB with the studied gas mixture. It was calculated with a model developed by D Durnford at Queen's University[START_REF] Durnford | Phenomenological studies and analysis techniques to search for light dark matter with News-G[END_REF].The major question remains the rise of background observed with SEDINE at energy lower than 500 eV. Geant4 does not reproduce this background and if it appears, its understanding and reduction will be an intensive challenge for the future of the experiment. If the sub-keV background is at a level of 1.78 dru, NEWS-SNO will improve the sensitivity to WIMP-nucleon cross section for WIMP mass of 1 GeV/c 2 by more than two orders of magnitude and explore lower masses.

Figure 5 . 23 :

 523 Figure 5.23: Projection of NEWS-G at SNOLAB

  22). Secondly, the non-homogeneity of the electric field within the first millimetre around the anode (Fig 3.23) where the amplification 6.3. THE EXPERIMENTAL SET-UP AT QUEEN'S UNIVERSITY 175

Figure 6 . 1 :

 61 Figure 6.1: Gas handling system

6. 3 .Figure 6 . 2 :

 362 Figure 6.2: Power supply and electronic for acquisition

6. 4

 4 Second electrode: Umbrella6.4.1 Correction of the electric fieldThe goal of the umbrella is to apply a second voltage, close to the anode to correct the electric field around it. Two strategies depending of the geometry of the setup can be employed. The first one consist of applying null or positive voltage very close to the anode. The second possibility consist of applying negative voltage above the anode to avoid the avalanches on the north side of the ball where the field is disturbed by the wire.6.4.2 Resistive material, Bakelite umbrellaThe high voltage for the sensor is provided by a wire encased in a grounded supporting rod. This breaks the symmetry of the electric field. As shown on Fig:6.3 which represents the right side of the anode, the electric field is not isotropic. More precisely, the anisotropy of the electric field in the amplification region induces a dependence of the gain on the arrival angle of the primary electrons.

Figure 6 . 3 :

 63 Figure 6.3: Electric potential in the amplification region around a 2 mm diameter anode.

Figure 6 . 4 :

 64 Figure 6.4: Left: Schematic view of the bakelite sensor with HV 1 applied on the anode and HV 2 on the a steel layer inside bakelite. Right: Picture of a 2 mm diameter anode with bakelite umbrella used at Queen's university.

Figure 6 .

 6 Figure 6.5 shows the electric field lines in the volume that ends on the lower half of the sensor with respect to the value of HV2. As we can see, applying a negative voltage on the umbrella forces the lines from a larger volume to end on the lower half of the sensor. This implies an improvement of the resolution of the detector.

Figure 6 . 5 :

 65 Figure 6.5: Electric field lines ending on the lower half of the sensor.

Figure 6 . 6 :

 66 Figure 6.6: E↵ect of the second voltage applied on the umbrella. The voltage applied on the anode was kept constant at 2000 V. The peak is due to the decay of 37 Ar releasing 2.82 keV X-rays

Figure 6 . 7 :

 67 Figure 6.7: E↵ect of HV2 on the resolution (red) and rate (blue) of the 2.82 keV peak of 37 Ar. Applying a negative HV2 improves the resolution of the detector without significantly a↵ecting the active volume the detector.

6. 4 .

 4 SECOND ELECTRODE: UMBRELLA 185 the photoelectric e↵ect. This method of calibration allows us to perform several measurement such as drift time, di↵usion time and attachment rate of primary electrons.

Figure 6 . 8 shows

 68 the setup used for laser calibration. The laser beam of wavelength 213 nm is sent through an optical fibre splitter to both a Photo Detector (PD) and to the SPC. This, along with the possibility of adjusting the current of the Laser pump from 100 A up to 150 A, provides a dynamic range of photo-electron extraction from single quanta up to a few hundred.

