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Foreword

I got my degree in physics in 2001 at University of Napoli "Federico II", known as the oldest public non-religious university in the world and the biggest University in the South of Italy. I spent some of the most beautiful moments of my life in the old buildings of Physics Department (belonging to the "Mostra d'Oltremare" site, an expo area built during a fascist period to celebrate an improbable expansionist vocation of Italy in the lands across the Mediterranean Sea): immersed in the green, with buildings developped horizontally that encouraged a non-hierarchical organization of the academic life. And it was true, at least with my young eyes as student. Professors, technicians and students were sharing that space and we were strongly in touch each other, in the main couryard, as a place where, like peripatetics, we were thinking about life and science.

After choosing the particle physics specialisation, I decided to join the neutrino group, lead by Prof. Paolo Strolin. With him, my particle physics adventure started with CHORUS experiment, a short-baseline neutrino oscillation experiment designed to observe directly ν τ interactions in nuclear emulsions in a pure ν µ beam. In my PhD thesis, defended in 2005, I performed the final analysis with full statistics of CHORUS data. Then, as postdoc, I joined OPERA, an experiment using similar technology but with longer baseline, in order to be sensitive to smaller differences of neutrino masses, according to the signal observed by Super-Kamiokande. I leaded the OPERA data analysis, in particular the reconstruction of tracks from nuclear emulsions. In parallel, I also worked on studies meant to investigate the possibility to measure, with future European facilities (Neutrino Factories, Super-Beams or β-beams), the neutrino mixing angle θ 13 and CP violation.

After spending almost 8 years in neutrino physics, I changed field of research and I started working on Dark Matter direct-detection. If I told you that the reason is scientific, that would be a huge lie. The truth is that the pretty girl with whom now I have two beautiful kids went to Switzerland for a postdoc and I decided to stop the post-doc I had in Naples and run quickly there, looking for a good subject on astroparticle physics in Switzerland. I have to thank one of the smartest physicists I have ever met, Marcello Messina, a knight errant like me, who invited me to consider joining the ArDM experiment, a 1 ton LAr TPC meant to look for dark matter, lead by Andre Rubbia. I found a postdoc with Prof. Claude Amsler, Zurich University, whose group was in ArDM Collaboration. That was my first experience with dark matter. My goal was the study and the improvement of the light readout. It was a very enriching experience. I had the unique occasion to put the hands on the full chain, from the hardware setup, the data acquisition up to the final study of the performances of the detector, including a comparison with simulated data. I had the opportunity to study deeply the response of photomultiplier tubes and their issues. vi CONTENTS vii Then I got a position as CNRS researcher in Subatech Laboratory, in Nantes. I had to choose which experiment to join among the many interesting ones that Subatech was offering. There was no doubt in my choice. The Xénon group, lead by Dominique Thers, was member of the XENON Project, whose aim is to discover dark matter by direct detection with a series of LXe TPCs with scaling sizes. The current detector was XENON100, who became after few months the most sensitive detector ever built for the dark matter hunting. The organization of the XENON Collaboration was not the best but its dynamism was fantastic. It was composed by young and very motivated scientists, lead by a spokesperson, Elena Aprile, who is a force of nature. In XENON I learned how a very smart and motivated scientific community can bring excellent results both in terms of scientific impact and of efficiency on respecting deadlines. I became responsible of the data processing in XENON100 and contributed very actively on data calibration and analysis. At same time, the Collaboration was working on the next generation experiment, XENON1T, aiming to improve the sensitivity of dark matter by two orders of magnitude. I became responsible of the construction of a storage and recovery system for XENON1T, named ReStoX. I had no experience at all in that field, but this role gave me the unique chance to increase my expertise on cryogenics, in particular the cooling, the purification and in general the handling of noble liquids. My presence in Subatech laboratory also allowed me to work on XEMIS, a liquid xenon based detector based on the principle of the three-gamma Compton telescope for the medical imaging.

In 2016 I moved to the LPNHE laboratory, in the Jussieu campus in Paris, where I asked and obtained by IN2P3 and LPNHE direction to lead a new XENON activity. I'm currently leading a small group made by a postdoc and a PhD student and supported by the technical teams through two IT engineers. I'm currently leading the construction of a new xenon storage, ReStoX2, that has been completely funded by the three XENON groups in France: Subatech, LPNHE and LAL. ReStoX2 is one of the main components necessary to upgrade XENON1T in XENONnT, with a fiducial volume increased by a factor four and a overall sensitivity improved by an order of magnitude.

This document, prepared to obtain the "Habilitation à Diriger des Recherches" describes the activities that I carried out within the XENON Collaboration. In the interest of internal consistence I will not include in the document any work done on my pas experience in neutrino physics.

After an introduction on the direct dark matter search in Chap. 1 and on liquid xenon TPCs with major emphasis on the XENON Project (Chap 2), I will focus on some topics I worked on that I hope will result very useful for a reader interested on this domain, trying to underline the challenges and obstacles that need to be faced in order to build an ultra sensitive, low-energy threshold, lowbackground detector. They can be ideally divided into three categories: the technological challenges to handle an ultra-pure liquefied noble gas (Chap. 3); the solutions to have high and stable light and charge yields (Chap. 4); finally, the study of the very low ionization signal in order to exclude any kind of background for low mass WIMPS and to know with high precision the response of the detector (Chap. 5). These three topics are just some among many other key elements for a successful experiment who aims to discover dark matter, and are the ones to which I have strongly contributed in these eight years, Chapter 1

Dark Matter Direct Detection

Overwhelming evidence of gravitational interactions between baryonic and a new form of nonluminous matter can be observed on cosmological as well as astronomical scales. I will briefly review these observations ranging from cosmological to Milky Way-sized galaxies. The nature of such a matter remains uncertain and it is commonly assumed that elementary particles could be the constituents of this 'dark' matter. A variety of experiments have been developed over the past decades, aiming to detect these massive particles via their scattering in a detector medium. I will present an overview of these methods to directly detect the particle dark matter. They are crucial to provide information on its mass and its interaction probability with ordinary matter. The identification of the nature of dark matter would answer one of the most important open questions in physics and would help to better understand the Universe and its evolution.

Hints of Dark Matter in the Universe

Historically, the first indications for dark matter arose from astronomical observations. The first evidence of dark matter was the measurement of unexpectedly high velocities of nebulae in the Coma cluster which brought Fritz Zwicky [START_REF] Zwicky | Die Rotverschiebung von extragalaktischen Nebeln[END_REF] to the idea that a large amount of dark matter could be the explanation for the unexpected high velocities. In 1978, Vera C. Rubin et al. [START_REF] Rubin | Extended rotation curves of high-luminosity spiral galaxies. IV -Systematic dynamical properties, SA through SC[END_REF] found that rotation velocities of stars in galaxies stay approximately constant with increasing distance to their galactic center. This observation was in contradiction with the expectation, as objects outside the visible mass distribution should have velocities v ∝ 1/r following Newtonian dynamics. A uniformly-distributed halo of dark matter could explain both the velocities in clusters and the rotation velocities of objects far from the luminous matter in galaxies.

Temperature anisotropies in the cosmic microwave background (CMB), precisely measured by WMAP [START_REF] Hinshaw | Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Parameter Results[END_REF] and more recently by the Planck satellite [START_REF] Ade | Planck 2013 results. I. Overview of products and scientific results[END_REF], give access to the Universe when it was about 400 000 years old. The power spectrum of temperature fluctuations can be evaluated by a six parameter model which contains, among others, the baryonic matter, dark matter and dark energy contents of the Universe. This cosmological standard model, which fits the data with high significance, is denoted ΛCDM (Λ cold dark matter) indicating that dark matter with a small random velocity is a fundamental ingredient. The Λ refers to the cosmological constant necessary to explain the current accelerated expansion of the Universe. Oscillations of the baryon-photon fluid in the gravitational potential dominated by cold dark matter density perturbations give rise to the characteristic oscillation pattern in the CMB power spectrum (acoustic peaks). From the relative height of these acoustic peaks, the amount of baryonic matter can be estimated, which allows to calculate the total dark matter density in the Universe.

Present estimates [START_REF] Ade | Planck 2015 results. XIII. Cosmological parameters[END_REF] show a flat Universe with Ω DM = 0.265, Ω b = 0.049 and Ω Λ = 0.686 representing the densities of dark matter, baryonic matter and dark energy, respectively. A further hint for the existence of dark matter arises from gravitational lensing measurements [START_REF] Bartelmann | Weak gravitational lensing[END_REF]. This effect discussed by Albert Einstein [7] in 1936 occurs when a massive object is in the line of sight between the observer at the Earth and the object under study. The light-rays are deflected through their path due to the gravitational field resulting, for example, in multiple images or a deformation of the observable's image (strong and weak lensing, respectively). The degree of deformation can be used to reconstruct the gravitational potential of the object that deflects the light along the line of sight. From various observations it has been found that the reconstructed mass using this method is greater than the luminous matter, resulting in very large mass to light ratios (from a few to hundreds).

So the question arises. Why, with so many indications, in what we call Indirect Dark Matter Search, we are still speaking about hints and not about proofs? The reason is because a plausible solution to describe some of these observations is a modification of gravitation laws. Such modified Newtonian dynamic models like MOND [START_REF] Milgrom | A modification of the Newtonian dynamics as a possible alternative to the hidden mass hypothesis[END_REF] or its relativistic extension TeVeS [START_REF] Bekenstein | Relativistic gravitation theory for the MOND paradigm[END_REF] can, for instance, successfully describe rotational velocities measured in galaxies. So the question on everyone's mind is if we are simply close to a second revolution of dynamic laws, that would be as exciting as discovering a new particle. Unfortunately, MOND fails or needs unrealistic parameters to fit observations on larger scales such as structure formation or the CMB structure and violates fundamental laws such as momentum conservation and the cosmological principle. While TeVeS can solve some of the conceptual problems of MOND, the required parameters seem to generate an unstable Universe or fails to simultaneously fit lensing and rotation curves. With the current scenario, the Dark Matter Particle hypothesis is neither stronger not weaker than the gravitation modification approach and it is not excluded the necessity of introducing a dark matter particle even in case of modifications to gravitational laws. Very recently, the study of radial velocities of ten luminous globular-cluster-like objects in the ultra-diffuse galaxy NGC1052-DF2, demonstrated that dark matter is not always coupled with baryonic matter on galactic scales [START_REF] Van Dokkum | A galaxy lacking dark matter[END_REF]. This could apparently makes us to conclude that the modified Newtonian dynamics is ruled out as a fundamental theory [START_REF] Davi | Absence of a fundamental acceleration scale in galaxies[END_REF]. However the statistical analysis of these data is very delicate: using different priors would make the conclusion compatible with MOND theory [START_REF] Li | Fitting the radial acceleration relation to individual SPARC galaxies[END_REF]. Clearly, the Dark Matter Particle hypothesis will never be considered conclusive until it is confirmed by non-astrophysical evicences.

Dark Matter, if it exists, and if it's density is non negligible at 8 kpc from a regular spiral galaxy (which is the average distance from our Sun to the center of the Milky Way), then it could be observed from terrestrial experiments, through scatter off nuclei mechanisms (whose nature still needs to be clarified). This is the goal of Direct Dark Matter Detection. In adddition, if Dark Matter is a real new particle, it could be also created (and indirectly detected) as a by-product of particle collisions and this is something that could be feasible with actual colliders like the Large Hadron Collider (LHC) and its upgrades.

WIMPs and Supersymmetry

Direct Dark Matter experiments have been conceived to scope for one of the most promising candidates for Dark Matter, the weakly interacting massive particle (WIMP). The standard production mechanism for WIMPs assumes that in the early Universe these particles were in equilibrium with the thermal plasma [START_REF] Gelmini | DM Production Mechanisms[END_REF]. As the Universe expanded, the temperature of the plasma became lower than the WIMP mass resulting in the decoupling from the plasma. At this freeze-out temperature, when the WIMP annihilation rate was smaller than the Hubble expansion rate, the dark matter relic density was reached. The cross-section necessary to observe the current dark matter density is of the order of the weak interaction scale. It appears as a great coincidence that a particle interacting via the weak force would produce the right relic abundance (hence the so called "WIMP-miracle") and, therefore, the WIMP is a theoretically well motivated dark matter candidate. This hypothesis is being thoroughly tested experimentally with no unambiguous signal appearing. If the absence of signals remains in the upcoming generation of experiments, the WIMP paradigm might be challenged.

Remarkably, extensions to the Standard Model motivated entirely by particle physics predict particles with the same cross section and mass as these dark-matter WIMPs. Detection of the W and Z bosons indicates that the electroweak symmetry is spontaneously broken at a scale of ∼ 100 GeV/c 2 . Whatever physics solves the hierarchy problem associated with this symmetry breaking -be it supersymmetry [START_REF] Jungman | Supersymmetric dark matter[END_REF], extra dimensions [START_REF] Cheng | Kaluza-Klein Dark Matter[END_REF], or something else -gives rise to additional particles. If an appropriate (often independently motivated) discrete symmetry exists, the lightest such particle is stable. This particle is then weakly interacting, massive, and stable, it is a WIMP! Thus, particle theorists are "almost justified in saying that the problem of electroweak symmetry breaking predicts the existence of WIMP dark matter".

Although the argument for WIMP dark matter is generic, supersymmetry dominates the discussion as a particularly well-motivated model [START_REF] Buchmueller | Implications of Initial LHC Searches for Supersymmetry[END_REF]. Supersymmetry interactions arise in theories of quantum gravity, stabilize the Higgs mass hierarchy problem, predict the observed value of sin2θ W , and over a broad range of parameter space predict cosmologically significant relic WIMP densities.

WIMP-nucleus elastic scattering

Understanding experiments designed for direct detection of dark matter begins with the observables of potential signals. In this section we consider the observables of any model that predicts standard WIMP-nucleus elastic scattering. Here we derive how the observed WIMP interaction rate depends on energy, target, time, and direction. Using Fermi's Golden Rule, we can divide the energy dependence of the differential WIMPnucleon cross section into a term σ 0W N that is independent of the momentum transfer and a term F 2 (q) (known as the form factor) containing the entire dependence on the momentum transfer q:

dσ W N (q) dq 2 = 1 πv 2 | M | 2 = σ 0W N F 2 (q) 4µ 2 A v 2 .
(1.1)

Here, v is the velocity of the WIMP in the lab frame, and the WIMP-nucleus reduced mass µ A ≡ M χ M A /(M χ + M A ) in terms of the WIMP mass M χ and the mass M A of a target nucleus of atomic mass A. Since the WIMPs are nonrelativistic, the zero-momentum cross section for a WIMP of arbitrary spin and general Lorentz-invariant WIMP-nucleus cross section may be written in terms of a spin-independent (mostly scalar) and a spin-dependent (mostly axial vector) term:

σ 0W N = 4µ 2 A π [Zf p + (A -Z)f n ] 2 + 32G 2 F µ 2 A π J + 1 J (a p S p + a n S n ) 2 . (1.2)
Here f p and f n (a p and a n ) are effective spin-independent (spin-dependent) couplings of the WIMP to the proton and neutron, respectively. Together with the WIMP mass, M χ , these parameters contain all the particle physics information of the model under consideration. The other parameters describe the target material: its atomic number Z, total nuclear spin J, and the expectation values of the proton and neutron spins within the nucleus S p,n = N | S p,n | N . For free nucleons, S p = S n = 0.5. Values for materials commonly used for dark matter searches can be easily found in literature [START_REF] Tovey | A new model-independent method for extracting spin-dependent cross section limits from dark matter searches[END_REF] although some are subject to significant nuclear-physics uncertainties.

Here we will focus on spin-independent WIMP-nucleus cross section only, since the main goal of this chapter is just to provide the instruments to understand what are the key elements that a direct dark matter experiment needs to improve to enhance the sensitivity to dark matter discovery.

For many models we can approximate to f p ≈ f n , then:

σ 0W N,SI ≈ 4µ 2 A π f 2 n A 2 . (1.3)
The dependence of this cross section on the target material may be factored out by rewriting this result as

σ 0W N,SI = σ SI µ 2 A µ 2 n A 2 , (1.4)
where µ n is the reduced mass of the WIMP-nucleon system, and the (target-independent) spin-independent cross section of a WIMP on a single nucleon

σ SI ≡ 4µ 2 n f 2 n π . (1.5) 
This WIMP-nucleon cross section σ SI may be used to compare experimental results to theory and to each other. A given model predicts particular combinations of σ SI and M χ ; different experiments produce limits on σ SI as functions of M χ by translating limits on the WIMP-nucleus cross-section to limits on σ SI using equation (1.4). The dependence on µ 2 A A 2 in this equation indicates the advantage of experiments using relatively heavy target materials, like xenon. For a 50 GeV/c 2 WIMP incident on a target with xenon (for 132 Xe, which is the most abundant one, the mass is M A ∼ 132u = 122.8GeV/c 2 ), we have µ 2

A /µ 2 n ∼ 1500, so the spin-independent WIMPnucleus cross section is larger than the WIMP-nucleon cross section by a factor 2.6•10 7 (as reference, for argon it is 0.9 • 10 6 , a factor 30 smaller).

The WIMP recoil energy spectrum

The recoil energy spectrum induced after an elastic WIMP scattering can be easily calculated using the familiar kinematics of elastic scattering. In the center-of-momentum frame, the WIMP scatters off a nucleus through an angle θ, with cos θ uniformly distributed between -1 and 1 for the isotropic scattering that occurs with zero-momentum transfer.

If the WIMPs initial energy in the lab frame E i = M χ v 2 /2, the nucleus recoils with energy

E R = E i r (1 -cosθ) 2 (1.6) 
(in the lab frame), where

r ≡ 4µ 2 A M χ M A = 4M χ M A (M χ + M A ) 2 (1.7)
is a dimensionless parameter related to the reduced mass µ A . Note that r 1, with r = 1 only if M χ = M A . For this isotropic scattering, the recoil energy is therefore uniformly distributed between 0 and E i r. The differential rate as function of the recoil energy can be espressed as this integral

dR E R (E R ) = Emax E min dR(E i ) E i r . (1.8)
The maximum initial WIMP energy may be taken as infinity as an initial approximation, or more accurately may be based upon the Galactic escape velocity, v esc :

E max = M χ v 2 esc /2.
To cause a recoil of energy E R , the minimum initial WIMP energy E min = E R /r (for head-on scattering, with θ = π), and the minimum WIMP velocity

v min = 2E min /M χ = 2E R /(rM χ ).
To determine the rate of WIMP-nucleus scattering, it is helpful to imagine the motion of the target nucleus relative to WIMPs with velocity v in the lab frame. In time dt, each nucleus interacts with any WIMP inside a volume dV = σvdt, where σ is the WIMP-nucleus cross section. The number of WIMPs inside the volume moving with velocity v

dN = n 0 f ( v + v E )σvdt, (1.9) 
where the local WIMP number density n 0 = ρ χ /M χ , where ρ χ is the mass density of WIMPs in the galaxy, estimated from studies of Galactic dynamics to be about 0.3 GeV/(c 2 cm 3 ) (with wide systematic uncertainties [START_REF] Read | The local dark matter density[END_REF]). Note that this value of number density is really an upper limit, since Galactic dark matter may include species other than WIMPs. We use the fact that the velocity v g of the WIMP in the galaxy is the vector sum of the WIMP velocity with respect to the Earth v and the velocity v E of the Earth with respect to the Galaxy. We assume that the WIMPs velocities in the frame of the Galaxy follow the Maxwellian distribution:

f ( v + v E ) = e (-v+ v E ) 2 /v 2 0 k (1.10)
where v 0 = 220 ± 20 km/s is the local circular velocity [START_REF] Kerr | Review of galactic constants[END_REF] and k is a normalization factor. This simple distribution is not expected to be especially accurate, but it provides a useful standard.

The differential interaction rate per kilogram of detector is then the product of the number of interactions per nucleon with the number of nuclei per kg of material:

dR = N 0 A n 0 f ( v + v E )σvd 3 v (1.11)
where N 0 is Avogadros number, so that N 0 /A is the number of nuclei per kilogram of material.

If we consider the simplified case ignoring the Earth velocity and the Galaxy's escape velocity (i.e. setting v E = 0, v esc = ∞), for which the integral is trivial, after setting

R 0 ≡ 2 √ π N 0 A n 0 σv (1.12) we get dR E R (E R ) = ∞ E R /r 1 ( 1 2 M χ v 2 )r R 0 2πv 4 0 ve -v 2 /v 2 0 (4πv 2 dv) (1.13) = R 0 ( 1 2 M χ v 2 0 )r ∞ v min 2 v 2 0 e -v 2 /v 2 0 vdv (1.14) = R 0 E 0 r e -E R /E 0 r , (1.15) 
where E 0 ≡ M χ v 2 0 /2 is the most probable WIMP incident energy. The mean recoil energy is easily seen: E R = E 0 r. Since r 1, the mean recoil energy E R = E 0 only if the WIMP mass is equal to the mass of the target nucleus; E R < E 0 both for smaller and for larger WIMP masses. As an example, since v 0 ≈ 220km/s ≈ (0.75

• 10 -3 )c, M χ = M A = 50GeV /c 2 would result in E R = E 0 r = 1 2 M χ v 2 0 ≈ 15keV. (1.16)
A different target mass would result in even lower E R . This low energy sets the first challenge for direct detection experiments: they must have low energy thresholds, much lower than past solar neutrino experiments for example.

From the exponential form of the approximate energy spectrum, we see that R 0 is the total WIMP rate. If we plug known numerical values into equation 1.12, we find

R 0 ≈ 0.018 M χ (GeV /c 2 ) M A (GeV /c 2 ) µ 2 A µ 2 n A 2 σ SI 10 -46 cm 2 ρ χ 0.4 GeV /c 2 /cm 3 v 0 230 km/s events ton -1 year -1
(1.17)

that for xenon becomes

R 0 ≈ 3910 M χ (GeV /c 2 ) σ SI 10 -46 cm 2 ρ χ 0.4 GeV /c 2 /cm 3 v 0 230 km/s events ton -1 year -1 . (1.18)
As an example, by using standard galactic assumptions, a 30GeV /c 2 WIMP with a WIMPnucleon cross section σ SI = 10 -47 cm 2 (that is the order of magnitude where current experiments are scoping) results in about 10 events/(ton year). Since the energy spectrum is a falling exponential, a low energy threshold is critical to detect most of these events; the fraction of events above an energy threshold E th is e -E th /E 0 r . The full calculation of the energy spectrum for WIMP-nucleus elastic scattering including the effects of both escape velocity and the earths velocity produces, as result, a function that is approximated by another falling exponential:

dR dE R (E R ) ≈ c 1 R 0 E 0 r e -c 2 E R /E 0 r , (1.19) 
Here c 1 ≈ 0.75 and c 2 ≈ 0.56, although both depend on WIMP and target masses, day of year, and the energy range of interest.

Nuclear Form Factors

The only remaining term required to properly calculate the recoil energy spectrum is the nuclear form factor of the target. Under the approximation of plane-wave (Born) scattering,

M( q) = f n A d 3 xρ( x)e i q• x .
(1.20)

We may identify the momentum-dependent part of this interaction, the form factor

F ( q) = d 3 xρ( x)e i q• x , (1.21) 
as the Fourier transform of the scattering site positions. For spin-independent interactions, a good approximation is the Woods-Saxon form factor

F (q) = 3[sin(qr n ) -qr n cos(qr n )] (qr n ) 3 e -(qs) 2 /2 , (1.22) 
which is the Fourier transform of a solid sphere of radius r n with a skin thickness s.

For spin-dependent interactions, the situation is more complicated. A first approximation starts with a thin shell of valence nucleons,

F (q) = sin(qr n ) qr n , (1.23) 
but must be extended with detailed nuclear-physics calculations.

In either case, F (q) < 1 when the de Broglie wavelength λ < r n and the WIMP ceases to interact coherently with the entire nucleus. Since the nuclear radius r n ≈ A 1/3 fm, this criterion may be rewritten

λ = q = c 2M A c 2 E R = 197 MeV fm 2AE R (keV) < A 1/3 . (1.24)
Hence, coherence is lost when

E r > 2 × 10 4 A 5/3 keV. (1.25)
The strong dependence on A indicates that coherence is lost much earlier for high-A targets. This loss of coherence significantly reduces the advantage of using particularly heavy target materials; practically speaking use of materials heavier than Ge yields only modest increases in overall rate, far short of the A 2 increase that would occur without the loss of coherence. In case of xenon, this effect appears at about 10 keV. Since the loss of coherence makes xenon intrinsically insensitive to high-energy depositions, it is particularly critical that xenon-based experiments achieve low energy thresholds.

Background sources and their rejection

If we answer a phone call but we can't manage to hear the voice of our partner because of the noise, usually we try to move ourselves in a more silent area and we also pay attention of not producing noise ourselves. This is the basic idea behind the choice of a good Dark Matter experiment. Direct detection experiments have already limited the expected WIMP-nucleon interaction rate to few events per tonne per year (for > few GeV WIMP masses, which is the region where this report focuses). With such a small event rate, it is a hard task to search for a WIMP interaction amongst the background interactions from cosmic rays and natural radioactivity.

In order to identify unambiguously interactions from dark matter particles, ultra-low background experimental conditions are required. This section summarises the various background contributions for a direct dark matter experiment. It includes external radiation by gamma-rays, neutrons and neutrinos which is common for all experiments and internal backgrounds for solidstate and for liquid detectors. The main strategies to suppress these backgrounds are shielding, material selection and, as last resort, reduction in data analysis.

