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UCLEAR medical imaging is a method that consists in the administration of trace amounts of radiolabeled compounds used to create images for the diagnosis, therapeutic monitoring, or research purposes. In recent decades, the functional imaging technique used in nuclear medicine has demonstrated significant advancement in disease progression monitoring, pharmacological development, and new therapeutic approaches. The reduction of the administered radiopharmaceutical activity to the patient, the personalized medicine utilizing therapeutic follow-up, and the shortening of the exposure time are three important indicators to guide the future improvements for nuclear medical imaging.

In order to obtain a good quality image with a significant reduction of the administered activity to the patient compared to a conventional functional imaging exam, an innovative low-dose functional imaging technique was proposed, called 3γ imaging. This technique consists of combining a large Field Of View (FOV) liquid xenon (LXe) Compton camera with a three-dimensions (3D) localization of the radioactive decay of a (β + , γ) radionuclide emitter. The principle of the 3γ imaging technique is based on using a specific (β + , γ) radionuclide emitter, such as the scandium-44 ( 44 Sc). The 44 Sc emits a positron and a 1.157 MeV γ-ray in quasi-coincidences. In this case, the position of the emission point in the patient can be localized by using an innovative method. Firstly, the detection of a pair of 511 keV γrays produced by the positron annihilation is used to reconstruct the Line Of Response (LOR). Secondly, the third γ-ray interaction located in the active volume of the Compton camera is employed to define the Compton cone. With the kinematics of the Compton scattering process, the opening angle 𝜃𝜃 and the axis ∆ of this cone are deduced. Finally, the position of the radiopharmaceutical labeled with 44 Sc is localized by the intersection of the LOR and the reconstructed Compton cone. This novel imaging modality provides a possibility to directly reconstruct the radiotracer position at a relatively low counting rate using a dedicated Compton camera with high sensitivity and a large FOV. A Liquid Xenon Time Projection Chamber (LXeTPC), whose detection medium LXe has been widely used in the field of dark matter direct detection, neutrinoless double-beta decay detection, γ-ray astrophysics, rare muon decay experiments at an accelerator, and nuclear medical imaging represents a perfect option to achieve these requirements. The LXeTPC combines the measurement of scintillation light and ionization electrons produced from the γ-rays interactions. An innovative liquid xenon Compton camera project, called XEMIS (XEnon Medical Imaging System), has been proposed and carried out to demonstrate the advantages of the 3γ imaging technique and show the feasibility of a single-phase LXe TPC technology. The first prototype of the XEMIS project, XEMIS1, has successfully proved the feasibility of a single-phase LXeTPC as a Compton camera. The second prototype is a larger scale monolithic liquid xenon cylindrical camera containing two identical back-to-back LXeTPCs with a shared cathode, which has been designed for small animal imaging in the hospital center. XEMIS2 cryostat and the cryogenic subsystem ReStoX have already been installed in a small animal medical imaging center called CIMA (Centre d'Imagerie Multi-modalités et Applications) at Nantes Centre Hospitalier Universitaire (CHU).

The present dissertation details the studies and optimization of scintillation light measurements in the XEMIS2 liquid xenon Compton camera using 3-gamma imaging. This work has been focused on the development and optimization of scintillation signal detection and measurement system for XEMIS2. The first prototype of the XEMIS project, XEMIS1 has been used under the same operating conditions that will be used in XEMIS2 to perform, among others, the PMT gain calibration, the threshold calibration and determination, the time measurement optimization, the conversion from Time Over Threshold (TOT) to the number of photoelectrons and the studies of virtual fiducialization of LXeTPC with scintillation signals. This latter is achieved by matching the scintillation signals with the ionization signals through an algorithm on the basis of the light collection map, which contributes to reducing the occupancy of the TPC in the context of increasing the injected activity to shorten the exposure time.

This dissertation is organized into six main chapters whose content is described below.

In Chapter 1, a brief introduction of nuclear medical imaging is primarily presented. Then, two common functional imaging techniques, single positron emission computed tomography and positron emission tomography, are described in detail. Furthermore, a general description of the Compton camera for nuclear medical imaging is performed. The last part of this chapter is devoted to presenting an innovative low-dose functional imaging technique called 3γ imaging, which is developed at the Subatech laboratory. Finally, we introduce the basic requirements of a liquid xenon Compton camera for medical imaging.

In Chapter 2, the fundamental characteristics of LXe are introduced firstly, emphasizing the physical properties, the response of LXe to γ-ray interactions, and the ionization and scintillation process in LXe. An overview of the basic principle of a liquid xenon time projection chamber is also summarized. Then, the production of scintillation light in LXe when an electric field is applied is discussed in detail. The last part is devoted to the dissertation on the scintillation light propagation focusing on the LXe optical properties such as the absorption length, Rayleigh scattering, and refractive index of scintillation photons.

Chapter 3 provides a detailed description of the XEMIS2 camera, designed to image small animals with the 3γ imaging technique for preclinical application. The main principle, properties, and materials of the detector cryostat are presented. To safely manage a large amount of xenon in a hospital center and to maintain the desired operating condition of LXe inside the XEMIS2 system during long data taking periods, a cryogenic infrastructure containing a high-pressure closed-loop cryogenic subsystem named ReStoX (Recovery and Storage system of Xenon) and xenon purification and recirculation subsystems are integrated into the XEMIS2 system. Besides, the main properties and materials of the optimized charge collection system and scintillation light detection system are also presented. In order to image the small animal with ultra-low injected activity, a high-rate data acquisition and readout system for scintillation and ionization signal measurements has been specially developed for XEMIS2.

Chapter 4 focuses on the development and optimization of the high-rate self-triggered low threshold scintillation signal detection and measurement system for XEMIS2, serving as shaping and processing the scintillation signals. The characteristics of the scintillation signal in XEMIS2 based on the Monte Carlo simulation are first presented. They serve to predefine the dynamic range and other parameters of the scintillation signal measurement system. The design and development of an analog processing part of the front-end readout electronics, including the pulse-shaping amplifier for PMT signals readout and conditioning, are also reported. The measurement and optimization of the interaction time and the approximate number of detected photoelectrons from the scintillation signals are provided. Based on these studies, an efficient and low-cost front-end readout electronics printed circuit board for scintillation signal measurement in XEMIS2, named XSRETOT (XEMIS Scintillation Readout for Extraction of Time Over Threshold), was developed. The calibration method of the XSRETOT prototype card is established. The overall performance of the XSRETOT prototype card is calibrated. A detailed description of the main characteristics of the latest version of XSRETOT is also presented. these two LCMs is reported. An optimized scintillation and ionization signal matching algorithm is developed based on the light collection map, which can contribute to the reduction of the occupancy of the TPC due to the non-negligible drift time of the charge carriers in the case of need to increase the administered activity to shorten the time of imaging. Finally, for each of the 32 PMTs in the half detector of XEMIS2, with a deposited energy of 511 keV, the LCM of the average number of detected p.e.s and the map of the probability that at last three photoelectrons can be detected are evaluated. Furthermore, a simulated LCM of the total number of p.e.s detected by 32 PMTs for a deposited energy of 511 keV is also carried out. UCLEAR medical imaging is a method that consists in the administration of trace amounts of radiolabeled compounds used to create images for the diagnosis, therapeutic monitoring, or research purposes. In nuclear medicine imaging, radiopharmaceuticals are injected or ingested, and it is the physiological interactions between the radioactive substances and the organs of a living being that gives rise to the information in the images. Nuclear medical imaging involves several scientific disciplines such as biology, chemistry, physics, mathematics, computer science.

Chapter 1 Nuclear Medical Imaging and 3γ Imaging

In clinical routine, two kinds of radioactive isotopes are mainly used to obtain an image of the patient's body: gamma emitters and positron emitters. These radioactive emitters are associated with a particular imaging technique that can be classically divided into two main types: Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET).

N

In this chapter, a brief introduction of nuclear medical imaging will be preliminarily presented. Then, two common functional imaging techniques, Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET) will be described. The description includes the basic principle and instrumentation design, the main radiopharmaceuticals and scintillators used in clinical practice, and the performance of the system. Besides, a general description of the Compton camera for nuclear medical imaging will be provided. The last part of this chapter is devoted to presenting an innovative low-dose functional imaging technique called 3γ imaging, which is developed at the Subatech laboratory. This technique combines a large field of view liquid xenon Compton camera with a three-dimensional (3D) localization of the radioactive decay of a specific (β+, γ) radionuclide emitter, such as the scandium-44.

Basic principles and techniques of nuclear medical imaging 1.A general introduction of nuclear medical imaging

Nuclear medicine is a specialty in the field of radiology that uses radiopharmaceuticals for the diagnosis and treatment of diseases. Nuclear medicine also includes therapeutics applications of radionuclides (such as gamma, beta-, alpha). For diagnostic uses in modern medicine, the radiopharmaceutical, also called the radiotracer, is a radiolabeled compound composed of a biologically active molecule (tracer) and gamma-ray-emitting or positronemitting radionuclides (label). The radiopharmaceuticals can be administered to the patient orally, by injection, or by inhalation. The radionuclides are chemically bound to the vector molecule. The radiolabeled compound has similar chemical properties to the original compound and can be detected by its emitted radiation. The type of vector molecule is chosen according to the purpose of the scan, which means the biological function that we are interested in. It must be specific to the phenomenon studied, such as myocardial perfusion, glucose metabolism, brain imaging, thyroid imaging, and bone imaging.

Compared to traditional anatomic imaging techniques, such as Computed Tomography (CT) or conventional Magnetic Resonance Imaging (MRI), nuclear medical imaging provides information regarding the anatomy and the physiological functions of the tissues or organs of a living being. A radiopharmaceutical can be produced to target a specific disease. Once the radiopharmaceutical is administered to the patient, the radiolabeled compound will concentrate on the specific cellular receptors in the tissues, depending on the patient's physiological status. A significant number of γ-rays emitted during radioactive decay of the radionuclide can escape the patient's body without being attenuated or scattered. Then a position-sensitive radiation detector is used to measure these γ-rays and form an image in three dimensions of the distribution of the radiolabeled compound in the body. In this image, hot regions will indicate the location of specific diseases (for example, tumor cells in cancer imaging). Besides, the high concentration of radiopharmaceuticals in the region of interest indicates the metabolic changes due to this disease.

The history of nuclear medicine imaging development is closely linked to that of radioactivity and associated instrumentation, and with contributions from advances in fields as diverse as physics and nuclear chemistry, the physics of ionizing radiation detectors and electronics. The origin of nuclear medicine is traced back to the end of the XIX century. In 1895, physicist Wilhelm Roentgen discovered X-rays and made the first radiographic images of human anatomy, making radiography the first medical imaging technology [START_REF] Mould | A Century of X-Rays and Radioactivity in Medicine[END_REF]. One year after the finding of X-rays, the natural radioactivity was discovered by the physicist Henri Becquerel, who observed that the natural uranium salts could blacken a photographic plate [2]. This study was soon followed by the discovery of two radioactive elements, polonium [3] and radium [4], by Marie and Pierre Curie in 1898. These fundamental discoveries were quickly adopted for medical applications and laid the foundations of Nuclear Medicine [START_REF] Rootwelt | Henri Beckquerel's discovery of radioactivity, and history of nuclear medicine. 100 years in the shadow or on the shoulder of Röntgen[END_REF].

The principle of the radiotracer method was established by George de Hevesy, who pioneered the use of radionuclide as tracers in 1913 [START_REF] Hevesy | Die Löslichkeit des Bleisulfids und Bleichromats[END_REF]. Then, he used the radioactive lead nitrate to study their absorption and translocation in plants in 1923 [START_REF] Hevesy | The Absorption and Translocation of Lead by Plants[END_REF], which was the initial research of the radiolabeled substance in the fields of biology and medicine. In 1927, Blumgart and Weiss injected the lead and bismuth decay products of radium in the vein of one arm to study the cardiovascular circulation kinetics from one arm to the other [8]: that was the first human tracer study. A few years later, with a series of scientific breakthroughs such as the cyclotron invented in 1930 by Lawrence and Livingston [START_REF] Lawrence | The production of high speed light ions without the use of high voltages[END_REF] and the artificial radioactivity discovered by Irène Joliot-Curie and Frédéric Joliot-Curie in 1934, the artificial production of new radionuclides became possible: this brought to the use of the radioactive compound for medical purposes. For instance, in 1935, Hevesy studied the phosphorus-32 metabolism in an animal system employing the Geiger Muller counter and using the radioactive sodium phosphate as a radioactive indicator [START_REF] Chiewitz | Radioactive indicators in the study of phosphorus metabolism in rats[END_REF]. After the Second World War, the Oak Ridge National Laboratory produced radionuclides in quantities sufficient for medical use through nuclear reactors. Radionuclides of artificial production entered the field of biology and medicine through the use of accelerators and nuclear reactors.

In 1938, iodine-131 was discovered by Seaborg and Livingood [START_REF] Livingood | Radioactive isotopes of iodine[END_REF]. Nowadays, 131 I is still the most used radionuclides for diagnosing and treating thyroid diseases, providing visual information about the physiological functions of the thyroid gland. In the middle of the 1940s, the use of radioactive iodine ( 131 I) as a radiotracer opened the path to the diagnosis and treatment of thyroid diseases [START_REF] Evans | Early history (1936-1946) of nuclear medicine in thyroid studies at Massachusetts General Hospital[END_REF]13]. In the medical examination, an operator measured the radioactivity with a Geiger-Müller counter close to the patient's neck that quantified the iodine uptake by the thyroid. After spreading the use of 131 I throughout the United States and Europe at the end of the Second World War [START_REF] Winkler | SERUM IODINE IN HYPERTHYROIDISM , WITH PARTICULAR REFERENCE TO THE EFFECTS OF SUBTOTAL THYROIDECTOMY Find the latest version[END_REF], Nuclear Medicine came into the public field of vision and won official recognition as a new branch of medical science.

Nuclear medical imaging was driven, in the following years, by a series of development of scintillation detectors and scintillation cameras. These inventions led to the development of nuclear medical imaging techniques that facilitated obtaining images of the distribution of radionuclides within the body. In the 1950s, Cassen invented a rectilinear scanner composed of sodium iodide (NaI) scintillator crystals coupled to PhotoMultiplier Tubes (PMTs) [15] that replaced the Geiger-Müller counter to image the distribution of radionuclides. The first nuclear medical image was a thyroid scanning from this initial rectilinear scanner with the administration of 131 I in 1951 [15]. During the operation of this device, the probe situated above the patient moved simultaneously with the paper situated under a fixed pointer (ink pen). An electromagnetic relay at the output of the rectilinear scanner controlled the movement of the pointer to produce the image in the paper. After spreading the use of rectilinear scanners with 131 I and other radionuclides throughout the world, they became the primary imaging systems of nuclear medicine at that time. Shortly after, the first scintillation camera, also known as Anger Camera, was developed by Hal O. Anger in 1958 [START_REF] Anger | Scintillation camera[END_REF], which was the pioneer of single-photon imaging systems [START_REF] Jw | The philosophy of science-Tijdschr Nucl Geneeskd[END_REF]. This detector used the NaI crystals coupled to PMTs, which can produce a two-dimensional (2D) projection image. Since the 50s, these studies have played a significant role in leading nuclear medicine to be widespread in clinical practice.

Nuclear medical imaging techniques progressed rapidly from the 1960s. In 1964, the use of technetium-99m for imaging, firstly employed by Paul Harper, opened a new window to the development of nuclear medical imaging. Technetium-99m, which was discovered by Carlo Perrier and Emilio Segrè in 1937 [START_REF] Perrier | Radioactive isotopes of element[END_REF], is still the most widely used radionuclide in single-photon imaging throughout the world. During the 1970s, some new developments in mathematics lead to the foundation of tomographic image reconstruction from several angular projection views around the patient, such a progress has played a significant role in revolutionizing nuclear medical imaging and other fields of medical imaging. Therefore, the more realistic 3D radioactivity distribution replaced the 2D representation. These studies allowed evolving from early scintillation cameras into current medical imaging systems, such as the Positron Emission Tomography (PET) by Phelps [START_REF] Phelps | Application of Annihilation Coincidence Detection to Transaxial Reconstruction Tomography[END_REF] and Single Photon Emission Computed Tomography (SPECT) by Kuhl [START_REF] Kuhl | The Mark IV system for radionuclide computed tomography of the brain[END_REF], which are now widespread for clinical use. These developments marked the beginning of the modern era of nuclear medical imaging.

In particular, during the 1960s, the basic principle of Compton scattering was transferred in medical imaging: Compton camera was propounded independently in 1966 by Pinkau [START_REF] Pinkau | Notizen: Die Messung solarer und atmosphärischer Neutronen[END_REF] and in 1968 by White. Note that the feasibility of Compton scattering in medical imaging was introduced for the first time in 1959 by Lale [START_REF] Lale | The Examination of Internal Tissues , using Gammaray Scatter with a Possible Extension to[END_REF]. In 1974, the Compton camera was proposed for nuclear medical imaging by Todd, Nightingale, and Everett [START_REF] Todd | A proposed γ camera[END_REF]. This detector combined a conventional Anger camera (absorber) with a pixelated germanium detector (scatterer), which was a revolutionary breakthrough in imaging instruments of nuclear medicine. Compton imaging provides high scattering efficiency, high energy, and spatial resolutions, as well as high-resolved 3D information.

Each of the imaging systems has strengths and limitations. In particular, the PET or SPECT system often shows high contrast of abnormalities, but it provides insufficient anatomical detail to identify the abnormalities of the tissues or organs. Besides, the attenuation of emitted radiation in the body will degrade the image resolution. Since the turn of the millennium, to overcome some of these limitations, the development of multimodality instrumentation offers one solution to get more reliable images. The multimodal imaging system is usually based on the combination of a nuclear medical imaging system (such as SPECT or PET) with an anatomical imaging system (like CT or MRI). This results in an excellent spatial resolution that allows for the anatomic localization of abnormalities with the fused images. These systems establish the correlation of morphological information and physiological functional information, providing more useful information for the diagnosis of many common cancers. Currently, the multimodal systems of SPECT/CT, PET/CT, SPECT/MRI, and PET/MRI are commercialized [START_REF] Beyer | A Combined PET/CT Scanner for Clinical Oncology[END_REF][START_REF] Mariani | A review on the clinical uses of SPECT/CT[END_REF][START_REF] Jadvar | Competitive advantage of PET/MRI[END_REF]. In particular, the combined PET/CT scanners are widespread in clinical practice, which can produce a high-quality fused image having both functional and anatomical information [START_REF] Beyer | Putting "clear" into nuclear medicine: A decade of PET/CT development[END_REF]. At present, nuclear medical imaging can be applied not only in the specific tissue or organ imaging for tumor localization but also in the diagnosis of many disorders, especially in neurological and cardiovascular diseases [START_REF]Advancing Nuclear Medicine through Innovation[END_REF].

Single Photon Emission Tomography

Single photon emission computed tomography (SPECT) is a type of tomographic nuclear medical imaging technique that forms the 3D images of the radiotracer distribution from γrays detected at multiple positions around the patient. SPECT imaging uses a radiopharmaceutical labeled with a γ-emitting radionuclide. This radionuclide emits one photon associated with each radioactive decay. SPECT instrumentation is inseparable from the development of thallium-doped sodium iodide (NaI(Tl)), which began from the discovery of NaI(Tl) crystal as a scintillator by Hofstadter in 1948 [START_REF] Hofstadter | Alkali halide scintillation counters[END_REF], and to the development of the first scintillation camera by Anger [START_REF] Anger | Scintillation camera[END_REF][START_REF] Anger | SCINTILLATION CAMERA WITH MULTICHANNEL COLLIMATORS[END_REF]. SPECT technique provides diagnostic information on the functioning of the organs of a living being in a non-invasive way [START_REF] Saha | Physics and Radiobiology of Nuclear Medicine[END_REF].

Basic principle and instrumentation design for SPECT

SPECT imaging system based on the principle of the Anger camera [START_REF] Anger | Scintillation camera[END_REF] is composed of one or more rotating conventional gamma camera heads to detect the γ-rays emitted from the radiolabeled compounds and form the images. The camera head consists of the collimator, the detector, and the associated electronics. Since in SPECT γ-rays from the patient are emitted isotropically, in addition to requiring the information about where the photon was detected, the one providing the direction along which the detected photon reached the detector is also needed. This information is provided by the collimator, which selects photons with direction collinear to the channel orientation. The γ-rays that do not travel along with the desired directions are either absorbed by the channel walls or totally miss the collimator.

After successfully traveling through the collimator, the γ-ray strikes a large monolithic scintillation crystal. The high-energy γ-ray interacts with the scintillator producing many optical photons. These photons are measured by a set of PMTs, which convert photons into electrons through the photoelectric effect. Traveling through the dynodes of the PMT, a single photoelectron can be transformed into a series of electrons. Finally, the PMT produces a measurable electrical current. The output signal of PMT is read out and digitized by the associated electronics, whose output signal is then analyzed to determine the 2D spatial coordinates (X, Y) and deposited energy of the γ-ray interaction in the scintillation detector. The event is stored in an image matrix according to its position if the detected photon's deposited energy satisfies the energy window condition. After a significant number of scintillation events have been recorded, the resulting image matrix is representative of the projection image of the radiotracer distribution. The gamma camera is positioned and rotated around the patient to acquire the 2D projections from many viewing directions. In order to accelerate the imaging process, the current clinical SPECT systems detect more numerous emitted γ-rays by arranging several detector units at once surrounding the patient to acquire the multiple projection images simultaneously. The accumulation of all these multiple projections makes it possible, applying either analytical or iterative reconstruction algorithms to reconstruct a 3D image slice by slice.

Radionuclides used in SPECT

Radioactive labels used in the SPECT scanner are all γ-emitting radionuclides. Several properties, such as emission energy, effective half-life, branching ratios, and chemical properties, make them suitable for specific medical applications. The physical properties of the main radionuclides used in SPECT are listed in Table 1.1. Compared to PET imaging, SPECT imaging may employ extensive radionuclides with a much longer timescale of halflives to satisfy different kinetic tracer requirements. The most widely used radioactive label in SPECT is 99m Tc, whose half-life is perfectly compatible with clinical use because it is long enough for secure handling and short enough to leave the body quickly. The chemical [START_REF] Wernick | Emission Tomography: The Fundamentals of PET and SPECT[END_REF].

properties of technetium are quite rich, allowing it to be bound to several vector molecules, such as MIBI (MethoxyIsoButyl Isonitrile) for myocardial imaging, HMPAO (HexaMethylPropileneAmine Oxime) for brain imaging, or HDMP (HyDroxyMethylene Diphosponate) for bone imaging. The 99m Tc is produced in hospitals by the decay of 99 Mo with the 99 Mo/ 99m Tc generators. Another radionuclide commonly used in SPECT for thyroid imaging is 123 I. Since SPECT imaging employs radionuclides with different half-lives, multiple radiotracers can be used simultaneously [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. Meikle shows that the receptor kinetics and the blood flow can be detected all at once [START_REF] Meikle | Small animal SPECT and its place in the matrix of molecular imaging technologies[END_REF]. Table 1.1 -Physical properties of the main radionuclides used in SPECT. Data taken from [START_REF] Giussani | Imaging in Nuclear Medicine[END_REF][START_REF] Erba | Nuclear Medicine Textbook/Methodology and Clinical Applications[END_REF][START_REF] Willowson | Production of radionuclides for clinical nuclear medicine[END_REF].

Isotopes

Collimators used in SPECT

The collimator used in SPECT is located between the detector and the patient, which is intended for selecting photons whose direction is collinear to the channel orientation. The γrays that do not follow the desired paths either miss the collimator or are preferentially absorbed by the channel walls. In order to enhance the absorption efficiency of γ-rays in other directions, the collimator is made of dense material with a high atomic number, like lead. The use of a collimator limits the acceptance angle of the detector and reduces the number of emitted photons that finally enter the scintillation crystal by a factor of 10 3 -10 4 [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF].

According to the geometry of the channels, there are four basic types of collimators used in SPECT clinical practice, as presented in Figure 1.2. The parallel-hole collimator is the most widespread type of collimator applying in SECT, which only allows the γ-rays traveling in the normal direction of the scintillation crystal surface to enter the detector. In order to adapt the radionuclides with different photon energies, for the parallel-hole collimators, the thickness of the collimator, the channel length, and the diameter of the hole need to be adjusted. Collimators designed for imaging radionuclides with an energy of about 500 keV (such as 18 F and 131 I) are called high-energy (HE) collimators. Medium-energy (ME) collimators are employed for imaging radionuclides with an energy of about 300 keV (such as 111 In and 67 Ga). Finally, low-energy (LE) collimators are applied for imaging radionuclides with an energy of about 150 keV (such as 201 Tl and 99m Tc). Other types of collimators include the converging, the diverging, and the pinhole ones. The converging collimator uses the hole to converge the γ-rays to a focal line [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. While, the diverging collimator is the opposite of the converging collimator, which employs the hole to diverge the γ-ray [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. The pinhole collimator uses a single hole to guide the γ-rays [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. 

Scintillators used in SPECT

A scintillator can be defined as a material being able to convert a part of the energy of the incident particles or energetic photons, such as x-rays or γ-rays, into a number of photons in the visible or ultraviolet (UV) range, on a timescale from nanoseconds (ns) to microseconds (µs) [START_REF] Rodnyi | Physical Processes in Inorganic Scintillators[END_REF]. The scintillation light can be detected by photodetectors such as PMTs, Silicon PhotoMultipliers (SiPM), photodiodes, avalanche photodiodes, or hybrid photodetectors. Scintillators can be gases, liquids, or solids, as well as organic or inorganic, crystalline, or polycrystalline.

The principle of the scintillation mechanism in an extrinsic inorganic scintillator is illustrated in Figure 1.3. The energetic incident photons, such as x-rays or γ-rays, interact with the molecules and atoms of the scintillator mainly by photoelectric absorption, or Compton scattering, or pair production, that results in the formation of an electromagnetic shower including the recoil electrons, scattered photons, electron-positron pairs, secondary electrons, etc. The electrons or positrons progressively transfer their energies to numerous secondary particles via ionization and excitation processes until their thermalization. When the positron falls to thermal energy, it annihilates with a nearby electron producing two annihilation photons that will lose energy through photoelectric absorption or Compton scattering. In the excitation process, the electron from the shower (recoil electron, Auger electron, or secondary electron) in the keV range excites the atom or molecule of the scintillator resulting in the transition of a bound electron from the valence band state to a certain level in the conduction band and the formation of an electron-hole pair. Then, the electron and the hole either diffuse independently and randomly in the scintillator or recombine and form an excitonic state (exciton), which will then diffuse. Generally, the energy of the exciton is slightly smaller relative to the band gap energy. After that, the pairs or excitons are captured by the luminescence centers resulting in the excitation of luminescence centers. The luminescence centers are either the doping ions for the extrinsic scintillator or the lattice defects of the intrinsic scintillator. At the end of the process, the excited luminescence centers undergo relaxation and then de-excitation by emitting a scintillation photon. Since the luminescence centers have a radiative transition between the excited and fundamental energy levels included in the energy band gap, the emitted scintillation light will not be reabsorbed. Performances of SPECT cameras are mainly influenced by the physical and scintillation properties of the scintillators used in detectors. Firstly, the scintillators used in SPECT system require not only a high density to enhance the absorbed efficiency of Compton photons in a following photoelectric interaction, but also a high atomic number to augment the photoelectric cross-section compared to Compton scattering. These two factors contribute to increasing the probability of depositing all the energy of the emitted γ-ray in the active volume, preferably through a single photoelectric interaction, which will increase the detection efficiency and reduce spatial resolution losses caused by photon scattering in the scintillators. At the photon energies typically applied in SPECT (usually below 200 keV), the photoelectric absorption is the dominant process for an atomic number Z > 31 [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF].