Figure 6 . 8 :

 68 Figure 6.8: The 213 nm laser light is sent through an optical fibre splitter to both the PD (which triggers the acquisition) and the SPC to extract photoelectrons from the inner surface of the vessel. The two panels on the right show a typical PD signal (raw pulse on top panel) together with the resulting SPC signal (treated pulse on bottom panel) from a single electron reaching the sensor and undergoing an avalanche of average gain. The time delay between the SPC and the PD pulse corresponds to the drift time of the electron from the surface to the sensor [98].

Figure 6 .Figure 6 . 10 :

 6610 Figure 6.10 shows the mean number of primary electrons vs the amplitude of pulses recorded by the photo-detector. µ is the only parameter of the fit that depends on the intensity of the laser pulses. The linear relationship between these two variables demonstrates the accuracy of a Poisson distribution for the number of extracted primary electron.

37

  Ar spectrum measured by a 30 cm detector filled with 1.5 bar of the Ne+2%CH 4 gas mixture. The spectrum clearly shows the 270 eV and 2822 eV lines of X-rays from electron capture in the L-and K-shell of 37 Ar, respectively. The energy scale is determined based on the position of the 2822 eV peak. The dashed line indicates the analysis threshold that was set at 100 eV. The solid red line indicates the fit of our model to the data. The relative abundance of 270 eV and 2822 eV events from 6.5. NOVEL SENSOR APPROACH FOR LARGE SPC, ACHINOS SENSOR 188

6. 5 .

 5 NOVEL SENSOR APPROACH FOR LARGE SPC, ACHINOS SENSOR 189 to the radius of the ball, decreases very quickly at large distance, which accentuates the attachment or the recombination of drifting electrons. This phenomenon is even further accentuated in the case of a large sphere (> 1 m diameter). To overcome this di culty a new sensor concept called Achinos has been developed by the I. Giomataris group in CEA-Saclay [100]. The single ball is replaced by a structure made out of several balls at a fixed radius, the center forming an equipotential. The advantage of this technique is that at large distance the electric field is reinforced by more than one order of magnitude so it solves the problem of the weakness of the electric field at the volume of the sphere. In addition by reading one by one the ACHINOS balls the detector becomes a TPC with 3D tracking capability. The ACHINOS sensor consists of a set of anode balls uniformly distributed around a central sphere at an equal distance from the center of the detector (Fig 6.12). The anode balls are supported by insulated wires. These wires have a constant length and are fixed perpendicularly

6. 5 .Figure 6 .Figure 6 . 13 :

 56613 Figure 6.12: Achinos sensor

6. 5 .Figure 6 . 14 :

 5614 Figure 6.14: Pulse height distribution of the signal produced by the 5.9 keV X-ray line of an 55 Fe source. [100]

Figure 6 . 15 :

 615 Figure 6.15: Stability of the achinos sensor during CH 4 run.

6. 5 .Figure 6 . 16 :

 5616 Figure 6.16: Rise time vs. amplitude distribution of the 37 Ar in 135 mbar of CH 4 .

Figure 6 . 17 :

 617 Figure 6.17: Double deconvolution of a laser induced pulse with one electron in mbar of CH 4 .

Figure 6 . 18 :

 618 Figure 6.18: Double deconvolution of a laser induced pulse with three electron in mbar of CH 4 .
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		First ionization potential [eV] W-Value [eV/ion pair]	
	Gas		Fast electrons	Alpha particles
	Ar	15.7	26.4	26.3
	He	24.5	41.3	42.7
	H 2	15.6	36.5	36.4
	N 2	15.5	34.8	36.4
	O 2	12.5	30.8	32.2
	CH 4	14.5	27.3	29.1

1: W values for di↵erent gases for electrons and alpha particles

Table 3 . 2 :

 32 Gas Ions Mobility [cm2 V 1 s 1 ]

	He He +	10.40 ± 0.10
	Ne Ne +	4.14 ± 0.2
	Ar Ar +	1.535 ± 0.007
	Kr Kr +	0.96 ± 0.09
	Xe Xe +	0.57 ± 0.05

Table 3 .