Cosmogenic and radiogenic neutron radiation

Because it is not possible to distinguish a single neutron scatter from a WIMP scatter (here, again, we limit our discussion on the hypothesis that WIMPs interact uniquely via nuclear recoil) if the neutron does not scatter in additional active material (or twice in the detector itself, if the detector has enough spatial resolution), it provides a particularly dangerous background for WIMP-search experiments. Material with lots of hydrogen, such as polyethylene or clean water, acts as shielding for neutrons by reducing the neutrons' energies enough that they cannot cause a recoil above threshold. Neutrons produced by (α, n) reactions and spontaneous fission reactions from natural radioactivity (from uranium and thorium in rock walls, for example; they are called radiogenic neutrons) may be effectively shielded in this way since these neutrons start with relatively low energies and have high interaction cross sections. Few tens of polyethylene, for instance, can reduce this low-energy neutron background by at least an order of magnitude. Such shielding is not effective for more energetic neutrons, such as those produced by cosmicray muons. These cosmogenic neutrons can have energies up to several GeV [START_REF] Mei | Muon-induced background study for underground laboratories[END_REF] and are moderated by the detector surrounding materials resulting in MeV energies which can produce nuclear recoils in the energy regime relevant for dark matter searches. To reduce this critical background (and others from cosmic rays), all experiments are located underground. The deeper the location of the experiment, the lower the muon flux. Figure 1.1 shows the muon flux as a function of depth for different laboratories hosting dark matter experiments. The effective depth is calculated using the Figure 1.1: Muon flux as function of depth in kilometres water equivalent (km w. e.) for various underground laboratories hosting dark matter experiments. The effective depth is calculated using the parametrisation curve (thin line) from [START_REF] Mei | Muon-induced background study for underground laboratories[END_REF]. Extra data have been added by [START_REF] Marrodn | Dark matter direct-detection experiments[END_REF].

parametrisation from [START_REF] Mei | Muon-induced background study for underground laboratories[END_REF] which is represented by the black line in the figure .   Since denser rock provides a greater effective depth than less dense rock, depths are standardly listed in terms of the thickness of water (e.g. meters of water equivalent, or mwe) that would provide the same integrated density as the actual overhead rock. For facilities under mountains, usually the mean effective depth is quoted, which inaccurately suggests a lower muon flux than in actuality, since shorter pathlengths dominate the muon flux.

In addition, most experiments are surrounded, or at least covered, by an active muon veto to allow rejection of energetic neutrons if the muon progenitor passes close to the experiment. Designs for present experiments, like XENON1T, use large instrumented water tanks to provide both shielding for low-energy neutrons and identification of fast neutrons or muons that traverse the shield.

After placing a detector underground and having equipped it of (passive or active) shielding, the residual background may still come from radiogenic neutrons. This is because the materials of the detector itself contain a certain level of radioactive nuclei. This extra source of background can be reduced via a careful choice of materials. Detector materials with low uranium and thorium content give lower α and spontaneous fission rates.

Gamma radiation

The dominant radiation from gamma-decays originates from the decays in the natural uranium and thorium chains, as well as from decays of common isotopes e.g. 40 K, 60 Co and 137 Cs present in the surrounding materials. The uranium ( 238 U) and thorium ( 232 Th) chains, have a series of alpha and beta decays accompanied by the emission of several gamma rays with energies from tens of keV up to 2.6 MeV (highest gamma-energy from the thorium chain). Besides the e-e+ pair production (that is a threshold mechanism and dominates only above several MeV, a region that is out of interest for dark matter search), the relevant interactions of gamma-rays with matter include the photoelectric effect and Compton scattering. The photoelectric effect has the highest cross-section at low energies, up to few hundred keV, while Compton scattering is the most probable process around the 1 MeV scale. Both reactions result in the emission of an electron which can deposit its energy in the target medium. Such energy depositions can be at energies of a few keV affecting the sensitivity of the experiments because this is the energy region of interest for dark matter searches.

Gamma radiation close to the sensitive volume of the detector can be reduced by selecting materials with low radioactive traces. Gamma-spectrometry using high-purity germanium detectors is a common and powerful technique to screen and select radiopure materials. Other techniques such as mass spectrometry or neutron activation analysis are also used for this purpose. The unavoidable gamma activity from natural radioactivity outside the experimental setup can be shielded by surrounding the detector by a material with a high atomic number and a high density, i.e. good stopping power, and low internal contamination. Lead is a common material used for this purpose. Experiments using dense material as detecting medium can profit of the auto-shielding capabilities of the target itself. To reduce the gamma-ray activity from radon in the air, the inner part of the detector shield is either flushed with clean nitrogen or the radon is reduced using radon trap facilities [START_REF] Armengaud | Background studies for the EDELWEISS dark matter experiment[END_REF].

As last resort, analysis tools can be used to further reduce the rate of background interactions. Given the low probability of dark matter particles to interact, the removal of multiple simultaneous hits in the target volume can be, for instance, used for background-event suppression (Compton scattering for gammas but also multiple scattering for neutrons). This includes tagging timecoincident hits in different crystals or identifying multiple scatters in homogeneous detectors. For detectors with sensitivity to the position of the interaction, an innermost volume can be selected for the analysis (fiducial volume). As the penetration range of radiation has an exponential dependence on the distance, most interactions take place close to the surface and background is effectively suppressed. Finally, detectors able to distinguish electronic recoils from nuclear recoils can reduce the background by exploiting the corresponding separation parameter. This point will be explained in more detail in next section, after presenting the different ways how a recoil energy can be detected.

Neutrino background

With increasing target masses approaching hundreds of kilograms to tons, direct dark matter detectors with sensitivity to keV energies start being sensitive to neutrino interactions. Neutrinos will become, therefore, a significant background contributing both to electronic and nuclear recoils. Solar neutrinos can scatter elastically with electrons in the target via charged and neutral current interactions for ν e and only neutral current for the other neutrino flavours. Due to their larger fluxes, pp and 7 Be neutrinos would be the first neutrinos which could be detected. The resulting signal is a recoiling electron in contrast to the nuclear recoil resulting from WIMP interactions. Therefore, neutrino-electron scattering is an important background mainly for experiments which are not able to distinguish between nuclear and electronic recoils. Here, we consider neutrinoinduced reactions as background but the measurement is interesting on itself as it can confirm the recent pp-neutrino measurement by the Borexino experiment [START_REF] Bellini | Neutrinos from the primary protonproton fusion process in the Sun[END_REF], testing in real time the main energy production mechanism inside the Sun.

Neutrinos can also undergo coherent neutrino-nucleus elastic scattering producing nuclear recoils with energies up to few keV [START_REF] Daniel | Coherent Neutrino Nucleus Scattering as a Probe of the Weak Neutral Current[END_REF]. Although this process has not been measured yet, it is expected to be accessible in the experiments planned to run in next years, like DARWIN [START_REF] Aalbers | DARWIN: towards the ultimate dark matter detector[END_REF]. Dark matter detectors could be, hereby, the first to measure this process. Coherent scattering of solar neutrinos would limit the sensitivity of dark matter experiment for low WIMP masses (few GeV) for cross-sections around ∼ 10 -45 cm 2 . For higher WIMP masses, the coherent scattering of atmospheric neutrinos would limit dark matter searches at ∼ 10 -45 cm 2 and it is depicted in figure 1.2.

In case of a positive signal at these cross-sections, in principle, the modulation of the signal along the year could be considered in order to distinguish WIMPs from neutrinos. While the WIMP rate should peak around June 2nd, the rate of solar neutrinos should peak around January 3rd due to the larger solid angle during the perihelion. The rate of atmospheric neutrinos also peaks around January due to the changes in atmospheric density resulting from seasonal temperature variations.

Internal backgrounds

In contrast to the external background which are common to all types of detectors, internal backgrounds differ depending on the target state. Therefore, internal backgrounds for crystal and liquid-targets are discussed separately.

Crystalline detectors as germanium or scintillators are grown from high purity powders or melts. During the growth process remaining impurities are effectively rejected as their ionic radius does not necessarily match the space in the crystalline grid. In this way, the crystal growing process itself reduces internal contaminations, for instance with radium, uranium or thorium. Important for these detectors is the surface contamination with radon decay products. Either α, β decays or the nuclear recoils associated to the latter can enter the crystal depositing part of its energy. The incomplete collection of signal carriers results in events that appear close to the region of interest, where nuclear recoils from WIMP interactions are expected. To identify events happening Figure 1.2: Sensitivity of DARWIN experiment for two different exposures of 200 t•y (black, with 1 and 2σ bands) and 500 t•y, for spin-independent couplings, the right plot spin-dependent couplings to neutrons. The DARWIN sensitivity is compared to already achieved results or expected sensitivities of upcoming experiments. The red curve represents the so called "neutrino floor" which account for all kind of background induced by neutrinos. close to the surface, new detector designs have been developed over the last years. For example, in germanium detectors interleaved electrodes can be placed on the detector surface in order to collect an additional signal identifying the position of the event [START_REF] Agnese | Demonstration of Surface Electron Rejection with Interleaved Germanium Detectors for Dark Matter Searches[END_REF]. In scintillating crystals, an effective reduction of surface-alpha events have been achieved by a new design with a fully scintillating surface [START_REF] Strauss | A detector module with highly efficient surface-alpha event rejection operated in CRESST-II Phase 2[END_REF].

Furthermore, cosmic activation of the target or detector surrounding materials during the time before the detector is placed underground needs to be considered. One of the most important processes in the production of long-lived isotopes is the spallation of nuclei by high energy protons and neutrons. As the absorption of protons in the atmosphere is very efficient, neutrons dominate the activation at the Earth's surface for energies below GeV. Exposure time, height above sea level and latitude affect the yield of isotopes, therefore, by minimising the time at surface and avoiding transportation via airplane, the isotope creation can be reduced. Since these precautions can not always be taken, tools or studies targeted to quantify the background due to cosmogenic activation are required.

For noble gases, a contribution to the internal background originates from cosmogenic-activated radioactive isotopes contained in the target nuclei. For argon, 39 Ar with an endpoint energy at 565 keV has a large contribution as it is produced from cosmic-ray activation at a level of 1 Bq/kg in natural argon. In order to reduce it, argon from underground sources is extracted. It has been shown that in this way, the activity is reduced by a factor of 1400 [START_REF]Low radioactivity argon dark matter search results from the DarkSide-50 experiment[END_REF]. In xenon, cosmic activation produces also radioactive isotopes, all rather short-lived. 127 Xe has the longest lifetime with 36 days which is still short enough to decay within the start of the experiment [START_REF] Akerib | Radiogenic and Muon-Induced Backgrounds in the LUX Dark Matter Detector[END_REF]. Xenon also contains a double beta decaying isotope, 136 Xe, however its lifetime is so large, 2.2 • 10 21 y [START_REF] Albert | Improved measurement of the 2νββ half-life of 136 Xe with the EXO-200 detector[END_REF], that it does not contribute to the background for detectors up to few tons mass. If necessary, this isotope can be removed relatively easy by centrifugation. In addition, decays from the contamination of the target with krypton and the radon emanation from the detector materials contribute to the internal background. The β-decaying isotope 85 Kr is produced in nuclear fission and it is released to the atmosphere by nuclear-fuel reprocessing plants and in tests of nuclear weapons. Krypton can be removed from xenon either by cryogenic distillation [START_REF] Abe | Distillation of Liquid Xenon to Remove Krypton[END_REF][32] or using chromatographic separation [START_REF] Akerib | The Large Underground Xenon (LUX) Experiment[END_REF]. Both methods have been proven to work at the XMASS/XENON and LUX experiments, respectively. Besides the reduction of krypton in the target, techniques to determine the remaining krypton contamination are necessary in order to precisely quantify its contribution the remaining contamination. Recently, detections in the ppq (parts per quadrillion) regime of natural Kr in Xe have been achieved [START_REF] Lindemann | Krypton assay in xenon at the ppq level using a gas chromatographic system and mass spectrometer[END_REF]. Another possible method is the use of an atom-trap trace analysis system [START_REF] Aprile | An atom trap trace analysis system for measuring krypton contamination in xenon dark matter detectors[END_REF].

Radon is emanated from all detector materials containing traces of uranium or thorium. Once radon is produced in these decay chains, it slowly diffuses throughout the material and can be then dissolved in the liquid target. An approach to reduce radon is to use materials with low radon emanation [START_REF] Zuzel | Applied radiation and isotopes : including data, instrumentation and methods for use in agriculture[END_REF] [START_REF] Battat | Radon in the DRIFT-II directional dark matter TPC: emanation, detection and mitigation[END_REF]. Furthermore, methods to continuously remove the emanated radon are being investigated [START_REF] Martens | Radon Removal from Liquid Xenon[END_REF] [START_REF] Bruenner | Radon depletion in xenon boil-off gas[END_REF].

For both solids and liquids, the surface deserves special attention. For example, radium accumulated at the surfaces of the target or in the materials in contact with the liquid can contribute to the background i.e. surface background and radon emanation. Surface treatment with acid clean- ing and electropolishing have been proven to be effective in removing radioactive contaminants at the surfaces [START_REF] Heusser | Low-radioactivity background techniques[END_REF].

The detectable signals

We already described the simplest interaction mechanism of a WIMP with the detector matter, the elastic scattering with nuclei. We also discussed which kind of backgrounds may mimic a WIMP signal given that their recoil energy are in the region of interest for dark matter searches. What remains to discuss is in which form we can detect such a recoil energy.

Depending on the material used in a detector, recoil energy may be converted into light (an excitation of the target nucleus which de-excites releasing scintillation photons), ionization (direct ionisation of the target atoms), and/or heat (phonons in a crystal). Detection strategies focus either on one of the three, or on the combination of two of these signals. Experiments that measure two of these forms may discriminate against electron-recoil backgrounds because the relative amount of energy in the two forms is different for nuclear recoils (neutrons, WIMPs) than for electron recoils (like gamma, beta). Although, in principle, all three signals could be recorded, such an experiment does not exist to date. Figure 1.3 shows a scheme of the possible observables, as well as the most common detector technologies.

To measure the ionisation signal either silicium, germanium detectors or gases (low pressure, for directional searches) are employed while scintillation can be recorded for crystals and for noble-gas liquids. To detect heat, the phonons produced in crystals are collected using cryogenic bolometers at mK temperatures. The heat signal is also responsible for nucleation processes in experiments using superheated fluids. Detectors which explore the discrimination power by measuring two signals are positioned in figure 1.3 between the corresponding signals: scintillating bolometers for phonon and light detection, germanium or silicon crystals to measure phonon and charge, and double phase (gas-liquid) noble-gas detectors for charge and light read-out. It is to mention that discrimination can also be achieved by exploiting other features in the response of the medium. For instance, the pulse shape of the signal depends on the particle type in liquid noble gas scintillators.

Liquefied noble gas detectors

Liquefied noble gas detectors offer the advantage of large and homogeneous targets with high scintillation and ionisation yields. Currently, liquid argon (LAr) and liquid xenon (LXe) detectors are used as detector media. The scintillation of both LAr and LXe is in the ultraviolet regime at 128 nm and 175 nm, respectively [START_REF] Cheshnovsky | Temperature dependence of rare gas molecular emission in the vacuum ultraviolet[END_REF]. While for LAr it is common to use wavelength shifters and detect light in the blue wavelength region (∼ 400 nm), in LXe the photons can be detected directly by using photosensors with windows made out of quartz which is transparent to the xenon scintillation light. After the passage of ionising radiation, ionisation or excitation of the medium takes place. The excited or ionised atoms form excimers, D * 2 or D + 2 which de-excite emitting ultraviolet photons. The free electrons which appear in the ionisation can either recombine to produce further scintillation light or can be extracted with a drift field to be collected as an additional signal. Furthermore, liquid xenon has the advantage of containing almost 50% of non zero spin isotopes, 129 Xe and 131 Xe, providing additional sensitivity to spin-dependent WIMP interactions. The high density of xenon (about 3 g/l) provides excellent self-shielding such that a radio-clean innermost volume can be selected for analysis.

In order to distinguish the main background due to γ and e -interactions (electronic recoils, ER) from the interactions of WIMPs with nuclei (nuclear recoils, NR), two methods can be applied in liquid noble-gas detectors: pulse-shape discrimination and charge-to-light signal ratio. The short-(singlet) and long-lived (triplet) states that produce the luminescence in these media are populated at different levels for different types of particles. This results in a differentiation between ER and NR. This technique gives large separation power in liquid argon due to the easily separable lifetimes (6 ns and 1.6 µs) [START_REF] Boulay | Technique for direct detection of weakly interacting massive particles using scintillation time discrimination in liquid argon[END_REF] of the two components. However, pulse shape discrimination provides a good separation only for a large number of measured photons and therefore, a higher energy threshold has to be considered. In liquid xenon, the values for the decay constants are too close to each other, 4 ns and about 22 ns [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF], giving less rejection power.

Single-phase (liquid) detectors consist typically of a spherical target, containing the liquid medium, which is surrounded by photo-detectors. A main advantage is the 4π-photosensor coverage which results in a larger light output compared to detectors which are only partially instrumented. The distribution and timing of the photons at the photosensors can be used to determine the position of the event typically with ∼cm resolution enabling the definition of a fiducial volume. Pulse shape is the main particle-discrimination parameter in single-phase detectors. DEAP Project [START_REF] Boulay | DEAP-3600 Dark Matter Search at SNOLAB[END_REF] is an example of experiment using liquid argon in single phase. Its latest detector, DEAP-3600 recently published the forst results and promises to be with full statistics very competitive with current detectors [START_REF] Amaudruz | First results from the DEAP-3600 dark matter search with argon at SNOLAB[END_REF]. Similarly, the XMASS experiment [START_REF] Abe | XMASS detector[END_REF] in Japan employs the single phase technology with about 800 kg of liquid xenon.

A second method, the double-phase detectors (liquid and gas), enables to detect both the scintillation light and the charge signal from ionisation produced by an energy deposition. The ratio of the two signals depends on the particle type and allows to separate signal-like events from background ones. Typically, two arrays of photosensors, on top and bottom of the detector, are employed to detect the prompt light signal. Ionised electrons are drifted upwards to the liquidgas surface and amplified via proportional scintillation in the gas phase which is also measured by the photosensor arrays. Therefore, double phase detectors are operated as a Time Projection Chamber. Position reconstruction of events is performed obtaining the z component from the time difference between the scintillation signal and the charge signal and by using the light pattern in the photosensors for the (x,y)-coordinates. The typical position resolution is in the order of millimetres. WARP [START_REF] Benetti | First results from a Dark Matter search with liquid Argon at 87 K in the Gran Sasso Underground Laboratory[END_REF], operated during 2005 -2006, was the first LAr detector which produced dark matter search results. It was located at the LNGS laboratory in Italy and consisted of 2.3 l liquid argon. Currently, the DarkSide experiment [START_REF] Agnes | DarkSide-50 532-day Dark Matter Search with Low-Radioactivity Argon[END_REF] is operating with about 50 kg active mass. An analysis from a 532.4 live-days exposure, using a target of low-radioactivity argon extracted from underground sources demonstrated the faisability of the use of underground argon in order to reduce the contamination from the 39 Ar β-emitter. In addition, DarkSide presented this year a dedicated search for dark matter WIMPs in the mass range below 20 GeV/c 2 , based on the ionization signal only. They extended the exclusion region for dark matter below previous limits in the range 1.8-6 GeV/c 2 . On long-term, DarkSide plans on a multi-ton detector featuring 20 tons as target volume [START_REF] Jeff | Darkside Status and Prospects[END_REF].

The liquid xenon TPCs used by the ZEPLIN [START_REF] Yu | The ZEPLIN-III dark matter detector: instrument design, manufacture and commissioning[END_REF] and XENON10 [START_REF] Aprile | Design and Performance of the XENON10 Dark Matter Experiment[END_REF] experiments showed already from 2006 to 2011 the potential of this technology to search for dark matter. The exclusion limits on the coupling of dark matter particles to nuclei placed by these detectors were most constraining at that time. Besides the common spin-independent and dependent results, the XENON10 experiment performed a study using the charge signal alone. This allows to lower the detection threshold down to ∼ 1 keVnr but gives up the possibility to discriminate signal and background. In this mode, the liquid xenon technology obtained competitive sensitivities at WIMP masses as low as 5 GeV/c 2 in the far 2011 [START_REF] Angle | A search for light dark matter in XENON10 data[END_REF].

The successor of XENON10, XENON100, started operation at the LNGS laboratory in 2009 and has been running until 2016. Its total liquid xenon mass is 161 kg, where 62 kg are contained inside the TPC and the rest is used for a LXe veto surrounding the TPC. XENON100 had an extremely rich scientific production. The latest XENON100 results combined the previous two science runs with a new one reaching a total exposure of 1.75 • 10 4 kg•d. When interpreting the data as spin-independent interactions of WIMP particles, a best sensitivity of 1.1 • 10 -45 cm 2 for 50 GeV/c 2 mass is derived at 90% C.L. Natural xenon contains two nonzero nuclear-spin isotopes, 129 Xe and 131 Xe, with an abundance of 26.4% and 21.2%, respectively. Therefore, the absence of events above the background prediction also allows to exclude WIMP interactions which depend on the nuclear spin. Furthermore, the electron-recoil part of the data has been investigated in order to search for axion-induced signatures. Most sensitive upper limits on the coupling of axions to electrons are derived. In addition, XENON100 data has been used to study possible periodic variations of the event rate, allowing to exclude the DAMA annual modulation at 5.7σ. Furthermore, exploiting the low background rate of the experiment, various leptophilic dark matter models have been excluded as explanations of the DAMA signal. XENON100 will be detailed in next chapter.

To further increase the sensitivity, a next generation detector, XENON1T, consisting of about 3 tons of LXe has been commissioned and is taking data since end of 2016. The goal is to reach two orders of magnitude improvement in sensitivity by also reducing the background by a factor of ∼ 100 compared to XENON100. XENON1T is built such that the main part of the infrastructure can host ∼ 7 tons of LXe and therefore, the planned upgrade to XENONnT can be performed with a moderate effort. Also XENON1T will be detailed in next chapter, focusing both on the technological aspects and on scientific results.

The LUX experiment, installed at the Sanford underground laboratory in the US, operates a LXe TPC with an active mass of 250 kg and realised their first results in 2013. Since then, the experiment has continued taking data and the latest results from a combined analysis were released in 2016 [START_REF] Akerib | Radiogenic and Muon-Induced Backgrounds in the LUX Dark Matter Detector[END_REF]. With a total exposure of 3.35 • 10 4 kg•day and a larger light yield of the detector (8 PE/keV at 662 keV energy), 2.5 times higher than in XENON100, the experiment has set the strongest constraints at low WIMP masses before the results from XENON1T. The LUX and ZEPLIN collaborations have joined to build the multi-ton LZ detector hosting about 7 tons of liquid xenon in the target volume [START_REF] Akerib | LUX-ZEPLIN (LZ) Conceptual Design Report[END_REF] increasing, thereby, the sensitivity on WIMP-matter cross-sections.

The liquid xenon TPC technology is also used in the Chinese PandaX [START_REF] Cui | Dark Matter Results From 54-Ton-Day Exposure of PandaX-II Experiment[END_REF] experiment which is operated at the Jin-Ping underground laboratory. In the first phase of the experiment, the target volume consisted of 120 kg. The detector was upgraded to host 500 kg LXe and a first data was acquired in 2016. With latest results published in 2017, PANDAX obtained a sensitivity higher than the one obtained by LUX. In a final step, the detector will be upgraded to host a multi-ton target.

Chapter 2

The XENON Project

The XENON dark matter project aims at the detection of WIMP dark matter with dual-phase time projection chambers filled with a liquid xenon (LXe) target. All detectors built for the project are located at an average depth of 3600 m water-equivalent at the INFN Laboratori Nazionali del Gran Sasso (LNGS). The first WIMP search was conducted with XENON10, featuring a target mass of 14 kg (25 kg total). It was then followed by XENON100 (62 kg target, 161 kg total mass), which published competitive results on spin-independent, spin-dependent and other WIMP-nucleon interactions, axions and axion-like particles, and challenged also the interpretation of the DAMA/LIBRA signal as being due to leptophilic dark matter interacting with atomic electrons. The current phase of the Project is XENON1T, that is the largest such detector to date containing 3.2 t of ultra-pure LXe with 2 t employed as the target material in the active volume. It is currently the most sensitive detector searching for WIMPs with masses bigger than few GeV and it will be soon overtaken by its own upgrade XENONnT. Here I will present the working principle of these detectors, focusing on XENON100 and XENON1T. The purpose of this chapter is to get the basic elements of the technology that will be needed later, in the next three chapters, to understand my contributions to these experiments.

The beginning of the XENON Project

The XENON dark matter project searches for nuclear recoils from WIMPs scattering off xenon nuclei. In a phased approach, experiments with increasingly larger mass and lower background are being operated underground, at the INFN Laboratori Nazionali del Gran Sasso (LNGS) in Italy [55]. The extraordinary sensitivity of XENON to dark matter is due to the combination of a large, homogeneous volume of ultra pure liquid xenon (LXe) as WIMP target, in a detector which measures not only the energy, but also the three spatial coordinates of each event occurring within the active target. Given the rapidly falling recoil energy spectrum from WIMP interactions, and the very low interaction cross sections predicted, the challenges for XENON, as for all direct detection experiments, are to achieve a very low radioactive background and energy threshold.