Another factor limiting the selection of appropriate scintillators used in SPECT is the light yield, which is usually quantified by the number of scintillation photons emitted per absorbed energy in the interaction of the ionizing particle with the scintillator. The most common SPECT scanner is a scintillation camera composed of a monolithic scintillation crystal coupled to a set of PMTs. The deposited energies of the γ-ray interactions in the detector are determined by analyzing the output signals of PMTs, and the amplitude of the output signal indicates the number of scintillation photons detected by PMTs. Before signal saturation, the more scintillation photons are produced with the same absorbed energy, the more accurate the number of detected scintillation photons is, and the better the energy resolution of the scanner. Therefore, the light yield can affect the energy resolution of the scanner. The light yield will, in turn, enhance the ability of the detector to distinguish whether the γ-rays undergo Compton scattering before entering the detector (i.e., full energy events). In the SPECT imaging, the 2D spatial coordinates (X, Y) of the γ-ray interaction are determined by the barycenter calculation using PMTs output signals. Hence, the light yield can also affect the event positioning and the spatial resolution of the detector. The more scintillation photons are produced, the better the spatial resolution of the scanner.

Since the scintillation light needs to propagate over a large monolithic crystal before being detected by the PMTs, the scintillators used in SPECT systems not only require a high detection efficiency and a large light output but also need to minimize the optical selfabsorption of the scintillator. Moreover, the refractive index of the scintillator used in SPECT systems should also be close to the material of the entrance window used in PMTs and coupling material, mostly near 1.5. In certain crystals, the energy required for the electronic transition at the defect site is reduced to a level comparable to visible light. The defects in the crystal that selectively absorb the visible light are called the color center. The ionizing radiation may easily generate several color centers that will impede the propagation of the scintillation light in a crystal. In order to reduce this effect, improving the radiation hardness of the crystal is desirable.

The decay time of the scintillation light emission also affects the selection of appropriate scintillators used in SPECT. In order to prevent PMT output pulse pileup at high count rates, the decay constant needs to be short enough. In the SPECT system, the count rate is relatively low, and excellent time resolution is not required. In this case, the reasonably slow scintillators with a decay time of about 300 ns can be used in the SPECT system [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF].

The NaI(Tl) is one type of inorganic scintillator used in the SPECT system. The main properties of the NaI(Tl) are listed in Table 1.3. Due to its high detection efficiency at the photon energies typically applied in SPECT (usually below 200 keV) and large light yield, NaI(Tl) becomes the most widely used scintillator in SPECT imaging. The NaI(Tl) crystal is comparatively transparent to its scintillation light. The energy resolution of the NaI(Tl) crystal with a size of 25 × 25 mm 2 at 662 keV is about 6.7% [START_REF] Lecoq | Inorganic Scintillators for Detector Systems[END_REF][START_REF] Van Eijk | Energy resolution of some new inorganic-scintillator gamma-ray detectors[END_REF].

SPECT performances

There are two common forms of single-photon emission imaging: planar and tomographic. Compared to nuclear medicine planar imaging, the advantage of SPECT imaging is the tomographic nature of the SPECT technique.

In nuclear medicine planar imaging, the 2D projection image depicts a single view (one particular angle) of the radiotracer distribution in a patient. Each point of the image represents the radiotracer distribution along a straight line projected through the body, which leads to the projection image with a small amount of in-depth information. In this case, the nuclear medicine planar imaging can be used to scan the bones, where not much radiotracer is absorbed in the tissues or organs located above and below the bones.

In SPECT imaging, the gamma detector rotates around the patient following a series of angles and detects the γ-ray emitted from the patient. By moving the camera, several 2D projection images are acquired from multiple camera positions. The tomographic images are reconstructed slice-by-slice by applying analytical or iterative reconstruction algorithms from these projection images. These 2D reconstructed images are stacked to form a 3D image of the precise distribution of radiopharmaceuticals. This 3D image can be used to assess the function of organs or tissues, as the depth information provided by the tomographic image is missing from planar imaging.

For a typical SPECT scanner with two detector units that uses a low-energy highresolution collimator and NaI(Tl) scintillation crystal, the system performances are reported in the following. The energy resolution at 140 keV (i.e., the energy of the primary photon emitted from 99m Tc) is about 9.5% [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. The reconstructed resolution of the SPECT scanner is about 1 cm, and the intrinsic spatial resolution is about 4 mm (Full Width at Half Maximum [FWHM]) [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. The detector sensitivity per detector unit, which is quantified by the number of events measured by one detector unit of SPECT system per second per unit source activity, is of the order of 100 -300 cps/MBq [START_REF] Meikle | Small animal SPECT and its place in the matrix of molecular imaging technologies[END_REF][START_REF] Cherry | Physics in Nuclear Medicine[END_REF], or 0.01% to 0.03% [START_REF] Cherry | Physics in Nuclear Medicine[END_REF][START_REF] Rahmim | PET versus SPECT: strengths, limitations and challenges[END_REF].

Positron Emission Tomography

Positron Emission Tomography (PET) is another type of tomographic nuclear medical imaging technique that measures the uptake of the radiopharmaceutical in specific organs, tissues, or tumors within the body. PET imaging allows the reconstruction of the 3D images of the radiotracer distribution from the temporal coincidence detection of pairs of γ-rays produced by the annihilation of positrons. PET imaging makes use of an injected radiotracer labeled with a positron-emitting radionuclide. In 1988, the PET camera geometry furtherly evolved, moving to a cylindrical geometry comprising several successive rings of detectors [START_REF] Burnham | Cylindrical pet detector design[END_REF].

In recent years, the number of clinical PET systems in service is proliferating. Several biological processes can be measured quantitatively using PET imaging, such as glucose metabolism, oxidative metabolism, cerebral blood flow, or myocardial perfusion. Moreover, the development of small animal PET imaging and whole-body PET imaging can be applied in disease progression monitoring, pharmacological development, and new therapeutic approaches.

Basic principle and instrumentation design for PET

The most common devices used in the PET scanner consist of multiple rings of discrete or pixelated detector elements [START_REF] Casey | A multicrystal two dimensional bgo detector system for positron emission tomography[END_REF][START_REF] Casey | Two Dimensional Photon Counting Position Encoder System and Process[END_REF] arranged around the patient. The multiple rings aim at extending the axial Field-Of-View (FOV) of the scanner and increasing the detection efficiency. The most widespread configuration consists in installing the detector elements in a circular disposition. However, the PET systems have other configurations, such as square, hexagonal, octagonal arrangements, and a partial ring of detector elements. Each detector element is commonly composed of an array of independent rectangular scintillation crystals, and each crystal is usually coupled to a photodetector connected through a light guide.

The principle of PET imaging is based on the detection in quasi-coincidence of a γ-rays pair produced during annihilation, as illustrated in Figure 1.4. After ejecting from the labeled radionuclide, the positron with maximum emission energy of the order of several hundred keV to a few MeV loses its energy mainly by Coulomb interactions with electrons. The positron may suffer a large deviation from incident direction during each Coulomb interaction. As a result, the positron follows a tortuous way through the tissue before its energy falls to thermal energy. Finally, it annihilates with an electron in the nearby tissue and forms positronium, which is the bound state of a positron and an electron. This unstable positronium eventually decays via annihilation, and the total rest mass energy of the electronpositron pair is converted into a pair of γ-rays in the case of parapositronium (singlet state). γrays from an annihilation process have identical energies of about 511 keV and are emitted simultaneously almost back to back (as indicated in Figure 1.4). Note that a small percentage of γ-rays, less than 2%, annihilate without forming positronium [START_REF] Wernick | Emission Tomography: The Fundamentals of PET and SPECT[END_REF].

When a γ-ray enters one of the detector elements of the PET scanner, it interacts with the scintillation crystals deposited in a rectangular array and produces many optical photons. These photons can be measured by the photodetector, such as PMTs or SiPMs. The output signal is then processed by the data acquisition system to extract the time stamp and deposited energy information. In case the detected photon's deposited energy is within the preset energy window, which is usually applied around the photoelectric peak of 511 keV. The event is transferred to the coincidence processor. This helps in identifying pairs of γ-rays from annihilation events.

The event is transferred to the coincidence processor, which examines if two independent detector elements recorded two events within a short time window. This helps in identifying pairs of γ-rays from annihilation events. This specified time window is about 10 ns and varies from one camera to another depending on the crystal used. When a pair of γrays are detected within this coincidence time window by a pair of independent detector elements, an annihilation event is assumed to have been occurred somewhere along a straight line connecting those two associated detector elements. This line is referred to as the Line-Of-Response (LOR), defined by the registration in the temporal coincidence of two annihilation γ-rays, allowing localizing the radioactive decay along this line without [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. collimators as in SPECT imaging. Then, this coincidence event is built and registered into the sorter system.

In reality, there are several types of coincidence events registered in the system, as illustrated in Figure 1.5. The "true coincidence" event corresponds to two associated 511 keV γ-rays that are emitted from the same annihilation without being scattered in the tissue or in the organ. When one or both of the associated γ-rays undergo Compton scattering in the tissue before being detected, the corresponding type of coincidence event is named "scattered event". In this case, the line between the two detectors that recorded the γ-rays no longer passes through the emission point of the annihilation photons: this leads to a deviation in the reconstructed localization of the radiotracer. Nonetheless, a part of scattered coincidence events can be rejected through the energy window in a coincidence processor. Another type of coincidence event is known as "random coincidence": it corresponds to the detection of two γ-rays from two different annihilation processes within the same coincidence time window. This kind of coincidence event may also cause the mis-reconstruction of the radiotracer location.

After building and storing the coincident events, image reconstruction is necessary to generate a 3D image of the distribution of the radiotracer activity. The image reconstruction can be carried out as a succession of 2D reconstructions applied with a tomographic reconstruction algorithm or a fully 3D manner (i.e., the direct formation of a 3D image using all the experimental data [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]). The detector elements in the PET system are usually positioned and rotated around the patient to acquire the projection data from many viewing directions. The projection data of each selected plane within the object consists of a 2D dataset, which corresponds to a transverse image slice. Then, the tomographic reconstruction algorithm and many additional corrections are applied to reconstruct a series of 2D tomographic images from these projection data. Finally, the 3D image is reconstructed slice by slice by stacking these 2D images. In conclusion, the accumulation of the information contained in LOR from many different viewing directions and the tomographic reconstruction algorithms with many additional corrections allows for a 3D reconstruction of the radiotracer activity. The 3D reconstruction algorithms based on ordered-subset expectation-maximization (OSEM) or maximum-likelihood expectation maximization (MLEM) methods are usually applied in the emission tomography to correct the body motion or respiratory motion [START_REF] Dey | Theoretical and numerical study of MLEM and OSEM reconstruction algorithms for motion correction in emission tomography[END_REF]. 

Radionuclides used in PET

Radioactive labels used in PET are all β + emitters radionuclides. The physical properties of the main radionuclides used in PET are listed in Table 1.2. Compared to the SPECT scanner, PET cameras are more sensitive to the trace of radiopharmaceuticals, which can be used to study the subtle pathologies. For radionuclides used in PET imaging, many of them ( 11 C, 13 N, 15 O, 18 F) are mainly present in biologic molecules and can be incorporated in a lot of physiologically relevant tracers. 18 F is one of the radionuclides predominantly used in PET imaging, which is easily integrated into molecules involved in metabolism because of its good substitute for a hydroxyl group OH to form fluorodeoxyglucose ( 18 FDG) [START_REF] Gallagher | Metabolic Trapping as a Principle of Radiopharmaceu Tical Design: Some Factors Responsible for the Biodistribution of[END_REF]. This fluorinated glucose analog is concentrated in the organs or tissues with high glucose metabolism levels, like primary tumors and their metastatic tumors. Therefore, 18 FDG is an index of glucose metabolism, which helps to detect the tumors and monitor the biological progress during the treatment [START_REF] Phelps | Tomographic images of blood pool and perfusion in brain and heart[END_REF][START_REF] Yen | Brain tumor evaluation using Rb-82 and positron emission tomography[END_REF]. 13 N can be coupled to ammonia as a blood flow marker. In this case, 18 FDG and 13 Nammonia can be used in neurology and cardiovascular medicine to investigate the functioning of the brain, to study the regional cerebral blood flow and glucose metabolism, or to detect and understand disorders like epilepsy [START_REF] Kuhl | Effects of stroke on local cerebral metabolism and perfusion: Mapping by emission computed tomography of18FDG and13NH3[END_REF], stroke [START_REF] Kuhl | Effects of stroke on local cerebral metabolism and perfusion: Mapping by emission computed tomography of18FDG and13NH3[END_REF], Parkinson's disease, Alzheimer's and cardiovascular diseases [START_REF] Schelbert | Myocardial ischemia and clinical applications of positron emission tomography[END_REF][START_REF] Bax | Diagnostic and clinical perspectives of fusion imaging in cardiology: Is the total greater than the sum of its parts?[END_REF]. Other radionuclides like 15 O can be coupled with a water molecule to observe cerebral blood flow or myocardial perfusion. 11 C can be coupled to not only palmitate to assess the fatty acid metabolism but also acetate to indicate myocardial oxygen consumption as an index of oxidative metabolism [START_REF] Schelbert | 18F-deoxyglucose and the assessment of myocardial viability[END_REF]. 11 C can also be coupled with 5-hydroxytryptamine to observe serotonin receptors. 82 Rb allows myocardial imaging.

Scintillators used in PET

The crystals used in PET are usually isolated by a reflective material, such as Teflon. The segmentation of the scintillation crystal contributes to increasing the spatial resolution of the PET scanner. The selection of different scintillation crystal dimensions reflects a compromise between spatial resolution and detection sensitivity [START_REF] Peng | Recent Developments in PET Instrumentation[END_REF]. Like in SPECT, the performances of PET cameras are also mainly influenced by the effective atomic number (Z), the density, the light yield, and the decay times of the scintillators used in the detectors. At the photon energies typically used in PET (511 keV), the photoelectric absorption is the dominant process for an atomic number Z > 79 [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. The count rate is relatively high in the PET system, and a good time resolution is a requirement. In order to acquire an excellent coincidence timing resolution and a high-count-rate capability, faster scintillators with a decay time on the order of 20 -50 ns are required in the PET system [START_REF] Dahlbom | Physics of PET and SPECT Imaging[END_REF]. Faster scintillators also have the advantage of reducing the time coincidence for LOR and then the number of random coincidences. This is also an advantage for Time-of-Flight PET, which will be introduced later. The physical properties of the main scintillators used in nuclear medical imaging are listed in Cerium-doped Lutetium Oxyorthosilicate (LSO:Ce) [START_REF] Melcher | Cerium-doped Lutetium Oxyorthosilicate: A Fast, Efficient New Scintillator[END_REF][START_REF] Melcher | A promising new scintillator: cerium-doped lutetium oxyorthosilicate[END_REF], Cerium-doped Lutetium Yttrium Orthosilicate (LYSO:Ce), and Bismuth Germanate (BGO) [START_REF] Weber | Luminescence of Bi4 Ge3 O12: Spectral and decay properties[END_REF] are some of the crystals widely used in PET systems, which have a high atomic number and density, resulting in high detection efficiency of high energetic photons, such as annihilation photons. Moreover, they are nonhygroscopic and have a high mechanical ruggedness, which makes small-size crystal manufacturing and packaging relatively simple. However, the low light yield of BGO degrades the energy resolution that requires a good light collection efficiency and a significant photodetector gain while amplifying the signal. Both LSO and LYSO have high light yields and short decay times, which are good candidates for Time-of-Flight PET imaging.

Barium Fluoride (BaF2) [START_REF] Yamamoto | Experimental Assessment of the Gain Achieved by the Utilization of Time-of-Flight Information in a Positron Emission Tomograph (Super PETT I)[END_REF], Cerium-doped Gadolinium Oxyorthosilicate (GSO:Ce) [START_REF] Karp | Performance of a Brain PET Camera Based on Anger-Logic Gadolinium Oxyorthosilicate Detectors[END_REF], Cerium-doped Lanthanum Bromide (LaBr3:Ce), and Cerium-doped Gadolinium Aluminium Gallium Garnet (GAGG:Ce) are also used in some experimental PET systems. BaF2 has an extremely short primary decay constant, which offers the possibility to be applied in the Time-of-Flight PET system. However, BaF2 has a lower scintillation yield and a relatively low density, which may result in low detection efficiency. GSO cleaves easily, which makes crystal manufacturing more difficult. LaBr3:Ce has a very high scintillation yield and a short decay time, which can also be exploited in a Time-of-Flight PET system. Note that, like Na(TI), LaBr3 has a high hygroscopicity that demands more crystal packaging.

1.1.3.4

PET performances

Sensitivity

The sensitivity of the PET system is quantified by the count rate detected by the PET scanner per unit source activity in the object (1 cps/kBq is equal to 0.1%). In current PET/CT commercial systems, the sensitivity is of the order of 3.5 -22 cps/kBq following the NEMA 2001 standard [START_REF] Cherry | Physics in Nuclear Medicine[END_REF]. By comparing it with the SPECT systems, which need collimators, the sensitivity of PET imaging is several times higher.

Spatial resolution

The spatial resolution of the PET system is usually quantified by the FWHM of the Point Spread Function (PSF) of a positron-emitting point source imaged in the PET scanner. For a multi-ring PET scanner consisting of discrete detector elements with a rectangular crystal array arranged along the radial direction, the spatial resolution is primarily limited by several factors. They include the effects of positron range and annihilation photon noncollinearity related to the positron emission and annihilation process, the physical size of the detector elements, the depth-of-interaction effect, and the image reconstruction algorithm.

The positron range effect is one of the important factors limiting the spatial resolution of the PET scanner. The positron range is commonly quantified by the finite distance traveled by the positron before annihilating with an electron, which means the distance between the positron emission point and the annihilation photon emission point. Since the PET system can only reconstruct the locations of the annihilation points but not the actual locations where the labeled radionuclides emitted the positrons, the non-zero positron range can degrade the spatial resolution. The effect of positron range on system spatial resolution is affected both by the maximum emission energy of positron in the radioactive decay and the density of the tissue (absorber). The ranges in the water of the main radionuclides used in PET are listed in Table 1.2. Please note that the ranges of the positron in lung tissue would be larger than that in bone (dense tissue), as the range is inversely correlated with the tissue density [START_REF] Cherry | Physics in Nuclear Medicine[END_REF].

Another factor degrading the spatial resolution of PET imaging is correlated with the fact that the barycenter of the positron-electron pair is not always at rest at the time when the annihilation occurs, which results in the positron-electron pair having a small residual momentum at annihilation. Then, the emission angle of two annihilation photons deviates from 180° as a result of the energy and momentum conservation. This effect is known as the noncollinearity of annihilation photons. The distribution of annihilation photons angular deviation from 180° is approximately Gaussian, with about 0.25° FWHM [START_REF] Wernick | Emission Tomography: The Fundamentals of PET and SPECT[END_REF]. The effect of noncollinearity on system spatial resolution is correlated with the system diameter for a multi-ring PET scanner. For a conventional whole-body PET system with a detector diameter of 80 cm, the annihilation positioning uncertainty caused by the photon noncollinearity effect is about 1.76 mm. While for a small animal PET scanner with a system diameter of 15 cm, the magnitude of this effect is about 0.33 mm.

The spatial resolution of the PET system is also significantly affected by the dimensions of the detector element, which is mainly related to the solid angle coverage of the detector element pair. The coincidence response function (CRF) is often specified as the coincidence rate between the pair of detector elements versus the position of the positron-emitting point source, which isotropically emits back-to-back annihilation photon pairs. The profile of CRF at the midplane between the coincidence detector element pair on opposite sides of the scanner ring is a triangular function whose FWHM is equal to one-half width of the detector element [START_REF] Moses | Fundamental limits of spatial resolution in PET[END_REF], as presented in Figure 1.6. As the point source is moved towards one of the detector elements, the profile of CRF changes from triangular function to rectangular function. In recent years, improving the spatial resolution by further lessening the physical size of the detector elements has become one of the trends in PET systems.

The depth-of-interaction (DOI) effect or the parallax effect also results in a limitation of the spatial resolution of PET imaging. The DOI effect is due to the fact that the actual interaction positions of annihilation photons within a crystal are not determined. The scintillation crystals used in PET scanners are not ideal absorbers for the annihilation photons. For a positron-emitting source situated near the FOV center, the annihilation photons usually enter the detector element from the narrow surface of the crystal. They are likely to be completely absorbed after traveling some distance within the crystal that they first enter. However, for a positron-emitting source that deviated from the center, the annihilation photons enter the crystal of the detector element at oblique angles with the result that they travel some distance and are likely to penetrate through several crystals or the adjacent detector elements along the radial direction before being completely absorbed, as presented in Figure 1.7. Unless the DOI of the annihilation photon within the scintillation crystal can be precisely identified, this annihilation photon will be associated with an incorrect LOR. This is because the LOR is usually associated with the crystal where the annihilation photon is finally absorbed.

As the position of the positron-emitting source is removed radially and deviated from the FOV center, a more substantial fraction of the annihilation photons enter the detector element at oblique angles, which leads to the radial elongation of the response profile. The DOI effect leads to significant degradation of spatial resolution of the PET scanner in the radial direction. Some recent PET systems have the DOI capability that can roughly determine the DOI within the crystals and maintain simultaneously high sensitivity and more uniform spatial resolution throughout the FOV.

Time resolution

For a typical multi-ring PET system, the time resolution can be defined as the uncertainty in the measurement of the time stamps for annihilation photons being detected. It is usually reported as the FWHM of the timing spread function measured for a detector element pair. The time resolution is commonly affected by several properties of the scintillators employed in the PET scanner. In general, scintillators with high light yield and short decay time contribute to achieving a good time resolution. Besides, the time resolution is also influenced by the performance of the photodetector and the pulse processing electronics coupled to the photodetectors, for instance, the photon detection efficiency, the noise, and the signal degradation of such electronics.

The time resolution of the PET system determines the lower bound of the coincidence time window. The improvement in time resolution allows to reduce the width of the coincidence time window, and thus the number of random coincidence events reconstructed. This is due to the fact that the number of random events increases linearly with the width of the coincidence window. For older PET scanners employing BGO crystals, the time resolution is in the 6 -10 ns range [START_REF] Moses | Time of Flight in PET Revisited[END_REF]. For current commercial TOF-PET systems using fast scintillators, a better time resolution can be obtained, which will be discussed in Section 1.1.3.5.

Time-of-Flight PET

In conventional PET imaging, no information is available about the time difference Δt at which a pair of photons originating from positron annihilation are detected by two corresponding detector elements. As a result, during image reconstruction, the annihilation point is distributed with equal probability to all voxels along the whole length of LOR within the Field-Of-View. If this time difference Δt can accurately be measured, it is then possible to constrain the annihilation event along the LOR between two associated detector elements [START_REF] Mullani | System design of fast pet scanners utilizing time-of-flight[END_REF]. This technique is called Time-of-Flight PET or TOF-PET: its basic principle is presented in Figure 1.8.

From classical mechanics, the location of the annihilation site with reference to the midpoint between the detector pair can be calculated as: where c is the velocity of light.

∆𝑥𝑥 = 𝑐𝑐 2 ∆𝑡𝑡 (1.1)
To supply useful levels of TOF information in real situations, the scintillators employed in TOF-PET clinical systems require a high atomic number and density to achieve a high detection efficiency of annihilation photons, a high light yield, and a short decay time to minimize the Coincidence Time Resolution (CTR) as well as to achieve a good coincidence timing resolution. The small CTR also contributes to rejecting unwanted random coincidence events, which may introduce an error in the reconstructed location of the radiotracer. LSO and LYSO are two good candidates for Time-of-Flight PET imaging [START_REF] Mullani | Feasibility of time-of-flight reconstruction in positron emission tomography[END_REF][START_REF] Budinger | Time-of-Flight Positron Emission Tomography: Status Relative to Conventional PET[END_REF]. BaF2 has an extremely short primary decay constant of 0.6 ns, which provides a good timing resolution compared to BGO. However, it has a lower detection efficiency and light yield, requiring a better light collection efficiency and a significant photodetector gain while amplifying the signal. The overview of the CTRs for different scintillators used in TOF-PET systems is given in Two identical radiation detectors in coincidence using LSO crystals coupled to PMTs have shown a CTR between 165 -300 ps (FWHM) [START_REF] Eriksson | Comparison of Count Rate Sensitivity Performance for a LSO-TOF System with a Cherenkov Radiation Based PbF2-TOF System[END_REF][START_REF] Conti | Comparison of fast scintillators with tof pet potential[END_REF][START_REF] Szczȩśniak | Fast photomultipliers for TOF PET[END_REF]. While replacing PMTs with SiPMs, the results of LSO crystals combined with SiPMs seem better with a CTR in the range of 58 -200 ps [63, 81-83]. Gundacker et al. [START_REF] Gundacker | Experimental time resolution limits of modern SiPMs and TOF-PET detectors exploring different scintillators and Cherenkov emission[END_REF] have studied the possibility of using Cherenkov emission in BGO to improve the time resolution. They also obtained a CTR of 51 ps using BaF2 coupled to the FBK NUV-HD 40 µm SiPM, with only ~ 22% photon detection efficiency [START_REF] Gundacker | Experimental time resolution limits of modern SiPMs and TOF-PET detectors exploring different scintillators and Cherenkov emission[END_REF]. A small CTR of 35 ps has also been reported in two coincident detectors with 3 mm BC422 cube plastic scintillators mounted on the same SiPM when only using Compton interactions in the detector with a maximum deposited energy of 340 keV [START_REF] Gundacker | Experimental time resolution limits of modern SiPMs and TOF-PET detectors exploring different scintillators and Cherenkov emission[END_REF].

The overview of the CTRs for some current commercial TOF-PET systems is given in Table 1.5. The TOF-PET systems can reach a CTR of the order of 210 to 600 ps (FWHM), which corresponds to positioning uncertainties in the range of 3.5 to 9 cm along the LOR [START_REF] Surti | Update on time-of-flight PET imaging[END_REF][START_REF] Lois | An assessment of the impact of incorporating time-of-flight information into clinical PET/CT imaging[END_REF][START_REF] Jakoby | Physical and clinical performance of the mCT time-of-flight PET/CT scanner[END_REF][START_REF] Miller | Characterization of the Vereos Digital Photon Counting PET System[END_REF][START_REF] Daube-Witherspoon | The imaging performance of a LaBr3-based PET scanner[END_REF][START_REF] Levin | Design Features and Mutual Compatibility Studies of the Time-of-Flight PET Capable GE SIGNA PET/MR System[END_REF][START_REF] Burr | A New Modular and Scalable Detector for a Time-of-Flight PET Scanner[END_REF][START_REF] Bettinardi | Physical Performance of the new hybrid PET/CT Discovery-690[END_REF][START_REF] Van Sluis | Performance characteristics of the digital biograph vision PET/CT system[END_REF]. Recently, the Biograph Vision digital PET/CT scanner from Siemens based on a set of LSO crystals coupled to the SiPMs can achieve a CTR of 210 ps [START_REF] Van Sluis | Performance characteristics of the digital biograph vision PET/CT system[END_REF]. Regarding small animal imaging, the spatial resolution can be estimated in the 2 -3 cm range along the LOR. One goal of TOF-PET imaging is to provide a spatial resolution in the subcentimeter range along the LOR, allowing localizing the annihilation event directly and thus acquiring an image without using the tomographic reconstruction algorithm. To achieve such spatial resolution, the time resolution of the TOF-PET system needs to be less than 50 ps, which is hard to achieve with existing technology.