 3 

	3: Electron attachment probability, frequency of collisions and average at-
	tachment time for oxygen and water vapour at normal condition [52]

Table 4 .

 4 To estimate the impact of its contamination on the background, we used to activity measured on the lead used for the next detector (see next chapter). The results are presented in the following table. 2: Upper limit on the contamination of the lead.During lead refining, 238 U and 232 Th are mostly removed, but the lead isotopes are chemically separated and remain in the lead brick at the end of the process. This implies a substantial activity 210 Pb, from the 238 U chain, in the lead shielding. The 210 Pb activity of the lead was measured by a germanium counter at the LSM and is 37.4 ± 4.32 Bq/kg.

	Isotope Activity [mBq/kg]
	238 U	0.079
	232 Th	0.009
	40 K	<1.46

Table 4 .

 4 data [mHz] Rate simulation [mHz] 3: Events rate measured and simulated.

	Volume	2.6	1.3
	Surface	3.0	3.8
	Track	9.3	10.1

Table 4 .

 4 4: Summary of the main volume events background of SEDINE.

	Total rate	(mHz)	0.13	0.11	0.0037	0.0038	0.0013	0.0051	0.0026	0.033	0.0096	0.0088	0.0039	0.016	0.7	0.0028	0.0008	0.0006	0.059	0.10	0.039	0.0040	0.0011	0.0044	0.0008	1.2
	Events rate [1;5] keV	(events/keV/kg/day)	2.0	2.1	0.042	0.045	0.019	0.052	0.046	0.33	0.089	0.076	0.035	0.12	5.9	0.023	0.0035	0.0048	0.47	0.97	0.77	0.11	0.014	0.003	0.02	13.2
	Events rate [0.5;1] keV	(events/keV/kg/day)	1.03	2.6	0.036	0.053	0.023	0.067	0.044	0.36	0.11	0.082	0.038	0.16	6.9	0.034	0.0047	0.0059	0.53	1.22	3.42	0.44	0.22	0.074	0.05	17.5
	Unit	mBq/kg	mBq/kg	µBq/kg	µBq/kg	µBq/kg	µBq/kg	µBq/kg	mBq/kg	µBq/kg	µBq/kg	µBq/kg	µBq/kg	Bq/kg	µBq/kg	µBq/kg	mBq/kg	/cm 2 /s	/cm 2 /s	mBq	mBq	mBq	mBq	mBq	
	contamination	/ flux	26	26	< 16	< 12	< 110	41	23	26	< 16	< 12	< 110	25	37.4	79	9	< 1.46	0.125	0.042	1.8	1.8	1.8	0.2	0.2	
	source	210 Pb	210 Bi	238 U	232 Th	40 K	60 Co	57 Co	210 Pbchain	238 U	232 Th	40 K	60 Co	210 Pb	238 U	232 Th	40 K	1460 keV	2614 keV	210 Pb	210 Bi	210 Po	214 Pb	214 Bi + 214 Po	Total
						Copper sphere						Copper Shielding				Lead Shielding		Gamma ray			Inner Surface			

Table 5 .

 5 1 summarize the sub-keV background induced by 222 Rn daughters on the surface of the detector. events/keV/kg/day <1 keV / Bq of 222 Rn

	214 Pb	323
	214 Bi + 214 Po	127
	Total	450

Table 5 .

 5 1: Background induced by 222 Rn daughters on the inner surface of the detector.

  3 H activity should not exceed 13 µBq/kg. With Pb decay chain 210 Pb are deposited on surfaces exposed to air containing 222 Rn. With 210 Bi and with 210 Po in secular equilibrium with the 210 Pb, this decay chain would bring an event rate of 2 dru per mBq deposited on the surface for events with energy lower than 1 keV. Taking into account the volume, 1.3 m 3 of the sphere and the 123.3 Bq/m 3 of 222 Rn in the SNOLAB cavern

	5.4. THE INNER SURFACE	142
	5.4.2 210	
	a production rate of 228 ± 16 atoms/kg/day of tritium in neon [77], and half-life of
	12.32 years , this activity is reached after roughly 36 days of exposure of neon to
	cosmic rays at sea level.	
	5.4 The inner surface	
	5.4.1 14 C	
	Assuming a similar contamination of a carbonaceous compound thick as in previous
	chapter with an activity of 1.4 ⇥ 10 2 nBq/cm 2 , the 14 C activity on inner surface of the
	detector would be roughly 8 mBq. Such contamination would bring an events rate of
	7.7 dru for events with energy lower than 1 keV.	