The XENON detectors are two-phase (liquid-gas) time projection chambers (TPCs), with simultaneous detection of the Xe scintillation light (S1) at the few keV ee level (keV electron equivalent [START_REF] Aprile | Simultaneous measurement of ionization and scintillation from nuclear recoils in liquid xenon as target for a dark matter experiment[END_REF]), and ionization (S2) at the single electron level. A very good review of the properties of LXe as scintillator and ionizer is [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF] with its references therein. The ratio S2/S1 produced by a WIMP (or neutron) interaction is different from that produced by an electromagnetic interaction, allowing a rejection of the majority of the gamma and beta particle background with an efficiency around 99.5% at 50% nuclear recoil acceptance. The event localization with millimeter spatial resolution and the self-shielding capability of the LXe enable further background suppression by selection of a fiducial volume. To demonstrate the XENON detector concept, the R&D phase [START_REF] Aprile | Simultaneous measurement of ionization and scintillation from nuclear recoils in liquid xenon as target for a dark matter experiment[END_REF][START_REF] Aprile | Proportional light in a dual-phase xenon chamber[END_REF][START_REF] Aprile | Detection of liquid xenon scintillation light with a silicon photomultiplier[END_REF][START_REF] Ni | Performance of a large area avalanche photodiode in a liquid xenon ionization and scintillation chamber[END_REF][START_REF] Aprile | Scintillation response of liquid xenon to low energy nuclear recoils[END_REF] culminated with a 10 kg scale TPC prototype (XENON10), operated at LNGS from 2006-2007 [START_REF] Aprile | Design and Performance of the XENON10 Dark Matter Experiment[END_REF]. XENON10 achieved some of the best limits on WIMP dark matter reported to-date [START_REF] Angle | First Results from the XENON10 Dark Matter Experiment at the Gran Sasso National Laboratory[END_REF][START_REF] Aprile | New Measurement of the Relative Scintillation Efficiency of Xenon Nuclear Recoils Below 10 keV[END_REF][START_REF] Angle | Constraints on inelastic dark matter from XENON10[END_REF][START_REF] Angle | A search for light dark matter in XENON10 data[END_REF]. The ZEPLIN-II [START_REF] Alner | First limits on WIMP nuclear recoil signals in ZEPLIN-II: A two phase xenon detector for dark matter detection[END_REF] and ZEPLIN-III [START_REF] Lebedenko | Limits on the Spin-Dependent WIMP-Nucleon Cross Sections from the First Science Run of the ZEPLIN-III Experiment[END_REF] experiments, conceived before XENON10, also employ the two-phase LXe TPC principle. They differ, however, in many details especially in the light detection and the background level.

In order to increase the sensitivity to the WIMP-nucleon scattering cross section by more than one order of magnitude with respect to the state-of-the-art in 2007, a new TPC with a factor of 10 more mass and a factor of 100 less electromagnetic background was designed to fit inside the improved passive shield built at LNGS for XENON10. By focusing on the detector's performance, the goal of a fast realization of the new and improved XENON100 experiment was successfully achieved.

Initial results [START_REF] Aprile | First Dark Matter Results from the XENON100 Experiment[END_REF][START_REF] Aprile | Likelihood approach to the first dark matter results from XENON100[END_REF] from XENON100, obtained from only 11 days of data acquired during the commissioning period at the end of 2009, have demonstrated [START_REF] Aprile | Study of the electromagnetic background in the XENON100 experiment[END_REF] a background rate which is indeed a factor 100 less than that of XENON10. This was accomplished by careful selection of all detector materials regarding intrinsic radioactivity [START_REF] Aprile | Material screening and selection for XENON100[END_REF], a xenon target with lower 85 Kr contamination, a novel detector design leaving only low radioactive components close to the target, and by improving the passive shield. Finally, XENON100 featured an active LXe veto and allows for tighter fiducial volume cuts while still retaining a sizeable target mass. New parameter space has been excluded, competing with the limits on spin-independent WIMP-nucleon scattering cross section obtained from the full exposure of the CDMS-II experiment [START_REF]Dark Matter Search Results from the CDMS II Experiment[END_REF]. XENON100 has set in 2011 the most stringent limit for a very large range of WIMP masses [START_REF] Aprile | Dark Matter Results from 100 Live Days of XENON100 Data[END_REF], and became the only LXe TPC in operation with a realistic WIMP discovery potential [START_REF] Aprile | Dark Matter Results from 225 Live Days of XENON100 Data[END_REF].

In next sections, we describe the design of the XENON100 detector and associated systems, that will be useful to better understand its physics production in next chapters. The chapter will end with a similar description of the current detector, XENON1T, but this time I will go straight to the improvements with respect to XENON100. This will be instructive to see what are the elements to be improved for detectors of increased size and higher sensitivity to dark matter. XENONnT will be mentioned directly in chapter 3 when we will mention one of its subsystems' upgrades. 

Principle of the XENON Two-Phase TPC

A schematic of the XENON two-phase (liquid-gas) time projection chamber (TPC) is shown in Fig. 2.1. A particle interaction in the liquid xenon (LXe) produces direct scintillation photons and ionization electrons. An electric field is applied across the LXe volume with appropriate potentials on a series of electrodes, drifting ionization electrons away from the interaction site. Electrons which reach the liquid-gas interface are extracted into the Xe gas, where the process of proportional scintillation takes place [START_REF] Dolgoshein | NEW METHOD OF REGISTRA-TION OF IONIZING-PARTICLE TRACKS IN CONDENSED MATTER[END_REF][START_REF] Bolozdynya | Emission detectors[END_REF][START_REF] Bolozdynya | Two-phase emission detectors and their applications[END_REF]. Both the direct (S1) and the proportional (S2) scintillation light, with 178 nm wavelength, are detected by photomultiplier tubes (PMTs) with optimized response in the vacuum ultraviolet (VUV) regime.

The electric field in the LXe volume is produced between a cathode at negative potential and a grounded gate grid, a few mm below the liquid-gas interface, see Fig. 2.1. A stronger electric field in the Xe gas above the liquid is produced between the gate grid and an anode grid placed a few mm above the liquid-gas interface. For a field larger than 10 kV/cm in the Xe gas, the electron extraction yield is close to 100% [START_REF] Aprile | Proportional light in a dual-phase xenon chamber[END_REF].

The time difference between the S1 and the S2 signals, caused by the finite electron drift velocity in LXe at the given drift field [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF][START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF], is proportional to the z-coordinate (measured along the drift field direction) of the interaction vertex. The x-and y-coordinates can be inferred from the proportional scintillation hit pattern on the PMTs placed in the gas (top array). Thus, the XENON TPC provides full 3-dimensional vertex reconstruction on an event-by-event basis allowing for the fiducialization of the target to reduce radioactive backgrounds.

The different S2/S1 ratio of signals produced by electronic recoils (from gamma and beta background events) and by nuclear recoils (from WIMPs and neutrons) provides additional background discrimination [START_REF] Aprile | Simultaneous measurement of ionization and scintillation from nuclear recoils in liquid xenon as target for a dark matter experiment[END_REF][START_REF] Angle | First Results from the XENON10 Dark Matter Experiment at the Gran Sasso National Laboratory[END_REF]. The level of discrimination is found to be dependent on energy and electric field strength [START_REF] Aprile | Scintillation response of liquid xenon to low energy nuclear recoils[END_REF] and continues to be subject of experimental investigations.

The XENON100 Detector

The almost cylindrical XENON100 TPC of 30.5 cm height and of 15.3 cm radius contains the 62 kg LXe target (see Fig. 2.2). The walls delineating the cylindrical volume and separating it from an active LXe veto shield, which is surrounding the target, are made of 24 panels of 1/4 inch-thick polytetrafluorethylen (PTFE, Teflon). PTFE is chosen for its properties both as insulator and good reflector for the VUV scintillation light [START_REF] Yamashita | Scintillation response of liquid Xe surrounded by PTFE reflector for gamma rays[END_REF]. When cooled down to the LXe temperature of -91 • C, the PTFE panels shrink by about 1.5%. To avoid scintillation light to leak from the active target volume to the shield region, the panels are made interlocking. The TPC is closed on the bottom by the cathode, and on the top by the gate grid (see Sect. 2.3.1).

The two-phase (liquid-gas) operation requires a precisely controlled liquid level just covering the gate grid. To minimize the impact of liquid density variations due to temperature changes as well as fluctuations in the gas recirculation rate, a diving bell design was chosen to keep the liquid at a precise level. Outside the bell, the liquid in the detector vessel can be at an arbitrarily high level. This made it possible to fill the vessel to a height of about 4 cm above the bell, enabling a 4π coverage of the TPC with a LXe veto.

The bell keeps the liquid level at the desired height when a constant stream of gas pressurizes it. This is accomplished by feeding the xenon gas returning from the gas recirculation system (see Sect. 2.3.4) into the bell. The pressure is released through a small pipe that reaches out into the veto LXe volume. The height of the LXe level inside the bell is adjusted by vertically moving the open end of the pipe which is connected to a motion feedthrough.

In order to minimize the dependence of the charge signal on the xy-position, the liquid-gas interface has to be parallel to the anode. To facilitate leveling, the detector can be tilted with two set screws from the outside of the radiation shield. Four level meters, measuring the capacitance between partially LXe filled stainless steel tubes and a Cu rod placed in their center, as well as the measured S2 signal width at different locations, are used to level the detector.

Two arrays of Hamamatsu R8520-06-Al 1" square photomultiplier tubes (PMTs), specially selected for low radioactivity [START_REF] Aprile | Material screening and selection for XENON100[END_REF], detect the light in the TPC: 98 PMTs are located above the target in the gas phase, arranged in concentric circles in order to improve the resolution of radial event position reconstruction, see Fig. 2.3 (top). The outmost ring extends beyond the TPC radius to improve position reconstruction at the edges. The remaining photocathode coverage is 43.9% of the TPC cross section area. The energy threshold and hence the sensitivity of the detector is determined by the S1 signal. Because of the large refractive index of LXe of (1.69 ± 0.02) [START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF], and the consequent total internal reflection at the liquid-gas interface, about 80% of the S1 signal is seen by the second PMT array, which is located below the cathode, immersed in the LXe. Here, 80 PMTs provide optimal area coverage (in average 52% useful PMT photocathode coverage with 61% in the central part) for efficient S1 light collection, see Fig. 2.3 (right). The bottom PMTs have a higher quantum efficiency compared to the top PMTs. This is shown in Fig. 2.4. The photoelectron collection efficiency from the photocathode to the first dynode for this type of PMT is about 70%, according to Hamamatsu. A LXe layer of about 4 cm thickness surrounds the TPC on all sides and is observed by 64 PMTs, of the same type as used for the TPC readout. In total, this volume contains 99 kg of LXe. The presence of this LXe veto, operated in anti-coincidence mode, is very effective for background reduction [START_REF] Aprile | Study of the electromagnetic background in the XENON100 experiment[END_REF] and is one major difference in design compared to XENON10. The LXe veto is optically separated from the TPC by the interlocking PTFE panels. Optical separation of target and veto has some advantages over instrumenting the entire volume as TPC as it lowers the event rate in the target and reduces the rate of accidental coincidences to a neglegible level. It also requires fewer PMTs and reduces cost.

The TPC is mounted in a double-walled 316Ti stainless steel cryostat, selected for its low activity, especially in 60 Co [START_REF] Aprile | Material screening and selection for XENON100[END_REF]. Since the radioactive contamination of the cryogenics system, ceramic feedthroughs, etc. cannot be lowered easily, the detector is cooled remotely and all parts with a known high radioactive contamination are installed away from the detector itself, outside the passive shield (see Sect. 2.3.2 and Fig. 2.5). The connection to the outside of the shield is established via 3 stainless steel pipes, one double-walled to the cooling system, the others single-walled to the PMT feedthroughs and pumping ports. PTFE has a rather large linear thermal expansion coefficient A ∼ 1.2×10 -4 K -1 , as measured for the PTFE used in XENON100. This leads to a TPC contraction of ∼5 mm when cooled to LXe temperatures. The contraction along the z-dimension is taken into account when the zcoordinate of an event is determined. Radial contraction is negligible since the PTFE panels are mounted between copper support rings which have a much smaller thermal expansion coefficient (A Cu ∼ 1.5×10 -5 K -1 ). 

Electric Field Configuration

Thin metal meshes are used to create the electric fields required to operate XENON100 as a two-phase TPC. They were chemically etched from stainless steel foils and spot-welded onto rings made of the same low radioactivity stainless steel that is used for the cryostat. Before welding, the meshes were stretched in order to minimize sagging.

The cathode mesh is 75 µm thick with a hexagonal pattern and a pitch of 5 mm. A grounded screening mesh, also of hexagonal pattern and 5 mm pitch, but 50 µm thick, is placed 12 mm below the cathode, and 5 mm above the bottom PMTs to shield them from the cathode high voltage. According to the initial design, a voltage of -30 kV would bias the cathode, to generate a drift field of 1 kV/cm corresponding to a maximal electron drift time of ∼160 µs. However, due to the appearance of small light pulses at increasingly high cathode voltage, the voltage was reduced to -16 kV for stable operation, resulting in a drift field of 0.53 kV/cm across the TPC. The pulses are most likely caused by electron field emission and subsequent scintillation in the strong electric field near sharp features of the cathode mesh.

The unavoidable liquid layer between the cathode and the bottom PMTs is a charge insensitive region and a potential source of events which can be confused with true nuclear recoils. For example, a background gamma-ray with two interactions, one in this insensitive region and one inside the TPC active region, may result in a reduced S2/S1 ratio, mimicking a nuclear recoil event (see e.g. [START_REF] Aprile | Design and Performance of the XENON10 Dark Matter Experiment[END_REF][START_REF] Angle | First Results from the XENON10 Dark Matter Experiment at the Gran Sasso National Laboratory[END_REF]). These events mainly occur close to the cathode and can be reduced by a z-cut. In addition, the distribution of the S1 light on the PMTs differs from real single scatter interactions and this is exploited in data analysis [START_REF] Aprile | Design and Performance of the XENON10 Dark Matter Experiment[END_REF][START_REF] Aprile | Dark Matter Results from 100 Live Days of XENON100 Data[END_REF]. About 15 mm below the top PMTs, the TPC is closed with a stack of 3 stainless steel meshes with hexagonal pattern: a central anode (125 µm thick, 2.5 mm pitch) between two grounded meshes with a spacing of 5 mm. An extraction field of ∼12 kV/cm is obtained by applying +4.5 kV to the anode. The exact value of the extraction field depends on the position of the liquidgas interface because of the different dielectric constants of LXe and Xe gas. The field is high enough to obtain an extraction efficiency close to 100% [START_REF] Aprile | Proportional light in a dual-phase xenon chamber[END_REF]. The grounded mesh above the anode shields the amplification region from external fields and yields more homogeneous proportional scintillation signals.

In order to optimize the S2 performance, the anode could be moved horizontally with respect to the gate grid and the top grid. It was aligned at a half-pitch offset under a microscope and fixed with set screws. The whole stack is optimized for optical transparency and minimal impact on the S2 energy resolution. The spread of the S2 signal due to the varying electron path length is only 4%, independent of the S2 energy. Averaged over all angles of incidence, the optical transparency of the top mesh stack and of cathode plus screening mesh is 47.7% and 83.4%, respectively.

A homogeneous electric field across the ∼30 cm long TPC drift gap is created by a field cage structure made of thin copper wires. Two wires, at the same potential, one running on the inside and one on the outside of the PTFE panels, are used to emulate a 1/4 inch-wide field shaping electrode which generates the desired straight field lines within the target volume. 40 equidistant field shaping electrodes, connected through 700 MΩ resistors are used.

The penetration of electric field lines through the cathode, facilitated by the large mesh pitch and the thin wire diameter chosen to optimize light collection, distorts the electric field at large radii, just above the cathode. This effect is corrected at data analysis level.

The Passive Shield

The XENON100 experiment is installed underground at LNGS, at the same site as XENON10, in the interferometer tunnel away from the main experimental halls. At the depth of 3700 m water equivalent, the surface muon flux is reduced by a factor 10 6 [START_REF] Ambrosio | Vertical muon intensity measured with MACRO at the Gran Sasso laboratory[END_REF].

In order to reduce the background from the radioactivity in the experiment's environment, in the laboratory walls etc. [START_REF]The neutron background of the XENON100 dark matter experiment[END_REF], additional passive shielding is needed. An improved version of the XENON10 shield [START_REF] Aprile | Design and Performance of the XENON10 Dark Matter Experiment[END_REF] was required in light of the increased sensitivity of the XENON100 experiment. The detector is surrounded (from inside to outside) by 5 cm of OFHC copper, followed by 20 cm of polyethylene, and 20 cm of lead, where the innermost 5 cm consist of lead with a low 210 Pb contamination of (26 ± 6) Bq/kg [START_REF] Aprile | Material screening and selection for XENON100[END_REF]. The entire shield rests on a 25 cm thick slab of polyethylene. An additional outer layer of 20 cm of water or polyethylene has been added on top and on 3 sides of the shield to reduce the neutron background further. Fig. 2.5 shows a sketch of XENON100 inside the shield.

During detector operation, the inner shield cavity is constantly purged with high purity boiloff nitrogen at a rate of 17 standard liters per minute (SLPM) in order to avoid radioactive radon penetrating into the shield. The remaining radon concentration is constantly monitored with a commercial radon detector and is at the limit of the detector's sensitivity (< 1 Bq/m 3 ). Careful selection of materials to build the detector is crucial in order to reach a competitive dark matter detection sensitivity. All components used for the XENON100 detector and shield have been chosen according to their measured low intrinsic radioactivity. These measurements were performed using a dedicated screening facility [START_REF] Baudis | Gator: a low-background counting facility at the Gran Sasso Underground Laboratory[END_REF], consisting of a 2.2 kg high purity Ge detector in an ultra-low background Cu cryostat and Cu/Pb shield, operated at LNGS, as well as the LNGS screening facilities [START_REF] Arpesella | A low background counting facility at laboratori nazionali del Gran Sasso[END_REF][START_REF] Heusser | GIOVE: a new detector setup for high sensitivity germanium spectroscopy at shallow depth[END_REF].

The electronic recoil background of XENON100 is dominated by gamma rays from the decay chains of radioactive contaminants, mostly 238 U, 232 Th, 40 K, and 60 Co, in the detector materials. The screening results [START_REF] Aprile | Material screening and selection for XENON100[END_REF] are used to predict the overall background rate. Rate and spectral shape agree very well with the measurement [START_REF] Aprile | Study of the electromagnetic background in the XENON100 experiment[END_REF].

Cryogenic System

A reliable, easy to use cooling system with very good stability is needed for any dark matter experiment operated at cryogenic temperatures. Pulse Tube Refrigerators (PTRs) [START_REF] Haruyama | LN2free Operation of the MEG Liquid Xenon Calorimeter by using a Highpower Pulse Tube Cryocooler[END_REF], specifically designed for high cooling power at LXe temperatures, were employed from the start of the XENON project. The PTR for XENON100 is an Iwatani PC150, driven by a 6.5 kW helium compressor. The cooling power for this combination is measured to be 200 W at 170 K. A schematic of the Figure 2.6: Sketch of the XENON100 cryogenic system. The cooling is provided by a 200 W pulse tube refrigerator (PTR) installed outside the shield and connected to the main cryostat via a double-walled vacuum insulated pipe. Xenon purification is independent of the cooling. LXe is extracted from the bottom of the detector, purified in gas phase, and introduced back as xenon gas into the diving bell. In combination with a height-adjustable gas outlet pipe, the bell allows for a precise control of the liquid level, while having LXe all around the detector. The figure is not drawn to scale and details of the TPC are omitted for clarity.

cooling system is shown in Fig. 2.6.

The PTR cold-head is mounted on a cylindrical copper block that closes off the inner detector vessel and that acts as a cold-finger. The cold-finger is sealed to the inner detector vessel with a seal made of a pure aluminum wire. The PTR can thus be serviced or replaced without exposing the detector volume to air. A copper cup with electrical heaters is inserted between the PTR cold-head and the cold-finger. The temperatures above and below the heater are measured with precise temperature sensors. A proportional-integral-derivative (PID) controller regulates the heating power required to keep the temperature of the cold-finger, and hence the Xe vapor pressure in the detector, at the desired value.

The PTR is mounted in a separate double-walled vacuum insulated vessel, placed outside the passive shield, along with many auxiliary modules, including the motor valve and buffer tank, which have to be within 50 cm of the PTR cold-finger for optimal performance (see Fig. 2.6). The bottom of this "cooling tower" is connected to the main cryostat with a vacuum insulated pipe at a height above the liquid level. The boil-off Xe gas from the detector can thus reach the cold-finger of the PTR where it is liquefied. The liquid drops are collected by a funnel and flow back into the detector through a smaller diameter pipe at the center of the insulated pipe. To drive the liquid flow, the insulated pipe is inclined by 5 • with respect to the horizontal. This cryogenic system design with the PTR assembly placed far from the detector, enabled a reduction of the background from radioactive materials [START_REF] Aprile | Study of the electromagnetic background in the XENON100 experiment[END_REF]. The total mass of steel within the shield cavity was reduced from 180 kg for the much smaller XENON10 detector to about 70 kg for XENON100.

In case of emergency, e.g., a prolonged power failure or a failure of the primary cooling system, the detector can be cooled by liquid nitrogen (LN 2 ). A stainless steel coil is wound around the cold finger and is connected to an external LN 2 dewar, always kept full during detector operation. The LN 2 flow through the coil is controlled by an actuated valve and triggered when the detector pressure increases above a defined set-point. Tests have shown that the detector can be kept stable for more than 24 hours without any human intervention using the emergency LN 2 cooling system.

The Gas Handling and Purification System

A total amount of 161 kg of LXe is necessary to fill the target volume and the active veto. It is stored in 4 large (75 volume) high-pressure aluminum gas cylinders, which are surrounded by custom-made insulated LN 2 dewars. This allows them to be cooled down to recover the xenon gas from the detector by freezing the Xe in the cylinders. Both Xe filling and recovery takes place in gas phase, through a stainless steel pipe connecting the storage with the purification system (see below). All pipes, flow controllers, regulators, and valves are metal sealed. During the process of xenon filling from the storage bottles to the cryostat, the gas is liquefied by the PTR, which has sufficient cooling power to cool the vessel, condense the gas, and keep it at the operating temperature of -91 • C. The xenon gas is liquefied at a rate of almost 3 kg/hour, limited by the cooling capacity of the PTR.

During gas recovery, the Xe is extracted from the detector by a double-diaphragm pump and transferred to the storage cylinders at LN 2 temperature. Recovery is facilitated by breaking the vacuum insulation of the cryostat.

During the Xe purification from Kr, through a dedicated cryogenic distillation column, the gas stored in the cylinders is passed through the distillation column before being filled directly into the detector. To replenish the Kr-rich Xe, which is produced as "off-gas" during distillation, more Xe than needed for a complete fill of XENON100 is stored in the cylinders.

The light and the charge signal from particle interactions in the xenon are adversely affected by impurities in LXe: The light is mostly attenuated by water [START_REF] Baldini | Absorption of scintillation light in a 100l liquid xenon -ray detector and expected detector performance[END_REF], whereas for the charge the most abundant and harmful impurity is oxygen which leads to charge losses while the electron cloud drifts towards the liquid-gas interface [START_REF] Bakale | Effect of an electric field on electron attachment to sulfur hexafluoride, nitrous oxide, and molecular oxygen in liquid argon and xenon[END_REF]. Hence, oxygen and other electro-negative impurities in commercial xenon have to be removed well below the 1 ppb (part per billion) level oxygenequivalent to achieve the required low charge attenuation (high electron lifetime) and long VUV photon absorption length [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF]. The xenon is purified by constantly recirculating xenon gas through a high temperature zirconium getter (SAES MonoTorr PS3-MT3-R/N-1/2, see Fig. 2.7), which removes impurities by chemically bonding them to the getter material. At a rate of about 5 SLPM, liquid from the bottom of the detector vessel is evaporated and pushed through the getter by a double diaphragm pump (KNF N143.12E), before it is returned to the detector.

In order to speed up the purification process already before filling with LXe, the leak-tested detector was heated to 50 • C (the temperature limit is set by the PMTs) while the detector vacuum was monitored with a residual gas analyzer (RGA). Since Xe is known to act as an effective solvent due to its polarizability, the detector was then filled with 2 atm of Xe gas. The detector was heated again while the warm gas was passed through the getter for purification for several weeks. During this process, the decrease of the water content from ∼500 ppb to the 1 ppb level was monitored with a dedicated apparatus (Tigeroptics HALO) using a spectral absorption technique.

The XENON1T Detector

XENON1T is the first WIMP dark matter detector operating with a liquid xenon target mass above the ton-scale. Out of its 3.2 t liquid xenon inventory, 2.0 t constitute the active target of the dual-phase time projection chamber. Compared with XENON100, XENON1T is not just bigger, it makes use of completely different solutions in terms of performances (liquid xenon handling, cooling system, DAQ, Slow Control) and of background reduction (different level of purifications, better choice of materials, long screening campaigns, very performing techniques to analyse xenon purity).

In addition, most XENON1T subsystems were designed such that they can also support a sig- .7: Schematic of the XENON100 purification system. LXe is extracted from the detector using a diaphragm gas pump. It evaporates in the gas lines and is passed through a high temperature getter for gas purification, before it is pushed back into the detector (the path for standard operation is indicated by the arrows). Different valves allow for the bypassing of components for special operations like detector filling or recuperation, or maintenance. Valves to atmosphere are used to add auxiliary equipment for gas analysis or detector calibration. nificantly larger dark matter detector, with a target of ∼6 t. This phase of the project, XENONnT, had been prepared during XENON1T data taking to allow for a rapid exchange of the larger instrument after the science goals of XENON1T will have been reached. XENONnT aims at improving the spin-independent WIMP sensitivity by another order of magnitude compared to XENON1T [START_REF] Aprile | Physics reach of the XENON1T dark matter experiment[END_REF].

XENON1T's TPC is installed inside a double-walled vacuum cryostat in the center of a large water tank. The tank serves as passive shield as well as a Cherenkov muon veto. A three-floor building accommodates all auxiliary systems. These include the systems to cool, store, and purify the xenon gas, the cryogenic distillation column for krypton removal, the data acquisition system as well as the control and monitoring systems for the entire experiment (Slow Control). The TPC calibration systems are installed on the purification system as well as on the top of the water shield.