Name

Although current TOF-PET systems have not yet reached a spatial resolution under subcentimeter, the TOF information can still be incorporated into the image reconstruction for improving the Signal to Noise Ratio (SNR) of the reconstructed images. The SNRTOF of the TOF-PET can be approximated as:

𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑇𝑇𝑇𝑇 ≅ � 2𝐷𝐷 𝑐𝑐∆𝑡𝑡 𝑆𝑆𝑆𝑆𝑆𝑆 𝑁𝑁𝑁𝑁𝑁𝑁-𝑇𝑇𝑇𝑇𝑇𝑇 (1.2)
Where SNRNon-TOF is the SNR of images reconstructed without TOF information, and D is the size of the object being imaged. The improvement in SNR in TOF-PET compared to conventional PET imaging depends on the diameter of the object being imaged and the time resolution of the detector. This formula demonstrates that larger objects would particularly benefit from using TOF information in image reconstruction than smaller objects [START_REF] Graham | Variations in PET/CT methodology for oncologic imaging at U.S. academic medical centers: An imaging response assessment team survey[END_REF]. Based on this equation, the improvement of time resolution is an important parameter for the performance of the TOF-PET scanner.

Whole-body PET

Current clinical PET scanners typically cover an axial FOV of 15 -30 cm, which provides a relatively limited sensitive region and comparatively low detection efficiency [START_REF] Badawi | The Effect of Camera Geometry on Singles Flux, Scatter Fraction and Trues and Randoms Sensitivity for Cylindrical 3D PET-a Simulation Study[END_REF][START_REF] Cherry | The 2006 Henry N. Wagner Lecture: Of Mice and Men (and Positrons)-Advances in PET Imaging Technology[END_REF]. The whole-body PET systems with largely extended detector rings are proposed for exploiting the potential of PET imaging, which will achieve total body coverage and a largely increased detection sensitivity resulting in an improvement of the image quality. Several designs of whole-body PET systems have been developed up to now. Some systems contain several opposing rows of detectors that use the imaging protocol of multi-pass and multi-bed with large temporal gaps to get full tomographic information [START_REF] Cherry | Physics in Nuclear Medicine[END_REF][START_REF] Dahibom | Whole-Body Positron Emission Tomography: Part I. Methods and Performance Characteristics[END_REF]. However, most systems contain a stationary circular or polygonal arrangement of detector elements. These scanners can acquire the image data for multiple projection views simultaneously in multi-coincidence mode [START_REF] Cherry | Physics in Nuclear Medicine[END_REF]. When current clinical PET systems image the entire body or multiple organ systems, it is hard to acquire dynamic data from every region of interest. Besides, they require relatively long scan times and high injected activity. However, it is possible for whole-body PET systems with multiple rings of detector elements to achieve fast or low-dose scanning with the same image quality.

The Extreme performance Long REsearch scanneR (EXPLORER) consortium aims to develop a whole-body PET system with extended axial coverage, which will provide a high detection sensitivity to achieve an improvement of the SNR in the reconstructed images, to reduce the scan time or the injected activity alternatively without compromising the image quality, and to perform total-body pharmacokinetic studies. [START_REF] Cherry | Totalbody imaging: Transforming the role of positron emission tomography[END_REF][START_REF] Cherry | Total-body PET: Maximizing sensitivity to create new opportunities for clinical research and patient care[END_REF][START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF]. The EXPLORER Consortium works on several whole-body PET scanners. A PET scanner with good time resolution, called PennPET Explorer, is developed by the research groups from the University of Pennsylvania in collaboration with the Philips Healthcare and KAGE Medical [104][START_REF] Karp | Imaging Performance of the PennPET Explorer scanner[END_REF][START_REF] Pantel | PennPET explorer: Human imaging on a whole-body imager[END_REF]. A large-axial-FOV PET imager with high spatial resolution called uExplorer, and a smallscale PET imager in non-human primates called mini-EXPLORER are developed by the research groups from the University of California, Davis, in collaboration with the United Imaging Healthcare and the Zhongshan Hospital (shanghai) [START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF][START_REF] Zhang | Total-body dynamic reconstruction and parametric imaging on the uexplorer[END_REF]. The overview of the physical properties of the three Explorer systems is listed in Table 1

.6.
PennPET Explorer is a torso imager with high TOF resolution, which is constructed as three axial units with discrete detector elements. Each LYSO scintillation crystal is coupled in a 1:1 configuration to the digital SiPM readout developed by Philips Digital Photon Counting [START_REF] Frach | The Digital Silicon Photomultiplier -Principle of Operation and Intrinsic Detector Performance[END_REF]. The instrument will be expanded to about 140 cm by adding further detector rings to increase largely the detection sensitivity [START_REF] Pantel | PennPET explorer: Human imaging on a whole-body imager[END_REF]. Based on the preliminary measurements, PennPET exhibits an excellent time resolution by additional cooling the SiPMs [START_REF] Vandenberghe | State of the art in total body PET[END_REF]. uExplorer is a whole-body PET system with a high spatial resolution, which is integrated with a CT scanner for anatomic imaging. uExplorer system has an axial FOV of 194 cm and a transaxial FOV of 68.6 cm [START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF]. Each array of LYSO scintillation crystals is coupled to four SiPM readouts [START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF]. In total, 564480 LYSO crystals and 53760 digital SiPMs are used in the system [START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF]. By taking into account the TOF effect [START_REF] Poon | Optimal whole-body PET scanner configurations for different volumes of LSO scintillator: A simulation study[END_REF], Monte Carlo simulations suggested that the uExplorer system can acquire an effective count rate of about 40 times higher than a conventional 22 cm axial FOV PET scanner. Besides, the whole-body images with the uExplorer scanner can be acquired with a short acquisition time of about 1 minute or less, or by injecting an amount of activity smaller than 1 mCi. These characteristics do not impact the image quality that stays comparable to that of current clinical PET [START_REF] Badawi | First human imaging studies with the explorer total-body PET scanner[END_REF]. Furtherly, uExplorer can also help in studying and monitoring chronic disease progression. It is also possible to perform total-body pharmacokinetic studies with uExplorer systems [START_REF] Zhang | Quantitative image reconstruction for total-body PET imaging using the 2-meter long EXPLORER scanner[END_REF].

MiniExplorer-I is an application prototype of a non-human primate imager on the basis of the modules utilized in the Siemens mCT scanner [START_REF] Jakoby | Physical and clinical performance of the mCT time-of-flight PET/CT scanner[END_REF]. The second prototype, called MiniExplorer-II is a small animal or human brain imager. MiniExplorer-II scanner employs the same components in uExplorer imager to serve as a test environment. Then, uExplorer system can be constructed by scaling up the MiniExplorer-II scanner [START_REF] Cherry | Total-body PET: Maximizing sensitivity to create new opportunities for clinical research and patient care[END_REF][START_REF] Lv | Mini EXPLORER II: A prototype high-sensitivity PET/CT scanner for companion animal whole body and human brain scanning[END_REF].

In addition to the EXPLORER scanners, there are also other whole-body systems, such as the Jagiellonian Positron Emission Tomograph (J-PET) scanner developed by the J-PET collaboration at the Jagiellonian University [START_REF] Moskal | Test of a single module of the J-PET scanner based on plastic scintillators[END_REF]. J-PET scanner is the first PET system constructed from long strips of plastic scintillators, which are less expensive than crystal scintillators [START_REF] Niedźwiecki | J-PET: a new technology for the wholebody PET imaging[END_REF]. It has an axial FOV of 50 cm and an inner diameter of 85 cm [START_REF] Niedźwiecki | J-PET: a new technology for the wholebody PET imaging[END_REF]. J-PET scanner provides the feasibility of positronium mean lifetime imaging, which is based on the detection of three photons produced during a rare ortho-positronium annihilation [START_REF] Moskal | Feasibility study of the positronium imaging with the J-PET tomograph[END_REF].

Compton camera for nuclear medical imaging 1.2.1 A general introduction of Compton camera

Compton Cameras have been developed and widely used in numerous applications, from nuclear medical imaging and hadrontherapy to γ-ray astronomy and homeland security. The potential of Compton scattering in medical imaging was introduced for the first time in 1959 by Lale [START_REF] Lale | The Examination of Internal Tissues , using Gammaray Scatter with a Possible Extension to[END_REF]. During the 1960s, Compton imaging was propounded independently by Pinkau, who employed spark chambers in 1966 [START_REF] Pinkau | Notizen: Die Messung solarer und atmosphärischer Neutronen[END_REF], and White, who proposed to use scintillation detectors in 1968.

In 1973, the application of Compton imaging to gamma-ray astronomy was proposed by Schönfelder and his colleagues [START_REF] Schönfelder | A telescope for soft gamma ray astronomy[END_REF]. In 1984, they designed and constructed the imaging Compton telescope, COMPTEL [START_REF] Taylor | The imaging compton telescope comptel on the gamma ray observatory[END_REF]. In 1992, Winkler and his colleagues reported the first measurements of the γ-ray burst observed by COMPTEL [START_REF] Winkler | The gamma-ray burst of 3 May 1991 observed by COMPTEL on board GRO[END_REF]. Since the late 1990s, numerous research groups have developed multiple forms of second-generation Compton telescope. A Tracking and Imaging Gamma-Ray Telescope (TIGRE) is proposed by O'Neill, Bhattacharya, and their colleagues [START_REF]Tracking, imaging and polarimeter properties of the TIGRE instrument[END_REF][START_REF]A Tracking and Imaging Gamma-Ray Telescope (TIGRE) for energies of 0.3 to 100 MeV[END_REF]. A Position Sensitive Germanium Detector for the Advanced Compton Telescope is under development by the group at the Naval Research Laboratory [START_REF] Kroeger | Position Sensitive Germanium Detectors for the Advanced Compton Telescope[END_REF]. A CsI calorimeter, MEGA, is underway at the Max Planck Institute for Extraterrestrial Physics in Munich [START_REF] Schopper | CsI calorimeter with 3-D position resolution[END_REF].

The use of the Compton camera in nuclear medical imaging was propounded for the first time by Todd, Nightingale, and Everett in 1974 [START_REF] Todd | A proposed γ camera[END_REF][START_REF] Everett | Proc. Inst. Electr. Eng[END_REF]. They suggest replacing the physical collimation of the SPECT system by applying Compton scattering. Since then, several Compton telescopes composed of position-sensitive semiconductors were developed based on this idea [START_REF] Enomoto | Prototype design of multiple compton gamma-ray camera[END_REF][START_REF] Solomon | Gamma ray imaging with silicon detectors -A Compton camera for radionuclide imaging in medicine[END_REF]. During the 1980s, Singh, Doria, and their colleagues published some analytical and experimental results of a Compton camera combined with a standard Anger camera (absorber) with a pixelated germanium detector (scatterer) [START_REF] Singh | Computer Simulation Of Image Reconstruction With A New Electronically Collimated Gamma Tomography System[END_REF][START_REF] Doria | Comparison of reconstruction algorithms for an electronically collimated gamma camera[END_REF][START_REF] Brechner | Iterative reconstruction of electronically collimated spect images[END_REF][START_REF] Hebert | Three-dimensional maximum-likelihood reconstruction for an electronically collimated single-photon-emission imaging system[END_REF][START_REF] Singh | An electronically collimated gamma camera for single photon emission computed tomography. Part I: Theoretical considerations and design criteria[END_REF][START_REF] Singh | An electronically collimated gamma camera for single photon emission computed tomography. Part II: Image reconstruction and preliminary experimental measurements[END_REF][START_REF] Singh | Single photon imaging with electronic collimation[END_REF][START_REF] Singh | Single Photon Imaging At High Energies With Electronic Collimation[END_REF][START_REF] Hebert | Maximum Likelihood Reconstruction for a Prototype Electronically Collimated Single Photon Emission System[END_REF][START_REF] Leahyt | Noise propagation in electronically collimated single photon imaging[END_REF][START_REF] Brechner | Comparison of an electronically collimated system and a mechanical cone-beam system for imaging single photons[END_REF][START_REF] Singh | Fast MLE for spect using an intermediate polar representation and a stopping criterion[END_REF]. In 1985, R. H. Pehl and his colleagues designed and constructed a Compton scattering detector at Lawrence Berkeley Laboratory, that showed an 850 eV (FWHM) energy resolution [START_REF] Pehl | Cryostat and electronic development associated with multi-detector spectrometer systems[END_REF]. Then Martin and Gormley used this detector for studying a Compton camera with ring geometry and evaluating the feasibility of using this detector in radioactive spills imaging, nuclear waste monitoring, and nuclear medical imaging [START_REF] Martin | A Ring Compton Scatter Camera for Imaging Medium Energy Gamma Rays[END_REF][START_REF] Martin | a Compton Scatter Camera for Spectral Imaging of 0.5 to 3.0 Mev Gamma Rays[END_REF][START_REF] Martin | Imaging Multi-Energy Gamma Ray Fields with a Compton Scatter Camera[END_REF][START_REF] Gormley | Experimental comparison of mechanical and electronic gamma-ray collimation[END_REF].

The Compton camera has also shown its potential in hadrontherapy real-time treatment monitoring. A real-time dose monitoring in 3D allows surveillance of the delivered radiation dose on the Bragg peak region, which ensures the quality of the hadrontherapy treatment. As the ion beams used for treatment are stopped within the patient's bodies, nearly all the ionbeam monitoring techniques are designed for secondary radiation detection. There are two ways to perform the in-beam range monitoring in hadrontherapy: the in-beam PET monitoring (detection of two coincident γ-rays from the β-emitter) [START_REF] Parodi | In-beam PET measurements of β+ radioactivity induced by proton beams[END_REF] and the prompt gamma monitoring. In prompt monitoring, the γ-rays are produced from the excitation of the target nuclei generated from the proton bombardment [START_REF] Min | Prompt gamma measurements for locating the dose falloff region in the proton therapy[END_REF]. Various detectors based on the prompt gammas monitoring have been reviewed in [START_REF] Krimmer | Prompt-gamma monitoring in hadrontherapy: A review[END_REF]. Currently, a Compton camera called CLaRyS (Contrôle en Ligne de l'hadronthérapie par Rayonnements Secondaires), which aims to detect prompt-gamma rays for monitoring ion-range during hadrontherapy, is under development by a French collaboration [START_REF] Krimmer | Development of a Compton camera for medical applications based on silicon strip and scintillation detectors[END_REF][START_REF] Fontana | Compton camera study for high efficiency SPECT and benchmark with Anger system[END_REF].

Principle of Compton camera

The Compton camera exploits the physical principle of Compton scattering with the purpose of reconstructing the incident direction of the incoming γ-ray. Various detectors using different detection mediums have been investigated to implement the Compton cameras, including the scintillator detectors, the silicon detectors, the CZT based detectors, and the gas chambers. The basic principle of the Compton camera for a single γ-ray is presented in Figure 1.9.

In general, a Compton camera contains two types of detectors: a scatterer and an absorber. The scatterer detector is usually composed of at least one position-sensitive detector with a thin thickness. The material used in the scatter detector has a low atomic number to enhance the probability of having a Compton interaction rather than a photoelectric one. The absorber detector usually consists of scintillators with a high atomic number aiming at increasing the chance of depositing all the photon energy preferably through the photoelectric absorption (even after multiple interactions). An event of interest refers to incident γ-ray with energy 𝐸𝐸 0 that firstly interacts with the scatterer detector, transferring a fraction of its total energy to a weakly bound outer-shell orbital electron through the Compton scattering. The recoil electron can be approximated to a free electron that is unbound and at rest only if the incident γ-ray energy is much greater relative to the binding energy of the orbital electron. After the interaction, the incident photon is deflected through an angle 𝜃𝜃, and then it travels with the remaining photon energy 𝐸𝐸 0 ′ until the subsequent absorption by the absorber detector. The recorded data includes the interaction coordinates (𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑖𝑖 , 𝑧𝑧 𝑖𝑖 ) and deposited energies 𝐸𝐸 𝑖𝑖 of each interaction 𝑖𝑖. The remaining photon energy 𝐸𝐸 0 ′ can be determined using the Compton scattering relation:

𝐸𝐸 0 ′ = 𝐸𝐸 0 1 + 𝐸𝐸 0 𝑚𝑚 𝑒𝑒 𝑐𝑐 2 (1 -cos 𝜃𝜃) (1.3)
Based on energy conservation, the energy transferred to the recoil electron corresponds to the difference between 𝐸𝐸 0 and 𝐸𝐸 0 ′ . The amount of transferred energy can vary from nearly zero for 𝜃𝜃 ≈ 0 ° (recoil electron is scattered at the right angle) to a maximum value obtained for 𝜃𝜃 ≈ 180 ° in backscattering events (recoil electron is scattered in the direction of the incoming γ-ray).

It is assuming that the recoil electron of the first Compton interaction deposits all its energy in the scatterer, the full energy of Compton electron is thus equal to the energy deposited after the first Compton interaction in the scatterer 𝐸𝐸 1 . For incoming γ-ray that interacts twice in the Compton camera with a Compton interaction in scatterer and a photoelectric effect in the absorber, the scattered γ-ray is completely absorbed in the absorber, and 𝐸𝐸 0 ′ is equal to the energy deposited after the second photoelectric interaction in the absorber 𝐸𝐸 2 . In this case, the sum of the energies deposited after both interactions provides an estimate of the incident energy 𝐸𝐸 0 :

𝐸𝐸 0 = 𝐸𝐸 1 + 𝐸𝐸 2 (1.4)
Assuming that the total energy of Compton electron corresponds to 𝐸𝐸 1 and the scattered γ-ray is wholly absorbed in the absorber detector, the Compton scattering angle 𝜃𝜃 of the first Compton interaction can be inferred by exploiting the Compton scattering kinematics based on energy and momentum conservation:

cos 𝜃𝜃 = 1 + 𝑚𝑚 𝑒𝑒 𝑐𝑐 2 � 1 𝐸𝐸 1 + 𝐸𝐸 2 - 1 𝐸𝐸 1 � (1.5)
Without knowledge of the momentum vector of the Compton electron, the actual incident direction or the azimuth angle of the incoming γ-ray is undetermined. However, the possible location of the radiation source is theoretically constrained to the surface of the Compton cone with Compton scattering angle 𝜃𝜃. The axis of the cone ∆ is given by the Compton interaction position (𝑥𝑥 1 , 𝑦𝑦 1 , 𝑧𝑧 1 ) and photoelectric interaction position (𝑥𝑥 2 , 𝑦𝑦 2 , 𝑧𝑧 2 ) detected respectively in the scatterer and absorber component. The Compton interaction position is the vertex of the cone. Notice that the right sequence of two interactions is also essential for the reconstruction of the Compton cone. In cases the recoil electron deposits only a part of its energy in the scatterer section, the reconstructed Compton scattering angle 𝜃𝜃 is underestimated. In nuclear medical imaging, the energy 𝐸𝐸 0 of the emitted γ-ray is generally known. This allows to obtain a better estimation of the angle 𝜃𝜃. It is possible for each detected incoming γ-ray to reconstruct its own Compton cone. The interception of several Compton cones resulting from multiple incoming γ-rays allows the determination of the possible location of the radiation source.

Performances of Compton camera

Nowadays, the systems based on conventional techniques such as SPECT and PET are widely applied in cancer detection and other lesion identifications. However, they have some inherent physical limitations by their nature, such as limiting detection sensitivity and image resolution, which needs a non-negligible injected activity, and complicated reconstruction algorithms requiring plenty of computation time for PET imaging. Besides, the radiotracers appropriate for each conventional device are strictly restricted in terms of incident energy. SPECT systems can image only low energy γ-rays under 300 keV, and PET scanners can image only annihilation γ-rays emitted by positron-emitting sources [START_REF] Kishimoto | Development of a compact scintillator-based high-resolution Compton camera for molecular imaging[END_REF].

In contrast, the Compton camera shows its potential to overcome some inherent limitations of PET and SPECT. The Compton camera gives information about the incident γray direction without the need for physical collimation to restrict the detection solid angle. Besides, it can operate for different purposes over a wide γ-ray energy range from 300 keV to 2 MeV. Additionally, the Compton camera can provide images of multiple radionuclides simultaneously [START_REF] Motomura | Improved imaging performance of a semiconductor Compton camera GREI makes for a new methodology to integrate bio-metal analysis and molecular imaging technology in living organisms[END_REF]. Besides, since the Compton camera maintains a high sensitivity, 3D imaging might be possible with lower injected activity.

High energy and spatial resolutions are required to reconstruct the Compton cones accurately. Nevertheless, the low Signal to Background Ratio (SBR) that results from the construction of multiple Compton cones, makes the use of Compton camera to image distributed sources quite challenging [START_REF] Uenomachi | Double photon emission coincidence imaging with GAGG-SiPM Compton camera[END_REF]. In recent years, Compton camera for nuclear medical imaging has come back into view thanks to the optimized technologies and the improvement of their detection medium. The solid-state detectors have several properties that seem very promising to satisfy the requirements of Compton imaging. The use of liquid xenon as detection medium of Compton camera revealed to be a perfect choice not only in nuclear medical imaging [START_REF] Oger | Dévelopment expérimental d'un télescope Compton au xénon liquide pour l'imagerie médicale fonctionnelle[END_REF] but also in other fields, like γ-ray astronomy [START_REF] Curioni | A References study of the LXeGRIT detection efficiency for MeV gamma-rays during the 2000 balloon flight campaign[END_REF].

3γ imaging: an innovative low-dose nuclear medical imaging

In recent decades, the functional imaging technique used in nuclear medicine has demonstrated significant advancements in tumor diagnosis. The reduction of the administered radiopharmaceutical activity to the patient, personalized medicine through therapeutic followup, and shortening of the exposure time are three crucial indicators to guide future nuclear medicine imaging improvements. The exposure time is usually of the order of 10 -45 min. It depends on the type of disease, medical imaging system, and image reconstruction method. In a typical PET system, the injected activities of 18 F -FDG are in the range from 370 to 740 MBq [START_REF] Shankar | Consensus Recommendations for the Use of 18F-FDG PET as an Indicator of Therapeutic Response in Patients in National Cancer Institute Trials[END_REF]. For a small-animal PET system, the injected activities are of the order of 4 -40 MBq [START_REF] Simon | Essentials of In Vivo Biomedical Imaging[END_REF]. High administered doses and long examination times are adverse to the monitor of the disease progression and to the estimate of the disease's treatment response. In order to meet these challenges and improve the spatial resolution and detection sensitivity of standard nuclear imaging techniques, a new medical imaging technique called 3γ imaging has been proposed. 3γ imaging aims at obtaining the same image performance and quality of a standard PET with a significant reduction of the administered activity to the patient. This will represent important progress for oncology diagnosis as it translates into the reduction of radiation exposure during the medical exam.

The notion of the triple coincident Compton imaging was introduced for the first time in 1987 by Liang et al. [START_REF] Liang | Triple Coincidence Tomographic Imaging without Image[END_REF]. However, due to the limited available technology at that time, no further research was performed around this technique. Later in 2001, J. D. Kurfess and B. F. Philips [START_REF] Kurfess | Coincident Compton Nuclear Medical Imager[END_REF] proposed to realize 3γ imaging with solid-state detectors using unconventional radioisotopes. Independently, in 2004 Thers et al. [START_REF] Grignon | Nuclear medical imaging using β+γ coincidences from 44Sc radio-nuclide with liquid xenon as detection medium[END_REF] proposed an innovative low-dose functional imaging technique called 3γ imaging. This technique consists of combining a large FOV liquid xenon (LXe) Compton camera with a 3D localization of the radioactive decay of a specific (β+, γ) radionuclide emitter, such as the scandium-44 ( 44 Sc) [START_REF] Huclier-Markai | Optimization of reaction conditions for the radiolabeling of DOTA and DOTA-peptide with 44m/44Sc and experimental evidence of the feasibility of an in vivo PET generator[END_REF]. An innovative liquid xenon Compton camera project, XEMIS (XEnon Medical Imaging System), has been proposed and carried out to demonstrate the advantages of the 3γ imaging technique and show the feasibility of a single-phase LXe Compton camera. This project aims to obtain a good quality image with a significant reduction of the administered activity to the patient compared to a conventional functional imaging exam. The improvement of SNR comes from the fact that there is 3-gamma imaging which makes "TOF-like" PET, no image distortion due to the Parallax effect, and a large field of view which makes total-body. The first prototype XEMIS1, a small dimension prototype of a single-phase LXe Compton camera, has been installed at the Subatech laboratory in Nantes. The XEMIS1 prototype, where both scintillation and ionization signals are measured, is currently in operation. The good physical performances of XEMIS1, experimentally measured using sealed gamma sources, justified to proceed to the next phase. The second prototype of a larger scale LXe cylindrical camera for small animal imaging, XEMIS2, has been designed for preclinical applications in the hospital center in Nantes and is now under qualification. The axis of the cone ∆ is instead determined by the first two interaction positions of the incoming photon inside the detector. The radionuclide position is then obtained by the intersection between the reconstructed LOR and the Compton cone. The LOR is given by the two back-to-back 511 keV γ-rays resulting from the positron annihilation with an electron, while the Compton cone is defined from the interaction of the third γ-ray in the Compton camera. It is possible for each coincidence event to reconstruct its own Compton cones. Thus, the 3γ imaging technique provides the possibility of localizing the radioactive decay of a specific (β+, γ) radionuclide emitter by intersecting the LOR and the Compton cone on an event-by-event basis [START_REF] Grignon | Nuclear medical imaging using β+γ coincidences from 44Sc radio-nuclide with liquid xenon as detection medium[END_REF].

Principle of 3γ imaging technique

The image spatial resolution is mainly determined by the precision of the reconstructed intersection between the LOR and the Compton cone. The uncertainty in the determination of the first two interaction positions of the incoming photon inside the detector directly influences the orientation of the Compton cone axis ∆ , while the uncertainty in the measurement of the deposited energy after the first interaction induces degradation of the angular resolution of the camera. In order to provide accurate information of the interaction position and deposited energy of each individual interaction for reconstructing the Compton scattering sequence, this camera must have high spatial and energy resolutions. Besides, this detector should also have high sensitivity and detection efficiency to discriminate single Compton scattering from multiple scattering. Furthermore, the detection medium must be suitable for the detection of γ-rays of about 1 MeV, which can produce at least one Compton scattering with a subsequent photoelectric interaction. In Chapter 2, we will explain why LXe time projection chambers are good candidates to meet the requirements discussed above. Another important aspect of the 3γ imaging is the need for a specific (β+, γ) radionuclide. In this respect, we will introduce the scandium-44 ( 44 Sc), as an example of (β+, γ) radionuclide, in the following section.

A specific (β+, γ) radionuclide emitter: scandium-44

Using a specifically chosen (β+, γ) radionuclide to enhance the capabilities of 3γ imaging is particularly important. First of all, this specific radionuclide should be capable of detecting the positron and the third γ-ray in temporal coincidence. More specifically, this radionuclide should be capable of emitting a positron with precise energy. Furthermore, in order to favor the Compton scattering and to enhance detection capabilities in liquid xenon, the daughter nuclide should rapidly de-excite to the ground state while emitting a γ-ray of around 1MeV. This will ensure that the positron and third γ-ray can be emitted in time and spatial quasicoincidence. This specific radionuclide should also satisfy several criteria related to nuclear medicine. In this respect, it is preferable that the branching ratios of the positron and the third γ-ray are as close as possible to 100%: this will improve the efficiency of the signal detection. Moreover, in order to reduce the detector noise and the dose injected to the patient, the daughter nuclide de-excitation should preferably be accompanied by the emission of a single γ-ray radionuclide. Finally, the radionuclide should have a short enough half-life for clinical uses and should be preferably easily produced.

A series of radionuclides appear to be the potential candidates for the feasibility of 3γ imaging. Among them we can list 34m Cl, 44g Sc, 48 V, 52m Mn, 55 Co, 60 Cu, 66 Ga, 69 Ge, 72 As, 76 Br, 82g Rb, 86g Y, 94m Tc, 110m In, 124 I, 22 Na, 10 C, and 14 O [START_REF] Sitarz | Radionuclide candidates for β+γ coincidence PET: An overview[END_REF]. Thanks to its physical (β + , γ) decay characteristics, as listed in Table 1.7, the 44g Sc, has been identified as the best candidate among them to prove the modality of 3γ imaging. Beyond its feasible physical properties, 44g Sc also shows the desirable chemical properties through several studies [START_REF] Koumarianou | Comparison of receptor affinity of nat Sc-DOTA-TATE versus nat Ga-DOTA-TATE[END_REF][START_REF] Domnanich | 44Sc for labeling of DOTA-and NODAGAfunctionalized peptides: preclinical in vitro and in vivo investigations[END_REF]. The innovative radiopharmaceuticals using 44g Sc labeled to DOTAT-peptides are under study at SUBATECH laboratory, ARRONAX GIP, CRCINA, and Centre Hospitalier Universitaire (CHU) de Nantes [START_REF] Huclier-Markai | Promising Scandium Radionuclides for Nuclear Medicine: A Review on the Production and Chemistry up to In Vivo Proofs of Concept[END_REF]. 44g Sc decays with a branching ratio of 94.27% by emitting a positron, always accompanied by a single γ-ray with an energy equal to 1.157 MeV: Ca is only 2.61 ps, which means that the 1.157 keV photon can be considered to be emitted almost at the same time as the positron.