Table 5 .

 5 2: Half-life and production rate of isotopes in natural copper

	5.5. THE COPPER SPHERE

Table 5 .

 5 3 summarize the activity of 232 Th and

	Sample ID Cu dissolved [g] µBq/kg	±	µBq/kg	±
	News Cu 1	2.0188	7.73	0.16	1.99	0.09
	News Cu 2	1.6628	27.5	0.3	5.60	0.18
	News Cu 3	2.2764	7.31	0.11	2.02	0.17
	News Cu 4	1.9258	12.8	0.1	2.70	0.11
	News Cu 5	2.9768	12.5	0.1	2.95	0.03
	News Cu 6	1.8886	7.08	0.05	1.85	0.09
	News Cu 7	4.5830	22.1	0.6	4.92	0.20
	News Cu 8	3.7314	10.0	0.1	2.30	0.11
	News Cu 9	5.8067	18.3	0.0	4.01	0.11
	News Cu 10	3.6778	13.3	0.2	3.57	0.10
	News Cu 11	3.6558	3.77	0.04	1.06	0.07
	Mean		13	0.2	3	0.1

Table 5 .

 5 3: Measure of 232 Th and 238 U activity in 11 copper samples.

Table 5 .

 5 [START_REF] Giomataris | A novel large-volume spherical detector with proportional amplification read-out[END_REF] summarizes the activity measured in three samples of archaeological lead.

		232 Th		238 U	
	Sample ID µBq/kg ± µBq/kg ±
	News rep1	13.6	0.3	66.7	8.4
	News rep2	5.2	1.7	29.1	6.0
	News rep3	8.4	1.2	37.9	8.6
	Mean	9.1	1.8	44.5	7.7

Table 5 .

 5 4: 232 Th and 238 U activity in 3 Roman lead samples.

Table 5 .

 5 5: Measure of 232 Th and 238 U activity in 3 modern lead samples.

	5.6. THE LEAD SHIELD

  6.3. THE EXPERIMENTAL SET-UP AT QUEEN'S UNIVERSITY 177quality and the O 2 and H 2 O level are critical conditions to ensure a good data taking, the sphere is connected to a Residual Gas Analyser (RGA) through an impedance.

  The gas purifier, is model MC1-902FV from micro-torr. It removes impurity such as O 2 or H 2 O at a level lower than 100 ppt.

Th
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This capacitance of less than 1 pF, is a remarkable property of the SPC. Notice this value is independent of the size of the spherical vessel, a big di↵erence compared to the parallel plate detectors where the capacitance is proportional to the surface of the detector. Its very low value gives the detector a very low intrinsic noise. Finally, the electric field can written as:

Response of the detector, induced pulses

Jacques Derré developed the formalism of the pulse formation in 2007 [START_REF] Derré | Pulse shape in the SPC prototype[END_REF]. After the drift of primary electrons, the signal is induced by secondary ion-electron pairs produced during the avalanche. Since the avalanche occurs within a few µm around the anode, the electrons are collected quickly within a few ns. The positive ions travel a longer distance during a much longer time. The induced pulse is then mostly due to the motion of secondary ions; the contribution of electrons is negligible. The signal induced by an avalanche created at a time t = 0 can be calculated analytically for the case of the ideal electric field. The ion mobility in the gas µ is taken as independent of the electric field but inversely proportional to the pressure P :

where µ 0 is the mobility at 1 atmosphere and is on the order of 2

By definition:

method did not give a precise measurement but only the upper limit due to the background of the detector and the low activity of the isotope to be measured. In addition to the long-lived elements present in the copper, it is activated by exposure to cosmic rays. Neutron interactions in copper produce several isotopes.