XENON1T TPC

The cylindrical TPC of 97 cm length and 96 cm diameter contains an active LXe target of 2.0 t, in which the light and the charge signals from each interaction can be detected, see figure 2.8. It is enclosed by 24 interlocking and light-tight PTFE panels, whose surfaces were treated with diamond tools in order to optimize the reflectivity for vacuum ultraviolet (VUV) light [START_REF] Yamashita | Scintillation response of liquid Xe surrounded by PTFE reflector for gamma rays[END_REF]. Due to the rather large linear thermal expansion coefficient of PTFE, its length is reduced by about 1.5% at the operation temperature of -96 • C. An interlocking design allows the radial dimension to remain constant while the vertical length is reduced.

To ensure drift field homogeneity, the TPC is surrounded by 74 field shaping electrodes with a cross section of ∼ 10 × 5 mm 2 ; they are made from low-radioactivity oxygen-free high thermal conductivity (OFHC) copper. The electrodes are connected by two redundant chains of 5 GΩ resistors; a 25 GΩ resistor connects each chain to the cathode. The resistor settings, as well as Figure 2.9: Finite element simulation of the electric field configuration inside and outside of the TPC, separated by the gate and cathode as well as the field-shaping electrodes. The figure shows the field lines as well as the equipotential lines for cathode, gate and anode biased with -12 kV, 0 kV and +4 kV, respectively, as realized during science run 0. the electrical transparency of the TPC electrodes (gate, anode and screening electrode on top, and cathode and screening electrode on bottom), were optimized by means of electrostatic simulations, using finite element (COMSOL Multiphysics) and boundary element methods (KEMField [START_REF] Glck | Electromagnetic design of the large-volume air coil system of the KATRIN experiment[END_REF]). The high-voltage configuration realized during science run 0 is shown in figure 2.9. Most S1 light is detected by the photosensors below the target. The electrodes were thus designed for S1 light collection by optimizing the optical transparency of the gate, the cathode and the bottom screening electrodes. The details are summarized in table 2.1. The circular stainless-steel frames supporting the electrodes are electropolished and optimized for high-voltage operation. The etched meshes were spot-welded to the frames, while the single wires were pre-stretched on an external structure and fixed by wedging them between the upper and lower parts of the frames. Gold-plated wires were used to increase the work function of the metal.

The cathode is negatively biased using a Heinzinger PNC 150000-1 NEG high-voltage supply via a custom-made high-voltage feedthrough. The latter consists of a conducting stainless-steel rod inside an ultra-high molecular weight (UHMW) polyethylene insulator, cryofitted into a 25.4 mm diameter stainless-steel tube to make it vacuum tight. Before installation, the feedthrough was successfully tested to voltages exceeding -100 kV. The total length of the feedthrough is about 1.5 m, out of which 1.2 m are located inside the cryostat. This ensures that the connection point to the PTFE insulated metal rod, which supplies the voltage to the cathode frame, is covered by LXe. The anode is positively biased by a CAEN A1526P unit via a commercial Kapton-insulated cable (Accuglass 26 AWG, TYP22-15). The gate electrode is kept at ground potential and the screening electrodes can be biased to minimize the field in front of the PMT photocathodes.

A "diving bell" made of stainless steel, which is directly pressurized by a controlled gas flow, is used to maintain a stable liquid-gas interface between the gate and anode electrodes. It encloses the top PMT array. The height of the liquid level inside the bell is controlled via a vertically-adjustable gas-exhaust tube. Possible tilts of the TPC are measured by means of four custom-made parallelplate-capacitive levelmeters installed inside the diving bell. They cover a dynamic range of 10 mm and have a precision of ∼30 µm. Two cylindrical levelmeters of 1360 mm length measure the LXe level during filling and recovery from below the cathode to above the bell, with 2 mm precision.

Photomultipliers

A total of 248 Hamamatsu R11410-21 PMTs of 76.2 mm diameter are used to record the signals from the TPC. They are radially installed in the top array (127 PMTs) to facilitate radial position reconstruction, and packed as tightly as possible in the bottom array (121 PMTs) to maximize scintillation-light collection efficiency, see figure 2.10. They feature an average room-temperature quantum efficiency of 34.5% at 178 nm (bialkali-LT photocathode) [START_REF] Barrow | Qualification tests of the R11410-21 photomultiplier tubes for the XENON1T detector[END_REF], a high photoelectron collection efficiency of 90% and are designed to operate stably in gaseous and liquid xenon at cryogenic temperature [START_REF] Baudis | Performance of the Hamamatsu R11410 photomultiplier tube in cryogenic xenon environments[END_REF][START_REF] Lung | Characterization of the Hamamatsu R11410-10 3-Inch Photomultiplier Tube for Liquid Xenon Dark Matter Direct Detection Experiments[END_REF]. The low-radioactivity PMT version 21 was jointly developed by Hamamatsu and the XENON collaboration [START_REF] Aprile | Lowering the radioactivity of the photomultiplier tubes for the XENON1T dark matter experiment[END_REF]. Six 25.4 mm square-window Hamamatsu R8520 PMTs, as used in the XENON100 detector [START_REF] Aprile | The XENON100 Dark Matter Experiment[END_REF], were installed in the LXe region outside of the TPC, next to the upmost field-shaping electrodes, for detector calibration studies [START_REF] Aprile | Analysis of the XENON100 Dark Matter Search Data[END_REF].

All installed R11410-21 PMTs were screened for their intrinsic radioactivity levels in batches of typically 15 tubes [START_REF] Aprile | Lowering the radioactivity of the photomultiplier tubes for the XENON1T dark matter experiment[END_REF] and tested at room temperature and under gaseous nitrogen atmosphere at -100 • C. All PMTs were subject to at least two cooling cycles prior to installation. A subset of 44 tubes was additionally tested in LXe (2-3 cooling cycles). The PMTs feature a peak-to-valley ratio of ∼3, a single photoelectron resolution of 27% for gains above 3 × 10 6 and a transit time spread (TTS) of (9.1 ± 1.3) ns [START_REF] Barrow | Qualification tests of the R11410-21 photomultiplier tubes for the XENON1T detector[END_REF]. A total of 73 tubes were rejected after the tests: 8 because of vacuum loss ("leak"), 53 because of emission of small amounts of light and 12 because of unstable dark count rates [START_REF] Barrow | Qualification tests of the R11410-21 photomultiplier tubes for the XENON1T detector[END_REF].

Based on the measured performance and the specifications provided by the manufacturer, the PMTs were placed in the two arrays. The PMTs with the highest quantum efficiency were installed at the center of the bottom array to maximize the light collection efficiency, see figure 2.11. Both arrays consist of a massive OFHC copper support plate with circular cut-outs for the PMTs. A single PTFE plate holds the individual PMTs and a PTFE reflector-plate covers the areas between the PMT windows (see figure 2.10). Both PTFE plates are attached to the copper support in a selfcentering way to ensure that all PMTs move radially inward upon cool-down to LXe temperatures while the support plate, which is connected to the remaining TPC structure, stays in place. 

Water Shield and active Muon Veto

An active water Cherenkov detector [START_REF] Aprile | The XENON1T Dark Matter Experiment[END_REF] surrounds the cryostat. It identifies both muons, that have a flux of (3.31 ± 0.03) × 10 -8 cm -2 s -1 with an average energy of ∼270 GeV in Hall B of LNGS [START_REF] Aglietta | Muon "depth-intensity" relation measured by the LVD underground experiment and cosmic-ray muon spectrum at sea level[END_REF], and muon-induced neutrons by detecting showers originating from muon interactions outside the water shield. The water additionally provides effective shielding against γ rays and neutrons from natural radioactivity present in the experimental hall. The tank has a diameter of 9.6 m and a height of 10.2 m. The deionized water is provided by a purification plant (Osmoplanet DEMRO 2M 840), delivering up to 2.2 m 3 of water per hour with a residual conductivity of 0.07 µS/cm. Operated as a Cherenkov muon veto, the water tank is instrumented with 84 PMTs of 20.3 cm in diameter (Hamamatsu R5912ASSY) with a bialkali photocathode on a borosilicate window. The quantum efficiency is ∼30% for wavelengths between 300 nm and 600 nm, and the mean gain is 6×10 6 for a bias voltage of 1500 V. The PMTs operate with a threshold that allows for the detection of single photoelectrons with ∼50% efficiency. After optimization in a Monte Carlo study [START_REF] Aprile | The XENON1T Dark Matter Experiment[END_REF], the PMTs were deployed in five rings at the circumference of the water shield at different heights. The bottom (z = 0 m) and top (z = 10 m) rings consist of 24 evenly spaced PMTs, while only 12 PMTs are each installed in the three rings at z = 2.5 m, z = 5.0 m, and z = 7.5 m height. To further enhance the photon detection efficiency, the inner surface of the water tank was cladded with reflective foil (3M DF2000MA) featuring a reflectivity of >99% at wavelengths between 400 nm and 1000 nm [101]. The wavelength of the ultraviolet Cherenkov photons can be shifted towards longer wavelengths in the reflection process to better match the PMT sensitivity.

Each PMT can be calibrated by illumination with blue LED light through a plastic fiber. In addition, the response of the full system can be measured by light emitted from four diffuser balls mounted on the cryostat support frame.

Detector Construction Materials

In order to reduce ER and NR background events, that arise from radioactive decays in the detector materials, all materials of the TPC, the cryostat and the support structure were selected for a low content of radioactive isotopes. Monte Carlo simulations were used to define the acceptable levels. The radioactivity measurements were performed using low-background high-purity germanium spectrometers of the XENON collaboration [START_REF] Baudis | Gator: a low-background counting facility at the Gran Sasso Underground Laboratory[END_REF][START_REF] Heusser | GIOVE: a new detector setup for high sensitivity germanium spectroscopy at shallow depth[END_REF]. The most sensitive spectrometers, located at the LNGS underground laboratory, can reach sensitivities down to the µBq/kg level. In addition, standard analytical mass spectroscopy methods (ICP-MS, GD-MS) were employed at LNGS and at external companies. The measured radioactivity levels of the PMTs are summarized in [START_REF] Aprile | Lowering the radioactivity of the photomultiplier tubes for the XENON1T dark matter experiment[END_REF]; that of all other materials and components in [START_REF] Aprile | Material radioassay and selection for the XENON1T dark matter experiment[END_REF].

Most materials in contact with the liquid or gaseous xenon during standard operation were additionally selected for a low 222 Rn emanation rate. This includes most components of the TPC, the inner cryostat and its connection pipes, the cryogenic system with its heat exchangers and the purification system. The LXe storage vessel and the cryogenic distillation column are irrelevant sources of Rn-emanation as they are not continuously connected to the TPC. Thus all 222 Rn originating from these systems will rapidly decay to a negligible level. Even though the emanation rate is usually related to the 226 Ra content of a material, which is obtained by γ spectrometry, it must be measured independently since in most cases emanation is dominated by surface impurities. The measurements were performed according to the procedure described in [START_REF] Zuzel | High sensitivity radon emanation measurements[END_REF] using the 222 Rn emanation facility at MPIK Heidelberg and a similar one at LNGS.

To remove radioactive isotopes from surfaces, all TPC components were cleaned after production according to the following procedures: after degreasing, all copper pieces were pickled in a solution of 1% H 2 SO 4 and 3% H 2 O 2 and passivated in a 1% citric acid (C 6 H 8 O 7 ) solution. Afterwards the pieces were rinsed with de-ionized water and ethanol. The large stainless-steel pieces (diving bell, TPC electrode frames) were electropolished and cleaned with acetone, de-ionized water and ethanol. All small stainless-steel components (screws, rods, etc.) were degreased, pickled in a solution of both 20% HNO 3 and 2% HF, and finally passivated in a 15% HNO 3 solution before rinsing with de-ionized water and ethanol. The degreased PTFE components were immersed in a 5% HNO 3 solution and rinsed with de-ionized water and ethanol. Care was taken to not touch the reflecting TPC surfaces during cleaning, and all PTFE parts were stored under vacuum after the cleaning procedure. In cases of size limitations, the HNO 3 -step was omitted and the sample was instead immersed in ethanol for a few hours.

The TPC was assembled above ground at LNGS, inside a custom-designed ISO 5 class cleanroom with a measured particle concentration just above the ISO 4 specification, using a movable installation and transport frame. The double-bagged TPC (aluminized mylar), fixed to the transportation frame, was moved to the underground laboratory by truck and attached to the top flange of the inner cryostat. A mobile class ISO 6 softwall cleanroom (4.5 × 4.5 m 2 ) was erected around the cryostat for this purpose.

Challenges for XENON Project

After an introduction to the dark matter and direct detection in particular and, with this chapter, after a general overview of the technology employed by the detectors of the XENON Project, we are now ready to go deeper in many elements that the Collaboration had to improve in order to make these experiments more and more performing. I will cover in particular those whose my contribution was substantial.

They can fall into three categories:

• Liquid xenon handling. With the increasing target size, the amount of xenon to be handled increases. This obliges us to have a better care of the storage and recovery procedures of liquid xenon. Mostly for safety reasons but also because ad-hoc solutions allow us to optimize the dead times to prepare the detector for the scientific runs.

• Light and charge yields. The sensitivity of a dark matter direct detection experiment must not be improved just by simply increasing the detector size. We need to work hard in order to also reduce the background and to increase the yields on signal detection. A larger TPC, for instance, implies also a longer drift time of electrons induced by ionization, therefore purification from electronegative impurities is more demanding. I spent many years in XENON100 to develop the methods to measure the electronegative impurities and to perform the accurate corrections to be applied to the observed ionization signal in order to derive a reliable energy measurement.

• Single electrons signal. Some background sources are naturally suppressed with the increase of the detector, but there are some that unfortunately scale with the size of the detector, like the so called "single electron" background. I focused my analysis work in particular on this kind of background, that, if well studied, has also the great advantage to be used to characterize the detector itself.

Chapter 3

Liquid xenon handling

With the increasing target size, the amount of xenon to be handled increases. This opens to many challenges. In XENON10, the total amount of the xenon in the detector can be easily stored in one bottle only. In XENON100, the total amount of bottles required to store xenon is four. The recuperation of xenon in bottles is done by thermodynamic pumping (bottles are immerged in liquid nitrogen, whose boiling point is lower than xenon). This procedure is extremely slow (the flow is gaseous, that condensates once inside bottles) and it cannot be reasonably extended for bigger detectors. New solutions have been tried by other experiments and we are proud to have found the best among them. A new cryogenic system, called ReStoX (Recovery and Storage of Xenon), who completely revolutioned the way how we treat xenon in these experiments. I participated and leaded the design study, the construction, the installation up to the commissioning of this system in XENON1T. Here ReStoX will be deeply detailed. For XENONnT, we needed another storage system, with performances complementary to the one of ReStoX, meant not only to store a bigger amount of xenon, but also to improve the fast xenon recovery procedures from the cryostat. This new system, ReStoX2, has been recently built and installed in the XENONnT experimental area. It is the first subsystem built for XENONnT, fixing the beginning of the construction of this new experimenti. ReStoX2 will be also detailed, in particular by stressing the difference with respect to the first ReStoX.

The XENON1T cryogenic system

In a broad way, as cryogenic system we mean the cryostat, which contains the TPC with the LXe target, the cooling system for gas liquefaction and compensating for heat losses, one or more purification facilities, finally some way to store xenon from/to the cryotat. In other words, everything that handles xenon, no matter its state (solid, liquid or gaseous).

A reader making a superficial comparison between XENON100 and XENON1T cryogenic systems, would find them, apart the size of course, almost similar. Actually, in XENON1T each of Figure 3.1: Picture of XENON1T. On the left the water tank with a big poster showing how the interior looks like. On the right the service building, hosting, at bottom floor, the storage system, bottles rack and the column for krypton distillation; at middle floor the DAQ; at top floor the cooling and purification system. these components presented great improvements with respect to the past and some of these, like the storage and recovery system, have been completely redesigned.

A beautiful picture that shows at a glance the entire XENON1T detector with all subsystems is the one at Fig. 3.1, while Fig. 3.2 shows them in a graphical 3D way detailing how they are connected each other. During design and construction phase, we developed, for each system, a Process and Instrument Drawing (P&ID, often written also PID) that allows to go into details on components, pipe diameters and instumentation. These documents have been shared among different subgroups and have been also sent, where necessary, to the companies responsible for the construction of some specific components. In order to have a general overview of all subsystems, in particular their inter-connections, I have drawn the Process Flow Diagram (PFD) (Fig. 3.3). Figure 3.2: The gas-handling system of XENON1T consists of the cryogenic system (cooling), the purification system (online removal of electronegative impurities), the cryogenic distillation column ( nat Kr removal), ReStoX (LXe storage, filling and recovery), the gas bottle rack (injection of gas into the system) and gas analytics station (gas chromatograph). The cryostat inside the water shield accomodates the TPC.

It shows the relationships between the major components in the system. Generally, a PFD shows only the major equipment and doesn't show details. A PFD does not show minor components, piping systems, piping ratings and designations. Here in this document it is a useful instrument to easily learn how XENON1T cryogenics work.

Cryostat The TPC is installed inside a double-walled, cylindrical stainless-steel cryostat made of low-radioactivity material [START_REF] Aprile | Material radioassay and selection for the XENON1T dark matter experiment[END_REF]. The inner vessel is 1960 mm high and 1100 mm in diameter. Its inner surface, in direct contact with the liquid xenon, was electro-polished in order to reduce the Figure 3.3: XENON1T Process Flow Diagram (PFD). The circular system at bottom left is the storage system. The top left part is the cryostat with the TPC together with its cooling system. On top right the purification system that acts also as manifold network. On bottom right the bottles rack system. Each component is indicated with a coding that follows an industry standardand that for your convenience is reported in Appendix A emanation of radon. It is enclosed by an outer vessel of 2490 mm height and 1620 mm diameter, large enough to accomodate the detector of the upgrade stage XENONnT as well. The inner vessel is metal-sealed (Helicoflex) and thermally decoupled from the outer one by polyamid-imid (Torlon) spacers. Thirty layers of superinsulation (RUAG Space Austria) reduce static thermal losses to ∼75 W. The cryostat is installed in the center of the water Cherenkov detector (see Fig. 3.4). The connections to the outside are made through a double-walled cryogenic pipe (406 mm external diameter; 254 mm inner diameter) enclosing all the connections to the cryogenic system and the cables for the PMTs and auxiliary sensors. A separate, single-walled pipe carries the high-voltage cable to the TPC cathode feedthrough. Cooling XENON1T follows the "remote cooling" concept that was successfully employed by XENON100 [START_REF] Aprile | The XENON100 Dark Matter Experiment[END_REF]. It allows for maintenance of the cryogenic system, which is installed far away from the TPC, while the detector is cold. The xenon gas inside the XENON1T cryostat is liquefied and kept at its operating temperature T 0 = -96 • C by means of two redundant pulse-tube refrigerators (PTRs [START_REF] Haruyama | LN-2-free operation of the MEG liquid xenon calorimeter by using a high-power pulse tube cryocooler[END_REF], Iwatani PC-150), which each provide ∼250 W of cooling power at T 0 . Each PTR is connected to a copper cold finger reaching into the xenon volume such that the PTR can be removed without exposing the inner vessel. The PTR insulation volumes are separated such that one PTR can be serviced while the other is in operation. The measured total heat load of the system is 150 W, hence one PTR is sufficient to operate the detector. The xenon pressure inside the cryostat is kept constant by controlling the temperature of the active PTR cold finger using resistive heaters. A proportional-integral-derivative (PID) controller (Lakeshore 340) reads the Figure 3.6: P&ID of the XENON1T purification system. The system also serves as the main interface to the other components of the gas-handling system (see figure 3.2) and allows the insertion of short-lived isotopes for calibration. Some instrumentation such as temperature and pressure sensors, as well as several access ports are omitted for clarity. The path of the xenon gas during standard purification is indicated in blue. temperature at the cold finger and controls the power supplied to the heaters.

In case of a sudden pressure increase beyond a defined set point due to, e.g., a power loss, a PTR failure, or a partial loss of insulation vacuum, an additional backup liquid nitrogen (LN 2 ) cooling system maintains the pressure at a safe level. Its cold finger is cooled with a LN 2 flow and the cooling power is controlled by adjusting the nitrogen evaporation rate. The LN 2 is supplied by the same 10 m 3 tank as used by the xenon storage system ReStoX (see next section). Only ∼100 l/d are required to provide sufficient cooling power for XENON1T without PTRs. In normal operation, the backup LN 2 cooling system cold finger is kept a few degrees above the xenon liquefaction temperature. To ensure operation during a prolonged power loss, all safety-critical sensors and controllers for the emergency cooling system are powered by a uninterruptible power supply.

The cryogenic system interfaces with the cryostat through the vacuum-insulated cryogenic pipe. Xenon gas from the inner cryostat vessel streams to the cryogenic system, is liquefied by the PTR, collected in a funnel and flows back to the cryostat vessel, driven by gravity, in a pipe that runs inside the cryogenic tube. Another pipe carries LXe out of the cryostat, evaporates it in a heat exchanger, and feeds it to the xenon purification system. The purified xenon gas is liquefied in the same heat exchanger and flows back to the cryostat. This allows to strongly reduce the thermal losses and make the process thermally efficient [START_REF] Chen | Improvement of xenon purification system using a combination of a pulse tube refrigerator and a coaxial heat exchanger[END_REF]. The pipe that carries the purified LXe back to the cryostat is also used during the cryostat filling operation. Figure 3.5 shows a schematic of the different components of the XENON1T cryogenic system and its interfaces to other systems.

Xenon Purification Electronegative impurities, such as water or oxygen, absorb scintillation light and reduce the number of ionization electrons by capture in an electron drift-time dependent fashion. These impurities are constantly outgassing into the xenon from all detector components. Therefore, the gas must be continuously purified to reduce the impurities to the 10 -9 O 2 -equivalent level (ppb) (this point will be more detailed in the next chapter where xenon purification is deeply treated). Driven by gas transfer pumps, LXe is extracted from the cryostat at its bottom, next to the LXe condensate inlet from the cryogenic system. The LXe is evaporated in a heat exchanger system, made from a concentric tube in combination with a plate heat exchanger, which also cools the return gas from the purification system [START_REF] Aprile | Performance of a cryogenic system prototype for the XENON1T Detector[END_REF]. It is 96% efficient and reduces the heat input into the cryostat to only 0.39 W/slpm (standard liters per minute).

Two redundant and independently serviceable purification loops are operated in parallel, see figure 3.6. The components of one loop can be serviced or replaced without stopping the xenon purification. Each loop consists of a gas transfer pump (CHART QDrive; one loop is equipped with two pumps to improve operational conditions and stability), a mass-flow controller (MKS 1579A) and a high-temperature rare-gas purifier (getter, SAES PS4-MT50-R); the latter removes oxide, carbide and nitride impurities by forming irreducible chemical bonds with the getter material (zirconium). The high-capacity magnetic-resonance QDrive pumps feature a hermetically sealed pump volume and transfer the gas by means of externally-driven pistons oscillating in a compression space. Since all pistons, motors and valves are unlubricated, the QDrive is well-suited for highpurity applications. As the re-condensed, purified LXe flows back directly into the TPC, at two opposite locations below the cathode electrode (see also figure 3.5), a low 222 Rn emanation of purification system is crucial for a low ER background.

More than 30 actuated pneumatic valves, shown in figures 3.6 and 3.2 (green), are controlled by the slow control system. Besides state-changes of individual components, it allows for automated changes between different operation modes. For safety reasons, a few manual valves were added at selected locations. Various pressure, temperature and other sensors are used to monitor the key parameters and instruments of the system, which was constructed from electropolished components and can be baked to 80-120 • C. Oil-free vacuum pumps allow for the evacuation of either the whole system or of individual sections, to ease servicing.

The purification efficiency can be monitored by a Tiger Optics HALO+ H 2 O monitor, which measures the water concentration in the xenon gas, and can be useful for detecting possible leaks. We will go deeper into details of the purification system performances in XENON100 in the chapter 4 when we will speak about the corrections that we have to apply to the detected ionization signal due to the presence of residual electronegative impurities, that has been one of my main analysis subjects. The purification system is also used to inject calibration sources into the detector, which are dissolved in the xenon gas.

Krypton Removal by Cryogenic Distillation Natural krypton, which contains the β-decaying isotope 85 Kr (T 1/2 = 10.76 y) at the 2 × 10 -11 level, is removed by cryogenic distillation, exploiting the 10.8 times larger vapor pressure of Kr compared to Xe at -96 • C. In a cryogenic distillation column, the more volatile Kr will hence be collected at the top while Kr-depleted Xe will be collected at the bottom. Given a nat Kr/Xe concentration of <0.02 ppm in commercial high-purity Xe gas, a Kr reduction factor around 10 5 is required to reach the design goal of nat Kr/Xe<0.2 ppt. To achieve this goal, a distillation column using 2.8 m of structured stainless-steel package material (Sulzer, type EX) was built following ultra-high vacuum standards. The total height of the XENON1T distillation system is 5.5 m (see figure 3.7). The system is described in [START_REF] Aprile | Removing krypton from xenon by cryogenic distillation to the ppq level[END_REF] and can be operated stably at Xe gas flows up to 18 slpm, corresponding to 6.5 kg/h. The Kr particle flux inside the column and the separation efficiency can be monitored using the short-lived isotope 83m Kr as a tracer [START_REF] Rosendahl | A novel 83m Kr tracer method for characterizing xenon gas and cryogenic distillation systems[END_REF][START_REF] Rosendahl | Determination of the separation efficiencies of a single-stage cryogenic distillation setup to remove krypton out of xenon by using a 83mKr tracer method[END_REF]. After installation at LNGS, a separation factor of (6.4 +1.9

-1.4 ) × 10 5 was measured [START_REF] Brown | In situ measurements of krypton in xenon gas with a quadrupole mass spectrometer following a cold-trap at a temporarily reduced pumping speed[END_REF][START_REF] Aprile | Removing krypton from xenon by cryogenic distillation to the ppq level[END_REF], reaching a concentration nat Kr/Xe < 0.026 ppt and demonstrating that the system fulfills the requirements for XENON1T and for the future XENONnT. Such low concentrations are measured with a gas chromatography system coupled to a mass spectrometer (rare gas mass spectrometer, RGMS [START_REF] Lindemann | Krypton assay in xenon at the ppq level using a gas chromatographic system and mass spectrometer[END_REF]). The possibility for online removal of Rn was demonstrated first in a single stage setup [START_REF] Bruenner | Radon depletion in xenon boil-off gas[END_REF] and by installing a shortened (1 m package material) version of the final cryogenic distillation column in reverse and lossless mode on XENON100. A radon reduction factor of >27 (at 95% CL) was achieved [START_REF] Aprile | Online 222 Rn removal by cryogenic distillation in the XENON100 experiment[END_REF].