44g Sc can be produced by the decay of 44 Ti (with a lifetime of 60.4 years) via a 44 Ti/ 44g Sc generator [START_REF] Filosofov | A 44 Ti/ 44 Sc radionuclide generator for potential application of 44 Sc-based PET-radiopharmaceuticals[END_REF]. Alternatively, 44g Sc can also be produced at a cyclotron, using the irradiation of natural or enriched calcium targets ( 44 CaCO3 or 44 CaO) via 44 Ca(p, n) 44g Sc or 44 Ca(d, 2n) 44g Sc reactions [START_REF] Severin | Cyclotron produced 44gSc from natural calcium[END_REF][START_REF] Krajewski | Cyclotron production of 44Sc for clinical application[END_REF][START_REF] Carzaniga | Measurement of 43Sc and 44Sc production cross-section with an 18 MeV medical PET cyclotron[END_REF][START_REF] Sitarz | Production of Sc medical radioisotopes with proton and deuteron beams[END_REF]. Among others, the ARRONAX cyclotron in Nantes can also produce the 44g Sc through the irradiation of the enriched 44 CaCO3 targets (with an enrichment higher than 90%) with 16 MeV deuterons. This process can reduce the production of impurities like for 43 Sc [START_REF] Alliot | Cyclotron production of high purity 44m,44Sc with deuterons from 44CaCO3 targets[END_REF]. It is important to notice that with this production type, a metastable state of 44m Sc is produced together with the 44g Sc. This state has a lifetime of 58.56 h. 44m Sc emits a γ-ray of about 270 keV with a probability of 98.8%, and then reaches the ground state 44g Sc. It is possible to use this metastable state as 44m Sc/ 44g Sc in vivo generator for more extended pharmacokinetic studies [START_REF] Huclier-Markai | Optimization of reaction conditions for the radiolabeling of DOTA and DOTA-peptide with 44m/44Sc and experimental evidence of the feasibility of an in vivo PET generator[END_REF][START_REF] Alliot | Cyclotron production of high purity 44m,44Sc with deuterons from 44CaCO3 targets[END_REF]. However, for 3γ imaging, the presence of 44m Sc adds a source of background noise and increases the radiation exposure to the patient.

The 44 Sc is an innovative element in the field of nuclear medicine. Several scandium radioisotopes can be used for nuclear medical imaging and radionuclide therapy. For example, 47 Sc is a low-energy β-emitter with a lifetime of 3.35 days, which can be used for therapeutic agents [START_REF] Müller | Scandium and terbium radionuclides for radiotheranostics: current state of development towards clinical application[END_REF]. [START_REF] Duchemin | Étude de voies alternatives pour la production de radionucléides innovants pour les applications médicales[END_REF][START_REF] Walczak | Cyclotron production of 43Sc for PET imaging[END_REF]. A disadvantage of 44g Sc compared to 18 F conventionally used in PET is that the maximum energy of the positron emitted is twice as large: this causes an increase of the positron average path in the tissues and of the dose received by the patient. However, this disadvantage is partially compensated by the higher efficiency of 3γ imaging compared to PET.

Conclusions Chapter 1

In recent decades, the nuclear medical imaging technique has strongly advanced in disease progression monitoring, pharmacological development, and new therapeutic approaches. Nuclear medical imaging provides diagnostic and therapeutic information of the anatomy and the functioning of the organs, through the detection of the γ-rays produced from a radiopharmaceutical administered in the body of the patient. In this chapter, an introduction to nuclear medical imaging is preliminarily presented.

In clinical practice, two imaging techniques are widely used to obtain the image: SPECT and PET. These two common functional imaging techniques are described in detail in Section 1.1.2 and Section 1.1.3. Compared to nuclear medicine planar imaging, the advantage of SPECT lies in its tomographic character. Despite the presence of the collimator, which may limit the sensitivity and detection efficiency of the detector, SPECT systems are still widely used in nuclear imaging because of their reasonable price and proven capacities. The PET technique is based on the detection in quasi-coincidence of pairs of γ-rays produced during the annihilation. Compared to SPECT systems, the sensitivity of PET imaging is several times higher. Conventional PET systems also have some inherent physical limitations that include the positron range effects, annihilation photon noncollinearity, and the DOI effect (responsible for reducing image quality). The next-generation PET systems are currently developed for overcoming some of these limitations. The whole-body PET systems aim to achieve a largely increased detection sensitivity, fast scanning, or low-dose scanning with the same image quality. The whole-body images with the uExplorer scanner can be acquired within 1 minute or with an injected activity of less than 1 mCi while maintaining good image quality. Current commercial TOF-PET systems using the fast scintillators can reach a time resolution in the 325 to 600 ps range, which corresponds to positioning uncertainties along the LOR in the range of 4.875 to 9 cm. The depth-of-interaction encoding PET modality can roughly determine the DOI within the crystals and simultaneously maintain high sensitivity and uniform spatial resolution throughout the FOV.

A general description of the Compton camera for nuclear medical imaging is provided in Section 1.2. The Compton camera exploits the physical principle of Compton scattering to reconstruct the incident direction of the incoming γ-ray. The Compton camera gives information about the incident γ-ray direction without physical collimation to restrict the detection solid angle. Besides, the Compton camera can be used for different purposes over a large γ-ray energy range from 300 keV to 2 MeV. Moreover, since the Compton camera guarantees a high sensitivity, 3D imaging can be realized while reducing the activity injected to the patient. The use of liquid xenon as detection medium of Compton camera reveals to be a perfect choice in γ-ray nuclear medical imaging as well as in astronomy.

The last part of this chapter has been devoted to presenting an innovative low-dose functional imaging technique proposed by the group at the Subatech laboratory named "3γ imaging". This technique aims to improve the spatial resolution and detection sensitivity while keeping the same image quality as the standard PET and significantly reduce the activity administered to the patient compared to a conventional functional imaging exam. 3γ imaging combines a large field of view liquid xenon Compton camera with a 3D localization of the radioactive decay of a specific (β+, γ) radionuclide emitter, such as the scandium-44. An innovative liquid xenon Compton camera project, XEMIS (XEnon Medical Imaging System), has been proposed and carried out to demonstrate the advantages of the 3γ imaging technique and show the feasibility of a single-phase LXe Compton camera. Compared with traditional functional imaging examinations, this project aims to obtain the same high-quality images with a significant reduction of activities. It comes from the fact that there is 3-gamma imaging which makes "TOF-like" PET, no image distortion due to the Parallax effect, and a large field of view which makes possible total-body imaging. The basic principle and the main requirements of the 3γ imaging technique have been discussed in Section 1.3.

In the next chapter, we introduce the main characteristics of LXe as a detection medium, the basic principle of a liquid xenon time projection chamber, the scintillation light production and propagation in a liquid xenon time projection chamber.

seems to be one of the most promising candidates in the field of γ-ray astrophysics, particle physics, and nuclear medical imaging for several decades [179]. Following the success of various past and present LXe-based detectors in leading experiments, including the dark matter direct detection (such as XENON [START_REF] Aprile | The XENON100 dark matter experiment[END_REF], LUX [START_REF] Akerib | The Large Underground Xenon (LUX) experiment[END_REF], XMASS [START_REF] Liu | The XMASS 800kg Detector[END_REF] and PandaX [START_REF] Cui | Dark Matter Results from 54-Ton-Day Exposure of PandaX-II Experiment[END_REF]), γ-ray astrophysics (such as LXeGRIT [START_REF] Aprile | The electronics read out and data acquisition system for a liquid xenon time projection chamber as a balloon-borne Compton telescope[END_REF]), neutrinoless double-beta decay detection (such as EXO [START_REF] Gornea | Double beta decay in liquid xenon[END_REF] and KamLAND-Zen [START_REF] Gando | Search for Majorana Neutrinos Near the Inverted Mass Hierarchy Region with KamLAND-Zen[END_REF]), and rare muon decay experiments at accelerators (such as MEG [START_REF] Sawada | Liquid xenon gamma ray detector for MEG[END_REF]), LXe technology has attracted the attention of the scientific community.

In this chapter, the fundamental properties of LXe will be introduced firstly, emphasizing the physical properties, the response of LXe to γ-ray interactions, and the ionization and scintillation process in LXe. The fundamentals of the liquid xenon time projection chamber will also be summarized. Then, the production of scintillation light in LXe when an electric field is applied will be discussed in detail. The last part is devoted to the propagation of scintillation light concerning the optical properties such as the absorption length, Rayleigh scattering, and refractive index of scintillation photons.

Fundamental properties of liquid xenon as radiation detection medium

Liquid Xenon (LXe) is considered an attractive detector medium for radiation detection. Its high atomic number and density contribute to increasing the stopping power for ionizing particles and the probability of depositing all the energy of the emitted γ-ray in the active volume. Besides, LXe has not only a large light yield but also a short decay time and a small radiation length. In addition, LXe has a significant feature of producing both ionization and scintillation signals in response to ionizing particle interaction. Notice that liquid helium, liquid argon, and liquid krypton have this same feature among liquid noble gases. These characteristics make LXe a suitable detection medium for a wide variety of detectors, not only in γ-ray astrophysics, in dark matter direct detection, in neutrinoless double-beta decay detection, in rare muon decay detection, but also in nuclear medical imaging.

In this section, the fundamental properties of LXe as a promising radiation medium will be described. A general introduction of liquid xenon will be first presented. The physical properties, main interactions of charged particles, and γ-rays with LXe will also be discussed. Finally, a brief introduction of both ionization and scintillation phenomena will be provided.

A general introduction of liquid xenon

Liquid xenon has shown its superiority in the domain of radiation and particle detection over several decades. The use of LXe as a sensitive detection medium for ionizing radiation detection can be dated back to 1967 [START_REF] Dolgoshein | NEW METHOD OF REGISTRATION OF IONIZING-PARTICLE TRACKS IN CONDENSED MATTER[END_REF]. A series of studies were performed to understand better the fundamental properties of LXe, such as the ionization yield [START_REF] Kubota | Ionization yield in xenon-doped liquid argon[END_REF][START_REF] Takahashi | Average energy expended per ion pair in liquid xenon[END_REF], the electron drift velocity in LXe [START_REF] Shibamura | Drift velocities of electrons, saturation characteristics of ionization and W-values for conversion electrons in liquid argon, liquid argon-gas mixtures and liquid xenon[END_REF], the Fano factor [START_REF] Doke | Estimation of Fano factors in liquid argon, krypton, xenon and xenon-doped liquid argon[END_REF], and the scintillation in LXe [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF].

Liquid xenon has been applied as a detection medium in different research fields, from γ-ray astrophysics, particle physics to nuclear medical imaging. In the field of γ-ray astronomy, the Liquid Xenon Gamma-Ray Imaging Telescope (LXeGRIT), as a balloonborne Compton telescope, was developed for astrophysics observations. LXeGRIT is based on a liquid xenon time projection chamber, which will be introduced in Section 2.2. In the domain of dark matter direct detection, various physics experiments using LXe-based detectors were proposed, such as the XENON experiment, Large Underground Xenon (LUX) experiment, XMASS experiment, and PandaX (Particle and Astrophysical Xenon) experiment. XENON Dark Matter Search collaboration proposed the XENON10 detector using 10 kg xenon [START_REF] Angle | Limits on spin-dependent WIMP-nucleon cross sections from the XENON10 experiment[END_REF], the XENON100 detector containing 100 kg xenon [START_REF] Aprile | Dark matter results from 100 live days of XENON100 data[END_REF], the XENON1T detector handling 1 tonne of xenon, and XENONnT currently under commissioning phase at the national laboratory of Gran Sasso (LNGS) containing 8 tonnes of xenon. The XENON10, XENON100, XENON1T, and XENONnT detectors are all constituted by a dual-phase xenon time projection chamber. In the domain of particle physics, the Enriched Xenon Observatory (EXO) project [START_REF] Gornea | Double beta decay in liquid xenon[END_REF] was proposed for detecting the neutrinoless double beta decay. The MEG project [START_REF] Sawada | Liquid xenon gamma ray detector for MEG[END_REF], which aims to observe the rare muon decay, takes advantage of a liquid xenon calorimeter to detect the γ-ray of 52.8 MeV.

Since the 1970s, LXe has been proposed to be used in nuclear medical imaging. As a result of both attractive scintillation and ionization properties of LXe, several types of LXebased detectors using different modes of signals detection have been developed, such as the time projection chamber, the ionization chamber, and the scintillation calorimeter. The first type is based on the simultaneous detection of scintillation light and charge carriers produced by the interactions between the ionizing particle and LXe. The scintillation and ionization signals are anticorrelated and highly complementary. The scintillation signal is used to get the interaction time, and the ionization signal is used to obtain the interaction position and deposited energy. The last two types of detectors exploit only the scintillation light or charge carriers to determine the interaction position and deposited energy.

The use of LXe as a radiation detection medium in nuclear medical imaging was suggested for the first time by H. Zaklad and his colleagues at the Lawrence Berkeley Laboratory in the early 1970s [START_REF] Zaklad | A liquid xenon radioisotope camera[END_REF]. They proposed a LXe multi-wire ionization chamber (also called the multi-wire proportional chamber) as a position-sensitive gamma-camera for SPECT imaging [START_REF] Derenzo | LIQUID XENON FILLED WIRE CHAMBERS FOR MEDICAL IMAGINGAPPLICATIONS[END_REF]. This LXe ionization chamber worked mainly in ionization mode, i.e., it mainly detected the charge carriers produced by the γ-ray interactions and made use of electron avalanches near the fine wires at a strong electric field larger than 10 6 V/cm. To overcome the problems of low multiplication gain (only about 10), they also proposed a twophase (gas/liquid) multi-wire proportional chamber in which the multi-wires were placed in the gaseous phase. The charge carriers produced in LXe were drifted by the electric field from the liquid phase to the gaseous phase and were finally detected [START_REF] Zaklad | Initial images from a 24-wire liquid xenon γ-camera[END_REF][START_REF] Zaklad | Liquid Xenon Multiwire Proportional Chambers for Nuclear Medicine Application[END_REF]. A higher gain could have been achieved, but the gain was unstable due to photon feedback [START_REF] Lightfoot | Development of a double-phase Xenon cell using micromegas charge readout for applications in dark matter physics[END_REF].

During the 1980s, a research group from the Moscow Physical Engineering Institute developed a position-sensitive scintillation gamma-camera using dual-phase (gas/liquid) xenon as the detector medium for PET imaging [START_REF] Egorov | Electroluminescent emission gamma camera[END_REF]. The electrons produced in LXe were drifted and accelerated under an electric field in the gaseous phase, then the secondary scintillation photons were produced and detected by PMTs. In 1993, they investigated the LXe-based PET scanner with the simultaneous measurement of scintillation and ionization signals, intending to solve some problems in commercial PET scanners, such as the DOI effect or the parallax effect [START_REF] Chepel | A new liquid xenon scintillation detector for positron emission tomography[END_REF].

The use of LXe as a detection medium for PET imaging with the detection of both scintillation light and charge carriers allows precisely determining the interaction positions. Notice that a research group from the University of Coimbra also worked in this direction [START_REF] Lopes | Performance Analysis Based on a Monte Carlo Simulation of a Liquid Xenon PET Detector[END_REF]. They developed a LXe-based PET scanner, named as PETYA. This detector exploited both the scintillation signals detected by PMTs as the trigger information and ionization signals measured in a multi-wire ionization chamber giving the interaction vertex and deposited energies.

The idea of utilizing the scintillation properties of LXe (high light yield and fast decay constants) for imaging the positron emitters with TOF information was introduced for the first time by L. Lavoie in 1976 [START_REF] Lavoie | Liquid xenon scintillators for imaging of positron emitters[END_REF]. It was not until the mid-1990s that the idea of the TOF-PET scanner using LXe was materialized by a research group from Waseda university. Since 1997, T. Doke and his colleagues have started developing a LXe-based TOF-PET system using only the scintillation signal [START_REF] Doke | Time-of-flight positron emission tomography using liquid xenon scintillation[END_REF]. The detector was a monolithic scintillation calorimeter, in which the scintillation light was detected by a set of PMTs surrounding the active volume of the detector. In recent years, a Spanish research group also proposed a LXebased TOF-PET scanner, called PETALO (Positron Emission TOF Apparatus based on Liquid xenOn). The detector is under construction, and it aims to demonstrate that the TOF measurement can be significantly improved by using liquid xenon scintillator, SiPMs, and fast electronics [START_REF] Romo-Luque | PETALO: Time-of-Flight PET with liquid xenon[END_REF].

Apart from the LXe-based monolithic continuous scintillation calorimeter, a LXe μPET scanner in the scintillation mode with segmented detection modules was developed by a French research group [START_REF] Gallin-Martel | A Liquid Xenon Positron Emission Tomograph for small animal imaging: First experimental results of a prototype cell[END_REF]. This detector exploiting the light guide techniques aims to realize the DOI measurement and to reduce the parallax effect.

Except for the XEMIS project for 3-γ imaging discussed in this thesis, many Compton PET detectors based on LXeTPC have been developed worldwide. In 2007, a LXe-based PET scanner using Compton scattering sequence reconstruction in the image reconstruction process was proposed to retrieve the diffused Compton in the human body [START_REF] Giboni | Compton Positron Emission Tomography with a Liquid Xenon Time Projection Chamber[END_REF]. Unlike the XEMIS system or the micro-PET scanner proposed by the TRIUMF laboratory [START_REF] Miceli | A Liquid Xenon Detector for PET Applications: Simulated Performance[END_REF], which are all single phase LXe-based monolithic detectors, this Compton PET is a double scatter telescope consisting of a thin LXeTPC layer as a scatter and a thick LXeTPC as an absorber. The Compton PET has efficient background rejection that recognizes and reconstructs the Compton scattering events within the body to improve the image quality. Besides, the properties of LXe allow identifying and reconstructing the sequences of Compton interactions and the direction of incident γ-ray, which improves the 3D position resolution of the detector.

Physical properties of liquid xenon

The important properties of LXe as a competitive detection medium are summarized in Table 2.1. Among all liquified noble gases, liquid xenon appears to be a perfect candidate as a highly sensitive detection medium for both γ-ray calorimeters and position-sensitive detectors. Although liquid radon (LRn) has a higher atomic number and density similar to LXe, which implies a higher stopping power for ionizing particles, the high intrinsic radioactivity of LRn makes it unable to be used as a radiation detection medium. Hence, except LRn, LXe possesses the highest density (3.057 g/cm 3 ) and largest atomic number [START_REF] Peng | Recent Developments in PET Instrumentation[END_REF] among liquid rare gases, which results in the highest radiative stopping power for ionizing particles in a wide energy range of several tens of keV to tens of MeV [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF]. Apart from a high atomic number and density, LXe also possesses a small radiation length (about 2.77 cm), making it very attractive for electromagnetic calorimeters [START_REF] Doke | Recent developments of liquid xenon detectors[END_REF]. Moreover, similar to liquid argon among other liquified rare gases, LXe can produce both scintillation light and free electrons in response to ionizing particle interaction. The detection of both scintillation light and charge carriers with high efficiency allows precisely determining the energies and interaction information in time and space for incident ionizing particles.

Physic Properties of LXe Value & Unit Ref

Atomic number Z 54 [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Average atomic weight A 131.293 [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Liquid density at 164.15K, 1 atm 2.95 g/cm 3 [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Melting point 𝑇𝑇 𝑚𝑚 at 1 atm 161.4 K [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Boiling point 𝑇𝑇 𝑏𝑏 at 1 atm 165.051 K [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Boiling point 𝜌𝜌 𝐿𝐿𝑏𝑏 at 1 atm 2.942 g.cm -3 [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Triple point 𝑇𝑇 𝑡𝑡 161,405 K [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Triple point 𝑃𝑃 𝑡𝑡 0,8177 bar [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF] Dielectric constant 𝜀𝜀 𝑟𝑟 1.95 [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF] Radiation length 𝑋𝑋 0 2.77 cm [START_REF] Hagiwara | Review of Particle Properties[END_REF] Moliere radius 𝑆𝑆 𝑀𝑀 5.6 cm [START_REF] Hagiwara | Review of Particle Properties[END_REF] Concentration in air 0.09 ppm [START_REF] Aprile | Noble Gas Detectors[END_REF] Table 2.1 -Physical properties of liquid xenon.

From the point of view of scintillation properties, LXe possesses a fast scintillation response of the order of several tens of ns. The fast decay times imply a good coincidence timing resolution and a high-count-rate capability, commonly required by Time-of-Flight PET [START_REF] Doke | Time-of-flight positron emission tomography using liquid xenon scintillation[END_REF]. LXe also presents the highest scintillation light yield among liquified rare gases.

From the point of view of ionization properties, LXe presents the highest ionization yield compared to all liquid rare gases, which requires small energy of about 15.6 eV to result in an electron-ion pair. With high electron mobility, LXe also shows its potential as an ionization detector medium, which can produce a detectable ionization signal by generating enough free electrons per unit length. The ionization properties of LXe are presented in Table 2.2.

From the point of view of electronic structure, like LAr and LKr, LXe has a band structure of electronic states. The band-gap energy 𝐸𝐸 𝑔𝑔 represents the energy difference between the bottom of the conduction band and the top of the valence band. LXe exhibits large band-gap energy of about 9.22 ± 0.01 eV [START_REF] Asaf | Photoconductivity and electron transport parameters in liquid and solid xenon[END_REF], making LXe a good insulator. From the point of view of background radiation, xenon (Xe) has a low intrinsic background as no long-lived natural radionuclide is present, compared to argon (Ar) and krypton (Kr), which have the inherent radioactivity from 39 Ar and 85 Kr at a level of 1 Bq/kg and 1 MBq/kg respectively [START_REF] Nikkel | Liquefied Noble Gas (LNG) detectors for detection of nuclear materials[END_REF].

Ionization Properties of LXe Value & Unit Ref

Average ionization energy W-value 15.6 ± 0.3 eV [START_REF] Takahashi | Average energy expended per ion pair in liquid xenon[END_REF] band-gap energy 𝐸𝐸 𝑔𝑔 in liquid phase 9.22 ± 0.01 eV [START_REF] Asaf | Photoconductivity and electron transport parameters in liquid and solid xenon[END_REF] Fano factor for electrons 𝐹𝐹 0.059 [START_REF] Doke | Estimation of Fano factors in liquid argon, krypton, xenon and xenon-doped liquid argon[END_REF] Fano factor for γ-ray 𝐹𝐹𝐹𝐹 0.92 [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF] Electron drift velocity (𝑣𝑣 𝑒𝑒 ) at 1 kV/cm 2.25 × 10 5 cm/s [START_REF] Miller | Charge transport in solid and liquid Ar, Kr, and Xe[END_REF] Electron drift velocity (𝑣𝑣 𝑒𝑒 ) at 10 kV/cm 2.8 × 10 5 cm/s [START_REF] Miller | Charge transport in solid and liquid Ar, Kr, and Xe[END_REF] Electron transverse diffusion coefficient (𝐷𝐷 𝑇𝑇 ) at 1 kV/cm 80 cm 2 s -1 [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF][START_REF] Doke | Recent developments of liquid xenon detectors[END_REF] Electron transverse diffusion coefficient (𝐷𝐷 𝑇𝑇 ) at 10 kV/cm 50 cm 2 s -1 [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF][START_REF] Doke | Recent developments of liquid xenon detectors[END_REF] Electron longitudinal diffusion coefficient (𝐷𝐷 𝐿𝐿 ) 0.1𝐷𝐷 𝑇𝑇 [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF][START_REF] Robson | A Thermodynamic Treatment of Anisotropic Diffusion in an Electric Field[END_REF] Table 2.2 -Main ionization properties of liquid xenon.

Compared to scintillator crystals, the shape of LXe can be changed as desired, and Xe in liquid form allows to construct a high-sensitivity and large scalable detector with a monolithic volume at a reasonable cost. Therefore, the LXe based detectors can have a large FOV without dead zones. Besides, LXe is poorly affected by aging, cracks, hygroscopicity, and non-uniformity. Also, unlike scintillator crystals, which are hard to be repurified when restarting the experiments, the impurities in LXe can be continuously removed with the purification system.

The disadvantage of LXe as a detection medium is that LXe is only available over a narrow temperature range of about 6.7 K at 1.2 bar. In order to maintain LXe at low temperature, a modest vacuum-insulated cryostat needs to be used for gas liquefaction. Following the success of some LXe-based detectors in leading experiments, several effective cryogenics systems for liquid xenon have been developed rapidly in recent years.

Interaction of ionizing radiation with matter

There are several different kinds of ionizing particles. The two most relevant types in nuclear medical imaging are charged particles (such as α-particles, electrons, and protons) and electromagnetic radiation (such as γ-rays and x-rays). These ionizing radiations transfer their energy by interacting with the atoms or molecules of the matter when they penetrate it. The interaction between the incident ionizing particle and detection medium is dependent on the type of ionizing particle, the incident energy, and the variety of matter. Photons and charged particles principally interact with the atomic electrons and nuclei in the detection medium through electromagnetic interactions. Besides, they mainly lose energy and slow down as a result of the inelastic collisions with the atomic electrons [START_REF] Evans | THE ATOMIC NUCLEUS[END_REF].

Interactions of charged particles with liquid xenon

Charged particles principally interact with liquid xenon through the collisions with the atomic electrons and nuclei, which involve the long-range Coulomb force. In some cases, a charged particle loses its energy and suffers a deflection from the incident direction due to the inelastic collision with the orbital electron of the xenon atom. Sometimes, a charged particle just suffers a deflection from the incident direction because of the elastic scattering off the nucleus. Additionally, charged particle penetrating in LXe leaves a track of ionized atoms and recoil electrons (also called secondary electrons) along its trajectory. A charged particle usually transfers a small part of its total energy in a single inelastic collision. It interacts with a large number of atomic electrons and nuclei in LXe, continuously losing its energy and gradually slowing down before being stopped [START_REF] Evans | THE ATOMIC NUCLEUS[END_REF].

Charged particles transfer their energy to LXe principally by the ionization or excitation of atoms and molecules depending on whether the transferred energy is greater than the binding energy of the involved orbital electron. When charged particles interact with matter by ionization and excitation mechanisms, energy losses are known as collisional energy losses. The inelastic collision of the charged particle may result in the ionization of the xenon atoms. When a charged particle ionizes a xenon atom, part of the transferred energy is required to overcome the electron binding energy, and the rest is converted to the kinetic energy of the ejected electron. In most cases, an outer shell of a xenon atom will be ionized by a charged particle, and an outer shell electron will be ejected. However, in a few cases, the ionization interaction relating to an inner shell electron will result in the emission of not only an inner electron but also an X-ray or an Auger electron. The inelastic collision process may also result in the excitation of the xenon atoms or molecules. The charged particle usually loses less energy in an excitation event than in an ionization event. The excited atom returns to the ground state with the consequent emission of a vacuum ultraviolet (VUV) photon.