The main concern is 60 Co due to its long half-life of 1925.8 days. The production rate of 60 Co at sea level was estimated to be 97.4 atoms/kg/day [START_REF] Cebrián | Cosmogenic activation in germanium and copper for rare event searches[END_REF]. Such activation brings a saturation activity of 1.1 mBq/kg. The history of the copper shielding is not well known, but it was stored several for several years underground. In 2015 we can assume its activity to be roughly 25 µBq/kg. This amount corresponds to one year of exposure to cosmic ray followed by ten years of cooling. Similarly, the copper of the sphere itself has not been tracked from its production to the delivery of the sphere underground. To obtain an idea of the impact of its contamination, we estimated 6 months of total exposure of the copper above ground. The sphere was delivered at the Laboratoire Souterrain de Modane in 2012. The physics run was taken in 2015.

So, assuming 6 months of activation and 3 years of cooling the 60 Co activity during this run was approximately 41 µBq/kg. Similarly, with a production rate of 88.3 atoms/kg/day, 6 months of activation, and 3 years of cooling, the activity of 57 Co close to the surface and where the alpha particle is emitted along the radius of the sphere produces events with rise-time higher than 47 µs -thus implying that the red box of (↵/cm 2 /h)/(Bq/kg). Thus, the 107 events observed can be converted to an activity of 26 ± 3 mBq/kg . This result is in good agreement with the activity measurement by Abe et al [START_REF]Identification of 210pb and 210[END_REF], however it su↵ers from large uncertainties. The roughness of the surface of the detector can a↵ect the measurement. The range of a 5.3 MeV alpha particle in copper is about 10 µm. Alpha particles emitted from the surface may deposit energy in a few µm of a copper asperity and be reconstructed with an energy lower than 4.8 MeV and appear to come from the bulk.

Estimation of the impact of the 210 Pb contamination

Following the estimation of the 210 Pb quantity on the inner surface of the detector and the copper bulk of the sphere, we can estimate the impact on the background of Chapter 7

Summary and Conclusions

The SEDINE detector, the first prototype SPC used to search for dark matter, showed the potential of such devices and allowed the collaboration to set a new limit on the dark-matter-nucleon cross section. This work was a step toward the completion of a new detector to be installed at SNOLAB in 2020. The study of the data taken with SEDINE shows the di↵erent aspects limiting the performance of the experiment. The study of the background of the experiment shows that it was strongly dominated by the presence of the 210 Pb decay chain on the surface and bulk of the detector and its shielding. The background induced by the copper sphere will be reduced in the new detector by the electroplating of 500 µm of pure copper on its inner surface. The shielding will be improved by using 25 cm of lead including an inner shell made of 3 cm of archaeological lead. This new shield will reduce both the background induced by gamma rays surrounding the experiment and the background from the shield itself.

The background event rate observed with SEDINE was around 50 events/kg/keV/day between 0.5 and 1 keV. In the new detector this rate will be reduced down to 2 events/kg/keV/day after a year spent underground. Another improvement concerns the anode. The development of new sensors with resistive umbrellas shows that Titre : Optimisation du bruit de fond et de la réponse des détecteurs sphériques à gaz pour la recherche de matière noire légère. The first component is a study of the different background signals that will inhibit dark matter sensitivity in order to reduce them as much as possible. This work is based on simulations of the radioactivity of materials from which the de-tector is made, and estimation of the thickness of shielding required to protect the experiment from radiation in the laboratory area. The second component consists of a study of the detector's sensor. Placed at the center of the sphere, the sensor is one of the most crucial components of the experiment. This study is based on data acquired with various radioactive sources and comparison with simulations of the detector's response. This study aims to improve the homogeneity of the detector response and its resolution.