For the most efficient purification, the entire gas inventory would have to be transferred from ReStoX, via the distillation column, into the evacuated cryostat. This procedure would last for ∼3 weeks, for a total Xe amount of 3.2 t. However, to allow for data acquisition with a fully operational dual-phase TPC while at the same time reducing the Kr concentration, the XENON1T collaboration has successfully established the online removal of Kr. To this end, 7% of the purification gas flow was routed through the distillation column and the Kr-enriched gas (0.07% of the total flow) was removed from the system. After continuously operating in this mode for [START_REF] Aprile | Likelihood approach to the first dark matter results from XENON100[END_REF] was measured by RGMS. This concentration is the lowest ever achieved in a LXe dark matter experiment.

Slow Control System

The various XENON1T subsystems and their instruments are operated, controlled and their status are monitored and recorded by a slow control system which is based on industry-standard process control hardware and software from General Electric (GE): Programmable Automation Controllers (PACs) for hardware and Cimplicity SCADA (Supervisory Control And Data Acquisition) for software. Alarm conditions (e.g., parameter out of range, equipment failure, connection loss, etc.) are notified by email, cellular phone SMS and pre-recorded voice messages via a landline. The values of nearly 2500 parameters are stored in a GE Proficy Historian database, which offline analysis programs may query via a custom-developed Web API. The alarm notification, slow control viewer and offline analysis tool were custom-developed to complement the GE functionality.

The sensors and actuators of the cryogenics, LXe purication, LXe storage, Kr distillation, and water purification systems are controlled via individual PACs (GE RX3i family) that are connected to a private front-end network. Exceptions at PAC level are communicated to the alarm system using the GE Alarm&Event Express tool. Local operation by means of touch screens is also possible should the SCADA system be unavailable. The high-voltage supplies, the DAQ system and the motor controllers of the calibration system are integrated into the slow control system via industry standard Open Platform Communication (OPC) servers, the Modbus protocol or web services. Potentially unsafe operations are additionally "guarded" by requiring specific conditions to be met before the operation can be executed.

Two redundant SCADA servers in active-passive fail-over mode connect to the PACs and OPC servers on the private front-end network. All supervisory and data storage elements, such as the Historian database, the alarm system, the slow control viewer as well as the central XENON1T control room in an aboveground building are connected to the private back-end network. Two dedicated, redundant fiber links connect the experiment underground with the aboveground laboratory. In case of failure of the laboratory network, the slow control system is directly connected to a backup network at a point outside of LNGS. For safety reasons, the entire slow control system is powered by a dedicated uninterruptable power supply with extended on-battery runtime and generator backup. The system is protected by a firewall and only authorized users have the possibility to perform operations beyond data access, according to their pre-defined role.

The Recovery and Storage system of XENON1T

The latest XENON1T cryogenics subsystem to be described is the storage and recovery system. It deserves adequate space being the one for which I am responsible and I worked for many years. I participated and leaded the design study, the construction, the installation up to the commissioning of this system in XENON1T and I am still in charge of it. In addition, I am also in charge of a second storage system, named ReStoX2, that is required for the upgrade of XENON1T, XENONnT.

ReStoX2 will be the object of last section of this chapter.

Xenon properties

Xenon derives its name from the Greek (meaning stranger). It is a colorless, nonflammable and odorless gas. From the hazard point of view, it is a simple asphyxiant. It has an atomic number of 54, the heaviest among the nobles liquids used for dark matter search. In liquid state, its density is about 3 kg per liter and reaches its maximum at the triple point. It has a vapor pressure of 805 mbar at its triple point of 161.3 K and the boiling point at 1 atm is 165 K, which means, as it is shown in the phase diagram in Fig. 3.8, that at atmospheric pressure the liquid phase extends over a narrow temperature range, from about 162 K to 165 K. This implies a high risk to freeze or evaporate xenon as soon as its thermodinamic conditions go far from this range. Finally, its critical pressure is about 58 bara ("a" stands for absolute pressure). We will see later that this is an important number to know, because a xenon storage system, in absence of cooling systems, could reach those pressures when it approaches the ambient temperature, and a supercritical fluid has completely different properties from a perfect gas. Table 3.1 summarises all relevant physical properties of xenon critical to its function as a detector medium.

Xenon use and its procurement

Xenon was discovered in England by William Ramsay and Morris Travers in 1898, shortly after their discovery of the elements krypton and neon. They found xenon in the residue left over from evaporating components of liquid air. During the 1930s, American engineer Harold Edgerton began exploring strobe light technology for high speed photography. This led him to the invention of the xenon flash lamp in which light is generated by passing brief electric current through a tube filled with xenon gas. In 1934, Edgerton was able to generate flashes as brief as one microsecond with this method. In 1939, American physician Albert R. Behnke Jr. deduced that xenon gas could serve as an anesthetic. For this reason, it has been used for many years as a surgical anesthetic. As xenon gives off light similar in brightness and spectrum to the sunlight, it is also used as an electric flash in photography. Cars manufacturers have been using xenon-filled lamps for the front headlights. Airport landing lights are also filled with xenon because it gives off a bright and sharp light. It also has applications in space programs. On top of that, xenon is used quite successfully in many physics fields, in particular on lasers and on particle physics.

Xenon is found in atmosphere at very low concentration, about 86 parts per billion. If 1 m 3 of air is treated, a maximum of one-tenth of a cubic centimeter of xenon can be recovered. In view of the growing interest of using krypton for the lamp industry, the company I.G. Farber in 1933 decided to install a krypton recovery system in one of its already existing air separation plants, at Leuna, in Saxony-Anhalt, a German region. It was the first industrial adaption, in which it was possible to just enrich liquid oxygen in terms of one part of krypton over a thousand. It was impossible to achieve a further enrichment because of the dangerous increase in hydrocarbons in the oxygen. This explains why the recovery of a krypton and xenon mixture can be a very dangerous process as it involves the reboiling or vaporization of dangerous hydrocarbons, that may cause violent explosions. Several solutions have been adopted like, for instance, locating the separations plants at high altitude in the European Alps in order to reduce the contamination by these hydrocarbons. Nowadays, modern industries build plant capable of producing enormous amounts of oxygen, of the order of thousands of tons. Figure 3.9 shows how a oxygen plant looks like [116]. The separation between krypton and xenon is done in turn by several distillation processes profiting of quite different boiling points, as shown in Table 3.2.

Worldwide production of xenon is about 10,000 m 3 , which is equivalent to about 60 tons.

Figure 3.9: Oxygen generation plant, producing 12m 3 of krypton and 1m 3 of xenon per day [116].

Because of its scarcity, xenon is much more expensive than the lighter noble gases. Approximate prices for the purchase of xenon range between 1k and 2k euros per kg, with very high fluctuations due to fluctuations of the market.

An overview of ReStoX, a new concept of xenon storage

In the past, LXe detectors were filled with bottles (the most common ones have 50 liters capacity) by liquefying xenon from the gas phase and emptied to bottles by evaporating the liquid target. This technique poses operational challenges for experiments at the multi-ton scale. Filling XENON1T starting with xenon gas at 15 • C would require ∼2 months using 250 W of cooling power. In addition, a fast recovery of the LXe in case of an emergency would be impossible.

There are many other experiments in the world which are presently using liquid xenon as detecting medium, not only for dark matter search, like XMASS (Japan), PANDA-X (China) and LUX (USA), but also for the search for neutrinoless double beta decays (EXO) and other experiments of particle physics like MEG. To store and handle big quantities of xenon, they employed different solutions, but none of them was considered completely satisfying by the XENON Collaboration to be used for XENON1T. In some cases, the storage in many small, standard bottles has been used, with a cooling system based on liquid nitrogen used as cryogenic pump. This is a relatively cheap solution, but also the less attractive, since such a storage solution does not provide any kind of service to the experiment (no xenon fast recovery, no pre-purification, no contribution to the safety of the whole cryogenic system). XMASS, to store 1 ton of xenon, to partially solve these issues decided to use two huge volume tanks (10m 3 each) to keep xenon in gaseous phase at high pressures. This would be a much more expensive solution than the first one (XENON1T would need at least 6 of them and a complicate pipe network and powerful compressors) and it still does not provide fast recovering and pre-purification capabilities.

The newly developed xenon-storage system ReStoX (Recovery and Storage of Xenon) [117] addresses these problems. It consists of a vacuum-insulated stainless-steel sphere with 2.1 m diameter (4.95 m 3 volume), see figure 3.11. Its volume and the wall thickness of 28 mm allow for storage of up to 7.6 t of xenon as a liquid, as a gas and even as a super-critical fluid (being capable to withstand pressures up to 73 bar). Superinsulation and minimized thermal contact between the inner and the outer cryostat spheres reduce the external heat load to ∼50 W. Fig. 3.10 shows the detailed view of ReStoX.

ReStoX is the only solution existing to date to fully satisfy all requirements in terms of performance, operability and safety, by still keeping the facility at reasonable costs.

Cooling is achieved by means of LN 2 , provided by an external 10 m 3 dewar. A total of 16 LN 2 lines are welded to the outer surface of the inner vessel to cool down the sphere. Sixteen thin stainless-steel fins inside the volume additionally increase the heat exchange. In normal operation, i.e., while storing xenon in the liquid state, a condenser and heater system mounted in the center of the vessel precisely controls the pressure and ensures that the entrance pipe does not get blocked by frozen xenon. Its cooling power of >3 kW is distributed over a total of 4.3 m 2 of copper surface. The vessel and its cryogenic valves are all metal sealed and electropolished to allow for the storage of pre-purified LXe without sacrificing the target purity. To this end, ReStoX is connected to the detector (for filling and fast recovery) and to the purification system via an independent heat exchanger (for purification of the gas in ReStoX but also as a way to fill the detector). The latter also provides access to the distillation column. All components of the gas-handling system, their relative placement and connections are shown in figure 3.2. ReStoX is installed on the ground floor, ReStoX has been succesfully built and installed in LNGS in 2014, integrated with the rest of the cryogenics plant. It still operates efficiently and will be used also for XENONnT experiment. Here we will follow the ReStoX history from its conception up to the commissioning in XENON1T.

ReStoX design studies

ReStoX has been initially studied and designed by the Subatech laboratory, the laboratory where at that time I was working, with the partnership of the Air Liquide company, because of their high expertise of industrial systems. At the end of the studies, with Air Liquide we wrote a patent [117]. A second design, for an increased capacity (and a reduced cost) has been done by our engineer Jean-Marie Disdier in collaboration with the company Costruzioni Generali who was in charge of the construction. The heat exchanger has been designed and built by a different company, DATE, and cryogenic valves by Thermomess.

The P&ID of ReStoX is showed in Fig. 3.12. The circular object is the sphere. Its content is measured by two independent methods: the combination of three weight sensors (indicated by WE prefix), placed below its support structure, that, combined together, offer a reliable measurement of the whole system, xenon included; a differential pressure sensor (DPT) that, by measuring the pressure difference between the top (where we have gaseous phase) and the very bottom of the sphere, allows to measure the potential energy of the liquid. This second method allows to measure the mass of the liquid phase only and, as consequence (known the shape of the sphere and the volume occupied by all internal equipment), acts also as an indirect level meter. At the left side of the figure, there are the injection pipes of nitrogen, meant to feed the sphere cooling system and the internal condenser. The top left part is the evacuation system, connected with the ventilation system of LNGS. Our system is equipped with two redundant rupture disks (PSE), that will break over 70 bars, followed by two pressure valves (PSV) who open only after 72 bars. With this solution, we have the triple advantage of a tight system in normal operations, fast reaction in case of overpressures, and no extra loss of xenon when pressure will go down. Finally, on the right side, we have an external coaxial heat exchanger (built by Ravanat company) that connects ReStoX with the cryostat (passing through the pumps of the purification system). Thanks to the heat exchanger, the heat losses that are unavoidable when transferring xenon our from ReStoX, are suppressed by 95%, a value that we measured with a prototype built at Subatech [START_REF] Chen | Improvement of xenon purification system using a combination of a pulse tube refrigerator and a coaxial heat exchanger[END_REF].

The cryogenic valves used for ReStoX (built by Thermomess company, see in Fig. 3.13 an example of the many type of valves used) have been tuned in order to withstand the high pressures demanded by ReStoX (72 bar) and to provide extreme low internal and external leaks. Low external leaks are required to avoid the passage of Radon, one of our main background sources, that could then move in direction of the TPC. Low internal leaks are important in the rare case we might dismount a pipe for maintenance. In that case one extremity of the valve will be in contact with air. Radon is not a problem in this case, given its very small life-time and that during maintenance periods we don't take data. The problem is rather the Krypton contamination. If Krypton enters, we would be obliged to start another distillation process to eliminate it, causing delays to the experiment. These valves have been measured to have leaks down to 10 -9 mbar l/s.

Construction and Installation

Every component of ReStoX (external heat exchanger, the condenser and the cryogenic valves), fabricated by other companies, has been sent to Costruzioni Generali company, responsible for the construction of the main sphere. Figure 3.14 shows different phases of construction. ReStoX has been the first subsystem of XENON1T to be installed (after the service building and the water tank of course) and around it we started to create the nitrogen and xenon pipes.

Commissioning

The commissioning phase of ReStoX lasted several months. During this period the other cryogenics subsystems, the TPC, the DAQ, the Slow Control system, have been all built and installed on the XENON1T site. Step by step, the electric, the xenon and nitrogen networks, connecting all of them have been installed. During this phase, we did several commissioning tests. At beginning some tests meant to measure the safety level and the performances of the system as stand-alone one. Then, as soon as the other systems arrived, we tested, by reproducing them, all the operations that were involving ReStoX and these systems. I will list here the most relevant ones.

Outgassing elimination Before filling ReStoX with xenon, we need to be sure that ReStoX is internally extra clean. Despite all efforts on doing professional cleaning by electro-polishing all surfaces, there might be still some trace of unwanted materials. In addition, ReStoX has been so far in contact to the ambient atmosphere, therefore stainless steel absorbed air and its humidity. We do not want to put xenon in contact with electro-negative impurities, so we need to get rid of oxygen and water present in the stainless steel. ReStoX has been evacuated with a Turbo pump lowering the pressure down to 8.5 • 10 -7 mbar, which is the value under the range of the vacuum gauge. Also the volume in the insulating jacket (the area between the two spheres) have been evacuated at the same level (5.41 • 10 -5 mbar), allowing a very good thermal insulation. In order to improve the outgassing, we covered ReStoX with thermal covers that increased the temperature of the steel up to 70 • C. We performed measurements with a Residual Gas Analyser (RGA) before and after the outgassing. The result is shown in Fig. 3.15, where there is no excess of any atom and where there is no difference before and after the final outgassing procedure, demonstrating that ReStoX is clean and that cannot be cleaner than that level.

Leak checks

The search for leaks is very important for noble liquid dark matter experiments, because if the whole system is not enough isolated from the ambient, there might be a risk to get Krypton and Radon contamination. The leak check consists, after evacuating the system, in monitoring a possible increase of the vacuum pressure. Initially we found some leaks, we spent some days to find them and fix them. In some cases we fixed the problem by welding some connections that initially were foreseen to be removable. The final leak rate measured was lower than 4.0 • 10 -10 mbar l/s, that has been considered satisfying.

Cooling test in vacuum

We performed several cooling tests, to verify the performances of the system and, most important, quantify its possible limitations, in order to avoid the risk to provide too few or too much cooling power (with the risk of freezing xenon). The first test has been Raw material (left, panels for the sphere ; right, pipes for cooling system) Fabrication (welding, cleaning, eletropolishing) Installation (mounting components, placing inside the service building) performed when ReStoX was still empty. We used only the sphere cooling system, which is the one that provides the highest cooling power. This is reported in Fig. 3.16, that shows the evolution of the temperature over the time. Six curves are shown, corresponding to the measurement of six temperature sensors (PT100) welded on the external surface of the inner sphere, two on top, two at middle height and two on bottom of the sphere. Actually the sensors are twelve, since there are two sensor for each of the mentioned ones. We have two of them not only for an extra redundancy, but also because one is welded directly on the sphere and one on the cooling pipe. The distance between the two is about two centimeters. During any operation on ReStoX, we need to have care of never have a temperature difference between these two temperatures higher than one degree, otherwise the mechanical dilatation could be too unequal and the pipes around the sphere could break. The twin measurements are not shown in the picture, but are continuously monitored by the Slow Control system. In this picture we see three phases. At the first one, the sphere, initially at ambient temperature, is cooled down to the set point of -100 • C. The bottom part of the sphere cools down quicker than the top, given that the nitrogen flows from the bottom to the top. This process lasted about 74 hours. After that, we completely stop the cooling system, letting the temperature to increase. This increase is very interesting because it allows us to measure the real heat losses of the system. We measured 48.4 W, better than the 50 W that we estimated at the design level.

At the third phase we flushed the system with warm nitrogen (liquid nitrogen warmed up by an electrical heater) to rise up the temperature. This test was also very important to tune the shutters of the proportional valves used to inject nitrogen in the system. Xenon filling Once we finished all tests feasible without filling ReStoX with xenon, we decided, in May 2005, to start filling ReStoX with a small amount of gaseous xenon, 110 kg. The total xenon inventory from various suppliers comprises research-grade gas with a low concentration of impurities, especially nat Kr. The impurity level was measured in sets of four gas bottles by gas chromatography (custom-optimized Trace GC Ultra from Thermo Fisher) [118]. In case a higher level than specified was detected, the bottles were purified using the distillation system before adding the gas to the storage system. We profited to test also the opposite process. By putting a bottle in a nitrogen bath, we recovered 10 kg of xenon in a bottle.

Second cooling test With ReStoX fill with xenon, even with a small amount of 110 kg, we can finally test the second cooling system, the condenser. It is shown in Fig. 3.17. The goal of this test is to verify the ability of the condenser to provide at least 3kW of cooling power. For this test the electrical heater placed below the condenser (R302) has been first put at maximum (2kW), so that the pressure increased from 1 to 1.45 bar. Then, the condenser is switched on (valve TCV303 at 32%) and we observe the drop of pressure, from 1.45 to 1.05 bar. The cooling power of the condenser is then extrapolated from the variation of the internal energy U of xenon and the duration of this process, as it is shown on the table 3.3.

At beginning we have a power of 3.13kW, while then we measure a lower value, 2.56kW. This is due to the energy accumulated on the sphere and on the heater during the initial heating phase, that is released later on, when the temperature difference between the sphere and the xenon increases. During the initial heating phase, the energy provided by the heater is 3250kJ, of which: 1695kJ sent on xenon, 10kJ sent to the LN2 inside the condenser (that was kept flowing a bit, with TCV303 at 1.8%, to avoid to heat the condenser). All the rest is sent to the metallic components.

We conclude that we are capable to provide 3kW of cooling power with a pressure in the LN2 dewar of 2.2-2.3 bar and with a nitrogen valve opened at 30-35% only.

Pressure stability The main priority of the condenser is not to provide high cooling, but to provide a highly efficient regulation system to keep the pressure stable and at the desired set point. Also, we want that the pressure changes quickly enough from a set point to another. It is our main instrument to operate ReStoX during the delicate phases of filling and recovering xenon from/to the cryostat. The first work consists on developing, with the Slow Control tools, an algorithm to make the pressure stable over the time. The logic is presented in Figure 3.18 (left). This is done by regulating the opening/closing of the valve FCV303 (the one that feeds the condenser with nitrogen) and the power provided to the electrical heater (R302). We demonstrated the ReStoX capability to keep the pressure at the desired level. Under the presented schema, we were able to keep the pressure at 1080 mbara with a maximum oscillation of +/-10 mbara, then we changed the algorithm in order to let the pressure oscillating around the setpoint +/-5 mbara. The result is shown in Fig. 3.18 (right). Filling test We tested the filling of the cryostat from ReStoX with an initial amount of gaseous xenon. The goal is to increase the pressure in ReStoX in order to let it travel towards the cryostat, passing through the purification circuit. The result is shown in Fig. 3.19. We changed the set point to about 1.3 bara. Then we opened the valve FV310 (to the purification) to start the cryostat filling. We did not go through the getter and we did not use the QDrive pump, we just went directly from the purification to the cryostat. We realized that the power provided to the heater (25%) was not enough to fill the cryostat and keep the pressure constant at 1.3 bara, so we changed to heating power to 50%. After that changing, we filled the cryostat and the pressure inside ReStoX was kept at the desired level controlling only the valve FCV303 and keeping the heater "on" at 50%. Once filled the cryostat with a bit more than 1 bara of Xenon we closed the valve FV310 and lowered the pressure set point in ReStoX to 1 bara. The pressure drops quite fast from 1.3 to 1.03 bara, but then it took almost 1 hour to go down to 1 bara. This was due to the cooling of the bottom part of inner sphere.

Recovery test

The first recovery test is rather a depressurization test. In case the pressure in the cryostat increases over a certain threshold, ReStoX has to intervene in order to quickly take a certain amount of gaseous xenon so to restore the pressure under the threshold level. The logic to drive the opening of the recovery valves (from cryostat to ReStoX) has been implemented and tested. For this test we fixed the range pressure inside the cryostat to be between 1.08 and 1.15 bar. When we reached 1.15 bar inside the cryostat, the valves were opened by the Slow Control and Pressure rise test ReStoX cooling system is based on liquid nitrogen, that is provided by means of a big 10000 liters liquid nitrogen reservoir placed at the entrance of the Hall B in LNGS. The policy stipulated with the Linde company who provides nitrogen filling is such that this reservoir will be never empty. However, in case of human mistake or serious accident in LNGS (an earthquake, for instance) it might happen a priori that the underground site could become inaccessible for several hours or even days.

In case of total absence of cooling systems, xenon temperature increases. Because of the high thermal inertia of liquid xenon and the stainless steel and because of the low heat losses (50 W), the temperature increase is extremely slow. ReStoX has been designed to withstand a pressure of 73 bar (in particular it has been tested up to 100 bar). The first quantity to be measured is the time required before xenon reaches the ambient temperature and what is the final pressure. This was calculated before by Air Liquide during the first studies, obtaining reliable results, but then, after the installation we were capable to perform a direct measurement on the real system.

A pressure rise test has been performed in February 2016. During the test the cooling system (through the condenser) has been closed and the rising pressure curve was studied to infer the total heat load in ReStoX with 3520 kg of Xe in it.

At the beginning of the test, the cooling was turned off and the pressure starts to rise due to the heat load entering the system. The test lasted for 1 week and the pressure inside ReStoX rose from 1.0 bara up to 1.75 bara (Fig. 3.21. That large pressure interval has been divided in several smaller intervals and for each of them we evaluated the power and the time required to bring the system from a certain pressure to next higher one.

From Fig. 3.21 it is clearly visible a fast increment of the pressure (black curve) at the beginning of the test and this is due to the thermal stratification in the gas phase. That aspect affects also the calculation of the power provided to the xenon (blue line) in the early stages of the test. In fact at beginning the estimated power is around 90 W, then suddenly decreases to a more stable level around 23 W.

The heat load has been calculated in the following way. The power required to bring the xenon from a pressure p1 to p2 is given by:

P = ∆U Xe /t (3.1)
where ∆U Xe is the difference of the xenon internal energy and t is the time needed in seconds. The xenon internal energy at a certain pressure can be calculated by solving a system of 2 equations, one on the total xenon mass (M tot = 3520 kg) and one on the total volume (V tot = 5100 liters):

V l • ρ l + V g • ρ g = M tot V l + V g = V tot (3.2)
where V l is the volume occupied by the liquid xenon, V g is the volume occupied by the gas and ρ l and ρ g are the densities of liquid and gas xenon at that pressure. Once we know these volumes, the internal energy is obtained using the following:

U Xe = V l • ρ l • U l + V g • ρ g • U g (3.3)
where U l and U g are the internal energy per kg of liquid and gas xenon respectively. All parameters are taken from NIST database. This test allowed us to have a direct quantification of the slowness of the warming up of the ReStoX system in case we have an interruption of the cooling. Strong with this result, in what follows we derive other useful quantities with the final goal to have a good predictive power on what would happen if ReSToX stays for long periods without cooling system and, in the most worst scenario, what happens if ReStoX loose at same time also its insulation.

The measurement of the ReStoX heat load During the pressure test we estimated also the thermal inertia of the sphere, allowing to perform a more precise measurement of the total ReStoX heat load. For that calculation, we used the following formula to evaluate the variation of the internal energy of the sphere for each pressure interval considered:

∆U sphere = C p • M sphere • ∆T (3.4)
where C p is the specific heat at constant pressure (0.36 kJ/kg and supposed to be constant with respect to the temperature) of the stainless steel at about 165 K, M sphere is the mass of the inner sphere of ReStoX (about 4400 kg) and ∆T is the difference of the mean temperatures of the sphere. Fig. 3.22 (left) shows the evolution of the 6 temperatures on the sphere during the test, while in (right) are plotted the power provided to xenon (in blue) and to the sphere (in red). The black curve represents the sum of both contributions and this value should correspond to the total heat load of the system at those temperatures. The calculation of the ReStoX heat load at different temperatures The thermal transfer between the environment and ReStoX occurs mainly through 3 ways: the sphere itself, that is insulated with multi-layer insulation (MLI); the "neck", the feedthrough on top of the sphere where the condenser has been inserted in the sphere (it is the place where all pipes come out from RestoX); and the four titanium rods that support the inner sphere.