In addition to collisional energy loss, radiation energy loss is another mechanism through which charged particles transfer their energy to LXe. When charged particles penetrate the orbital electron clouds and interact with the nucleus by inelastic collisions, the energy losses lead to the generation of bremsstrahlung or braking radiation (which is a type of electromagnetic radiation). In the bremsstrahlung radiation, the charged particle undergoes a deflection from its path, and a bremsstrahlung photon is emitted. In addition to bremsstrahlung, Cerenkov radiation is another radiation process in which charged particles emit electromagnetic radiation when they pass through LXe. Cerenkov radiation is emitted when a charged particle passes through the matter at speed greater than the phase velocity of light in that matter.

For heavy charged particles, such as α-particles and protons, the inelastic collisions with atomic electrons are generally the predominant interaction processes that lead to the ionization or excitation of the xenon atoms depending on the transferred energy of the charged particle in the inelastic collision process. When a heavy charged particle collides inelastically with a bound electron, it only undergoes an insignificant scattering angle deflection, and it just loses a small amount of its total energy. As a result, heavy charged particle travels approximately in a straight trajectory as it penetrates through LXe, and it almost continuously loses a small fraction of its energy in numerous individual collisions before being stopped.

Electrons are a type of charged particles as well. Recoil electrons are emitted when γrays interact with LXe through the photoelectric effect or Compton scattering. Secondary electrons are also a byproduct of the ionization of LXe (including the Auger effect). Besides, electrons can also be produced in internal conversion. Except for the collisional energy losses, electrons or positrons may lose their energy by radiation energy losses. An electron may suffer an occasional inelastic collision with the nucleus in which it undergoes a significant scattering angle deflection, and a bremsstrahlung photon is emitted. An electron with a few hundred keV of energy may also lose its energy through the emission of Cerenkov radiation. The stopping power of electrons in xenon is illustrated in Figure 2.1.

In the energy range of interest from several keV to 1 MeV, the inelastic collision process with the atomic electron is the dominant interaction mechanism of losing energy for electrons and positrons, resulting in the ionization or excitation of the xenon atoms. The radiation energy losses of electrons in LXe due to the Bremsstrahlung radiation are negligible comparing with collisional energy losses. Thus, the Bremsstrahlung radiation will not be considered in the discussion, nor the nuclear reactions and Cerenkov radiation. When an electron collides inelastically with a bound electron, it is deflected through a larger scattering angle than a heavy charged particle during each Coulomb interaction because a larger part of the energy will be transferred to LXe in a single interaction bringing about a larger scattering angle. Besides, the electron is more liable to be influenced by the multiple scattering process than the heavy charged particle. In addition, since the electron is less ionizing than a heavier charged particle, it will penetrate through LXe for a longer distance before its energy fall to thermal energy. For these reasons, the electron follows an erratic and tortuous trajectory through LXe before slowing down and being stopped.

Interactions of photons with liquid xenon

High-energy photons (X-rays, γ-rays, annihilation photons, and bremsstrahlung photons) transfer their energy to liquid xenon through the complex interactions with the atomic electrons nuclei and atoms in LXe. A photon will not interact with a large number of atomic electrons, continuously losing energy through Coulomb interactions, as does a charged particle. On the contrary, it penetrates through LXe with a relatively long distance before transferring totally or a fraction of its energy to the matter in a single interaction. The photon will either be absorbed entirely or be deflected through a significant scattering angle. Some of the interactions between photon and LXe cause the emission of atomic electrons or the production of electron-positron pairs. In turn, these electrons lead to the ionization and scintillation mechanisms of LXe, by which the incoming high-energy photons are detected.

There are four significant interactions between photons and detection medium in the energy range of several keV up to several MeV: Rayleigh scattering, photoelectric effect, Compton scattering, and pair production. The energy of the incoming photon 𝐸𝐸 𝛾𝛾 and the atomic number Z of the detection medium are two critical factors affecting the cross-section of each interaction. The photon energy dependence of the relative interaction processes between photons and xenon is illustrated in 

Photoelectric effect

Photoelectric absorption is a type of atomic absorption interaction in which the energy of the incident photon is totally absorbed by an atom resulting in the disappearance of the incoming photon and the resultant ejection of the bound electron from the atom. This ejected electron is known as the photoelectron, whose kinetic energy is the difference between the incident photon energy and the binding energy of the orbital electron on its atomic shell. After the emission of the photoelectron, the ionized atom has a vacancy in an inner electron shell. Then, there is a rearrangement of the electronic procession, and the ionized atom will go back to the ground state by filling the vacancy with an upper shell electron, which results in the emission of an Auger electron or a characteristic X-ray. The photoelectric interaction with incident photon energy above 35 keV predominantly leads to the ejection of Auger electron of about 30 keV.

A photoelectron cannot be ejected from an electron shell unless the incoming photon energy is greater than the binding energy of the relevant orbital electron. If the adequate incident photon energy is available, the photoelectric effect occurs most likely in the innermost possible shell (K and L). Figure 2.2 presents the incident photon energy dependence of the photoelectric effect cross-section in xenon. We see that the probability of occurring a photoelectric absorption increases as the photon energy decreases. The photoelectric effect is generally the predominant interaction process over all interaction processes at low photon energies range (below a hundred keV). Besides, the absorption edges situated around 35 keV, 5 keV, and 1 keV result from just exceeding the ionization energy of the corresponding electron shells (K, L1, L2, L3, and M1 shells).

Compton scattering

The Compton scattering can be regarded as an inelastic diffusion process with an atom, but it can also be considered as an elastic diffusion with an electron. In the Compton scattering, an incident photon interacts with a weakly bound outer-shell orbital electron. Unlike photoelectric absorption, Compton scattering does not result in the disappearance of the incoming photon. Instead, the incident photon is deflected through a scattering angle. Besides, a fraction of its total energy is transferred to the recoil electron. The amount of transferred energy is dependent on the incoming γ-ray energy. For a more detailed discussion of the Compton scattering relation, please refer to Section 1.2.

Figure 2.2 presents the incident photon energy dependence of the Compton scattering cross-section in xenon. We see that the probability of occurring a Compton scattering becomes significant beyond 100 keV with a maximum at about 1 MeV that corresponds to the incident energy of the third γ-ray detected by XEMIS2, and then it quickly decreases as the incident photon energy increases. The Compton scattering events are one of the greatest interest event types in XEMIS2.

Rayleigh scattering

Rayleigh scattering, also named coherent scattering or Thomson scattering, consists of a scattering process in which an incident photon interacts coherently with a tightly bound electron. As a result of the significant difference in mass between a xenon atom and an incoming photon, the Rayleigh scattering can be considered as an elastic interaction of the photon with the whole atom. The incident photon is deflected basically without energy loss. The Rayleigh effect mainly takes place at low photon energies and for detection medium with high atomic number. Comparing with the photoelectric absorption and Compton scattering, the probability of Rayleigh scattering in xenon is very low even for low-energy photons and can thus be ignored.

Pair production

Pair production is a type of conversion mechanism in which an incident photon interacts with the Coulomb electric field of a charged particle (atomic nucleus or orbital electron), resulting in the disappearance of the incoming photon and the creation of an electron-positron pair.

The pair production usually occurs in the electric field of an atomic nucleus if the incident photon energy is greater than 1.022 MeV (twice the mass of an electron at rest). The difference between the incoming photon energy and the minimum energy for creating the electron-positron pair is shared between the electron and the positron. After the conversion, electron and positron dissipate their kinetic energy mainly via ionization and excitation interactions. When the energy of positron falls to thermal energy, it annihilates with a nearby electron producing a simultaneous emission of two back-to-back annihilation γ-rays with identical energies of 511 keV. The pair production occasionally occurs in the electric field of an orbital electron if a minimum incident photon energy of 2.044 MeV is available. This type of interaction is also known as triplet production, in which the orbital electron is also ejected from the atom leading to the emission of one positron and two electrons. The pair production becomes predominant from energies above 10 MeV in the case of xenon.

Ionization

No matter what type of incident ionizing particle (a charged particle or a high-energy photon with the resultant emission of an atomic electron or the production of an electron-positron pair) interacts with liquid xenon, the result of the collision will consist in an energy transfer to LXe principally by the atoms excitation or ionization. Accordingly, the deposited energy by the incoming ionizing particle 𝐸𝐸 0 is mainly used to produce a number of excited atoms 𝑆𝑆 𝑒𝑒𝑒𝑒 , electron-ion pairs 𝑆𝑆 𝑖𝑖 , and free electrons with an energy lower than the energy of the first excited level, called sub-excitation electrons. Therefore, the deposited energy 𝐸𝐸 0 can be expressed through the Platzman equation [START_REF] Platzman | Total ionization in gases by high-energy particles: An appraisal of our understanding[END_REF]:

𝐸𝐸 0 = 𝑆𝑆 𝑒𝑒𝑒𝑒 𝐸𝐸 𝑒𝑒𝑒𝑒 + 𝑆𝑆 𝑖𝑖 𝐸𝐸 𝑖𝑖 + 𝑆𝑆 𝑖𝑖 𝜖𝜖 (2.1)
where 𝐸𝐸 𝑒𝑒𝑒𝑒 represents the average energy required to result in the atomic excitation, 𝐸𝐸 𝑖𝑖 is the average energy required to produce an electron-ion pair, and 𝜖𝜖 corresponds to the average kinetic energy of the sub-excitation electron.

The average energy W required for creating an electron-ion pair in LXe can be defined as:

𝐹𝐹 = 𝐸𝐸 0 𝑆𝑆 𝑖𝑖 (2.2)
Combining the two above formulas, we have:

𝐹𝐹 = 𝐸𝐸 𝑒𝑒𝑒𝑒 𝑆𝑆 𝑒𝑒𝑒𝑒 𝑆𝑆 𝑖𝑖 + 𝐸𝐸 𝑖𝑖 + 𝜖𝜖 (2.3)
𝐹𝐹 in LXe is almost constant with a value of 15.6 ± 0.3 𝑒𝑒𝑒𝑒 [START_REF] Takahashi | Average energy expended per ion pair in liquid xenon[END_REF]. To be noticed that the average energy transferred to LXe in the ionization process W is greater than its band-gap energy between the highest layer of the valence band and the lowest layer of the conduction band (given in Table 2.2). This can be explained by the fact that the W-value contains the energy transferred in multiple ionization processes (excitation, ionization, and sub-excitation electrons). With this comparatively small W-value with respect to other rare gases, LXe presents the highest ionization yield of about 64000 pairs/MeV with an infinite electric field (this point will be discussed later). Besides, knowing the W-value, the energy deposited by the incident particle in the time projection chamber can be deduced by measuring the number of electron-ion pairs through the collection of produced electrons.

Scintillation

Scintillation can be defined as a type of luminescence attributed to the ionizing radiation in transparent dielectric media. An incident charged particle or an energetic photon with the consequent emission of a recoil electron or the production of an electron-positron pair interact with the atoms or molecules of the scintillator and may lead the atoms in an excited state. The excited atom de-excites to the ground state with the resultant emission of a scintillation photon on a timescale from nanoseconds (ns) to microseconds (µs) [START_REF] Rodnyi | Physical Processes in Inorganic Scintillators[END_REF]. The scintillation light is usually in the visible or UV range, which can be detected by photodetectors such as PMTs, SiPMs, photodiodes, avalanche photodiodes, or hybrid photodetectors. Scintillation phenomena can be observed in gases, liquids, or solids, as well as organic or inorganic, crystalline, or polycrystalline. As one type of liquid noble gases, liquid xenon can also be considered as a scintillator.

The creation of free electrons in response to the interaction between an ionizing particle and LXe is coupled with the simultaneous emission of scintillation photons. The pioneering studies of scintillation light in liquid xenon were carried out by J.A. Northrop and J.M. Grusky in 1958 [START_REF] Northrop | Further Work with Noble Element Scintillators[END_REF], which indicates that LXe may approach the light output of NaI (Tl). The properties of scintillation light in LXe have been widely investigated over the years with remarkable progress not only in understanding the underlying physics of scintillation light emission in LXe, but also in developing the associated technologies of photon detection and low noise electronics. The main scintillation properties of liquid xenon are summarized in Fast decay time (singlet state τs) for electrons 2.2 ± 0.3 ns [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF] Slow decay time (triplet state τt) for electrons 27 ± 1 ns [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF] Recombination time constant (τr) for electrons 45 ns [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Fast decay time (singlet state τs) for α-particles 4.3 ± 0.6 ns [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Slow decay time (triplet state τt) for α-particles 22 ± 1.5 ns [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Scintillation yield for 1 MeV electrons 46300 photons/MeV [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF] Wph(β) for 1 MeV electrons without electric field 21.6 eV [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF] Wph(α) for α-particles without electric field 17.9 eV [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF] Refractive index (in VUV light emission region) 1.54-1.72 [START_REF] Doke | Time-of-flight positron emission tomography using liquid xenon scintillation[END_REF][START_REF] Subtil | VUV Optical Constants of Liquid and Solid Xenon at the Triple Point[END_REF][START_REF] Barkov | Measurement of the refractive index of liquid xenon for intrinsic scintillation light[END_REF][START_REF] Seidel | Rayleigh scattering in rare-gas liquids[END_REF][START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF][START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF][START_REF] Braem | Observation of the UV scintillation light from high energy electron showers in liquid xenon[END_REF] Absorption length (< 100 ppb of water) > 100 cm [START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF] Rayleigh scattering length (theoretical) 30 cm [START_REF] Seidel | Rayleigh scattering in rare-gas liquids[END_REF][START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF] Rayleigh scattering length (experimental) 29-50 cm [START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF][START_REF] Braem | Observation of the UV scintillation light from high energy electron showers in liquid xenon[END_REF][START_REF] Lopes | Purification of liquid xenon and impurity monitoring for a PET detector[END_REF][START_REF] Ishida | Attenuation length measurements of scintillation light in liquid rare gases and their mixtures using an improved reflection suppresser[END_REF] Table 2.3 -Main scintillation properties of liquid xenon.

The scintillation light emission in LXe is caused by the de-excitation of excimers, or rather, excited dimers 𝑋𝑋𝑒𝑒 2 * (which are excited diatomic molecules) to the ground state. The wavelength of scintillation light in LXe is located in the UV range. To be precise, the emission spectrum of scintillation light is in the shape of a Gaussian function centered at 178 ± 1 nm with a width of 14 ± 2 nm (FWHM) for LXe temperature at 160 K, which were measured by Jortner et al. in 1965 [222, 223]. More recent studies show that the emission spectrum of Xe scintillation light is centered at 174.8 ± 0.1 (stat.) ± 0.1 (syst.) nm with FWHM of 10.2 ± 0. 2 (stat.) ± 0.2 (syst.) nm at 168 ± 1 K [START_REF] Fujii | High-accuracy measurement of the emission spectrum of liquid xenon in the vacuum ultraviolet region[END_REF].

The absolute light yield for 1 MeV relativistic electron was estimated by Doke et al. in 1990 [START_REF] Doke | Estimation of absolute photon yields in liquid argon and xenon for relativistic (1 MeV) electrons[END_REF], and it corresponds to 42000 photons/MeV in the absence of an applied electric field. A more recent study measures about 46300 photons/MeV without a drift field [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF]. The value of the LXe scintillation yield is comparable to that of the crystals widely used in SPECT and PET systems, such as NaI, BGO, LSO, and LYSO [START_REF] Lecoq | Inorganic Scintillators for Detector Systems[END_REF][START_REF] Sakai | Recent measurements on scintillator-photodetector systems[END_REF][START_REF] Moszyński | Absolute light output of scintillators[END_REF][START_REF] Pidol | High efficiency of lutetium silicate scintillators, Ce-doped LPS, and LYSO crystals[END_REF][START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF].

The scintillation light is crucially important because the fast scintillation mechanism, on a timescale of several tens of ns, makes scintillation light favorable for providing not only the event trigger information, that is, the interaction time, but also the high-count-rate capability. Besides, several decay times of scintillation light allow discriminating the incident particles by analyzing the shape of the scintillation signals [START_REF] Kwong | Scintillation pulse shape discrimination in a two-phase xenon time projection chamber[END_REF]. Since the number of produced scintillation photons is proportional to the deposited energy of the incident particles, it can provide the information of the interaction position and energy. Moreover, the high scintillation yield of LXe offers the possibility of performing an efficient and sensitive monolithic calorimeter.

Liquid Xenon Time Projection Chamber

In order to exploit the experimental feasibility of the 3γ imaging technique, the associated detector needs to possess not only high spatial and energy resolutions to provide the information of the interaction position and deposited energy of each interaction with high resolution for reconstructing the Compton scattering sequence, but also high sensitivity and detection efficiency to discriminate single Compton scattering from multiple scattering. Besides, the detection medium must be suitable for detecting the γ-ray energy around 1 MeV, which can produce at least one Compton scattering with a subsequent photoelectric interaction. The single-phase Time Projection Chamber (TPC) with LXe detection medium (noted as LXeTPC) is a good candidate to satisfy these requirements. The TPC (operated as single or double phase detectors) is widely applied in dark matter direct detection in the form of WIMPs, γ-ray astrophysics, and neutrinoless double-beta decay experiments. The LXeTPC can give precise spatial information of the interaction position, accurate deposited energy information, and particle identification. The dedicated medical imaging system XEMIS based on the LXeTPC has been developed at the Subatech laboratory, exploiting both scintillation light and charge carriers in response to the interaction between the ionizing particle and LXe.

Basic principle of LXeTPC

The principle of TPC was initially proposed by D. Nygren at the Lawrence Berkeley Laboratory in 1974 for detecting charged particles in the gas detector [START_REF] Nygren | The Time Projection Chamber: A New 4 Pi Detector for Charged Particles[END_REF]. The concept of TPC filled with the liquified noble gas instead of the gas was proposed by C. Rubbia for a neutrino detector in 1977 [START_REF] Rubbia | The Liquid-Argon Time Projection Chamber: a new concept for neutrino detectors[END_REF]. The first attempt of applying LXe as a detection medium in a TPC was implemented with the LXeGRIT balloon-borne detector [START_REF] Aprile | Liquid Xenon Gamma-Ray Imaging Telescope (LXeGRIT) for Medium Energy Astrophysics[END_REF][START_REF] Aprile | Development of liquid xenon detectors for gamma ray astronomy[END_REF], which was a LXeTPC-based Compton telescope for Compton imaging in γ-ray astrophysics.

The principle of operation of the LXeTPC is illustrated in Figure 2.3. An incident ionizing particle (such as a γ-ray) enters the active volume of TPC, passes through LXe as the detection medium, and interacts with the xenon (Xe) atoms. These interactions result in not only the creation of the VUV photons that form the scintillation signals, but also the ionization of the xenon atoms generating the ions and free electrons that finally form the ionization signals. Some of the scintillation photons are detected by the VUV sensitive photodetectors. Since the scintillation light emission in LXe is a fast process with an average lifetime of the order of several tens of ns at an electric field of several keV, the detection of the VUV scintillation photons can provide the time of γ-ray interaction t0. Thus, the scintillation signal gives the LXe detector self-trigger capabilities.

The electric potential difference between two opposed electrodes (cathode and anode) with a set of field shaping rings creates a uniform electric field in the monolithic active volume of LXe. This electric field of the order of several kV/cm prevents the recombination of some of the electron-ion pairs, which causes charge carriers (in this case, electrons) to drift towards the anode. A Frisch grid or shielding grid is situated at several hundreds of µm above the anode to screen the signal potentially induced by the movement of electrons above the grid. When the drifted electrons traverse the Frisch grid, they begin to induce an ionization signal on the anode segmented into pixels or pads. The presence of the Frisch grid contributes to eliminating the dependence between the inducing signal and the longitudinal position of the interaction with respect to the anode. Finally, the drifted electrons are collected by one or more pads of the pixelated anode, providing the transverse position of the interaction (X-Y coordinates) in the plane of the anode inferred by applying a barycenter calculation on the charge cloud. The drift time of the generated electrons is equal to the difference between the arrival time of the ionization signal on the anode 𝑡𝑡 and the interaction time 𝑡𝑡 0 . Knowing the drift velocity 𝑣𝑣 𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑡𝑡 , the coordinate Z (also called the longitudinal position) is calculated by the following equation:

𝑍𝑍 = 𝑣𝑣 𝑑𝑑𝑟𝑟𝑖𝑖𝑑𝑑𝑡𝑡 (𝑡𝑡 -𝑡𝑡 0 ) (2.4)
The ionization signal corresponds to the charge collected by the anode, thus the amount of charge generated by ionization, which is therefore proportional to the energy deposited by the interacting particle in the LXeTPC, except for incident particle energy at very low energies range where the charge yield in lower. Therefore, the information of the deposited energy can be directly extracted from the amplitude of the ionization signal. In summary, LXeTPCs, such as the ones used for the XEMIS project, have the ability to provide both the 3D spatial positions and the energy of ionizing events occurring in the active volume with good resolution. Besides, LXeTPC possesses a homogeneous and monolithic detection volume with high position-sensitivity, which helps to increase the detection efficiency of multi-scattering events. However, since the occupancy rate of the TPC is restricted to the long drift time of the electrons (in the range from microseconds to milliseconds), depending on the electric field intensity and the detector dimension, the LXeTPC is usually used in low counting rate experiments.

Scintillation signal production in liquid xenon

Scintillation mechanism

The scintillation photons production in LXe (common to noble gases) results from the deexcitation of excimers, or rather, excited dimers 𝑋𝑋𝑒𝑒 2 * to the ground state. The scintillation process can take two distinct ways whose respective contribution is affected by the type of interaction (atomic excitation or ionization), and the intensity of the electric field applied in the detector [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF][START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF][START_REF] Kubota | Dynamical behavior of free electrons in the recombination process in liquid argon, krypton, and xenon[END_REF]. Both ways result in the formation of excited dimers 𝑋𝑋𝑒𝑒 2 * in one of two lowest electronic excited states by their energy levels: singlet or triplet , which finally de-excites to the ground state with the emission of scintillation light [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]. These two processes involve the excited atoms 𝑋𝑋𝑒𝑒 * and ions 𝑋𝑋𝑒𝑒 + respectively, both generated through ionizing radiation in LXe. The schematic diagram of the scintillation mechanism in LXe is summarized in Figure 2.4.

To be specific, the first process involves the direct excitation of the Xe atom by a primary particle (recoil electron) or a secondary electron, followed by an excimer formation and its de-excitation to the ground state by emitting the scintillation light:

𝑋𝑋𝑒𝑒 + 𝑒𝑒 -→ 𝑋𝑋𝑒𝑒 * + 𝑒𝑒 - 𝑋𝑋𝑒𝑒 * + 𝑋𝑋𝑒𝑒 → 𝑋𝑋𝑒𝑒 2 * ,𝜈𝜈 𝑋𝑋𝑒𝑒 2 * ,𝜈𝜈 + 𝑋𝑋𝑒𝑒 → 𝑋𝑋𝑒𝑒 2 * + 𝑋𝑋𝑒𝑒 𝑋𝑋𝑒𝑒 2 * → 𝑋𝑋𝑒𝑒 + 𝑋𝑋𝑒𝑒 + ℎ𝜈𝜈 (2.5)
The recoil electron is emitted when γ-rays interact with LXe through the photoelectric effect or Compton scattering, and the secondary electron is a product of the ionization of LXe by primary ionizing particle, in this case, the recoil electron. These ejected electrons may transfer enough energy to encounter Xe atoms to create excited atoms or free excitons at the first excited level 𝑋𝑋𝑒𝑒 * . Then, the free exciton combines with a neighboring Xe atom in the ground state, forming a diatomic molecule or dimer in the excited state with vibrational excitation 𝑋𝑋𝑒𝑒 2 * ,𝑣𝑣 . After that, a vibrational relaxation to the excited state with purely electronic excitation 𝑋𝑋𝑒𝑒 2 * occurs, which is generally non-radiative. The typical time required to form an excited dimer is of the order of a few ps. After some time, depending on the existing state in singlet or triplet excited state, the excited dimer is de-excited to the ground state by emitting a scintillation photon in the vacuum ultraviolet region and by dissociating in two neutral Xe atoms because of the repulsive potential of the ground state. It is assumed that a single VUV photon is produced by each excimer, as the energy gap between the lowest excited level and the ground state is so large that there is no decay channel such as non-radiative transition [START_REF] Lavoie | Liquid xenon scintillators for imaging of positron emitters[END_REF][START_REF] Doke | Estimation of absolute photon yields in liquid argon and xenon for relativistic (1 MeV) electrons[END_REF].

The second scintillation photon production process involves the recombination between an electron and a molecular ion formed shortly (about a few ps) after the ionization of the Xe atom, followed by the excited dimer formation and its de-excitation with the emission of scintillation light. Depending on the applied electric field, a fraction of electrons can recombine with positive ions, resulting in more excited atoms and then more excimers:

𝑋𝑋𝑒𝑒 + 𝑒𝑒 -→ 𝑋𝑋𝑒𝑒 + + 2𝑒𝑒 - 𝑋𝑋𝑒𝑒 + + 𝑋𝑋𝑒𝑒 + 𝑋𝑋𝑒𝑒 → 𝑋𝑋𝑒𝑒 2 + + 𝑋𝑋𝑒𝑒 𝑋𝑋𝑒𝑒 2 + + 𝑒𝑒 -→ 𝑋𝑋𝑒𝑒 * * + 𝑋𝑋𝑒𝑒 𝑋𝑋𝑒𝑒 * * + 𝑋𝑋𝑒𝑒 → 𝑋𝑋𝑒𝑒 * + 𝑋𝑋𝑒𝑒 + ℎ𝑒𝑒𝐶𝐶𝑡𝑡 𝑋𝑋𝑒𝑒 * + 𝑋𝑋𝑒𝑒 + 𝑋𝑋𝑒𝑒 → 𝑋𝑋𝑒𝑒 2 * + 𝑋𝑋𝑒𝑒 + ℎ𝑒𝑒𝐶𝐶𝑡𝑡 (2.6)
Then the excited dimer de-excites and produces a VUV photon, as follow:

𝑋𝑋𝑒𝑒 2 * → 𝑋𝑋𝑒𝑒 + 𝑋𝑋𝑒𝑒 + ℎ𝑣𝑣 (2.7)
The primary particle (recoil electron) or the secondary electrons with enough energy may ionize the encountered Xe atoms and create the electron-ion pairs. After that, the singlyionized xenon 𝑋𝑋𝑒𝑒 + recombines with a neighboring Xe atom forming an ionized dimer 𝑋𝑋𝑒𝑒 2 + in few ps [179,[START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF][START_REF] Kubota | Dynamical behavior of free electrons in the recombination process in liquid argon, krypton, and xenon[END_REF]. Without the applied drift field, the molecular ion 𝑋𝑋𝑒𝑒 2 + captures a free electron resulting in the production of an excited atom at the second excited level 𝑋𝑋𝑒𝑒 * * with a subsequent non-radiative transition to 𝑋𝑋𝑒𝑒 * and then a formation of excited dimer 𝑋𝑋𝑒𝑒 2 * .

Finally, the excimer de-excite and produce a VUV photon similar to the direct excitation process of Xe atoms. Therefore, the decay times and the wavelength of the scintillation photons are similar, but the ratio between the number of VUV photons produced from the singlet and triplet states is not necessarily the same. Moreover, since the recombination process is slow, the overall process takes more time to form the excited dimer. Under an electric field, some molecular ions and electrons do not recombine, and electrons can independently be collected later to form the ionization signal. Therefore, the production of scintillation photons in response to the interaction between an ionizing particle and LXe is coupled with the simultaneous generation of charge carriers, as shown in Figure 2.4.

The ionization density can be defined as the density of electron-ion pairs produced along the particle track. At high ionization density tracks, such as that of α-particles, the scintillation light may be suppressed as a result of the frequent collision between excited atoms at the first excited level 𝑋𝑋𝑒𝑒 * . This process is called bi-excitonic quenching [START_REF] Hitachi | Luminescence quenching in liquid argon under charged-particle impact: Relative scintillation yield at different linear energy transfers[END_REF], where two excited atoms collide to form an electron-ion pair.