Since the inner sphere is completely wrapped by MLI, the heat load coming from the sphere has been calculated using the following formula:

Q sphere = S M LI • λ M LI • ∆T /δ M LI (3.5)
where S M LI is the surface covered with MLI, that means the external surface of ReStoX inner sphere (15.9 m 2 ), λ M LI is the conductivity of MLI that we considered constant at 2 • 10 -6 W/(cm K) from 165 K up to 290 K, ∆T is the difference of the two boundary temperatures (290 K of the environment and the temperature of the Xe) and finally δ mli is the thickness of MLI (we assumed 1 cm).

Concerning the neck, we considered only the conduction through the cylinder neck and the heat load is given by:

Q neck = S neck • (ICT Troom -ICT T Xe )/δ neck (3.6)
where S neck is the cylinder section (32.2 cm 2 ), δ neck is the height of the cylinder (50 cm) and the two ICT are the integral of the thermal conductivity at room temperature (290 K) and at xenon temperature.

Finally, for the 4 titanium tie-rods that support the inner sphere with a section of 1.3 cm 2 and a height of 30 cm, the formula to obtain the heat load through these rods is: where this time ICT are the integral of the thermal conductivity of Titanium.

Q rod = S rod • (ICT Troom -ICT T Xe )/δ rod (3.7) 
Fig. 3.23 shows the heat load from each contributor as a function of the temperature of the xenon inside ReStoX. The contribution from the sphere is the highest because, despite the very good insulation, it is amplified by the very large surface of the sphere. Vice versa, the losses from the neck are high but from a limited surface. The rods contribution is negligible. Of course when the temperature of xenon increases, the heat loads get lower and lower since the temperature difference (environment-xenon) is smaller.

Pressure and temperature evolution Known with good precision all quantities concerning ReStoX and its thermal exchange with the outside, we are now ready to perform a precise calculation of the pressure and temperature evolution in case of total loss of cooling system for long periods. For each step the heat load assumed is the one at the lowest temperature (lowHL). If the mean heat load is used (meanHL), the time needed to reach a particular temperature is longer. Fig. 3.24 shows the number of days needed to reach a certain temperature or pressure if the system is left without cooling system and the vacuum in the insulation jackets is not broken. The red line represent the evolution of the temperature when using the mean heat load, while in black you have the temperature evolution when using the heat load at the lowest temperature. The time needed at each step is calculated taking into account the variation of internal energy of xenon and of the stainless steel sphere, divided by the heat load. In the current situation with 3520 kg of xenon, it will take about one year to reach the room temperature, and the pressure will stay anyway below 61 bar absolute, well below the maximum allowed (72 bar).

In case we lose the vacuum in the insulation jacket and we have no cooling power, the situation is of course worst. Fig. 3.25 shows the pressure evolution in this new scenario, compared to the previous one. The conclusion is that it will take about a week to evaporate all the liquid Xenon Figure 3.24: Xenon temperature (top) and pressure (bottom) evolution in ReStoX as a function of the days without cooling system with 3520 kg of xenon. and reach the maximum pressure.

The future for xenon sotorage: ReStoX2 and beyond

Given the larger size of the XENONnT detector, a new storage system bigger than ReStoX is necessary. The new system, which is complementary to ReStoX, is called ReStoX2 and has a capacity of 10 t. ReStoX2 is under responsibility of the three French groups (LAL, LPNHE and Subatech) and I am leading the working group that is responsible for its design construction and commissioning. ReStoX2 has been installed in LNGS on July 2018 after six months of construction and it is now under commissioning phase. Figure 3.25: Xenon pressure evolution with no cooling power and with loss of vacuum in the insulation jacket (red curve). As comparison, in black is reported the previous case, with the only loss of cooling power. Fig. 3.26 shows a 2D drawing of the ReStoX2 design. Table 3.4 lists the key differences on design parameters between ReStoX1 and ReStoX2. Just like its predecessor, ReStoX2 has been designed to withstand pressures from vacuum up to 70 bar. This allows for keeping the whole xenon inventory safe even at ambient temperature, thanks to 33 mm thick stainless steel walls and dedicated cryogenic gate valves. ReStoX2 is a cylindrical vessel with 1.45 m diameter and 5.5 m height. It has an LN2-based inner cooling system made of a parallel-plate heat exchanger. While the first ReStoX cooling principle was to cool down xenon efficiently but without freezing it, the ReStoX2 approach is more aggressive: xenon is recovered by crystallization, with a target recuperation flow of one ton per hour. The installation of ReStoX2 will start at the beginning of spring 2018, when it will be connected to ReStoX, the detector cryostat and the rest of the cryogenic systems through a piping system (see the part of XENONnT P&ID concerning ReStoX2 in Fig. 3.27). The filling of the cryostat from ReStoX2 is done by passing through ReStoX, which has a sophisticated system that regulates the pressure at high precision. The recovery from the cryostat to ReStoX2 works directly and can be done both in a controlled mode, with a dedicated gate valve, and in emergency mode, with a rupture disk regulated at the cryostat pressure of 2.5 bar to prevent xenon losses from any possible accident of the cryostat. Such fast recovery is triggered also in case of vacuum losses of the cryostat insulation, ensuring prompt reaction and extra safety. Chapter 4

Light and Charge Yields

The sensitivity of a dark matter direct detection experiment must not be improved just by simply increasing the detector size. We need to work hard in order to also reduce the background and to increase the efficiency of the experiment. A larger TPC implies also a longer drift time of electrons induced by ionization, therefore purification from electronegative impurities is more demanding. A high concentration of impurities means a reduction of the ionization signal, that has in turn a very bad impact on the trigger efficiency since the trigger relies more on the ionization signal given that it is more intense than the primary scintillation light. I developed for XENON100 the methods to measure the electronegative impurities and to perform the corrections to be applied to the observed ionization signal in order to derive a correct energy measurement.

How the signal is produced in a TPC

The XENON100 detector is filled with a total of 161 kg of ultra pure liquid xenon (LXe) divided in two concentric cylindrical volumes. The inner target volume is a two-phase (liquid/gas) time projection chamber (TPC) of 30.5 cm height and 15.3 cm radius containing a xenon mass of 62 kg. A particle interaction in the LXe target creates both excited and ionized Xe-atoms, which combine with the surrounding atoms to form excimers. De-excitation of these excimers leads to a prompt xenon scintillation signal (S1), which is recorded by photomultiplier tubes (PMTs) placed below the target in the LXe and above in the gas phase. Due to the presence of an electric drift field of 530 V/cm, a large fraction of the ionization electrons is drifted away from the interaction site in the TPC with a drift velocity v d 1.73 mm/µs. Electrons which escape recombination and are not trapped by impurities are extracted from the liquid into the gas phase by a strong extraction field of ∼12 kV/cm, and a light signal (S2) is generated by proportional scintillation in the gas. The S2 signal is detected by the same PMTs but is delayed by the drift time t d , which is the time it takes the electrons to drift from the interaction site to the liquid/gas interface. 3-dimensional event vertex reconstruction is achieved using t d and v d to reconstruct the z position (z = v d t d ) and the hit pattern on the PMTs in the gas phase to reconstruct the (x, y) position. The ratio S2/S1 is different for electronic recoil events from interactions with the atomic electrons (from γ and β backgrounds), and for interactions with the nucleus itself (nuclear recoils from WIMPs or neutrons), and is used to discriminate the signal against background. For this reason, it is of extreme importance to perform a precise evaluation of S1 and S2 with the highest gain and the smallest undertainties.

The PMTs are 1 inch × 1 inch Hamamatsu R8520, selected for high quantum efficiency (up to 32%) and very low intrinsic radioactivity. 80 tubes are immersed in the LXe below the TPC to ensure high light collection. 98 PMTs are placed in the gas phase above the target, arranged in concentric rings with the outmost ring extending beyond the TPC edge for improved (x, y) position reconstruction.

This section describes how light and charge are measured in XENON100. Upper case latin letters in S1 and S2 are used for the actual measured quantities while lower case letters in s1 and s2 denote expectation values.

For a given energy deposit E u of an interaction of type u (u ≡ nr for nuclear recoil or u ≡ ee for electronic recoil) in the presence of a drift field of strength E, the combined probability P (N γ , N e | E u , E) for the generation of N γ photons and N e escaping electrons shows, in general, an anti-correlation between the number of photons and electrons. This is due to charge recombination processes which can lead to additional scintillation light. At low energy deposits, such as for nuclear recoils in the dark matter region of interest, however, the measurement uncertainties due to statistical fluctuations in the number of generated photons dominate the width of the observed probability distributions. Hence, P can be approximated by independent Poisson processes:

P (N γ , N e | E u , E) ≈ Poi(N γ | n γ ) Poi(N e | n e ). ( 4.1) 
The average energies needed for creation of one information carrier (photon or free electron) are expressed by effective "W -values", which depend on the interaction type, the drift field, and, at low energies, also on the deposited energy. The field dependence can be factorized with functions S u for the reduction in light yield due to field quenching and T u for the loss of charge due to recombination. The expectation values n γ (E u , E) and n e (E u , E) can then be written as

n γ (E u , E) = E u W γ (E u , E) ≈ E u W γ (E u , E = 0) S u (E), (4.2 
)

n e (E u , E) = E u W e (E u , E) ≈ E u W e (E u , E → ∞) T u (E), (4.3) 
where S u (E = 0) = 1 and

T u (E → ∞) = 1.
In xenon dark matter detectors, the energy calibration of nuclear recoils is accomplished by comparing the signals from known γ-ray lines to dedicated measurements of the functions W γ and S u , or W e and T u , which differ for electronic and nuclear recoils. In order to minimize the systematic uncertainties of the cross-calibration resulting from modelling the detector responses, a reference source is frequently used. Historically, this has been the 122 keV ee line from 57 Co decay, where the keV ee represents the electronic-equivalent recoil energy. The in situ measured light and charge yields at 122 keV ee can be used as fixed points to establish the energy scale at lower γ-ray energies and for nuclear recoils, using the ratios of W γ (E u ) and W e (E u ) relative to this reference, and applying the functions S u (E) and T u (E), respectively. Currently, for nuclear recoils (E u ≡ E nr ), W γ (E nr ) has been measured to lower energies than W e (E nr ). Hence, XENON100 uses the primary scintillation light to establish the energy scale for nuclear recoils.

Measurement of the primary scintillation light The expectation value for the primary scintillation light signal S1 on PMT i with a gain g i in units of electron charge is

s1 q i ( r) = n γ (E u , E)γ i ( r)η i g i = n γ (E u , E)µ i ( r) g i , (4.4) 
where q denotes an integral over the current pulse, γ i ( r) is the probability for a photon created at position r within the TPC to reach the photocathode of PMT i and η i is the product of quantum and collection efficiencies for that PMT. The combined function µ i ( r) is the light detection efficiency and is measured with γ-ray calibrations. The raw data processor converts the measured signal into units of photoelectrons, using the estimates of gains which include an electronic amplification factor of 10. Since errors in the determination of the combined PMT and amplification gains are typically < 2%, these will be neglected in the following. Hence the expectation value for the primary scintillation signal on PMT i in units of photoelectrons (PE) is

s1 i ( r) ≈ n γ (E u , E) µ i ( r). (4.5) 
If M is the number of PMTs in the TPC, the energy deposit for nuclear recoils E nr determines the expected total primary scintillation signal s1 as

s1( r) = M i=1 s1 i ( r) ≈ n γ (E nr , E) µ( r) =E nr L y (E ee = E ref , E, r) × L eff (E nr , E = 0) S nr (E) S ee (E) , (4.6) 
where µ( r) = i µ i ( r). L y is the measured light yield (in PE/keV ee ) for a reference γ-ray energy E ref at the given electric field and position [see Eqs. (4.2) and (4.5)], given as

L y (E ee = E ref , E, r) = S ee (E) µ( r) W γ (E ee = E ref , E = 0) . (4.7) 
L eff is the relative scintillation yield of nuclear recoils with respect to the reference γ-ray line at zero field, which equals

L eff (E nr , E = 0) = W γ (E ee = E ref , E = 0) W γ (E nr , E = 0) . (4.8) 
S nr and S ee are the reductions in light yield due to field quenching for nuclear and electronic recoils, respectively.

The data analysis is usually performed with the "spatially-corrected" measured signal

cS1 ≡ S1( r) µ µ( r) , (4.9) 
where µ is the spatial average. For this spatially-corrected signal, cs1 corresponds to the detectoraveraged signal expectation value

cs1 ≈ n γ (E nr , E) µ = E nr L y (E ref , E) L eff (E nr , E = 0) S nr (E) S ee (E) , (4.10) 
where L y is the detector-averaged light yield.

Measurement of the charge

The ionization electrons produced at an interaction point drift through the liquid, where losses occur due to attachment to electronegative impurities with characteristic time τ e . Electrons reaching the liquid surface are extracted into the gas phase with a yield κ that depends on the extraction field E gas . The same field is responsible for the proportional scintillation light signal S2 for which the light amplification factor Y results from collisional excitation of the atoms in the gas by the field-accelerated electrons. The expectation value for this secondary scintillation light signal on PMT i in units of PE is described by

s2 i ( r) ≈ n e (E u , E) e -t d /τe κ(E gas ) Y E gas ρ , h g β i (x, y)η i . (4.11) 
Y is also called secondary scintillation gain and it depends on the ratio of E gas to the gas density ρ, and on the size of the gas gap h g . Due to mesh warping or to an inclined liquid level, E gas and h g can be (x, y) position dependent. β i (x, y) is the probability for a photon created at the position (x, y) in the gas gap to reach the photocathode of the PMT i. Since the S2 signal is created in a narrow gas gap (h g ∼ 2.5 mm) , β i (x, y) can be considered as a function of (x, y) only. Gamma calibration lines can be used to measure the product δ i = κY β i η i . Currently, only the sum over the PMTs is measured, resulting in an estimate δ(x, y) = i δ i (x, y).

The analysis is usually performed with the corrected measured signal:

cS2 ≡ S2( r) e t d /τe δ δ(x, y) . (4.12) 
Using Eqs. (4.3) and (4.11), the expected total secondary scintillation signal for nuclear recoils can be written as

s2( r) = i s2 i ( r) = E nr Q y (E nr ) e -t d /τe δ(x, y), (4.13) 
where

Q y = T nr (E)/W e (E nr , E ref )
is the measured charge yield of nuclear recoils (in e -/keV nr ) at the given electric field.

The key parameters As explained above, the measured S1 signal is used to estabilish the energy scale for nuclear recoils. Therefore a very important parameter that has to be measured is the detector-averaged light yield: L y (E ref , E) , evaluated at a E ref = 122 keV ee and at the electric field E in which XENON100 operates. This quantity may depend on the time, because it depends on several parameters that may change during the operations of the detector, like PMT gains. Its unity is PE/keV. S2 signal is not used for the energy scale, however it is mainly responsible to the trigger of the recorded events and it is also heavily used, together with S1, for ER background suppression. Therefore it is important to quantify the parameters that may be subject to modify its yield. Rather than monitoring the charge yield Q y (the number of electrons extracted per deposited energy) we monitor the so called S2 gain, that corresponds to the amount of observed light (expressed in PE) per deposited energy. In normal conditions, light yield and S2 gain (as well as the charge yield) are supposed to be constant over time. A variation of these parameters over few percent, might unreveal a possible anomaly in the detector.

In addition, the characteristic time τ e , also known as electron lifetime, needs to be carefully evaluated since it changes over time, given that the xenon is continuosly cleaned by means of the gas purifation system. I have been responsible in XENON100 of the measure and monitoring of all these parameters, with the goal to also investigate, in case of relevant variations, the possible causes that might have generated them.

Evolution of light yield over time

Light yield measurement has been performed in XENON100 by means of 137 Cs calibrations. The detector is exposed, at least once per week, to 30 minutes of this source. 137 Cs emits gamma with energy of 662 keV. Its photoelectric peak in xenon can be easily identified and fitted with a Black data points are the ones used for the stability study, since they correspond to the same experimental conditions of dark matter search. The points with different green tonalities are from data taken with a different value of the cathode voltage. With low voltages, the electric field is smaller, thus enhancing the recombination of electrons, favouring more prompt scintillation light. In November 2011 we have an interruption of the purification circuit due to a fault of the chiller that is responsible to absorb the heat in excess from helium compressor used in the xenon cooling system. Because of this interruption, the impurities emitted by outgassing of materials inside the cryostat were accumulating inside the TPC. In addition, when the purification cicruit stops, the xenon liquid level increases by few millimeters (since in normal conditions the purified xenon is injected on the top of the TPC, pushing down the liquid level). In that case, liquid xenon washes some surfaces that were not in contact with the liquid, thus releasing in xenon extra impurities. As it is visible from the figure, this decreases the transparency of xenon, hence reduced the light yield.

The xenon purity and the electron lifetime

With current detectors, for stable observation of ionization signals with high ionization yield, the concentration of electro-negative impurities in liquid xenon has to be below 1 part per billion (ppb). The reaction of an electron with an impurity S leads to the formation of a negative ion. After an interaction in liquid xenon, an electron cloud drifts towards the gas phase thanks to a vertical electric field. The decrease of the election concentration N (t) is given as

dN/dt = -k S N [S], (4.14) 
where [S] is the concentration of impurity given in mol/l and k S is the attachment rate constant, expressed in l/(mol s). As consequence, the temporal variation of the electron concentration N (t) is then given as

N (t) = N (0) • e -t/τ , (4.15) 
where the characteristic time τ = (k S [S]) -1 is called the electron lifetime. Often it is useful to translate the "lifetime" of electrons in terms of "attenuation lenght" of electrons

λ att = v d τ (4.16)
where v d is the electron drift velocity, a parameter that depends on the electric field and the temperature. With the field used in XENON100, E = 0.53 kV/cm and the xenon temperature, T = 182 K, we have v d = 0.173cm/µs. This aspect will be treated more deeply later on, when I will make an attempt to measure it directly with XENON100 data.

In case of more impurities, we need to extend the calculation of the electron lifetime with

τ = ( i k S i [S i ]) -1
(4.17) where i runs over more impurities.

The attachment rate k S may differ a lot depending on the specific electro-negative impurity and may have different dependency with the electric field. Fig. 4.3 shows the attachment rate of electrons in liquid xenon to several solutes at the temperature of 165 K.

Liquid xenon is in general always contaminated by more impurities and the type and concentration of impurities is unknown, therefore such a formula has no practical application. The most useful approach is with data analysis, by measuring directly the exponential decay in time of electron cloud concentration, through the measurement of the iosization signal S2 as a function of the electrons drift time. This represents also the most coherent solution, since the τ measured in this way is compatible with the corrections that have to be applied to S2 signal, deleting most of systematics uncertainties. As soon as τ is known, we can interpret the results a posteriori in terms of impurities concentration. Often we represent xenon purity in terms of Oxygen equivalent, i.e. as if only O 2 gas is dissolved in xenon

[S O 2 ] = i k S i [S i ] k O 2 (4.18)
At the field and temperature used in XENON100, the attachment rate is of the order of k O 2 = 10 11 l/mol/s.

In what follows, I will use, in any context in which a conversion from τ e to N (t) is necessary, the following dimension-dependent oxygen-equivalent formula:

N (t)(ppb) = 10 15 • M (g/mol) τ e (us) • k O 2 (l/mol/s) • ρ(g/l) (4.19)
where ρ = 2827 g/l is the LXe density at 182K, M = 131.3 g/mol is the atomic weight, k O 2 = 9.73 • 10 10 l/mol/s is the attachment rate constant at 0.53 kV/cm and 165 K [START_REF] Bakale | Effect of an electric field on electron attachment to sulfur hexafluoride, nitrous oxide, and molecular oxygen in liquid argon and xenon[END_REF]. The formula can be reduced in the compact form:

N (t)(ppb) = 477 τ e (us)
A concentration of 1 ppb (oxygen equivalent) corresponds to an attenuation length of about 1 meter.

The main source of electro-negative impurities in xenon comes from the outgassing from the vessel containing liquid xenon and other materials placed inside. Several methods have been developed for the removal these impurities. For XENON100 this is done by a purification circuit using a high temperature zirconium getter (see section 2.3.4), whose rate is about 5 SLPM (standard liters per minute). The competition between the outgassing rate and the purification performances determines the way how the xenon purity increases, as I will show in next section.

Measurement of electron lifetime

The electron lifetime is estimated from an exponential fit of the S2 signal as function of drift time by using gamma from a 137 Cs source. The principle is shown in 4.4: the drift time axis is divided into 3.2 µs slices between 6.4 µs and 131.2 µs. The bottom of the TPC (high drift times) is not considered to avoid the non uniform electric field region. S2 values correspond to the median of S2 signals for each slice, selecting single scatter events which are part of the photoelectric peak (using S1 signal) and not at the border of the TPC (to avoid the effects from the xy correction). There is also a condition on the number of events (>10) in each slice. Finally, a radial cut on the position of the interactions has been applied in order to make the measurement compatible to the analysis of dark matter search. For this analysis, only S2 light observed by the Bottom PMT array is used, since the Top PMT array might be subject to saturation, given the high amount of light produced by the 662 keV gamma from 137 Cs source. The electron lifetime in this example is 656 ± 27 µs, that is almost twice the maximum electron drift time.

Evolution of electron lifetime

In order to modelize the evolution of the liquid xenon purity, we will first have a look at the pressure models that are present in the vacuum physics. Figure 4.5 shows the different causes that may contribute to a non null pressure in a system under vacuum pumping. The plot on the right is a pumpdown curve, i.e. the evolution of the pressure during vacuum pumping, that gives an idea of the different contributions over time:

• Volume: ∼ exp(-at). At beginning, a system put under vacuum presents a pressure that goes down exponentially, because of the elimination of the gas in the volume.

• Surface Desorption: ∼ t -1 . After a certain pressure, the regime changes and the first phenomenon, the surface desorption, appears to be dominant. Gas molecules (primarily water) are bound to the interior surfaces of the vacuum chamber through adsorption and absorption, and gradually desorb again under vacuum. The desorption rate of the metal surfaces in the vacuum system produces a gas yield that declines over time as the coverage rate decreases.

A good approximation can be obtained by assuming that after a given point the reduction will occur on a linear basis over time.

• Diffusion with Desorption: ∼ t -1/2 . Another phenomenon, less relevant, is the diffusion of gas inside the walls, until it reaches the inner surface where it is emitted by desorption. This is actually not only related to the wall but to any object that is present inside the vessel, in particular because this phenomenon is more relevant for plastic materials. As an approximation it can be assumed that the reduction over time will occur at the square root of the time.

• Permeation and Leaks ∼ const. Seals, and even metal walls, can be penetrated by small gas molecules, through diffusion. Since this process is not a function of time, it results in a sustained increase in the desired ultimate pressure. The permeation gas flow is proportional to the pressure gradient across the wall thickness and a material-dependent permeation constant.

Finally, a constant leak rate can be present due to any kind of leak. If a vessel is continuously pumped out at a volume flow rate, an equilibrium pressure will be produced if the throughput is equal to the leakage rate.

In case of liquid xenon detectors, leak rate is made subdominant and the volume phase is totally absent since the detector is well evacuated. Therefore with a vessel filled with liquid xenon, the electronegative impurities are due mainly to the surface desorption, generically known as outgassing, and, at the late instance, to the diffusion plus desorption. A very good approximation for a model describing xenon purity is to use a power law with an exponent as free parameter and we expect to obtain an exponent varying between -0.5 and -1. As expected, the electron lifetime increases because the purification system of xenon runs efficiently over time, making xenon more and more clean. We had during the scientific run some interruptions of the purification system. In those periods, the dark matter search is interrupted, waiting for the time necessary to have the purity back to the previous conditions. I wrote a model to represent the evolution of electronegative impurities concentration. This study, besides of a very good description of the measured evolution, allowed the determination of the performances of the purification system and of the outgassing rate.

The concentration of electronegative impurities N is determined by: 1) the purification process, 2) a continuous introduction of impurities (outgassing) and 2) an abrupt introduction of impurities due to several motivations. The latter is due by many factors, like a change of liquid level which washes warmer parts of detector material or a temporary interruption of the purification process which results in a fast accumulation of impurities by outgassing (later on this effect will be better quantified, for the moment we treat it as an instantaneous event). The differential equation that describes the evolution of N can be written as

δN (t) δt = - N (t) τ p + Φ ∞ + A (t -t out 0 + i ∆t i • δ(t -t i )) β + i N i • δ(t -t i )
where the first term describes the purification process (τ p is the characteristic purification time) and the other two terms describe the outgassing. The outgassing rate function is a decreasing power law with exponent β which converges to a constant value Φ ∞ at t = ∞. The temporal shift t out 0 has no other meaning than regulating, together with β, the decreasing speed of the outgassing. Finally, in the differential equation we added four delta function terms. corresponding to the four issues which produced a reduction of the purity level (and, as consequence, of the electron lifetime) during run 10. t i are the effective time in which the issues occurred, while N i are the amounts of impurities added to the system. We observe from the data that, after a big drop of purity (like for the "chiller issue" mentioned in the figure), even after a time 3 • τ p , the purity level is not equal to what would have been without that issue. This could be interpreted as an increase of the impurity concentration at the surfaces which emit outgassing. In the present model this is described by adding a sum with four ∆t i delays inside the outgassing term.

In using delta functions to account for the four issues, we are de facto assuming an instantaneous introduction of impurities N at a certain time t, neglecting the relatively slow increase of impurities due to an interruption of the purification system. This assumption has no impact at all on the result of the fit, since it affects periods during which we did not take data. N i and t i cannot be determined uniquely, therefore we will choose a fixed value for t i based on our best knowledge on when these issues happened (determined by the slow control data), while the corresponding N i are let as free parameters. In conclusion, the four parameters N i will suffer of an additional error due to the uncertainty of the respective t i that will be not determined in this scope. This first order, non homogeneous, differential equation cannot be solved analytically because of the shape of the outgassing term. Therefore N (t) has been obtained numerically (by the 5th order Runge-Kutta method with adaptive stepsize control from Numerical Recipes, modified in order to work in double precision). A numerical solution has the disadvantage to force the integration of the differential equation every time its parameters change during the fit procedure of N (t) (making the fit terribly slow), on the other hand it provides results with any desired level of computational approximation.

As explained above, parameters t noise and t chiller are fixed parameters. To define uniquely the solution of a first-order differential equation, we must also fix an initial condition by determining the value of N (t) at a given time t 0 . It is possible to choose t 0 and N (t 0 ) in such a way that their value does not perturb the fit result. In particular, the following choice has been done:

• Both t 0 and N (t 0 ) are fix parameters in our fit.

• t 0 has been chosen 30 days before the time of the first data point.

• N (t 0 ) has been obtained by linearly extrapolating to t 0 with a line coming from a linear fit of first data points.

In this way, since we know (a posteriori) that τ p is of the order of 3 days, at a distance of 30 days even a wrong choice of N (t 0 ) would have no impact on the evolution in the time interval studied.

In conclusion, the fit is performed with 13 free parameters (5 plus 2 for each of the four drops of purity). The red curve in Fig. 4.6 shows the result of the fit.

The parameters coming out from the fit are the following:

• τ p = (2.870 ± 0.013) • 10 5 s ∼ 79.7h ∼ 3.32d

• Φ ∞ = (1.56 ± 0.16) • 10 -6 ppb/s • A = (4.69 ± 0.12)ppb • s β+1

• t out 0 = (1.2859 ± 0.0006) • 10 9 s ∼ "2010-10-01 (LNGS time)"

• β = 0.872 ± 0.031

• ∆t 1 = ∆t noise = (1.1 ± 3.0) • 10 6 s ∼ 13d
• ∆t 2 = ∆t chiller = (5.6 ± 1.0) • 10 6 s ∼ 65d

• ∆t 3 = ∆t compressor = (5.1 ± 1.0) • 10 6 s ∼ 59d

• ∆t 4 = ∆t power = (-6.7 ± 6.2) • 10 6 s ∼ -78d

• N 1 = N noise = (2.652 ± 0.035)ppb

• N 2 = N chiller = (61.91 ± 0.70)ppb

• N 3 = N compressor = (1.356 ± 0.014)ppb

• N 4 = N power = (0.978 ± 0.010)ppb

As expected the parameter β ranges between 0.5 and 1, relatively close to 1, demonstrating that the outgassing is the main mechanism of impurities production. The value of τ p is about 3 days, which is very positive. With current XENON100 purification system, after about 3•τ p 10 days after a purification interruption, the purity level goes back to the previous values.

Interpretation of results

Since the presented model seems to characterize quite well the mechanism concerning the production and elimination of the electronegative impurities, we are able to derive, with the parameters obtained from the fit, the following informations: purification performances, outgassing rate in function of time, and contribution of outgassing during the 'chiller issue'.

Purification performances

The first term of the differential equation describes the purification process. τ p is the characteristic purification time and can be expressed by the following formula:

τ p = 1 • c
where c is the fraction of volume extracted (and sent to the purification system) per second (therefore it corresponds to the flow rate and its dimension is s -1 ), while (dimensionless) incorporates everything relating the extraction speed with the purification speed. In other words, represents a sort of efficiency (the fraction of impurities which are effectively removed from extracted GXe). might be bigger than one in case, for instance, the impurities are more concentrated on top of the detector.

Here, we use the flow rate monitored by the flow meter as c and evaluate , by checking how far it is from unity.

The flow rate during run 10 has been measured to be equal to Vflowmeter = 4.929 ± 0.008 slpm.

The flow rate can be converted to the fraction of liquid volume extracted per second with the dimension-dependent formula:

c(s -1 ) = Vflowmeter (slpm) • ρ GXe (g/cm 3 ) 60 • M Xe (kg)
By using the following values: xenon density in gas phase passing through the flow meter ρ GXe = 5.894 • 10 -3 g/cm 3 (this number is at 0 C and 1 atm), xenon total mass M Xe = 161kg, we have c = (5.413 ± 0.009) • 10 -6 s -1 . We can finally derive :

= 1 τ p • c = 0.6438 ± 0.0035
Possible systematic errors on this value are that electronegative impurities are more concentrated on bottom of the detector, resulting in an apparent increase of the purification system performances. Also, the attachment rate constant k is overestimated since we used only the oxygen equivalent value. Since the oxygen constitutes only one component of the total electronegative impurities, this number is only an upper limit. A smaller value of k would result in a decrease of .

Outgassing rate Once parameters related to outgassing are known, we can separately plot the evolution of the outgassing rate term during run 10:

Φ(t) = Φ ∞ + A (t -t out 0 + i ∆t i • δ(t -t i )) β
This is showed in Fig. 4.7, both in ppb/s and in mbar l/s (to show it in terms of P V ).

In this plot are visible the abrupts variations of outgassing rate after each episode of drop of purity. The dashed curves shows the uncertainties of ∆t i , giving an idea on how they are consistent with zero. ∆t 1 and ∆t 4 present bigger errors because there are not enough data points to measure precisely the purity level. Contribution of outgassing during the "chiller issue" Here we want to quantify the amount impurities which can be accumulated by outgassing when the purification system is interrupted for a certain period ∆T . As an example, we test the period during which we stopped the purification circuit during the 'chiller issue'. Fig. 4.8 shows the time interval during which the flow rate was zero (started in the night between November 1st and 2nd, 2011). From this plot we get the intervals [t start = 1320192776s, t stop = 1320334937s], consisting on a ∆T = 142161s ∼ 39.5h. The calculation of the integrated electronegative impurities is easy to do (since all parameters of the differential equation are now known) by removing from the differential equation the purification term and the delta terms and by solving, this time analytically, the equation.

δN (t) δt = Φ ∞ + A (t -t out 0 ) β ∆N = tstop tstart Φ ∞ + A (t -t out 0 ) β dt
By performing the integral we obtain ∆N = 0.444ppb, which corresponds to the 0.6% of the total impurities N chiller we accumulated during the 'chiller issue'. In conclusion, the contribution on the decrease of purity due to the outgassing is negligible.

Chapter 5

Single electrons charge signals

This chapter focuses on the very low-energy part of the charge spectrum (S2), within few tens of photoelectrons. Here we observe single-electron charge signals. These signals show the excellent sensitivity of the detector to small charge signals. They are explained as being due to the photoionization of impurities in the liquid xenon and of the metal components inside the TPC. They are used as a unique calibration source to characterize the detector. I will explain how they have been observed, characterized, then I will explain how we can infer crucial parameters for the XENON100 experiment: the secondary-scintillation gain, the extraction yield from the liquid to the gas phase and the electron drift velocity.

The top part of XENON100 TPC

XENON100 detector is a double phase (liquid/gas) time projection chamber (TPC) filled with xenon. An interaction inside the liquid phase will produce a recoil that can be detected via the ionization and excitation of xenon atoms and molecules. Here we focus on the ionization signal, therefore on mechanisms that involve mainly the top part of the TPC, as shown in Figure 5.1. Ionization electrons escape recombination drift toward the top of the TPC under an electric field of 530 V/cm and eventually reach the liquid-gas interface. Electrons are extracted to the gas phase where, under a higher electric field E g (∼12 kV/cm), the secondary scintillation S2 is produced. The drift electric field in the liquid xenon volume is produced between a cathode at negative potential and a grounded gate grid. Forty field shaping rings, regularly spaced along the TPC wall, ensure the homogeneity of the field. With those boundaries, the TPC is 30.5 cm high with a radius of 15.3 cm. The stronger electric field E g needed for the electron extraction is obtained by means of an anode grid placed 5 mm above the gate. A technique similar to the one of a diving bell was chosen to keep the liquid in the TPC at a precise level (h l ) between the gate and the anode grids. Finally, a second grounded grid is placed at 5 mm above the anode.

Because secondary scintillation photons are emitted along the path of the electrons in the gas gap h g between the liquid surface and the anode, S2 signals are much longer than S1 signals (S2 signal is ∼ 1 µs, mainly coming from a mean velocity of few mm/µs and a gas gap of few mm, while S1 is ∼ 50 ns). The x-y position of the interaction is reconstructed from the S2 hit pattern on the top PMTs, which are arranged in concentric circles in order to achieve the best radial position reconstruction. The corresponding z position is given by the time difference between the S1 and S2 signals (the drift time) multiplied by the electron drift velocity in the liquid. Calibration sources are inserted through a copper tube which is wound around the cryostat at half height of the cylinder. A full description of the detector can be found in the chapter 2 while details on the way how S1 and S2 are produced are in chapter 4. 

Observation of single-electron signals

Single-electron signals are the smallest S2 signals that can exist. In XENON100, the S2 analysis threshold for dark matter search is set to 150 photoelectrons (PE) where the trigger efficiency is almost 100 %. However, lower S2 signals that do not generate trigger can be found in the 400 µs waveform of events triggered by a S1 or a S2 signal. 

Low-energy S2 spectrum

The first step in our study is to ensure that small S2 signals as low as 10 PE are real charge signals. First, their duration is around 1 µs, which is consistent with the time needed for an electron to drift through the proportional scintillation gas gap h g . This feature allows the identification of S2 signals with respect to S1 signals induced by primary scintillation, whose width is typically ∼ 50 ns. Second, small S2 signals have a mean value for the ratio of the summed top PMT signal amplitude over the summed bottom PMT signal amplitude of 1.3. This value agrees with the value for photons emitted from the gas gap, which has been estimated both with Monte Carlo simulations and with experimental data using higher-energy events.

A typical S2 low-energy spectrum is presented in Figure 5.3 (left). A peak is observed at about 20 PE and a smaller one at about 40 PE. This observation indicates some discrete phenomenon being responsible for these small S2 signals. The S2 spectrum shown in Figure 5.3, obtained using calibration data from a 60 Co source, is fitted using a sum of several Gaussian functions with mean µ i and standard deviation σ i with the constraint µ i = iµ 1 and σ i = √ iσ 1 , multiplied by an efficiency curve, represented by the function f (E) = 1/(exp(-(E -A)/B) + 1) with A and B as free parameters. This fit assumes that the low-energy spectrum comprises a sum of one to a few electrons S2 signals and that each electron produces an independent S2 peak distributed as a Gaussian with mean µ 1 and standard deviation σ 1 . The efficiency curve is interpreted as the efficiency of the S2 peak-finder algorithm, which depends on the S2 peak size. The position of the first Gaussian (µ 1 ) provides the number of detected photoelectrons per single electron extracted into the gas gap. This quantity is called secondary-scintillation gain; its value depends on the physical properties of the xenon gas gap, such as the electric field, the size of the gap, and the xenon pressure. The value of ∼ 20 PE is compatible with the secondary-scintillation gain that can be inferred from gamma calibrations by dividing the measured S2 signal by the known energy deposit and multiplying it by the effective W -value, i.e. the average energy expended per electron escaping recombination (see Section 5.4.2).

In order to check the reliability of the fit, we verified that results are constant in time under the same operational conditions (Figure 5.3, right). We also checked that the position of the first Gaussian mean is the same for different calibration sources ( 60 Co, 232 Th, 137 Cs and 241 AmBe) and without any source.

Time distribution

The time distribution of the small S2 signals can help to reveal time correlation with other large signals and to identify their origin. The ranges have been defined in order to select pure samples, i.e. parts of the spectrum where Gaussians do not overlap. To avoid confusion in the time association and to study a possible time correlation, only single-scatter events containing the main S2 signal above 150 PE have been selected. Because the small S2 signal rate depends on the size of the main S2 signal, as we show in Section 2.3, the y-axis in Figure 5.4 (left) corresponds only to a mean value of the rate of small S2 peaks.

The time-difference distributions show a sharp drop around 180 µs, which corresponds to the maximum drift time in the TPC (being the maximum drift length 30 cm divided by the drift velocity 0.173 cm/µs measured in XENON100. This feature demonstrates that a correlation between signals exists even if some signals are still observed later than 180 µs (see Section 5.3 for an interpretation). The decrease at low time differences (< 20 µs) is explained by the lower efficiency of the small S2 signal detection algorithm due to the presence of several larger S2 signals coming from multiplescatter events and, to a lesser extent, due to the width of the main S2 signal.

The distributions follow decreasing exponential functions whose time constant depends on the size of the small S2 signals. By fitting the time distributions, we find that the time constants of the two-electrons case, (122.1 ± 1.4) µs, and three-electrons case, (82.0 ± 1.3) µs, are respectively half and a third of the single-electron one, (245.7 ± 2.5) µs (error bars only account for statistical uncertainties). These relationships can be explained if multi-electron signal results from accidental time coincidences of single electrons. Indeed, if R 1 is the rate of single electrons, the accidental time coincidence of n single electrons is R n = R n 1 • ∆t n-1 , where ∆t is the time coincidence window, which corresponds to the mean S2 width (∼ 1 µs). As we observe in the figure, the electron rates decrease with time by following the expression R n (t) = R n (0) • exp(-t/τ n ). By substituting this equation in the previous formula we obtain the final relation τ n = τ 1 /n. The accidental coincidence scenario is also supported by the PMT hit pattern of the multi-electron signals, which are not localized around one PMT but rather spread over the PMT array. Figure 5.4 (right) presents the drift-time distribution of small S2 signals following a S1 signal for triggered events that do not have any S2 signal above 150 PE. This condition allows to remove the small S2 signals that are correlated with a large S2 signal. Single electrons are divided into two populations: inner events (radius r < 125 mm) and outer events (r > 125 mm), the radius of the TPC being 150 mm. Even if the position reconstruction algorithm is not optimized for such low signals, the spatial resolution is still good enough to allow the use of the reconstructed x-y position. As for signals following a large S2 signal, the distributions end around 180 µs. Moreover, the outer events distribution shows regularly-spaced peaks. Red arrows indicate the position of all the peaks on the outer events distribution found using a peak finder algorithm. The mean time difference between peaks is (4.23 ± 0.05) µs. The interpretations of these observations are given in Section 5.3. Finally, the time distribution does not show a lower rate at small time differences as the efficiency to separate an S1 from an S2 close to each other is larger than in the case of two S2s. This is related to the shorter duration of the S1 pulse compared to the S2 one.

Rate

Another interesting observable is the rate of small S2 signals. The relative single-electron rate is also proportional to the impurity concentration in the liquid xenon, as shown on Figure 5.5 (right). The figure presents the relative rate of small S2 signals that are located from 20 to 150 µs after the main S2 signal of single-scatter events. This smaller time window has been chosen to select only the single electrons that are potentially generated inside the liquid xenon volume. The oxygen-equivalent impurity concentration is calculated based on the electron lifetime measured with the 662-keV photopeak from a 137 Cs source and the O 2 attachment rate K O 2 , which is 9.7 • 10 10 l/mol/s at 0.53 kV/cm and 182K, obtained by linearly interpolating the values at 87K and 165K taken from [START_REF] Bakale | Effect of an electric field on electron attachment to sulfur hexafluoride, nitrous oxide, and molecular oxygen in liquid argon and xenon[END_REF]. For this figure, 137 Cs source calibration datasets recorded over a period of 18 months have been used. The analysis has been repeated using background data (without any external source), leading to the same conclusions.

We also observe single-electron signals not associated with a S1 or a S2 signal. To estimate the corresponding rate, we looked at the part of the waveform before the trigger for which there is no S1 or S2 signal. We collected the equivalent of about 100 s of waveform per day. We derived, in case of absence of an external source, a relative rate of 5 • 10 -3 fortuitous single electrons per triggered event, which is much lower than the rate of single electrons associated with a S1 or a S2 signal. In addition, the relative rate exponentially decreases, with a time constant of 2 ms, when the time delay since the previous triggered event increases.

Origin of single-electron signals

There are several possible origins to the single-electron signals. While some of them would result from the photoionisation of impurities in the liquid and photoelectric effect on the stainless steel of the cathode, the others could be a consequence of delayed extraction of electrons at the liquid-gas interface or of field emission at the cathode. From all observations reported in the previous section, we can confirm some of these conclusions.

First, most of the small S2 signals are induced by primary or secondary scintillation photons. This is the only way to explain the time distributions (Figure 5.4). Delayed extraction of electrons at the liquid-gas interface (i.e., electrons which would be trapped at the liquid surface and extracted later than the main part of the electron cloud) could explain the exponential decrease for single electrons following the S2 signal but not the sudden end at a time corresponding to the maximum drift time.

VUV photons can induce electrons by the photoelectric effect, and one photon can only generate one electron. This is compatible with our observations since all small S2 signals are single electrons or accidental coincidences of single electrons, as we have shown in Section 5.2.2. Within this scenario, the shape of the time distributions would result from the convolution of the photon spatial distribution and the exponential attenuation due to drift electron attachments. If non uniform, the spatial distribution of photoionisation targets would also play a role. Thus, the different shapes of the time distributions in Figure 5.4 are a consequence of the photon's origin. Photons from the charge signal S2 are emitted from the top of the TPC, which explains the decreasing shape of the time distributions of single electrons induced by S2.

For the S1 induced events (Figure 5.4, right), we select S1-only events which are mainly from interactions below the cathode. Then, more single electrons are generated at the bottom of the TPC, i.e. at larger drift times.

The photoelectric effect explains also the proportionality between the relative rate of small S2 signals and the main S2 size, i.e. the number of secondary photons, as shown in Figure 5.5. From the proportionality coefficient derived in this figure and taking into account the mean light collection efficiency in XENON100 for photons emitted from the gas gap ( β ∼ 20 % from Monte Carlo simulation) and the averaged PMT quantum efficiency (∼ 25 %), we conclude that about 50 000 secondary scintillation photons are needed on average to produce one single electron with impurities molecules in the xenon at the ppb level. The non-zero ordinate at the origin, corresponding to an average of 0.32 ± 0.02 additional single electrons per triggered event, corresponds to single electrons that are either induced by the S1 photons or not induced by any photon.

There are several candidates for being the target for the photoionisation observed in the TPC: xenon, impurity molecules (O 2 , N 2 , ...) contained in the xenon at the ppb level or the detector components (grid, cathode, field shaping rings,...). The correlation of the rate of small S2 signals with impurity concentration shown in Figure 5 suggests that the dominant photoionization process in the XENON100 detector is on the impurity molecules in liquid xenon. Given the VUV photon energy of ∼ 7.0 eV, the negative O 2 ions created by the attachment of drift electrons are the best candidates because the needed energy is ∼ 0.45 eV [START_REF] Travers | Reinvestigation of the electron affinities of O 2 and NO[END_REF], while the first ionization energy of O 2 and N 2 are above 12 eV ( [START_REF] Tonkyn | Rotationally resolved photoionization of O2+ near threshold[END_REF], [START_REF] Trickl | Stateselective ionization of nitrogen in the X2+gv+=0 and v+=1 states by twocolor (1+1) photon excitation near threshold[END_REF]). However, since the cross sections and the number of ions are unknown, it is not possible to make any quantitative statement. We cannot exclude photoionization of other chemical species.

The photoionization of impurities is not the only cause of single electrons. This can be deduced from the peaks shown in Figure 5.4 (right). The peaks can be explained by photoelectric effects on the copper of the forty field shaping rings and on the stainless steel of the cathode. In terms of drift distance, the mean time difference between peaks corresponds to (7.32 ± 0.09) mm, which agrees with the separation of the field shaping rings, (7.15 ± 0.01) mm. The peaks with higher time differences are much larger for two reasons. First, for this analysis, primary photons inducing single electrons are emitted from the bottom of the TPC, as explained above. Second, due to the non uniformity of the field lines at the bottom of the TPC at large radii, the electrons emitted from the bottom field shaping rings drift toward the center of the TPC and reach the anode more easily than the electrons emitted from upper field shaping rings. The large event number in the first bins of both distributions comes from photoelectric effect on the stainless steel of the gate grid, which separates the drift volume from the amplification gap and is located 5 mm below the anode (see Figure 5.1).

Finally, the fortuitous low-energy S2 signals observed without S1 or S2 signal and the ones that arrive later than the maximum drift time cannot be directly induced by primary or secondary photons. The observed time correlation with the previous triggered event at the millisecond scale suggests that a delayed extraction phenomenon occurs.

Also the ZEPLIN collaboration suggested several origins to the single-electron signals ( [START_REF] Edwards | Measurement of single electron emission in two-phase xenon[END_REF], [START_REF] Santos | ZEPLIN-III Collaboration, Single electron emission in two-phase xenon with application to the detection of coherent neutrino-nucleus scattering[END_REF]) and our results are consistent with what they found.

Detector characterization using single electrons

Single electrons are a unique calibration source to characterize the detector's performance related to the ionization process. In this section, we present detailed analyses that lead to the measurement of the electron extraction yield from the liquid to the gas, the secondary-scintillation gain, and the electron drift velocity in the liquid.

Secondary scintillation gain

The secondary-scintillation gain G is defined as the total number of photoelectrons, observed by all the PMTs in the TPC, per electron extracted into the gas gap. It is related to the secondary scintillation yield Y , i.e. the number of emitted photons per electron extracted in the gas gap, by the expression: G(E g , P g , h g ) = Y (E g , P g , h g ) β η, (5.1) where β is the mean collection efficiency of photons emitted from the gas gap, and η is the averaged product of PMT quantum and photocathode collection efficiencies. The quantity Y depends on the properties of the gas gap where the photon emission occurs: the electric field E g , the pressure P g , and the height h g of the gap. It is usually described by: Y = (a

E g P g + b) h g P g , (5.2) 
where a and b are parameters that have been measured under several conditions (see [START_REF] Monteiro | Secondary Scintillation Yield in Pure Xenon[END_REF] for a compilation of existing measurements and simulation results).

The secondary-scintillation gain can be obtained from the mean size of single electron S2 signals, corresponding to µ 1 , the mean value of the first Gaussian in the fit of the low-energy S2 spectrum, which has been described in Section 2.1. Figure 5.6 presents the secondary-scintillation gain as a function of the electric field using calibration data ( 137 Cs and 60 Co) recorded at different anode voltages V a (from 2.2 kV to 4.5 kV) and gas gap heights h g (from 1.3 mm to 4.1 mm), leading to an electric field ranging between 5.25 kV/cm and 12.55 kV/cm. The electric field is calculated from the relation E g = r V a /( r h g + d -h g ) where d is the distance between the gate grid and the anode (d = 5 mm) and r = 1.96 [START_REF] Suzuki | Technique and Application of Xenon Detectors[END_REF] is the dielectric constant of liquid xenon. The pressure was very stable at 2.248 bar during the acquisition time, with fluctuations < 0.24 %.

[kV/cm] Since G linearly depends on h g , all gain values have been rescaled to the same gas gap height used as a reference (h g = 2.9 mm) to present results in a consistent way. A fit with the function (5.1), with a and b as free parameters, yields a = (151 ± 19) photons/e -/kV and b = -(147 ± 19) photons/e -/cm/bar. The uncertainties are dominated by the uncertainty on the collection efficiencies. These values are in good agreement with those presented in [START_REF] Monteiro | Secondary Scintillation Yield in Pure Xenon[END_REF] and predicted by Monte Carlo simulation [START_REF] Santos | Three-dimensional Monte Carlo calculation of the VUV electroluminescence and other electron transport parameters in xenon[END_REF] for room temperature and also with those observed for saturated xenon vapour at cryogenic temperatures [START_REF] Fonseca | Study of secondary scintillation in xenon vapour[END_REF]. The highest values of the secondary-scintillation gain that do not follow the linear trend could be affected by electron multiplication in the gas gap when the electric field becomes large enough.

For the two XENON100 dark matter search runs of 100.9 live days and 224.6 live days and for the run started at the end of 2012, the secondary-scintillation gains have been estimated using all calibration sources and the dark matter search datasets. We obtain, as average value, (18.7 ± 0.7) PE/e -, (19.7 ± 0.3) PE/e -and (17.1 ± 0.4) PE/e -, respectively and (6.6 ± 0.7) PE/e -, (6.9 ± 0.3) PE/e -and (6.4 ± 0.2) PE/e -as standard deviation (corresponding to σ 1 of Section 2.1). The errors take into account also systematic uncertainties. The difference between the mean values comes from different gas gap heights and anode voltages.

Electron extraction yield

The extraction yield is the probability for an electron to be extracted from the liquid phase into the gas phase. It is an important parameter since it affects the S2 resolution, as the S2 resolution depends primarily on the number of transmitted electrons to the gas phase. The extraction yield can be obtained by dividing the number N g of electrons that are extracted into the gas phase by the number N l of electrons that reached the liquid-gas surface. To extract this ratio, we selected electronic recoils from full absorption of 662 keV gammas emitted by a 137 Cs source. The quantity N l is obtained by dividing 662 keV by the mean energy needed to produce an electron-ion pair (W = 15.6 ± 0.3 eV [START_REF] Takahashi | Average energy expended per ion pair in liquid xenon[END_REF]), scaled to the fraction of electrons which do not recombine with positive ions, T ee , and corrected for the electron lifetime of our data. The quantity N g is inferred from the data by selecting the full-absorption peak in the S2 spectrum and by dividing the observed mean value by the secondary-scintillation gain G. The extraction yield inferred from this method is presented in Figure 5.7 as a function of the electric field in the gas gap. The field is calculated at the surface of the liquid since this field is the one which is responsible for the electron extraction into the gas phase.