𝑋𝑋𝑒𝑒 * + 𝑋𝑋𝑒𝑒 * → 𝑋𝑋𝑒𝑒 2 * * → 𝑋𝑋𝑒𝑒 + 𝑋𝑋𝑒𝑒 + + 𝑒𝑒 - (2.8)
The produced electron may recombine and produce a VUV photon later. Generally, each excited atom produces one scintillation photon. While in the case of bi-excitonic quenching, two excited atoms finally produce only one VUV photon.

Regardless of the origin of the scintillation light production process in LXe, the wavelength of the scintillation photon is in the VUV spectral region, with a peak centered at 178 nm and FWHM of about 14 nm, measured by Jortner et al. in 1965 [222, 223]. The energy of the Xe scintillation photon with a wavelength of 178 nm is about 7 eV [START_REF] Jortner | Localized excitations in condensed Ne, Ar, Kr, and Xe[END_REF]. Besides, LXe is basically transparent to its scintillation light. It is impossible for a VUV photon emitted by LXe to be re-absorbed by a Xe atom, since the scintillation photon originates from the de-excitation of the excimer state 𝑋𝑋𝑒𝑒 2 * and not from excited state 𝑋𝑋𝑒𝑒 * .

This leads to the fact that the absorption band of free excimer is at a higher energy compared to the scintillation light emission band (about 0.6 eV) [START_REF] Hhler | Electronic Excitations in Condensed Rare Gases[END_REF].

Scintillation decay components and signal form

The distribution of the decay time of scintillation light in LXe has a rise time of a few ps and decreases along with a multiple exponential decay form in a few tens ns. The scintillation light in LXe is very fast and comparable to that of scintillation crystals. The atomic excitation and ionization processes involving respectively the excited atoms 𝑋𝑋𝑒𝑒 * and ions 𝑋𝑋𝑒𝑒 + can result in forming the excimers 𝑋𝑋𝑒𝑒 2 * . The excited dimers may present in the singlet or triplet states. The VUV scintillation photons are produced in a transition from these lowest electronic excited states to the ground state with different decay times [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]. These two transitions are extremely close in energy and spectroscopically indistinguishable. For fast 2𝑋𝑋𝑒𝑒 + ℎ𝜈𝜈 mesurable electrons with energies from 0.5 MeV to 1 MeV, under an electric field of 4 kV/cm, the singlet excited state decays with a time constant of 2.2 ns referred to as the fast decay component, and the triplet state decays with a lifetime of 27 ns called the slow decay component [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]. There is another decay component, which is predominant for scintillation in LXe in the absence of an applied electric field, referred to as the electron-ion recombination process preceding the excited dimer formation. This component with a time constant of 45 ns at zero electric field (at 173 ± 2 K) [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] is relatively slow compared to the de-excitation of excited dimers in the singlet and triplet states. Therefore, for electrons, three types of decay components characterize the scintillation light in LXe: a fast decay component related to the de-excitation of the singlet state with a lifetime 𝜏𝜏 𝑠𝑠 of 2.2 ± 0.3 ns, a slow decay component concerned in the de-excitation of the triplet state with a decay time 𝜏𝜏 𝑡𝑡 of 27 ± 1 ns, and a recombination component with a time constant 𝜏𝜏 𝑟𝑟 of about 45 ns (at 173 ± 2 K) resulting from the ionization of the xenon atoms with the recombination process between molecular ions and electrons. Without an external electric field, the scintillation photons produced by the atomic ionization with the electron-ion recombination process are more numerous with respect to that from direct excitation of xenon atoms [START_REF] Kubota | Dynamical behavior of free electrons in the recombination process in liquid argon, krypton, and xenon[END_REF][START_REF] Kubota | Recombination luminescence in liquid argon and in liquid xenon[END_REF]. In the presence of an external electric field, the contribution of the recombination component is suppressed, and the fast and slow components become more dominant for the scintillation decay times in LXe.

The time constants of the fast, slow, and recombination components for electrons, alpha particles, and fission fragments are listed in Table 2.4. Here, I s I t ⁄ is the ratio between the number of produced scintillation VUV photons from the singlet excited states 𝐼𝐼 𝑠𝑠 and triplet states 𝐼𝐼 𝑡𝑡 . The time constants of the fast and slow components do not depend much on the ionization density, while the ratio I s I t ⁄ depends slightly on the ionization density and the nature of the recoiling particle. The linear energy transfer (LET) for the heavy particle such as the α-particle is much larger than that for the electron, resulting in a much higher ionization density. For electrons, the proportion is found to be 0.05 [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]; but for α-particles and fission-fragments, the ratios are 0.45 ± 0.07 and 1.6 ± 0.2, respectively, exhibiting more formation of singlet excited state with higher ionization density. Besides, the local ionization density can influence the recombination process between the electrons and ions. At high ionization density tracks, a large number of electron-ion pairs are accumulated along the track. They shield the external drift field, inducing a disturbance of charge drift. Then, more electron-ion pairs will recombine. Thus, the electron-ion recombination probability increases with the ionization density, and the recombination process will happen extremely faster than the de-excitation of the excimers for heavy recoil particles, contrary to what happens for recoil electrons. No recombination decay component has been observed, and two scintillation production mechanisms (direct excitation and ionization with recombination) cannot be differentiated in practice. The distribution of the decay time of scintillation light in LXe is dominated by the de-excitation of excited dimers in the singlet and triplet states. These properties allow to distinguish the recoil electrons from higher mass particles by analyzing the shape of the signals.

Incident particle

𝝉𝝉 𝒔𝒔 (ns)

𝝉𝝉 𝒕𝒕 (ns) 𝝉𝝉 𝒓𝒓 (ns) 𝑰𝑰 𝒔𝒔 𝑰𝑰 𝒕𝒕 ⁄ Ref Electrons 2.2 ± 0.3 27.0 ± 1.0 ~ 45 0.
05 [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF][START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Alpha particles 4.3 ± 0.6 22.0 ± 1.5 0.45 ± 0.07 [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Fission fragments 4.3 ± 0.5 21.0 ± 2.0 1.6 ± 0.2 [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF] Table 2.4 -The time constants of the fast, slow, and recombination components for electrons, alpha particles, and fission fragments.

Scintillation yield

The absolute scintillation light yield of liquid xenon 𝐿𝐿 𝑌𝑌 is defined as the number of VUV scintillation photons 𝑆𝑆 𝑝𝑝ℎ produced after the interaction between the ionizing particle and LXe per unit absorbed energy. Liquid xenon possesses excellent scintillation properties with the highest scintillation yield among all liquid rare gases. The light yield of 1 MeV relativistic electron in LXe is estimated between 40000 photons/MeV to 50000 photons/MeV [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF][START_REF] Chepel | Primary scintillation yield and α/β ratio in liquid xenon[END_REF][START_REF] Chepel | Liquid noble gas detectors for low energy particle physics[END_REF]. This value is comparable to that of the crystal widely used in nuclear medical imaging systems, such as NaI(Tl) crystal with a light yield of 43000 photons/MeV. For low energy electrons with energy from 20 to 100 keV, a large scintillation yield of LXe from 6000 photons/MeV to 70000 photons/MeV is estimated [START_REF] Chepel | Primary scintillation yield and α/β ratio in liquid xenon[END_REF][START_REF] Chepel | Liquid noble gas detectors for low energy particle physics[END_REF][START_REF] Séguinot | Liquid xenon ionization and scintillation studies for a totally active-vector electromagnetic calorimeter[END_REF][START_REF] Seguinot | Liquid xenon scintillation: photon yield and Fano factor measurements[END_REF][START_REF] Aprile | Measurement of the scintillation yield of lowenergy electrons in liquid xenon[END_REF].

The scintillation yield depends on the LET [START_REF] Aprile | Liquid xenon detectors for particle physics and astrophysics[END_REF], which is dependent on various factors, such as the primary particle type, its incident energy, the external electric field, and the impurities in LXe. High LET may result in a high ionization density. With the increase of ionization density, the number of scintillation photons produced from the Xe ionization resulting from electron-ion recombination increases. The reduction of scintillation yield results from several factors. For example, the presence of a drift field applied to LXe can influence the scintillation yield of LXe, which will be discussed later. Besides, at low LET values (the local ionization density is low), the light yield decreases due to the escape electrons. These electrons do not recombine with the positive ions in a few microseconds, even in the absence of a drift field. At high LET values (the local ionization density is high), a reduced light yield occurs because of the bi-excitonic (or electronic) quenching presented in Section 2.3.1. In recent years, a comprehensive and accurate simulation model, called Noble Element Simulation Technique (NEST) [START_REF] Szydagis | NEST: A comprehensive model for scintillation yield in liquid xenon[END_REF], has been developed to predict the scintillation light and ionization charge yields of noble elements as a function of primary particle type, its incident energy or energy loss, and electric drift field, by incorporating the semi-empirical physical models [START_REF] Szydagis | Enhancement of NEST capabilities for simulating low-energy recoils in liquid xenon[END_REF].

The maximum absolute scintillation yield is defined by the minimum average energy required to produce a single scintillation photon without photon reduction (or quenching) processes, 𝐹𝐹 𝑝𝑝ℎ (𝑚𝑚𝐶𝐶𝑥𝑥). Assuming the absence of external electric field, escape electron, and bi-excitonic (or electronic) quenching, which means that each electron-ion pair recombines resulting in the creation of a VUV photon and that the quantum efficiency of the direct excitation phenomenon is 100%, the number of produced scintillation photons 𝑆𝑆 𝑝𝑝ℎ is equal to 𝑆𝑆 𝑒𝑒𝑒𝑒 + 𝑆𝑆 𝑖𝑖 , with 𝑆𝑆 𝑒𝑒𝑒𝑒 the number of excited atoms produced by excitation, and 𝑆𝑆 𝑖𝑖 the number of electron-ion pairs produced by ionization. The minimum average energy required to produce a VUV photon for a deposited energy 𝐸𝐸 0 can be expressed as:

𝐹𝐹 𝑝𝑝ℎ (𝑚𝑚𝐶𝐶𝑥𝑥) = 𝐸𝐸 0 𝑆𝑆 𝑝𝑝ℎ = 𝐸𝐸 0 𝑆𝑆 𝑖𝑖 + 𝑆𝑆 𝑒𝑒𝑒𝑒 = 𝐹𝐹 1 + 𝑆𝑆 𝑒𝑒𝑒𝑒 𝑆𝑆 𝑖𝑖 � (2.9)
where W is the average energy required to produce an electron-ion pair. The minimum average energy 𝐹𝐹 𝑝𝑝ℎ (𝑚𝑚𝐶𝐶𝑥𝑥) was evaluated by Doke et al. [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF] with a value of 13.8 ± 0.9 eV, corresponding to a maximum absolute light yield of about 72500 photons/MeV. More recent measurements show results of 13.45 ± 0.29 eV [START_REF] Shutt | Performance and Fundamental Processes at Low Energy in a Two-Phase Liquid Xenon Dark Matter Detector[END_REF] or 13.7 ± 0.2 eV [START_REF] Dahl | The physics of background discrimination in liquid xenon, and first results from Xenon10 in the hunt for WIMP dark matter[END_REF], which are compatible to the one estimated by Doke et al. [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF]. For the relativistic electrons with 1 MeV of energy, the average energy to produce a scintillation photon (𝐹𝐹 𝑝𝑝ℎ (𝛽𝛽)) in LXe at zero electric field was measured experimentally with a value of 21.6 eV [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF], corresponding to a light yield of about 46300 photons/MeV. This value is greater than 𝐹𝐹 𝑝𝑝ℎ (𝑚𝑚𝐶𝐶𝑥𝑥), since part of the electrons escape the recombination process (the effect of escape electrons). For the αparticles with 5.3 MeV of energy, the average energy 𝐹𝐹 𝑝𝑝ℎ (𝛼𝛼) was measured to be 17.9 𝑒𝑒𝑒𝑒 [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF]. This value is also greater than 𝐹𝐹 𝑝𝑝ℎ (𝑚𝑚𝐶𝐶𝑥𝑥) due to the effect of electronic quenching.

In the case of nuclear medical imaging, the given particle types and their incident energies are fixed, thus the electric field becomes the dominant factor affecting the light yields. The electric field mainly influences the electron-ion recombination rate, which finally affects the scintillation yield. It has been observed that for electrons under an external electric field of about 10 kV/cm, the light yield of LXe reduces by a factor of 3. Accordingly, for electrons under zero electric field, about 2/3 of the VUV scintillation photons are produced as a result of ionization of the xenon atoms with electron-ion recombination, and the remaining 1/3 is due to direct excitation. The relative contribution of the direct excitation to the total light yield was measured to be 29%, including 1.4% of the total photons produced from the de-excitation of singlet state with a decay time of 2.2 ns, and 27.6% from the de-excitation of triplet state with a lifetime of 27 ns [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]. The relative contribution of the direct excitation does not depend on the drift field. In comparison, the relative contribution of the atomic ionization and the recombination process with a decay time of 45 ns is about 71%, which decreases rapidly with the increase of the electric field [START_REF] Hitachi | Effect of ionization density on the time dependence of luminescence from liquid argon and xenon[END_REF][START_REF] Kubota | Dynamical behavior of free electrons in the recombination process in liquid argon, krypton, and xenon[END_REF][START_REF] Aprile | Simultaneous measurement of ionization and scintillation from nuclear recoils in liquid xenon for a dark matter experiment[END_REF]. The relative scintillation light yield 𝑆𝑆(𝐸𝐸) 𝑆𝑆 0 ⁄ is the light yield relative to that in the absence of a drift field 𝑆𝑆 0 . The relative charge yield 𝑄𝑄(𝐸𝐸) 𝑄𝑄 0 ⁄ is the charge collected relative to that in the presence of an infinite field (i.e., with no recombination) 𝑄𝑄 0 . For electrons, under a drift field of 2 kV/cm, 𝑆𝑆(𝐸𝐸) 𝑆𝑆 0 ⁄ is just about 46%. The fraction of light produced from direct excitation remains constant independently on the drift field. Therefore, 63% of the total emitted photons are produced from the direct excitation, in which 3% of the photons are produced from the de-excitation of singlet state with a time constant of 2.2 ns and 60% from the de-excitation of triplet state with a time constant of 27 ns, while the remaining 37% of the total photons are produced from the atomic ionization and recombination process, with a decay time of 45 ns. 

Influence of electric field on scintillation light and charge yield

When incident ionizing particles interact with LXe, both excimers and electron-ion pairs can be produced. The recombination between the electrons and positive ions along the particle track is a crucial factor for determining the response to ionizing radiation. On the one hand, the recombination process involves one of two scintillation mechanisms leading to the formation of excimers, which promotes light production. On the other hand, due to recombination, the number of electrons finally collected by the anode is lower than the number of electrons initially produced by the ionization. The electron-ion recombination process in LXe has been extensively modeled using the germinate recombination model [START_REF] Onsager | Initial recombination of ions[END_REF], the columnar model [START_REF] Jaffé | Zur Theorie der Ionisation in Kolonnen[END_REF], and the Thomas-Imel box model [START_REF] Thomas | Recombination of electron-ion pairs in liquid argon and liquid xenon[END_REF].

The recombination rate primarily depends on the ionization density and the electronic drift field applied in the detector. As discussed previously, recombination becomes more probable in a higher ionization density region at a lower applied electric field. In the case of nuclear medical imaging, the given particle types and their incident energies are fixed, and thus the electric field applied in LXe can largely influence the measurable scintillation and ionization signals. For incident electrons under a drift field of several kV/cm, the electron-ion recombination rate decreases, which results in not only a suppression of the scintillation light production through the recombination component, but also an increase of charges drifted by the electric field and finally collected by the anode. The scintillation and ionization yields as a function of the applied drift field for 662 keV γ-rays produced from 137 Cs in LXe is presented in Figure 2.7 [START_REF] Aprile | Observation of anticorrelation between scintillation and ionization for MeV gamma rays in liquid xenon[END_REF]. It has been observed that with the increase of the electric field, the light yield decreases, accompanied by a rise in charge yield. This behavior in LXe and LAr was reported for the first time by S. Kubota et al. in 1978 [244]. The results showed that for electrons under an applied electric field of 12.7 kV/cm, the scintillation light of LXe reduces to 74%, whereas the collected charges reach the saturation. These results confirm that one of the scintillation origins in LXe involves the electron-ion recombination.

The reduction of scintillation light simultaneously accompanied by the rise of collected charges with the increasing of the external drift field, proves an anti-correlation between 

Propagation of scintillation light in liquid xenon

After producing the VUV scintillation photons, not all the photons can propagate in LXe until their eventual detection. Although LXe is basically transparent to its own scintillation light, as discussed above, the impurities dissolved in LXe largely impact the absorption of VUV photons, leading to a reduction of light yield. The effect of light attenuation in LXe can be modeled with an exponential function, that is dependent on the attenuation length, 𝜆𝜆 𝑎𝑎𝑡𝑡𝑡𝑡 , also referred to as the mean free path of VUV scintillation photons: Where 𝐼𝐼 0 is the initially produced light intensity and 𝑧𝑧 is the propagation distance of scintillation light in LXe. Two main aspects can influence the photon attenuation length in LXe. The first comes from the absorption and loss of scintillation photons by impurities, which are mainly water and oxygen presented in LXe. The second comes from the photon elastic scattering without any loss, which is dominated by Rayleigh scattering. The photon attenuation length is thus given by:

𝐼𝐼(𝑧𝑧) = 𝐼𝐼 0 𝑒𝑒𝑥𝑥𝑒𝑒 � -𝑧𝑧 𝜆𝜆 𝑎𝑎𝑡𝑡𝑡𝑡 � (2.10)
1 𝜆𝜆 𝑎𝑎𝑡𝑡𝑡𝑡 = 1 𝜆𝜆 𝑎𝑎𝑏𝑏𝑠𝑠 + 1 𝜆𝜆 𝑠𝑠𝑠𝑠𝑎𝑎 (2.11)
where 𝜆𝜆 𝑎𝑎𝑏𝑏𝑠𝑠 is the absorption length and 𝜆𝜆 𝑠𝑠𝑠𝑠𝑎𝑎 is the scattering length.

Absorption by impurities

Among the impurities dissolved in LXe, water is one of the most serious contaminants leading to the absorption of VUV scintillation photons because of its high absorption crosssection. The water dissolved in LXe mainly comes from the outgassing of the liquid containment vessel and other detector components immersed in LXe. A concentration of water in LXe corresponding to 10 ppm (parts per million) will absorb nearly 90% of the scintillation light in 2 cm, while 1 ppm concentration of water will absorb 90% of light in 18 cm [START_REF] Thesis | Liquid Xenon Scintillation Detector for the New µ → Eγ Search Experiment[END_REF]. Oxygen is also a possible contaminant that can absorb the scintillation photons, although it has a more significant effect on the ionization signal.

It is essential to point out that small amounts of contaminant atoms and molecules, at the level of a few ppm, can affect the scintillation properties of LXe, such as the light yield, emission spectrum, and observed decay times. The recombination process is sensitive to the purity of LXe, since the impurity atoms or molecules can thermalize the electrons produced from ionization more effectively relative to elastic scattering with Xe atoms, which hinders the escape of free electrons from the effect of the positive ions.

The impurities related to VUV photon absorption can be significantly reduced by using an efficient purification system. It has been shown that with an efficient purification system, an absorption length longer than 100 cm can be achieved [START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF], which corresponds to lower than 100 ppb (parts per billion) concentration of water.

Rayleigh diffusion

The photon elastic scattering length can also impact the propagation of the VUV scintillation light produced in LXe. The elastic scattering is predominant by the Rayleigh scattering, and thus the elastic scattering length 𝜆𝜆 𝑠𝑠𝑠𝑠𝑎𝑎 can be regarded as the Rayleigh scattering length, which is defined as the travelled length in LXe by a VUV photon before undergoing a Rayleigh scattering. After the Rayleigh scattering, the wavelength of the scintillation VUV photon does not change, and only the propagation direction of the photon is changed. The Rayleigh scattering length mainly depends on the wavelength of the scintillation light and the optical properties, such as the refractive index of scintillation light in the detection medium. The theoretical calculation of Rayleigh scattering length of VUV scintillation light in LXe shows a result in the range of 30 cm [START_REF] Seidel | Rayleigh scattering in rare-gas liquids[END_REF][START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF], which is roughly consistent with the experimentally measured value [START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF][START_REF] Braem | Observation of the UV scintillation light from high energy electron showers in liquid xenon[END_REF][START_REF] Lopes | Purification of liquid xenon and impurity monitoring for a PET detector[END_REF][START_REF] Ishida | Attenuation length measurements of scintillation light in liquid rare gases and their mixtures using an improved reflection suppresser[END_REF]. These values also generally agree with those estimated from the experimentally measured refractive index [START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF][START_REF] Baldini | Liquid xenon scintillation calorimetry and Xe optical properties[END_REF].

The effect of Rayleigh scattering length of scintillation photons in LXe is not problematic for small volume detectors (the total light yield is preserved). However, for large volume detectors only using scintillation signals to reconstruct the interaction positions, this effect becomes significant in the scintillation light collection. For a detector with the dimensions as the one reported in this thesis, the effect of Rayleigh scattering can be considered negligible.

Refractive index for scintillation light

The refractive index of LXe at the scintillation light emission line (7 eV corresponding to the wavelength of 178 nm) is relevant to determine the incident condition of the VUV scintillation light and to simulate the propagation of the scintillation light produced in LXe. In the literature, there are several estimated values of the refractive index in the wavelength region of Xe intrinsic VUV scintillation light emission, which varies from 1.54 to 1.72. The refractive index of LXe for intrinsic scintillation at 170 K was measured experimentally to be 1.69 ± 0.02 by Solovov et al. [START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF]. A refractive index value of 1.59 was estimated by extrapolating the data measured above 350 nm [START_REF] Braem | Observation of the UV scintillation light from high energy electron showers in liquid xenon[END_REF]. Barkov et al. measured a refractive index value of 1.5655 ± 0.0024 (stat.) ± 0.0078 (syst.) at xenon triple point [START_REF] Barkov | Measurement of the refractive index of liquid xenon for intrinsic scintillation light[END_REF]. A refractive index value of 1.69 was deduced by Seidel et al. from the dielectric constant of LXe [START_REF] Seidel | Rayleigh scattering in rare-gas liquids[END_REF]. A refractive index value of 1.65 ± 0.03 at 187 K was estimated by extrapolating the data measured in gaseous xenon [START_REF] Baldini | Absorption of scintillation light in a 100 l liquid xenon γ-ray detector and expected detector performance[END_REF]. A refractive index value of 1.61 was reported by Doke et al. [START_REF] Doke | Time-of-flight positron emission tomography using liquid xenon scintillation[END_REF].

Reflectivity of materials

The optical properties of detector components in the wavelength region of Xe scintillation light emission are essential for understanding the propagation of scintillation light in the LXe detector. Using a detector material with high reflectivity at the VUV light wavelength contributes to efficiently detecting the scintillation photons produced in LXe. Among the metals, freshly deposited aluminum shows the highest reflectivity in the VUV light region [START_REF] Chepel | Liquid noble gas detectors for low energy particle physics[END_REF][START_REF] Madden | On the Vacuum-Ultraviolet Reflectance of Evaporated Aluminum before and during Oxidation*[END_REF]. However, it is rapidly oxidized by air, which affects its reflectivity. The MgF2coated Al can avoid oxidization of Al and conserve a high reflectivity in the range of 85 -90% for a long time [START_REF] Chen | Homogeneous scintillating LKr / Xe calorimeters[END_REF]. However, for ionization type LXe detector using a drift field to collect charges, it is not easy to apply such electroconductive reflectors. Among the dielectric materials, Polytetrafluoroethylene (PTFE), with a known brand name Teflon, is usually used as an insulator and VUV light reflector in many LXeTPCs. Its use results in a high reflectivity in the VUV light region, good electrical insulation as well as a dielectric constant very close to that of LXe. Furthermore, it guarantees a good chemical stability and high compatibility with the low radioactivity and high purity requirements. The exact value of the PTFE reflectivity at the Xe VUV light wavelength and at LXe temperature is hard to establish, since it is dependent on the manufacturing technology and surface treatment, and the low temperature can also influence the optical properties. It is observed that the reflectivity of a PTFE in contact with the LXe is largely increased compared to that in a vacuum. Several authors reported the reflectivity values of the PTFE/LXe interface in the range of 88 -95% [START_REF] Yamashita | Scintillation response of liquid Xe surrounded by PTFE reflector for gamma rays[END_REF][START_REF] Neves | Performance of a chamber for studying the liquid xenon response to γ-rays and nuclear recoils[END_REF][START_REF] Akerib | Technical results from the surface run of the LUX dark matter experiment[END_REF]. A value of 60% was evaluated by I. R. Barabanov et al. [START_REF] Barabanov | Liquid xenon scintillation spectrometer[END_REF]. The reflectivity of Stainless-steel, aluminum, PEEK ® , and Teflon (PTFE) at the scintillation wavelength of about 172 nm (close to Xe scintillation light wavelength) were measured by S. Bricola et al. [START_REF] Bricola | Noble-gas liquid detectors: measurement of light diffusion and reflectivity on commonly adopted inner surface materials[END_REF] at room temperature. Stainless-steel has a specular reflectivity of about 57% and absorptivity of about 43%. The aluminum that is likely to be oxidized has a specular reflectivity of 14% and a diffusive reflectivity of 56%, thus a total reflectivity of 70%. PEEK ® has a specular reflectivity of 31% and a total reflectivity of 67%. Freshly evaporated copper film has a reflectivity below 40% in the wavelength region from 100 nm to 200 nm [START_REF] Canfield | Reflectance and Optical Constants of Evaporated Copper and Silver in the Vacuum Ultraviolet from 1000 to 2000 Å*[END_REF]. The reflectivity of freshly deposited copper degrades when the copper is oxidized by air.

Conclusions Chapter 2

In recent decades, liquid xenon has shown its superiority as a radiation detection medium in the field of dark matter direct detection, neutrinoless double-beta decay searches, γ-ray astrophysics, rare muon decay experiments at accelerators, and nuclear medical imaging. Among all liquified noble gases, liquid xenon appears to be a perfect candidate as a highly sensitive detection medium for both γ-ray calorimeters and position-sensitive detectors. In this chapter, the fundamental properties of LXe as a radiation detection medium are primarily presented, emphasizing the physical properties, the response of LXe to γ-ray interactions, and the ionization and scintillation process in LXe. The high atomic number and density of LXe contribute to increasing the stopping power for ionizing particles in a wide energy range from several tens of keV to tens of MeV. Besides, LXe has a significant feature of producing both scintillation light and free electrons in response to ionizing particle interaction, which allows determining the energies and interaction information in time and space. With high ionization yield and electron mobility, LXe also shows its potential as an ionization detector medium. The fast scintillation mechanism of LXe, on a timescale of several tens of ns, makes it suitable for providing the event trigger information, and the high-count-rate capability. Moreover, the high scintillation yield of LXe offers the possibility of performing an efficient and sensitive monolithic calorimeter. Compared to scintillator crystals, Xe in liquid form allows to construct a high-sensitivity detector with a large monolithic volume at a reasonable cost.

In order to exploit the experimental feasibility of the 3γ imaging technique, the associated detector must be suitable for detecting the γ-ray energy around 1 MeV, which can produce at least one Compton scattering with a subsequent photoelectric interaction. Besides, the detector needs to possess not only high spatial and energy resolutions to reconstruct the Compton scattering sequence, but also high sensitivity and detection efficiency to discriminate single Compton scattering from multiple scattering. The single-phase LXeTPC is a good candidate to satisfy these requirements. In this chapter, the fundamentals of the LXeTPC are described. The dedicated medical imaging system XEMIS based on the LXeTPC has been developed at the Subatech laboratory, exploiting both scintillation light and charge carriers in response to the interaction between the ionizing particle and LXe.