As expected, the extraction yield increases with the electric field, reaching a plateau around 10 kV/cm. Below 8 kV/cm, the current measurement gives lower values than the published ones [START_REF] Aprile | Proportional light in a dual-phase xenon chamber[END_REF]. The reason of the discrepancy is unknown and it could be probably explained by the different geometrical configuration or the different estimation method. Requiring the plateau to be at 100 % yield, we inferred from our data an effective W -value (i.e., the W -value divided by T ee to correct for the recombination) of (23.5 ± 0.7) eV. Considering the published W -value, it corresponds to a fraction of electrons which do not recombine, T ee = 0.66 ± 0.02, for an electric field of 530 V/cm. This value is in agreement with the published value (T ee = 0.74 ± 0.07 at 662 keV at an electric field of 0.5 kV/cm [START_REF] Aprile | Observation of anticorrelation between scintillation and ionization for MeV gamma rays in liquid xenon[END_REF]) but with a better precision. These results are also in agreement with what is predicted by the NEST model [START_REF] Szydagis | NEST: A Comprehensive Model for Scintillation Yield in Liquid Xenon[END_REF][START_REF] Szydagis | Enhancement of NEST Capabilities for Simulating Low-Energy Recoils in Liquid Xenon[END_REF], in which the value T ee = 0.63 (with 4% of systematic error estimated) is derived for the same electric field.

The extraction yield for the XENON100 dark matter search runs are close to unity at 10.6 kV/cm for the 100 days data set, 10.2 kV/cm for the run started at the end of 2012 and 9.2 kV/cm for the 225 days data set.

Liquid level and drift velocity measurement

As shown in Section 2, the detector is sensitive to single electrons emitted from the gate grid due to the photoelectric effect on the stainless steel by primary scintillation photons. For these events, the time difference between the primary scintillation and the single-electron signal corresponds to the drift time for electrons between the gate grid and the liquid-gas interface where For the fields relevant for XENON100, the results are in agreement.

the secondary scintillation starts. Figure 5.8 (left) shows the mean drift time of single electrons from the gate grid for different values of the liquid level from 0.9 mm to 3.7 mm above the gate grid, measured with an anode voltage of 4 kV. The liquid level is determined using a capacitive level meter with a relative precision of 80 µm. The mean drift time is inferred from a gaussian fit of the time difference peak selecting all events with S2 below 150 PE.

The relation between liquid level and drift time is expected to be linear at high liquid levels because of the small dependency of the drift velocity on the electric field range, E = (4 -7) kV/cm, present between the gate grid and the liquid surface, as shown in [START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF]. The non-linearity observed at low liquid levels can be explained by the minimum time difference between peaks that the peak-finder algorithm can resolve (∼ 0.6 µs), which leads to an overestimation of the mean time difference. A non-uniform electric field near the grounded gate grid would give also such an effect.

We can infer the drift velocity in the liquid xenon by fitting the experimental points in the region at high liquid levels, where we make the assumption that the linear domain is reached. As we do not have enough data points, we limit our fit to the last two points and use the third point to determine the systematic error. For an electric field of (6.2±0.5) kV/cm, corresponding to an anode voltage of 4 kV and a liquid level of 0.34 cm, the measured drift velocity is v = (0.272±0.002) cm/µs. in an electric field of (6.2 ± 0.5) kV/cm (green circle). The measured drift velocity is in perfect agreement with published values. The black points and the curve are the measurements obtained in [START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF] and the E 1/2 dependency derived from this data (markers indicate different specimens as described in the referred paper).

Without systematic error, the ordinate at the origin of the fit should be zero. The non-zero ordinate (∼ 0.5 mm) gives an estimation of the absolute error of the level meter, which is expected to be the dominant one. Thus, single electrons provide a way to improve the liquid level measurement. [START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF] for liquid xenon at 163 K. The solid curve was obtained by fitting their experimental results (represented by markers indicating different specimens as described in the referred paper) with the function E 1/2 for values of electric fields greater than E = 0.1 kV/cm. As stated in Ref. [START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF], a complete theoretical model describing such a dependence at higher fields is still missing. Our measured value agrees with the expectation from literature, confirming the validity of the method.

Single electrons for next generation detectors

We have reported the observation of very low energy secondary scintillation pulses in XENON100 TPC [START_REF]Observation and applications of single-electron charge signals in the XENON100 experiment[END_REF]. We have demonstrated that these signals are caused by single electrons extracted into the gas phase or accidental coincidences of those single electrons. The events are mainly generated by the photoionization of impurities in the liquid and of metal components (copper field shaping electrodes and stainless steel grids inside the TPC), by primary or secondary scintillation VUV photons. These single-electron signals have been used to study TPC characteristics such as secondary scintillation gain, electron extraction yield into the gas phase, liquid xenon level, and electron drift velocity. The results obtained using single electrons are in good agreement with those obtained using other methods or in literature.

When the size of the detector increases, the high purity requested for a longer drift time will reduce the probability of photoionization from impurities. However, the increasing size of high voltage grids will enhance the probability of photoionization from metal components. Single electrons can also have other sources, like delayed extractions from liquid to gas phase and spontaneous emissions from grids. Thus, single electron signal might risk to become a source of background for very low mass WIMP search (< 1 GeV). That is why in XENON1T big efforts are put to have a full picture of the origins of single electrons and create a reliable background model. This is one of the many challenges that is waiting for us in the future.

Chapter 6

Conclusions

Direct detection of dark matter is an extremely active field. In last years the leading role at high WIMP masses (> 10 GeV) has been played by double phase Time Projection Chambers using noble liquids as detecting medium. The XENON dark matter project aims at the detection of WIMPs by employing liquid xenon (LXe) as target. All detectors built for the project have been located at an average depth of 3600 m water-equivalent at the INFN Laboratori Nazionali del Gran Sasso (LNGS). I joined the project when the XENON100 detector (62 kg target, 161 kg total mass) was taking data, publishing competitive results on spin-independent, spin-dependent and other WIMP-nucleon interactions, axions and axion-like particles, and challenged also the interpretation of the DAMA/LIBRA signal as being due to leptophilic dark matter interacting with atomic electrons. In this report, especially in last two chapters, I showed my contributions in terms of data analysis. They are all based around the evaluation and monitoring of charge and light yields, by focusing in particular on the ionization signal. We saw that a particle interacting in liquid xenon generates electrons and they need to be detected by proportional scintillation in gas phase. The ionization signal can thus be reduced by several factors: the capture of electrons during their drift towards the gaseous phase, the inefficiency of being extracted from liquid to gaseous phase, finally the amount of scintillating VUV light that every single electron reaching the gas phase can induce before reaching the anode. I studied all of these aspects. In particular, for most of them, it was crucial to study the single electron signal, that offers a unique tool to better understand our detector. This signal however, can also become an issue. Standard WIMP search is not affected at all by single electron background, since its signal is too small. However for sub-GeV WIMP searches, a solid single electrons background model could greatly improve our sensitivity. This is what I'm currently doing in XENON1T with my group, where the ultimate goal is to scope for low-mass dark matter.

The current phase of the Project is XENON1T, that is the largest such detector to date containing 3.2 t of ultra-pure LXe with 2 t employed as the target material in the active volume. It is currently the most sensitive detector searching for WIMPs with masses bigger than few GeV and it will be soon overtaken by its own upgrade XENONnT. I am responsible for XENON1T storage and recovery system, ReStoX, being in first person involved in the design study, the construction and the commissioning of this novel system. All of this corresponds to my main contribution to the hardware fo the Project and has been described in the chapter 3. ReStoX worked greatly, its actual performances are measured to be equal or even better than what was planned initially. For the upgrade of XENON1T, XENONnT, I described also my engagement on the construction of the ReStoX2 system a bigger storage with a more powerful inner cooling system, whose direct responsibility is from LPNHE.

Working in the XENON Collaboration is a great experience, with the foot always on the accelerator and always searching for high standards of performances, without forgetting the main goals, an ingredient that is mandatory for a low-background, discovery experiment that wants to lead the field.

The next challenges for the future is the conception and the construction of a next generation detector, often meant as the ultimate detector for dark matter, a 50 tons double phase liquid xenon TPC, under study by DARWIN collaboration, of which I am a part since beginning. In this case, all the topics treated in this manuscript present new challenges. A unique storage and recovery system of 50 tons is improbable, therefore we are conceiving an array of several combinations of ReStoX-and ReStoX2-like systems and most probably with a totally different type of connection with the detector cryostat. Single electron rate risks to be relevant and great care on the electrodes must be done to reduce the electrons emissions. Finally, larger drift lengths have to be handled and purity level from electronegative gases are as consequence more demanding. I will benefit from the experience gained so far in this collaboration to give my contribution to the next generation experiments.
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Figure 1 . 3 :

 13 Figure 1.3: Schematic of possible signals that can be measured in direct detection experiments depending on the technology in use.

Figure 2 . 1 :

 21 Figure 2.1: (Left) Working principle of the XENON two-phase liquid-gas time projection chamber (TPC). See text for details. (Right) Sketch of the waveforms of two type of events. The different ratio of the charge (S2) and the light (S1) signal allows for the discrimination between nuclear recoils from WIMPs and neutrons and electronic recoils from gamma-and beta-background.

Figure 2 . 2 :

 22 Figure 2.2: Drawing of the XENON100 dark matter detector: The inner TPC contains 62 kg of liquid xenon as target and is surrounded on all sides by an active liquid xenon veto of 99 kg. The diving bell assembly allows for keeping the liquid-gas interface at a precise level, while enabling to fill LXe in the vessel to a height above the bell.
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 2324 Figure 2.3: (Left) The Hamamatsu R8520-06-Al PMTs on the top of XENON100 are arranged in concentric circles in order to improve the reconstruction of the radial event position. (Right) On the bottom, the PMTs are arranged as closely as possible in order to achieve high light collection, as required for a low detector threshold.

Figure 2 . 5 :

 25 Figure 2.5: Drawing of the XENON100 detector in its passive shield made out of copper, polyethylene, lead, and water containers. The Pb-brick along the calibration pipe around the cryostat is a gamma-shield during 241 AmBe neutron calibrations.

Figure 2

 2 Figure2.7: Schematic of the XENON100 purification system. LXe is extracted from the detector using a diaphragm gas pump. It evaporates in the gas lines and is passed through a high temperature getter for gas purification, before it is pushed back into the detector (the path for standard operation is indicated by the arrows). Different valves allow for the bypassing of components for special operations like detector filling or recuperation, or maintenance. Valves to atmosphere are used to add auxiliary equipment for gas analysis or detector calibration.
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 28 Figure 2.8: Illustration of the XENON1T TPC. It is built from materials selected for their low radioactivity, e.g., OFHC copper, stainless steel and PTFE. The top and bottom PMT arrays are instrumented with 127 and 121 Hamamatsu R11410-21 PMTs, respectively.
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 210 Figure 2.10: The top and bottom PMT arrays are equipped with 127 and 121 Hamamatsu R11410-21 tubes, respectively. The top array is installed inside a diving bell, used to maintain and precisely control the LXe level. The bottom image also shows the cathode and the bottom screening electrode, installed in front of the PMTs.
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 34 Figure 3.4:The stainless-steel cryostat containing the LXe TPC is installed inside a 740 m 3 water shield equipped with 84 PMTs deployed on the lateral walls. The cryostat is freely suspended (dark yellow) on a stainless-steel support frame, which can be converted into a cleanroom around the cryostat. The cryostat is connected to the outside by means of two pipes. The large, vacuuminsulated cryogenic pipe carries all gas/LXe pipes and cables. A small pipe (yellow) is used for the cathode high-voltage. Also shown is the system for calibrating XENON1T with external sources installed in movable collimators attached to belts (blue, red).
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 35 Figure 3.5: The cooling system of XENON1T: cooling is provided by means of three redundant cold heads (two pulse-tube refrigerators (PTR), 1 LN 2 ), installed on individual cooling towers located outside of the water shield. The liquefied xenon runs back to the main cryostat in a 6 m long vacuum-insulated cryogenic pipe, through which all connections to the TPC are made with the exception of the cathode bias voltage which is not shown in the figure. The connections to the systems for xenon purification and storage (ReStoX) are also shown. Figure not to scale.
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 37 Figure 3.7: The custom-designed XENON1T cryogenic distillation column. The outer vessels for vacuum insulation and most of the column package material were omitted for clarity.
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 38 Figure 3.8: Phase diagram of xenon [115].
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 310 Figure 3.10: Detailed view of ReStoX.
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 311 Figure 3.11: Drawing of the xenon storage facility ReStoX, which can hold up to 7.6 t of xenon in liquid or gaseous state. The condenser in the center of the 2.1 m diameter sphere provides >3 kW of cooling power.
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 312 Figure 3.12: The ReStoX P&ID.
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 313 Figure 3.13: Exemple of a pneumatic actuated cryogenic valve. The seal is metal to metal which provides the best tightness and cleanest solution.

Figure 3 . 14 :

 314 Figure 3.14: Different construction phases of ReStoX.
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 315 Figure 3.15: Result of RGA measurements before and after stimulating outgassing on ResToX at 70 • C.
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 316 Figure 3.16: First cooling test. ReStoX has been cooled down by means of the powerful sphere cooling system. More details on the text.

Figure 3 . 17 :

 317 Figure 3.17: Second cooling test. ReStoX has been first warmed up with the heater, then cooled down with the condenser. The way how the pressure goes down allows us to estimate the cooling power provided by the heater. More details on the text.

Figure 3 .

 3 Figure 3.18: (left) Loop used to control the stability of the ReStoX pressure. (right) An example of ReStoX pressure regulated by the Slow Control at regime conditions. The pressure is kept constant at 1 bara.
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 319 Figure 3.19: First GXe filling test. The pressure goes up, pushing the xenon towards the cryostat, then it is lowered down once the desired xenon has been transferred.

Figure 3 . 20 :

 320 Figure 3.20: First GXe recovery test. As soon as the cryostat pressure goes over a given threshold (1.15 bara), ReStoX ripristinates it under this value.

Figure 3 . 21 :

 321 Figure 3.21: Pressure test. Evolution of the pressure (black) after stopping the cooling system. Superimposed (in blue) the heat load on xenon.
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 3 Figure 3.22: (left) Evolution of the sphere temperature at different heights. (right) Heat load on xenon, on the sphere and the sum of the two.
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 323 Figure 3.23: ReStoX heat load estimations as function of the xenon temperature.
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 326 Figure 3.26: Detailed view of ReStoX2.
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 327 Figure 3.27: Detail of the P&ID diagram of XENONnT, showing ReStoX2 and its connections with the rest of the cryogenic infrastructure.
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 41 Figure 4.1: Measurement of light yield as the mean value of the photoelectric peak induced by a 662keV gamma.
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 42 Figure 4.2: Light yield evolution over time. More details in the main text.

Figure 4 .

 4 Figure 4.2 shows the evolution of the light yield during run 10, the longest XENON100 run who lasted 225 effective days.
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 43 Figure 4.3: Attachment rate of electrons in liquid xenon at T = 167 K to several solutes: ( ) SF 6 , (2) N 2 O, (•) O 2 [119].
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 44 Figure 4.4: Example of the estimation of the electron lifetime. The S2 over drift rime is described with an exponential decrease, where the electron lifetime corresponds to the characteristic time.
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 45 Figure 4.5: (left) Different causes contributing to a residual pressure in an evacuated volume. (left) Different phases of pressure reduction during vacuum pumping.
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 4 Figure 4.6 shows the evolution of the electron lifetime during run 10, the longest XENON100 run who lasted 225 effective days.
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 46 Figure 4.6: Electron lifetime evolution over time.
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 47 Figure 4.7: Outgassing rate during run 10.
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 48 Figure 4.8: The 40 hours interruption of the purification system during the "chiller issue".
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 51 Figure 5.1: Top part of the XENON100 TPC showing the top PMT array, the anode and the two grounded grids. Some of the copper rings used as field shaper along the whole TPC are also visible. Grey areas indicate the PTFE used as an insulator and reflector for the VUV scintillation light.

Figure 5 .

 5 [START_REF] Rubin | Extended rotation curves of high-luminosity spiral galaxies. IV -Systematic dynamical properties, SA through SC[END_REF] shows an example of waveform containing S2 signals below 150 PE. The ZEPLIN collaboration already reported the observation of such a kind of signals ([START_REF] Edwards | Measurement of single electron emission in two-phase xenon[END_REF],[START_REF] Santos | ZEPLIN-III Collaboration, Single electron emission in two-phase xenon with application to the detection of coherent neutrino-nucleus scattering[END_REF]).
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 52 Figure 5.2: Example of a XENON100 waveform, with the primary (S1) and secondary (S2) scintillation signals. Two small S2 signals below 150 PE are observed and indicated by the red triangles, 145 µs after S1 and 17 µs after the main S2. The waveform of the second one is displayed in the inset, together with its top array PMT pattern, revealing a localised signal. The color code of the legend represents the measured signal size (in PE) seen by PMTs. The X mark indicates the reconstructed x-y position of the interaction.
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 53 Figure 5.3: (left) A typical S2 low-energy spectrum is fitted with a sum of 5 Gaussians, supposing that the spectrum comprises a sum of one to five electron's S2 signals, multiplied by a function (see text) to take into account the detection efficiency. The fit result in red superimposes the data in black. (right) Stability of the first Gaussian's mean value µ 1 , which defines the secondary scintillation-gain. The mean is given by the solid line and the one sigma values by the dashed lines. Periods where data are missing correspond to maintenance periods.
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 54 Figure 5.4 (left) presents the distributions of the time difference between the main S2 signal and the small S2 signals contained in triggered event waveforms from 60 Co calibration datasets. Cuts on the S2 size have been used to select single-electron, two-electron and three-electron signals.The ranges have been defined in order to select pure samples, i.e. parts of the spectrum where Gaussians do not overlap. To avoid confusion in the time association and to study a possible time correlation, only single-scatter events containing the main S2 signal above 150 PE have been selected. Because the small S2 signal rate depends on the size of the main S2 signal, as we show in Section 2.3, the y-axis in Figure5.4 (left) corresponds only to a mean value of the rate of small S2 peaks.
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 54 Figure 5.4: (left) Distribution of the time difference between the main S2 and the single-electron signals (blue), two-electron signals (red) and three-electron signals (green) that follow the main S2, for events with only one main S2 signal larger than 150 PE. No radial cut has been applied. Lines correspond to exponential fits and the inferred time constants are given with statistical uncertainties only. The cut-off of distributions around the maximum drift time of 180 µs shows that the origin of small S2 signals is correlated with main S2. The time constants inferred from the fit show that multi-electron signals are accidental coincidences of single-electron signals. (right) Distribution of the time difference between the S1 (> 500 PE) and the small S2 signals (< 150 PE) for S1-triggered events with no S2 larger than 150 PE. The distributions are divided into two radial populations. For details see text.
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 55 left) shows that the relative rate per triggered event of small S2 signals (< 150 PE) following the main S2 is proportional to the size of the main S2 signal. In this figure, the small S2 signals are taken from 0 to 180 µs, the maximum drift time, after the main S2 signal. Only triggered events with just one S2 signal above 150 PE in the whole registered waveform are considered. Datasets used for this figure were recorded during the last months of the dark matter search of 225 days when the purity was the highest and almost constant. A linear fit gives a proportionality coefficient of 4.3 • 10 -4 small S2 signals per photoelectron in the main S2 signal and an ordinate at the origin of 0.3 small S2 signal per waveform, which corresponds to signals not correlated to the main S2 signal.
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 55 Figure 5.5: (Left) single-electron rate per event as a function of the main S2 signal size. The residuals of the data points with respect to the linear fit show a very good proportionality of the relation. (Right) single-electron rate per event, for events with the main S2 between 5000 and 10000 PE, as a function of the O 2 -equivalent concentration of impurities in liquid xenon. The linear fit shows that the rate is also proportional to the concentration of impurities.
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 6056 Figure 5.6: XENON100 secondary-scintillation gain as a function of the electric field in the gas gap. The secondary-scintillation gain is proportional to the electric field. The highest values do not follow the linear trend and might be affected by electron multiplication in the gas gap.
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 57 Figure 5.7: XENON100 liquid-gas extraction yield as a function of the electric field in the gas gap, calculated at the surface of the liquid. Vertical lines represent the field strength during the two dark matter search runs already published and the one started at the end of 2012. In both cases, the extraction yield was close to unity. For comparison, the data points of[START_REF] Aprile | Proportional light in a dual-phase xenon chamber[END_REF] are shown in red. For the fields relevant for XENON100, the results are in agreement.

Figure 5 . 8 :

 58 Figure 5.8: (left) Average time interval between S1 and S2 for single electrons emitted from the gate grid as a function of the liquid level. The error bars are within the symbols. The non-linearity could be explained by a bias on the time estimation or on the non-uniformity of the electric field. The last two points are used to estimate the drift velocity. (right) Drift velocity measured in XENON100 in an electric field of (6.2 ± 0.5) kV/cm (green circle). The measured drift velocity is in perfect agreement with published values. The black points and the curve are the measurements obtained in[START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF] and the E 1/2 dependency derived from this data (markers indicate different specimens as described in the referred paper).

Figure 5 . 8 (

 58 Figure 5.8 (right) shows the field dependence of the drift velocity presented by Miller et al.[START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF] for liquid xenon at 163 K. The solid curve was obtained by fitting their experimental results (represented by markers indicating different specimens as described in the referred paper) with the function E 1/2 for values of electric fields greater than E = 0.1 kV/cm. As stated in Ref.[START_REF] Miller | Charge Transport in Solid and Liquid Ar, Kr, and Xe[END_REF], a complete theoretical model describing such a dependence at higher fields is still missing. Our measured value agrees with the expectation from literature, confirming the validity of the method.

  

  

  

  

  

  

  

  

  

  

Table 2 . 1 :

 21 Specifications of the five TPC electrodes. The bottom screening electrode features a single wire installed perpendicularly mid-way to all others to minimize elastic deformation of the frame. The last column indicates the vertical position of the electrodes inside the TPC. The distance between the top (bottom) screen to the top (bottom) PMTs is 11 mm (12 mm). s.s. stands for stainless steel.

	TPC Electrode Type	Material	Wire	Pitch/	Transparency	Position
				Diameter Cell opening		
	Top screen	hex etched	s.s.	178 µm	10.2 mm	96.5%	63 mm
	Anode	hex etched	s.s.	178 µm	3.5 mm	89.8%	5 mm
	Gate	hex etched	s.s.	127 µm	3.5 mm	92.7%	0 mm
	Cathode	parallel wires Au plated s.s. 216 µm	7.75 mm	97.2%	-969 mm
	Bottom screen	parallel wires Au plated s.s. 216 µm	7.75 mm	97.2%	-1017 mm

  Figure 2.11: The PMTs were distributed in the top and bottom arrays mainly according to their quantum efficiency to ensure that the best-performing PMTs are located at the center of the bottom array, where most of the scintillation light is collected. Deviations take into account aspects such as increased radioactivity of individual tubes.
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Table 3 .

 3 1: Physical properties of liquid xenon[START_REF] Aprile | Liquid Xenon Detectors for Particle Physics and Astrophysics[END_REF].P b = 1 atm, ρ b = 3.057 g • cm -3 Critical point T c =289.72 K, P c = 58.4 bar, ρ c = 1.11 g • cm -3 Triple point T t = 161.3 K, P t = 0.805 bar, ρ t = 2.96 g • cm -3 Volume ratio (ρ liquid /ρ gas ) 519 Heat capacity 10.65 cal • g • mol 1 • K 1 for 163 -166 K Thermal conductivity 16.8 • 10 3 cal • s 1 • cm 1 • K 1 Latent heat of evaporation at triple point 3048 cal • g • mol 1 Latent heat of fusion at triple point 548.5 cal • g • mol 1 Dielectric constant

	Property

r = 1.95

Table 3 .

 3 2: Boling point of athmospheric gases.

	Element	Boling Point [K]
		(at 101.325 kPa)
	Nitrogen	77.3
	Air	80.9
	Argon	87.3
	Oxygen	90.2
	Krypton	119.8
	Xenon	164.9

Table 3 . 3 :

 33 Thermodynamic status of three relevant phases of the second cooling test.

	P [bar]	T [K]	t[s]	U [kK/kg]	∆U [kJ/kg]	W [kW]
	1.45	171.56	0	6282.6		
	1.25	168.8	300	5343.8	938.8	3.13
	1.05	165.67	720	4266.3	1077.5	2.56

Table 3 . 4 :

 34 Comparison between ReStoX and ReStoX2.

	Description	ReStoX	ReStoX2
	Dimension	2.1 m sphere	(1.45 m, 5.5 m) cylinder
	Phase	GXe, LXe, SXe	GXe, LXe, SXe
	Maximum pressure	73 bar	71.5 bar
	Capacity	7.6 t	10 t
	Recovery speed	∼ 50 kg/h	∼ 1000 kg/h
	LN 2 consumption in operation	35 kg/d	0 kg/d
	LN 2 consumption for recovery	25 kg/d	∼ 8000 kg
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Figure A.1: Generic legend for PFD and P&ID diagrams. Taken from KENNECOTT company.
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Appendix A

Legend for P&ID and PFD diagrams

Here is reported a very useful legend for who is interested to learn the standards of components naming that can be found in a Process and Instrument Drawing (P&ID) and a Process Flow Diagram (PFD). There are several that can be found on internet and also specialised books on this subjects, however, this has the advantage of being extremely synthetic and covering most of our needs. It has been produced by KENNECOTT, a mining, smelting, and refining company.