In this chapter, the production of scintillation light in LXe when an electric field is applied is also discussed in detail. The VUV scintillation light emission in LXe is caused by the de-excitation of excited dimers to the ground state with different decay times. The scintillation photons production process can take two distinct ways involving the direct excitation, and atomic ionization with recombination process. For electrons, three types of decay components characterize the scintillation light in LXe: fast and slow decay components related to the de-excitation of the singlet state and triplet state respectively, and a recombination component resulting from the ionization of the xenon atoms with the recombination process between molecular ions and electrons. The electric field applied in LXe can largely influence the measurable scintillation and ionization signals. For incident electrons under a drift field of several kV/cm, the electron-ion recombination rate decreases, which results in a suppression of the scintillation light production through the recombination component, and an increase of charges drifted by the electric field and finally collected by the anode.

The last part of this chapter is devoted to presenting the propagation of scintillation light in LXe type detector, concerning the optical properties such as the absorption length, Rayleigh scattering length, refractive index of scintillation light, and reflectivity of detector components. Although LXe is basically transparent to its scintillation light, the impurities dissolved in LXe, such as water and oxygen, largely impact the absorption of VUV photons, leading to a reduction of light yield. Besides, for large volume detectors only using scintillation signals to reconstruct the interaction positions, the Rayleigh scattering effect is significant in the scintillation light collection. N innovative liquid xenon Compton camera project, XEMIS (XEnon Medical Imaging System), has been proposed and carried out to show the performance of a single-phase LXe Compton camera, more importantly, to demonstrate the feasibility of the 3γ imaging technique with ultra-low activity. This R&D project consists of three main steps: the first A prototype, called XEMIS1, is a small dimension single-phase LXe Compton camera, which has demonstrated the capacity of a LXeTPC in 3γ imaging technique [START_REF] Gallego Manzano | XEMIS: A liquid xenon detector for medical imaging[END_REF][START_REF] Xing | XEMIS: Liquid Xenon Compton Camera for 3γ Imaging[END_REF]. The second prototype, the XEMIS2 system containing a larger scale cylindrical LXe Compton camera, has been designed for small animal imaging. The long-term objective is a large FOV LXe Compton camera, called XEMIS3, which is oriented to the whole human body imaging or hadrontherapy-monitoring applications.

Chapter 3 XEMIS2: A Liquid Xenon Compton Camera to Image Small Animals

The XEMIS2 system consisting of a LXe Compton camera is developed to image small animals with 3γ imaging technique for preclinical application in a hospital center. The main objective of XEMIS2 involves the 3D localization of a radiopharmaceutical labeled with a specific radionuclide such as 44 Sc and the lessening of the administered radiotracer activity while preserving the image quality in oncology diagnosis. The reconstruction results from a preliminary full GATE/Geant4 [START_REF] Strul | GATE (Geant4 Application for Tomographic Emission): A PET/SPECT general-purpose simulation platform[END_REF][START_REF] Jan | GATE V6: A major enhancement of the GATE simulation platform enabling modelling of CT and radiotherapy[END_REF] simulation showed that it is possible to obtain a good quality image of a small animal with 20 kBq of 44 Sc in 20 minutes of exposure [START_REF] Giovagnoli | A Pseudo-TOF Image Reconstruction Approach for Three-Gamma Small Animal Imaging[END_REF]. Compared with those conventional functional imaging systems, the results show that our camera XEMIS2 has a sensitivity of about 7%, corresponding to 70 cps/kBq. XEMIS2 is a monolithic single-phase detector with a large axial FOV, handling up to nearly 200 kg of ultra-high-purity liquid xenon. The XEMIS2 facility has been successfully conceived and developed at the SUBATECH laboratory.

XEMIS2 camera description

For the purpose of exploiting the advantages of the 3γ imaging modality, a large-scale pure LXe Compton camera and relative cryogenic infrastructures for small animal medical imaging, called XEMIS2, is under construction. The XEMIS2 overall system involves the elevated low-pressure detector cryostat (< 2 bar abs) containing the TPCs of XEMIS2, the high-pressure resistant (71 bar abs) cryogenic subsystem of Recovery and Storage of Xenon, called ReStoX, and the xenon purification and recirculation subsystems. The overview of the XEMIS2 cryogenics facility is shown in Figure 3.1.

The XEMIS2 detector (enclosed in a cryostat) is a dedicated single-phase LXe Compton camera. The mechanical design of the XEMIS2 camera is illustrated in Figure 3.2. The detector cryostat handles up to nearly 200 kg of ultra-high-purity LXe at the desired operating conditions of 1.2 bar abs and 168 K. The use of LXe as a detection medium allows constructing monolithic and homogeneous detectors to maximize detection efficiency. The camera consists of two identical large-scale LXeTPCs sharing the same cathode located at the center of the detector. Each cylindrical LXeTPC contains an active volume with a drift length of 12 cm, an inner radius of 7 cm, and an outer radius of 19 cm. The cryostat is traversed from the middle of the chamber by a thermally isolated hollow tube that aims to support and surround the small animal during the operating time. Thus, the innovative geometry of the camera with a large 24 cm axial FOV favoring the simultaneous detection of the three γ-rays with a high detection sensitivity allows exploiting low-activity whole-body small animal imaging. Besides, XEMIS2 shows its potential to identify and record photoelectric single- symmetric to the cathode, and each of them is segmented into 10 000 pixels with a size of 3.1 × 3.1 mm 2 . After being collected by the anodes, the ionization charge signals are treated by the dedicated electronics with ultra-low charges threshold level to measure the transverse (X, Y) coordinates and deposited energy for each interaction vertex [START_REF] Gallego Manzano | XEMIS: A liquid xenon detector for medical imaging[END_REF][START_REF] Xing | XEMIS: Liquid Xenon Compton Camera for 3γ Imaging[END_REF]. A uniform high-intensity electric field in the drift volume is required to drift the ionization electrons towards the pixelated anode in each of the cylindrical LXeTPC. It optimizes the electron collection process for a precise charge measurement of the ionization signals from two aspects. Firstly, the high drift field contributes to the increase of the electron drift velocity resulting in a shorter drift time, even though the drift velocity saturates for high electric field strength. Secondly, it is conducive to reducing the electrons-ions recombination rate and increasing the charge yield, which improves the signal-to-noise ratio and the energy resolution of the LXe-based detector. On the other hand, the high drift field suppresses the production of VUV scintillation photons and thus reduces the light yield. Besides, a sufficiently high drift field of the order of several 10 6 V may result in the electron and photon multiplications in LXe near the electrode, and these non-physical signals impact the data collection of physic events. In both LXeTPCs, a uniform and suitably high electric drift field up to 2 kV/cm is applied all along a drift distance of 12 cm. This electric field is generated by a center cathode with applied high voltage of 25 kV, an internal set of 81 copper field shaping rings and an external set of 15 stainless-steel field shaping rings, which are placed along the z-axis. The electron drift velocity of 2.3 mm/μs [START_REF] Manzano | Optimization of a single-phase liquid xenon Compton camera for 3γ medical imaging[END_REF] under 2 kV/cm electric field was measured experimentally in XEMIS1. The maximum drift time for a drift distance of 12 cm corresponds to 52 μs.

Cryogenics facility ReStoX: Recovery and Storage of Xenon

Using LXeTPCs in medical imaging has several complexities. One important aspect consists in the LXe safety challenge. Since the XEMIS2 camera has been conceived to be installed in a small animal medical imaging center called CIMA and located at Nantes Centre Hospitalier Universitaire (CHU) for preclinical research, its cryogenics facility not only needs to be reliable, sophisticated, and compact, but also should satisfy the safety criteria of a medical imaging system. Furthermore, the temperature and pressure stability of LXe inside the LXeTPC should be maintained during the operation. The desired operating condition of LXe inside the XEMIS2 system is 168 K at 1.2 bar abs. Therefore, the cryogenic infrastructure is essential for the LXeTPC-based XEMIS2 system to achieve and preserve the desired operating condition during the whole data-taking period.

Inner vessel and vacuum enclosure of detector cryostat

The TPC of the XEMIS2 camera is capable of holding up to 200 kg of xenon in the liquid state, and it is held by a double-layer vacuum-insulated stainless-steel detector cryostat. The cryostat containing the TPC of XEMIS2 was developed not only to maintain the stable temperature and pressure conditions of LXe during the long data acquisition time, but also to minimize the amount of LXe in the dead zone, the cooling power consumption, and the heat transfer into the TPC due to a large temperature difference between the room temperature outside and the LXe temperature inside. A picture of the inner part of the detector cryostat is shown in Figure 3.6.

The internal vessel of the detector cryostat has been designed as a cylindrical stainlesssteel TPC container with a length of 35.4 cm and a diameter of 60 cm, whose optimized design contributes to minimizing the amount of LXe in the dead zone and to maintaining the thermal insulation of the detection volume. The external insulation container of detector cryostat has been designed as a safe stainless-steel vacuum enclosure with a length of 87.5 cm, a diameter of 80 cm, and a thickness of 5 mm, which aims not only to enhance the radiation and electromagnetic shielding, but also to improve the thermal insulation, to reduce the heat load into the camera and thus to reduce the required cooling power consumption. The vacuum layer between the two vessels continuously maintains a vacuum level of 10 -6 bar under normal operating conditions, which contributes to limiting the convective heat transfer into the internal cryostat due to the temperature difference between the vacuum enclosure and internal cryostat. The conductive heat transfer can also happen from the mechanical components of the detector, such as two upper exit pipes, three pipe supports, and highvoltage cables to the LXe. The maximum estimated value of conductive heat transfer from these mechanical components to LXe is about 28 W. The inner vessel of the detector cryostat is enveloped by multiple layers of aluminized Mylar foil, which aims to reduce the radiative heat transfer into the internal cryostat. With 20 layers of MultiLayer Insulation (MLI), an estimated value of radioactive heat load is about 7.5 W. By applying the multiple layers of MLI, a reduction of the thermal radiation of about a factor 11 times compared to the case without the presence of MLI is achieved.

Since the XEMIS2 camera is dedicated to in-vivo imaging for small animal research, a specific hollow tube traverses the detector cryostat from the middle of the TPC where the small animal will be placed, inserted in this hollow tube during the operation time. This hollow aluminium tube has a length of 87.5 cm, a diameter of 100 mm, and a thickness of 2.5 mm, and its inside wall is directly in contact with the air to make sure that the small animal can breathe inside the tube. A picture of the hollow tube is shown in Figure 3.7. This tube is wrapped by a vacuum insulation layer with a thickness of 21 mm separating the middle tube from the stainless-steel inner container, which contributes to maintaining the small animal at room temperature and insulating it from the low temperature of the inner container. The 1.5 mm thick stainless-steel tube included in the inner container of the detector cryostat separates the LXe from the 21 mm thick vacuum layer.

ReStoX: Recovery and Storage of Xenon

Safe manipulation of a large quantity of xenon in a hospital center is achieved through the high-pressure closed-loop cryogenic subsystem named ReStoX (Recovery and Storage system of Xenon) implemented for the XEMIS2 system. It has been designed and built by the AIR LIQUIDE Advanced Technologies Division and the SUBATECH laboratory. ReStoX is a storage tank assuring the balance between the LXe vaporization rate produced by all the heat losses and the liquefaction rate of gaseous xenon (GXe) by dint of the cooling system, which can control the overall system pressure. The ReStoX subsystem may also operate during the camera system extended shutdown to ensure LXe safety.

The sophisticated ReStoX cryogenic subsystem and the detector cryostat containing the TPC of XEMIS2 are directly connected through two stainless-steel pipes and an Ultra High Vacuum (UHV) manual valve, which can adjust the exchange rate of LXe between the ReStoX and the internal cryostat. These two pipes contribute to carrying out not only the precooling of cryogenics infrastructure and liquefaction of xenon in an efficient and low consuming way but also the fast recovery and safe storage of LXe. ReStoX is a double- walled vacuum-insulated stainless-steel cylinder tank, which can store and control a large amount of xenon from the room temperature to the desired operating temperature and pressure (168 K at 1.2 bar abs inside the TPC and 172 K at 1.5 bar inside the ReStoX). The inner vessel of ReStoX has been designed as a stainless-steel xenon container, which has a height of about 1 m, a diameter of 20 cm, and a thickness of 2 cm. It is capable of holding up to 280 L of xenon in the gaseous state, but for security reasons, only 25% of the inner vessel total volume should be occupied by xenon in the liquid state, corresponding to 70 L of LXe (203 kg) inside the inner vessel, the rest of the volume is filled with gaseous xenon. The outer insulation container of ReStoX has been designed as an effective stainless-steel vacuum enclosure with a volume of 300 L and a thickness of 2 cm, which aims to protect and maintain the thermal insulation of the inner vessel. The vacuum layer between the two containers has a thickness of 25 cm, which is filled with perlite insulation. The double-walled stainless-steel tank has a total weight of 440 kg. Continuous open-loop circulation of liquid nitrogen (LN2) through the E1 heat exchanger via a double stainless-steel tube is served as a cooling system of XEMIS2. The required cooling power is adjusted by the mass flow of LN2, and a control valve regulates the injection rate of LN2. This continuous LN2 circulation provides a high cooling power of 10 kW, contributing to a high cold xenon handling efficiency [START_REF] Cussonneau | 3γ Medical Imaging with a Liquid Xenon Compton Camera and 44Sc Radionuclide[END_REF]. Around 250 -300 kg of LN2 is required to cool the heat exchanger and the inner vessel and reduce the 2-bar xenon temperature from 300 K to 170 K.

The LN2 container used in the XEMIS2 system (as shown in Figure 3.9) can hold around 3500 kg of LN2. The LN2 is transferred from the container to the ReStoX via a stainless-steel tube with a thickness of 50 cm. After passing through the cooling loop of ReStoX, the nitrogen is evacuated to the open air. On the one hand, the LN2 is used for cooling the cryogenics infrastructure and liquefy the xenon initially during the precooling and liquefaction procedures. On the other hand, the LN2 contributes to maintaining the temperature and pressure stability of the XEMIS2 system during the operation by a continuous compensation of the entire system specific heat losses. An increase in the LN2 flow rate reduces the pressure of the detector cryostat, while no LN2 circulation leads to a progressive increase of the temperature and pressure inside the XEMIS2 system.

Xenon purification and recirculation systems

An ultra-high purity level of the LXe is of prime importance for the performance of the XEMIS2 system. On one side, the VUV scintillation photons before arriving at the entrance window of the PMTs can be absorbed by some impurities dissolved in LXe, such as the trace of moisture inside the detector, as discussed in Section 2.4.1, degrading the scintillation light.

On the other hand, the electronegative impurities, such as O2 or N2, can capture the drifting electrons before arriving at the anode, attenuating the ionization charges and reducing the detector signal-to-noise ratio. Therefore, an ultra-high purity level of the LXe is required to remove the impurities impact on both scintillation light and ionization charges detection. In order to realize and maintain an ultra-high purity level, a re-circulation closed-loop consisting of the XEMIS2 TPC cryostat, the ReStoX, and the Xenon gaseous purification and recirculation subsystems are installed in the XEMIS2 overall system realizing a continuous purification and circulation of the xenon.

The purification and recirculation subsystems are equipped with two parallel purification branches, each containing a rare-gas purifier getter and an oil-free membrane pump. The raregas purifier getter implemented in XEMIS2 is a high-temperature SAES MonoTorr Phase II getter (PS4-MT3-R/N) [277] based on zirconium which continuously maintains an ultra-low impurity level below 1 ppb O2 equivalent [277]. This rare-gas purifier getter requires that the xenon is in the gaseous state during the purification process. Thus, the LXe extracted from the detector cryostat is uninterruptedly evaporated in the coaxial heat exchanger (E2) inside the external vacuum container of ReStoX before being pumped through the gaseous purification system. Afterwards, the gaseous xenon is continuously purified and then comes back to the coaxial heat exchanger of ReStoX, where it is liquefied with an efficiency of about 99%. Finally, the pure LXe returns to the cryostat. The purification and re-circulation process in XEMIS2 are presented in Figure 3.10. The required pressure loss over all the circulation is provided by the oil-free membrane pump [278] installed in each purification branch. With the aim of maintaining the constant pressure, a maximum re-circulation rate of about 2.9 g/s can be supplied by the pumps.

Commissioning of whole cryogenic infrastructure

Since the XEMIS2 camera has been designed to be installed in CIMA at CHU for preclinical research, its cryogenic infrastructure needs to primarily ensure the safety of LXe in such a medical imaging center. The commissioning of the whole cryogenic facility has been carried out to validate the system security under several operation stages or extreme conditions other than causes of force majeure, such as an earthquake. The stability of the LXe temperature and pressure inside the camera have been performed. A set of tests in the mechanical and cryogenic parts has been established, including the leak test and evacuation test for the internal vessel and external enclosure of the detector cryostat, injection of GXe into cryostat and ReStoX and XEMIS2 pressures balancing, pre-cooling and filling of LXe into detector cryostat, LXe recovery, thermal losses test, and system warm-up.

In the leak test (whose setup is shown in Figure 3.11), the Pfeiffer Vacuum HLT 260 QualyTest helium leak detector is installed to detect the leakage rate by an inner mass spectrometer. For both the inner vessel and outer enclosure of the detector cryostat, the leakage rate is lower than 4.6 × 10 -7 mbar.l/s. In the evacuation test, two primary vacuum pumps were firstly installed to remove the residual gas in the container and thus reduce the cryostat pressure to 10 -2 bar. Then, two turbo-pumps were added to reduce the pressure below 10 -6 mbar. During the normal operation condition, one primary vacuum pump and one turbopump are connected to the outer vacuum enclosure and work continuously with the aim of maintaining the vacuum level.

The ReStoX subsystem and the detector cryostat are directly connected through two stainless-steel pipes, that serve to implement the pre-cooling of the cryogenics infrastructure and liquefaction of xenon in an efficient and low consuming way. The pre-cooling and liquefaction process of XEMIS2 is presented in Figure 3.12. During the precooling process, the low-temperature gaseous xenon from the ReStoX was injected into the internal cryostat to cool down the whole cryogenic facility. The XEMIS2 cryostat precooling phase terminates as soon as the materials of the liquid line and the cryostat structure are cold enough to allow the liquefaction of xenon and filling of LXe into the internal cryostat. The whole pre-cooling and filling of LXe into detector cryostat processes takes about 28.5 h, 20.5 h of which are needed for the pre-cooling stage, and 8 h for the LXe filling stage. During the LXe recovery test, it has been proven that in case of emergency (such as the power failure or the detector damage resulting from the sudden pressure increase), a fast, automatic, and reliable passive recovery of the full xenon in a liquid state from the XEMIS2 cryostat to the ReStoX tank could be realized in less than 10 minutes at a mass flow rate close to 1 ton.h -1 through a gravity assisted method [START_REF] Virone | Gravity assisted recovery of liquid xenon at large mass flow rates[END_REF]. The gravity assisted recovery utilizes the pressure difference and the height difference between the ReStoX subsystem and the detector cryostat to safely transfer LXe into ReStoX with unprecedented rates without human intervention.

The XEMIS2 cryostat and the cryogenic subsystem ReStoX have already been installed at CIMA, as shown in Figure 3.13.

Ionization charge collection in XEMIS2

Overview of ionization signal in XEMIS2

The ionization signal of LXeTPC allows getting the (X, Y) position coordinates and deposited energy of each interaction vertex resulting from the ionizing radiation with liquid xenon. The accurate and direct measurement of charge carriers is essential in Compton imaging. It enables identifying and reconstructing the sequences of Compton scattering. The collection of charge carriers is optimized in XEMIS2, whose detector performance can be improved by optimizing the ionization charge collection and readout. Different physics mechanisms affect the ionization signal production and collection process, starting from freeelectron production in LXe to electrical signal formation, such as the electron-ion recombination, transport of charge carriers in LXe (including the electron drift and diffusion), impurities attachment, and ionization signal formation in the segmented anode and front-end electronics. Apart from the effect of detector component material, the electric drift field, xenon purity, and ionization signal readout electronics are three dominating impact factors that influence the ionization signal collection efficiency in a typical LXeTPC, as XEMIS2.

After the generation of electron-ion pairs, despite the presence of an electric field, a part of the produced electrons recombines with the ions before drifting to the anode, which reduces the charge yield. The electrons escaping from the recombination process traverse the LXe and drift towards the anode under the influence of the electric field. Electron drift velocity is dependent on the electric drift field of the LXeTPC and the density of the xenon affected by the pressure and temperature of the xenon. During the normal operation, since the temperature and the pressure of LXe in the detector cryostat are slightly varied at around 165 K under 1.2 bar, the LXe density is almost stable, and the electron mobility can be treated as a constant value of about 2200 𝑐𝑐𝑚𝑚 2 𝑒𝑒 -1 𝑠𝑠 -1 [START_REF] Miller | Charge transport in solid and liquid Ar, Kr, and Xe[END_REF]. During the transport of charge carriers, the drifted electrons also diffuse transversely and longitudinally in LXe as a result of the collision between electrons and atoms. The distribution of electron cloud at the segmented anode can be described by a Gaussian distribution resulting in a certain number of fired pixels. During the transport, the electrons may also be attached by the contaminant atoms and molecules inside LXe, particularly the electronegative impurities such as oxygen, which reduces the number of collected electrons on the anode.

Without the Frisch grid, an induced current is produced in the anode when electrons are drifted under the electric field in the active volume of LXeTPC. In this case, for the same deposited energy, the ionization signal duration and amplitude are dependent on the drift time as well as the longitudinal position of the interaction along the drift direction. In order to avoid this dependence, a Frisch grid or shielding grid is situated at several hundreds of µm above the anode. In the presence of a Fresh grid, for any longitudinal positions of electron clouds in the active volume, the drifted electrons begin to induce an ionization signal on the anode segmented into pixels or pads when they traverse the Frisch grid, and the induced ionization signal stops producing until the anode collects all drifted electrons.

To be noticed that, the mobilities of the positive 𝑋𝑋𝑒𝑒 2 + ions (of the order of 3 × 10 -4 𝑐𝑐𝑚𝑚 2 𝑒𝑒 -1 𝑠𝑠 -1 ) and holes (of the order of 4 × 10 -3 𝑐𝑐𝑚𝑚 2 𝑒𝑒 -1 𝑠𝑠 -1 ) are significantly lower than the electron mobility [START_REF] Suzuki | Technique and Application of Xenon Detectors[END_REF]. The effect of the drift of the positive carriers can be neglected in our case, since their velocity is low and the signal induced on the electrodes is negligible. However, when the flux increases, the ions accumulate in the TPC and can distort the electric field. This effect is normally negligible given the activity used in XEMIS2 of the order of 10 4 -10 5 Bq.

Optimized charge collection system

The optimized charge collection system in the XEMIS2 system consists of a central cathode, an internal series of the copper field shaping rings, and an external series of stainless-steel field shaping rings placed along the z-axis, two symmetric pixelated anodes shielded by the Frisch grids, and the associated electronics.

Central cathode

The central cathode shared by two identical LXeTPCs of XEMIS2 is an annular stainlesssteel electrode with a thickness of 2 mm, an inner radius of 76.5 mm, and an outer radius of 203.5 mm. The front view of the center cathode with an external set of stainless-steel field rings is shown in Figure 3.14. The central hole allows the thermally isolated hollow tube to pass through and traverse the entire detector chamber. The role of the hollow tube is to insert the small animal during the imaging process. The plane cathode is totally opaque to avoid the crossing of the VUV photons, and serves as a separation plane of the detector chamber. Thus, for a given interaction, the produced scintillation light is not shared between two back-toback LXeTPCs. During the normal operation, a high voltage of 25 kV is applied at the stainless-steel cathode to achieve an electric field of 2 kV/cm.

Field shaping rings

In XEMIS2, the uniformity of a high-intensity electric field up to 2 kV/cm in the drift volume is achieved by two series of the field shaping rings, which are respectively placed around the internal and the external sides of each LXeTPC along the z-axis, between the center cathode and each segmented anode. The mechanical design of the electrostatic chamber with its internal and external field shaping rings is presented in The internal set of field rings situated around the internal part of each half of the LXeTPC are composed of 81 interspersed micro copper electrodes separated from each other with 1 mm gaps, and each of them has a width of 2 mm and a thickness of 0.35 mm. The copper electrodes are printed directly in a multi-layered Kapton insulation support, which covers the outside of the thermally isolated hollow tube. The multi-layered Kapton circuit contributes to multiplying the number of copper electrodes in order to achieve the most uniform electric field as close as possible to the tube (zone having the greatest interaction). A partial zoom view of internal field shaping rings is shown in The potential of the set of field rings used in each LXeTPCs can be treated independently, and each of them is driven by 500 MΩ resistors based resistive divider chain in series with the field rings. The first resistor of the divider chain is joined to the edge of the high-voltage electrode (cathode), and the main power is supplied by the high-voltage rod, while the last resistor is connected electrically with the ground wire. The high voltage of the first copper field ring is applied through an independent power supply. As the PMTs are located above the external field rings, they may perturb the scintillation light collection of PMTs. In order to optimize the light collection efficiency in XEMIS2, the spacing of external field rings was simulated without affecting the homogeneity of the electric field in the active zone of XEMIS2. Following the results of the simulation study, the first seven external field rings starting from the cathode have been placed with a distance of 5 mm between each other, while the remaining eight external field rings have been placed with a distance of 10 mm between each other.

Pixelated anodes shielded by Frisch grids

In XEMIS2, the drifting electrons are directly collected by two identical charge collecting electrodes distributed on both sides of the detector symmetric to the cathode. Each charge collecting electrode is composed of a pixelated anode shielded by the micro-meshes above, serving as a Frisch grid, which is based on the MIMELI (MIcro-MEsh for dense Liquid Ionization chamber) technique. Each pixelated anode is approximately equipped with 10386 pixels with a size of 3.1 × 3.1 mm 2 and 10087 micro-pads of 150 μm. As a seven-layer structure, the segmented anode is made up of four copper layers and three alternate layers based on ROGERS RO4350B ceramic laminates for insulation and bounding. The top copper layer of the anode, including the pixels, the tracks between pixels, and the micro-pads, is passivated by depositing the Ni-Au layer at the surface of copper and is directly in contact with the LXe for collecting the charge carriers. An enlarged view of the micro-pads and the tracks can be observed in Figure 3.17. Each anode has 60-point connectors at the pack side to connect the front-end electronics, and it is also connected to the ground through these frontend electronics.

The Frisch grid is composed of a 500 LPI (line per inch) copper micro-mesh with a mesh thickness of 5 μm, a bar thickness of 11.7 μm, a pitch of 50.8 μm, and associated stainless-steel support. The Frisch grid is situated above the segmented anode with a gap distance of about 125 μm (gap obtained with the 150 μm welded beads). A high electric field should be applied at the gap between the Frisch grid and anode to achieve nearly 100% electron transparency, and the intensity of the electric field should be at least 5 to 10 times greater than the electric drift field of LXeTPC, depending on the type of Frisch grid. During the normal operation, a high voltage of 300 V is applied at the Frisch grid to eliminate the dependence between the induced ionization signal and the longitudinal position of the interaction along the drift direction. The amplitude of the ionization signal is thus proportional to the number of collected electrons. The copper micro-mesh is fixed and stretched tightly by a stainless-steel support to ensure the flatness of the Frisch grid, which contributes to generating a uniform electric field. The high voltage of the Frisch grid is applied through an independent power supply.

Scintillation light detection in XEMIS2

Although the XEMIS2 camera has no intention of being used as a LXe scintillation calorimeter, the scintillation light detection has been optimized as much as possible without impacting on the ionization charge collection. Compared to the traditional scintillation crystal-based detector such as the PET camera in which the produced scintillation light is reflected and oriented towards a corresponding photodetector under the influence of the reflectors placed on the sides not coupled to the photodetector, the VUV scintillation photons produced in the LXe-based XEMIS2 camera emit and propagate isotropically in 4π since XEMIS2 is a single-phase monolithic detector. In consequence, during the normal operation, a set of PMTs completely immersed in the LXe are placed around the surface of the active area of the LXeTPC to detect the produced scintillation photons as much as possible. The associated processing electronics for scintillation signal measurement will be presented in detail in the next chapter.

Photodetectors in LXe

Once the scintillation light has been generated in the LXe-based detector, the VUV photons need to be detected and converted to electrical signals, which is usually achieved by coupling a photodetector to LXe. Then, the output signals of photodetectors can be processed, digitized, and analyzed by the scintillation signal processing electronics to determine the interaction positions and deposited energy of the interacting γ-ray. Most physics experiments using LXe-based detectors (such as XENON [START_REF] Aprile | The XENON100 dark matter experiment[END_REF], LUX [START_REF] Akerib | The Large Underground Xenon (LUX) experiment[END_REF], XMASS [START_REF] Liu | The XMASS 800kg Detector[END_REF], PandaX [START_REF] Cui | Dark Matter Results from 54-Ton-Day Exposure of PandaX-II Experiment[END_REF], LXeGRIT [START_REF] Aprile | The electronics read out and data acquisition system for a liquid xenon time projection chamber as a balloon-borne Compton telescope[END_REF], EXO [START_REF] Gornea | Double beta decay in liquid xenon[END_REF], and MEG [START_REF] Sawada | Liquid xenon gamma ray detector for MEG[END_REF]) are equipped with photodetectors such as PMTs, SiPMs, or hybrid photodetectors.

In order to detect the scintillation photons in LXe and ensure a high quality of output signals, the associated photodetector needs to meet three requirements: a high quantum efficiency to ensure an efficient detection of scintillation light, a fast readout speed to achieve a good time resolution, and a good amplitude resolution in cooperation with a high-resolution scintillator, to fulfill a high energy resolution. The amplitude resolution of the photodetector output signal is influenced by the quantum efficiency, the internal gain, and the electronic noise of the photodetector.

Photodetection involves a large field of instrumentation in particle physics, and different photodetector technologies are continuously developed. There are two main types of photodetectors used in scintillator-based detectors: the photoemissive ones such as the PMT, and the semiconductor photodetectors (or solid-state photodetectors).

The PMT technology, regarded as one of the conventional photodetection technology, is well known and continuously developed. This proven technology has been applied in SPECT and PET imaging as photodetectors for nearly thirty years, and it is still the most widely used photodetector technology in the field of nuclear medical imaging. Aside from the conventional PMTs, several special PMT configurations have been developed, such as the position-sensitive PMT (PS-PMT), the hybrid PMT (HPMT), and the microchannel plate. The PS-PMT type includes the multichannel PMT (MC-PMT) and the grid-type dynode PMT. The major differences among these designs are the structure of the electron multiplication system and the anode readout. The present PS-PMTs are mainly equipped with metal channel-type dynodes and a cross-plates or multi-anode readout. The HPMT type integrates a photodiode with a conventional PMT [START_REF] Suyama | Latest Status of PMTs and Related Sensors[END_REF]. In the HPMT, the dynode structure of the conventional PMT is replaced by a photodiode.

The semiconductor photodetectors include two types: the conventional silicon photodiode, referred to as the PIN diode, and the avalanche photodiode (APD). In recent years, a new type of APD device called the SiPM, also known as the multipixel photon counter (MMPC), or solid-state photomultiplier (SSPM), has been developed [START_REF] Dolgoshein | Status report on silicon photomultiplier development and its applications[END_REF]. The SiPM provides a new design option as a compact photodetector device. It is competitive with the standard PMT in the aspect of insensitivity to the magnetic field, which is one of the most remarkable properties of this type of photodetector. This property is beneficial in the development of multimodal camera PET/MRI, which combines the PET imaging with the MRI technique, which has a high contrast in soft tissues [START_REF] Tsoumpas | Innovations in Small-Animal PET/MR Imaging Instrumentation[END_REF]. The time performance of SiPM is also competitive with respect to the conventional PMT. For high-resolution medical imaging systems such as the TOF-PET camera, exploiting only the scintillation signals may benefit from the extremely good time resolution of SiPM.

Photomultiplier tubes and LXe

The PMT is a very sensitive photodetector that operates in a spectral range extending from the infrared spectrum to the ultraviolet spectrum through the visible light band. The PMT technology is one of the most commonly used photodetector technologies to detect scintillation light in LXe. It is well known and very stable. The PMTs are ideal for applications such as the triggering of TPC, thanks to their precise time resolutions even at low temperatures. The relatively high gain of PMT from 10 5 to 10 6 offers a good SNR. They also allow to preserve the temporal properties of the scintillation signals as much as possible, and this contributes to discriminating the nature of the particles by analyzing the shape of the PMT output signals.

Nevertheless, the PMT technology still has some drawbacks, such as the low quantum efficiency of about 30% and the high sensitivity to even low-intensity magnetic fields. Besides, the PMTs are relatively bulky compared to the SiPMs because the requirement of an envelope that includes the multiplication dynode structure and stands up to the vacuum imposes some constraints on how the PMTs can be applied to high-resolution medical imaging systems.

In order to directly detect the scintillation light in LXe, the associated PMT needs to be equipped with a special entrance window transparent to the VUV scintillation light of LXe, an effective photocathode using photosensitive materials to convert a scintillation photon into a photoelectron (p.e.; plural p.e.s), and a suitable electron multiplying system to amplify the photoelectron into a measurable electronic signal in the conversion process since only a fraction of the scintillation light generated by each γ-ray interaction in the LXe-based detector can reach the PMT.

Basic principle of photomultiplier tubes

The PMTs are widely used photodetectors in LXe-based detectors. The essential parts of a PMT are illustrated in Figure 3.18. The PMT usually includes a light entrance window, a photocathode, a set of focusing electrodes (photoelectron acceleration structure), an electron multiplying system (dynode structure), and an electron collection electrode or anode. All the parts are contained within a sealed vacuum tube.

In order to directly detect the scintillation light in LXe, the PMTs need to be totally immersed in LXe. The basic principle of the PMT is presented in Figure 3.18. First, the incident scintillation photons enter the PMT through the entrance window, which is transparent to the VUV scintillation light of LXe. Then, the scintillation photons interact with the photocathode using photosensitive materials via the photoelectric effect. The photocathode is usually deposited on the internal face (i.e., the vacuum side) of the light entrance window or on an electrode in front of it. When the VUV photons are absorbed by the photocathode, the photoelectrons are produced. Some of the photoelectrons migrate to the photocathode surface and are ejected from the photocathode into the vacuum. Then, a strong electric field generated by a set of focusing electrodes (photoelectron acceleration structure) accelerates and drifts the photoelectrons toward the first dynode of the electron multiplying system. When the photoelectrons strike the first dynode, several secondary electrons are ejected. Then, the secondary electrons are accelerated and drifted towards the second dynode. This process will be repeated at each dynode. Ultimately, the multiplied electrons are collected by the collection electrode or anode, and the PMT output signals are transmitted to the front-end electronics.

Light entrance window of photomultiplier tubes

The light entrance window is a surface on the PMT through which the scintillation light can enter the PMT. It is the first interface that scintillation photons have to pass through. Liquid xenon scintillates primarily in the VUV region, with the longest wavelength of 178 nm among the liquefied rare gases. A quartz entrance window can be utilized for xenon scintillation light since it is transparent in the wavelength region of Xe scintillation photons. The light entrance window can be placed on the top of the PMT (head-on type) or at the side of the PMT (side-on type). For medical imaging applications, the head-on type is the widely applied type. Quartz-windowed PMTs are a little expensive than usual PMTs with borosilicate glass windows but can be manufactured in relatively large sizes. Several forms and dimensions of PMT are available, which permits to cover as much as possible the active surface of the detector while minimizing the size of the interstices. However, the PMT active surface cannot cover the total occupied surface of the PMT, thus leaving dead zones between PMTs.

The refractive index of the PMT entrance window plays a vital role in determining how efficiently the scintillation light can be transmitted from the LXe into the PMT before interacting with the photocathode. The light entrance window should match the reflective index of LXe and have a high transmission component in the wavelength region of Xe scintillation photons. A mismatch in reflective indexes between the LXe and the entrance window may cause the reflection at the interface, which finally leads to light losses as a result of internal trapping. The refractive index of LXe varies from 1.54 to 1.72. Therefore, for the best transmission of VUV scintillation light from LXe into the PMT with minimal internal reflection at LXe and PMT interface, the light entrance window should have a refractive index as close to that of LXe as possible. The synthetic silica (quartz) is a perfect candidate for the entrance window material, which has a refractive index of about 1.6 [START_REF] Doke | Time-of-flight positron emission tomography using liquid xenon scintillation[END_REF][START_REF] Solovov | Measurement of the refractive index and attenuation length of liquid xenon for its scintillation light[END_REF].

Besides, the material of the entrance window should also attenuate the photons as little as possible. Therefore, it is necessary to reduce the thickness of the entrance window as much as possible while maintaining good resistance to the high pressure of the LXe. The window material should also be chemically stable in contact with LXe during the normal operation and with air during the preparation of the detector. The synthetic silica is resistant and not very reactive. Unlike the liquid argon scintillation detectors, no wavelength shifting is necessary between the LXe and the PMT entrance window, which is a significant advantage in terms of light loss.

Radioactivity of the PMT components is very important concerning the low background experiments. Quartz has about 10 4 less 40 K and about 10 2 lower amounts of 232 Th and 238 U than ordinary glass, which slightly influence the γ-ray or neutron background. Therefore, quartz-windowed PMTs are preferable for the radioactivity of the PMT components.

Photocathode of photomultiplier tubes

The photocathode, which is composed of photosensitive materials, aims to convert a scintillation photon into a photoelectron. The photocathode is usually semi-transparent deposited on the internal face (i.e., the vacuum side) of the light entrance window or reflective deposited on an electrode opposite to the entrance window. The thickness of photocathodes can vary from a few tens of nanometers to a hundred nanometers, whose value is adjusted depending on whether they are reflective or semi-transparent.

Several materials can be used as a photocathode material which is sensitive in the VUV region [284], such as the cesium iodide (CsI) or cesium tellurium (CsTe) photocathodes only sensitive to VUV radiation, the bialkali photocathode (Sb-Rb-Cs or Sb-K-Cs), the multialkali photocathode (Na-K-Sb-Cs), and the gallium arsenide photocathode (GaAs). Photocathodes used for LXe scintillation light detection are generally made of alkaline semiconductor materials. This choice is motivated by the low working function that favors photo-extraction. The bialkali photocathode is very reactive, and it is protected in the high vacuum tube of the PMT.

For the PMTs intended for low-temperature applications such as LXe-based detectors, the electrical resistivity of the photocathode materials increases with the decrease of temperature resulting in the photocathode saturation with the high photon rates and the degradation of PMT sensitivity because of photocathode charging. This effect is noticeable for the bialkali photocathode, which has relatively high sheet resistance, while the multialkali photocathode is less influenced by the low temperature [START_REF] Ichige | Operating characteristics of photomultipliers at low temperature[END_REF]. In order to reduce the photocathode charging effect, many PMTs are equipped with conductive metal strips located under the photocathode and connecting the central photocathode region with the peripheral conducting ring, to which the power supply is connected. Some large PMTs are equipped with the platinum backing of the sensitive layer to reduce this effect. Despite the risk of photocathode saturation, bialkali photocathodes are still widely utilized for LXe-based detectors in physics experiments due to their high quantum efficiency and low dark noise. For most 1-or 2-inch PMTs, by depositing the conductive metal strips under the photocathode, the PMTs with bialkali photocathodes can operate normally in LXe, such as in ZEPLIN-III [START_REF] Araújo | Low-temperature study of 35 photomultiplier tubes for the ZEPLIN III experiment[END_REF], XENON10 [START_REF] Yamashita | R&D Results and Status of the XENON Dark Matter Experiment[END_REF], XENON100 [START_REF] Aprile | The XENON100 dark matter experiment[END_REF], XMASS [START_REF] Suzuki | XMASS Experiment[END_REF], LUX350 [START_REF] Akerib | The Large Underground Xenon (LUX) experiment[END_REF]. Recently, a new type of bialkali photocathode with lower sheet resistance has been developed, which avoids using conductive metal strips or platinum underlay [START_REF] Nakamura | Latest Bialkali Photocathode with Ultra High Sensitivity[END_REF].

Quantum efficiency

After entering the light entrance window, the incident scintillation photons are absorbed by the photocathode through the photoelectric effect, and the photoelectrons are produced. Some of the photoelectrons migrate to the photocathode surface and escape from the photocathode into the vacuum. The ratio of the number of photoelectrons ejected from the photocathode towards the first dynode to the number of incident scintillation photons is commonly known as quantum efficiency (QE). The photoconversion capacity of a PMT is characterized by its QE. In order to minimize the scintillation light losses, the value of QE needs to be as high as possible.

The QE of photocathodes can be affected by several factors, such as the wavelength of the incident photon. It is essential that the QE of the photodetector is well matching with the emission spectrum of the scintillation light produced by LXe. The PMT with a bialkali photocathode is a good choice. For most photoemissive materials used in photocathodes of PMTs, the QE is in the range of 20% -30% for the wavelength region of Xe scintillation light. Therefore, the QE is a noticeable source of scintillation light losses that influences both the energy resolution and the spatial resolution of the detector.

The QE of photocathodes also depends on the temperature. The temperature effect is different at different wavelengths. An improvement in QE of 20% has been observed with a R1668 Hamamatsu PMT at 170 nm, but the QE almost does not change at 185 nm [START_REF] Araüjo | Study of bialkali photocathodes below room temperature in the uv/vuv region[END_REF]. A study of the Hamamatsu R8520 1-inch PMT shown an increase in QE of about 5% -11% at LXe temperature [START_REF] Aprile | Measurement of the quantum efficiency of Hamamatsu R8520 photomultipliers at liquid xenon temperature[END_REF]. These results emphasize the importance of PMT calibration under the operating conditions of the detector.

Focusing electrodes and electron multiplying system

The photoelectrons ejected from the photocathode into the vacuum are focused, accelerated, and drifted towards the first dynode of the electron multiplying system through a strong electric field generated by a set of focusing electrodes (photoelectron acceleration structure), maximizing the collection efficiency. Some of these photoelectrons reach the surface of the first dynode. The electric field should be high enough so that the photoelectron can obtain enough energy to result in the secondary electron emission in the first dynode.

The electron multiplying system (also called the dynode structure) contains a set of dynodes or electrodes (usually 8 -12 stages), where the supply voltage of the PMT is distributed on each dynode through a bridge voltage divider, and thus a potential is produced between each pair of dynodes. The dynodes are usually made of stainless-steel, nickel, copper-beryllium alloy, which are coated with the material promoting the secondary electron emission, such as the beryllium oxide (BeO), magnesium oxide (MgO), and gallium phosphate (GaP). When the photoelectrons strike the first dynode, several secondary electrons are ejected. These secondary electrons are then accelerated towards the second dynode. Some of them reach the surface of the second dynode and give rise to the secondary electron emission. The acceleration of electrons aims at gaining enough energy to generate secondary electrons in the following dynode. At each amplification stage of the dynode structure, the number of electrons is multiplied, and the electronic signal is amplified through secondary electron emission as the electrons strike each dynode. This process continues along with the whole electron multiplying system. A series of multiplication dynodes amplify the signal to about 10 6 -10 7 times compared to the original photoelectrons. The end stage of the electron multiplying system is the electron collection electrode or anode, which is the readout stage of the PMT. The multiplied electrons are collected by the anode, and the PMT output signals are then processed by the front-end electronics to determine the energy or timing information.

The transport of secondary electrons between each dynode is crucial for the time response of the PMT. The paths of electrons should be oriented to the dynode as much as possible to minimize their transit time from the photocathode or the previous dynode to the next dynode and to optimize the electron spread and collection. Different arrangements of dynodes can then be employed. In the electron multiplying system, the Xe scintillation light properties are to a great extent preserved, such as the decay times. Due to the good property of the electron multiplying system, in conjunction with the inherent low noise properties of the PMT, the SNR of the PMT output signal is very high.

Since the electron multiplication takes place in a vacuum, the PMTs are usually bulky and fragile, and the optics, transport, and electron multiplication in the dynode structure are highly sensitive to the magnetic field. To withstand the external magnetic field, in most applications, the PMTs are equipped with a mu-metal shielding against low-intensity magnetic fields, such as the earth's magnetic field.

Importance of scintillation light measurement for XEMIS2

In a LXe-based detector, such as the XEMIS2 camera, the γ-rays emitted from the imaged object interact with the LXe. A recoil electron is produced by the interaction of a γ-ray with xenon, and it can generate either a photoelectric effect, a Compton scattering, or a pair production depending on its energy, which will lead to the ionizations or excitations in LXe. As the excimers de-excite back to the ground state, the VUV scintillation photons will be produced in a transition from the singlet or triplet states to the ground state with different decay times. The number of produced VUV photons is proportional to the amount of energy transferred from the γ-rays to the recoil electron. For a LXe-based position-sensitive calorimeter, the scintillation light plays a crucial role in determining the deposited energy and interaction positions of the incident γ-rays.

One challenge in the XEMIS2 system is to detect few scintillation photons produced in LXe with a wavelength of 178 nm and an energy of about 7 eV. The number of produced VUV photons is dependent on the light yield of the LXe and the energy of the interacting γray. LXe has a scintillation light yield of about 46,300 photons/MeV for 1 MeV relativistic electron in the absence of an electric field. In the presence of a strong drift field of 2 kV/cm applied to collect the charge carriers, for the γ-rays with energy larger than 100 keV, the light yield reduces to less than 50% of the initial light yield with no electric field applied. Differently from the scintillation crystal-based detector, in which the produced light is reflected and oriented towards a corresponding photodetector under the influence of the reflectors placed on the sides not coupled to the photodetector, the VUV scintillation photons produced in the LXe-based XEMIS2 camera are emitted isotropically in 4π and propagate in LXe. Before reaching the PMTs, some detector components, such as the field rings located around the active zone in front of the PMTs, may prevent the propagation of scintillation light to PMTs. A mismatch in refractive indexes of the LXe and the PMTs may also cause light losses as a result of internal trapping, which can be resolved by equipping the entrance window with synthetic silica. All of these factors will lead to only a small part of the scintillation photons actually reaching the entrance window of the PMT. Thus, the scintillation light in XEMIS2 is not used for optimizing the energy resolution through cooperating with the charge measurement like in the spectroscopy. Although the XEMIS2 camera has no intention of being used as a LXe scintillation calorimeter, the scintillation light detection has been optimized as much as possible without impacting on the ionization charge collection. During the normal operation, a set of PMTs completely immersed in the LXe are placed around the LXeTPC to detect the produced scintillation photons as efficiently as possible. The scintillation light in XEMIS2 plays a crucial role in determining the initial interaction time and pre-localizing the interaction positions.

The VUV scintillation photon emission in LXe is a fast process, with an average lifetime of about 30 ns at a drift field of 2 kV/cm. This feature makes LXe suitable for timing applications. In this case, the interaction time 𝑡𝑡 0 of an ionizing particle (such as a γ-ray) with LXe is provided by measuring the scintillation light. While electron collection by the segmented anode gives the transverse x-y position of each interaction, it is possible to associate the scintillation signals with the ionization signals to achieve the reconstruction of the interaction depth (i.e., the longitudinal z-position) with a resolution of 100 µm, which is calculated by the product of the electron drift time, referred to the γ-ray interaction time 𝑡𝑡 0 , and the electron drift velocity depending on the applied electric drift field. In order to achieve such accuracy, a scintillation light detection chain with a time resolution below 50 ns is required.

Furthermore, the scintillation light has another important role: pre-localize the γ-ray interactions and then achieve a virtual fiducialization of the active volume by matching the scintillation signals with the ionization signals through the event builder. In the XEMIS2 camera, under an electric field of 2 kV/cm, the maximum value of the electron drift time is 52 μs for a total drift distance of 12 cm. In addition, the first phase of the XEMIS2 experiment is to realize a whole-body small animal imaging with an administrated activity of 20 kBq, which corresponds to an averaged frequency of an event occurring every 50 μs. In the second stage of the project, an injected activity of 200 kBq (5 μs per event) will be achieved. With such an activity, the non-negligible electron drift time of 52 μs limits the detector efficiency and increases the occupancy in the LXeTPC. Nevertheless, the spatial pre-localization of γray interactions contributes to the reduction of the occupancy in the LXeTPC while increasing the injected activity to shorten the exposure time.

Scintillation light detection system in XEMIS2

The scintillation light detection system in XEMIS2 consists of a set of PMTs shielded by the screening grid and mounted in a mechanical support located in the periphery of the active zone and its associated electronics.

Photomultiplier tubes for XEMIS project

Due to the low number of VUV photons that reach the PMT entrance window, the detection efficiency should be as high as possible. It is also essential that the PMTs have the ability to amplify the scintillation signal in the conversion process with low additional electronic noise. Besides, it is preferable that the temporal properties of the scintillation signal are preserved as much as possible through the output pulse of the PMT, including the rise and decay times of the scintillation signal.

In the XEMIS1 and XEMIS2 systems, a VUV-sensitive low profile 1-inch square headon type PMT (with the model number: Hamamatsu R7600-06MOD-ASSY), which was specially developed in cooperation with Hamamatsu Photonics, was chosen to detect the Xe scintillation photons with wavelengths of 178 nm (as shown in Figure 3.19). The PMT is entirely immersed in the LXe, ensuring a stable working condition and, more importantly, a maximum detection of the scintillation photons produced in LXe. Each PMT has a total transverse surface area of 25.7 × 25.7 mm 2 . The basic characteristics for this PMT at 25 ℃ are shown in Table 3.1.

For this type of PMT, the spectral sensitivity is from 160 to 650 nm. It is equipped with a special entrance window using synthetic silica (quartz) with an area of 24 × 24 mm 2 . The quartz entrance window has a refractive index of 1.6, which is transparent to the VUV scintillation light of LXe. This light entrance window has a thickness of about 1.2 mm, which contributes to attenuating the photons as little as possible while maintaining good resistance to the high pressure of the LXe. The window material is chemically stable in contact with LXe during the normal operation and with air during the preparation of the detector. The dead zone of each PMT at one side is about 8.8 mm.

Parameter

Typ.

Max. Unit

Cathode The PMT has an effective photocathode made of bialkali, situated on the inside (i.e., the vacuum side) of the light entrance window, with a minimum active area of 18 × 18 mm 2 , which is used to convert a scintillation photon into a photoelectron. This specially developed bialkali photocathode is highly sensitive to the Xe scintillation photons, with a relatively high quantum efficiency at 175 nm of about 30%. The bialkali materials have a relatively high electrical resistivity, which increases when the temperature decreases, leading to the possible photocathode saturation under illumination at low temperature. In order to resolve this problem, the conductive metal strips located under the quartz entrance window are used in this PMT, which rapidly compensates for the increase in electrical resistivity of the photocathode so that higher irradiances can be resisted at LXe temperatures without loss of PMT sensitivity because of photocathode charging.

The PMT is equipped with a 10-stage dynode to amplify the primary photoelectron into a measurable electronic signal, and a short axial length of 21.25 mm is achieved by using a metal channel dynode structure. The operating temperature of this PMT can vary from -110 ℃ to 50 ℃. The PMTs are in good operating conditions in XEMIS2 (temperature of 168 K for a pressure of 1.2 bar abs). The circuit elements that operate at the LXe temperature, such as the voltage dividers, were carefully selected.

Screening grids of photomultiplier tubes

In order to protect the PMTs from the influence of the high voltage supplied to the cathode and the field shaping rings, the screening grids of the PMT, also known as the shielding grids of the PMT, are electrically grounded and located at a distance of 7 mm in front of the entrance window of the PMTs (15 mm outside the external set of the copper field shaping rings). The screening grids are made up of 2 layers of welded copper wires with a diameter of 0.71 mm, and their screening meshes have a pitch size of 6.3 mm. The screening grids with optical transparency of 89% also provide light screening.

Mounting bracket of photomultiplier tubes

In order to assemble the PMTs around the XEMIS2 active zone, a mounting bracket of the PMTs, which is composed of a stainless-steel support bracket (as shown in Figure 3.20), is installed in the periphery of the active zone.

The mounting bracket is entirely immersed in the LXe. Up to 368 PMTs can be installed in the mounting bracket to accomplish a complete cover of the active volume of XEMIS2. The separation structures set a 3 mm distance between each PMT position grid, leading to an increase of dead zone. In total, about 73% of the surface is covered by 368 PMTs. In the first stage, 64 PMTs cannot fully fill the mounting bracket, and the position where PMT is not The PMT signal cables should be immersed in the LXe as much as possible since the impurities from the cables immersed in LXe can be better eliminated than the cables exposed in GXe. All these wires are extended toward the top of the detector cryostat through the exit tubes, and they traverse the cap of the external vacuum enclosure to the outside. Once all wires are inside their respective exit pipes, the pipes are evacuated to eliminate the impurities coming from the outgassing of all the wires.

Data acquisition and readout system for XEMIS2

In order to image the small animal with ultra-low injected activity compared to the conventional small animal functional imaging exam, a high-rate data acquisition and readout system has been specially developed for XEMIS2 to achieve event efficiency maximization. This system contains two independent parts: the scintillation light detection and measurement system and ionization charge collection and related measurement system. The schematic diagram of these two detection and measurement systems used in XEMIS2 is illustrated in Figure 3.23. The IDeF-X, XTRACT, XPU, XSRETOT, and XDC are the abbreviations of electronics readouts which will be presented in the following. 

Overview of data acquisition and readout system

The use of LXeTPC provides the possibility to achieve Compton imaging, but the use of LXeTPC for applications with high event count rates is not very diffused due to the nonnegligible electron drift time. In a conventional LXeTPC-based detector, for each event, the data acquisition system needs to record all the possible ionization signals in the active volume within a time window corresponding to the maximum drift length after the trigger signal provided by the scintillation light. In the XEMIS2 camera, under an electric field of 2 kV/cm, the drift time of electrons can reach up to 52 μs for a total drift distance of 12 cm. The electron drift time is not an issue for applications with low event count rates, such as dark matter detection. However, in nuclear medicine, the injected activity is several orders of magnitude higher. As discussed in Section 3.4.3, in the second stage of XEMIS2, the administrated activity will be of the order of 200 kBq resulting in a non-negligible electrons drift time that might limit the detector efficiency. Therefore, a new data acquisition mechanism needs to be developed specifically for XEMIS2 to prevent the event loss in the electron drift dead time and ensure event efficiency maximization.

In order to carry out a continuous (100 MHz) data taking with negligible electronics deadtime, a new scalable data acquisition and readout system has been specially developed for XEMIS2. The schematic diagram of the data acquisition and readout system implemented in XEMIS2 is presented in Figure 3.24. The scintillation and ionization signal measurement system in XEMIS2 includes four identical half-TPC parts. In Figure 3.24, only the half-TPC signal measurement part is detailed, which contains the signal readout and data acquisition electronics. In the ionization charge collection and measurement chain, the charges are collected by the pixels on the anode, and then the output signals are integrated and analyzed by the readout electronics. In the scintillation light detection and measurement chain, the VUV photons are detected by the PMTs, and then the PMT output signals are shaped and processed by the front-end electronics. To be noticed that the self-triggering method with a low threshold is applied in both charge and light detection chains. The high-rate signal readout technique is also used in both chains as a result of the low threshold triggering. Besides, to process a high-rate data flow in the self-triggering mode, the important data of the scintillation and ionization signals are extracted and digitized in accordance with requirements. Finally, the collected digital information from both chains is concentrated in the XDC via the LVDS (Low Voltage Differential Signaling) cable. The time synchronization in the data acquisition process of the scintillation and ionization signals is acquired through the XEMIS data concentrator (XDC).

Ionization charge collection and measurement system

In XEMIS2, the ionization charges play an important role in providing the deposited energy of each interaction and the 3D position reconstruction combined with scintillation light. A higher performance self-triggered ionization charge collection and measurement system has been specially developed for XEMIS2. It includes five essential parts: the pixels of the segmented anode, IDeF-X HD-LXe (Imaging Detector Front-end for X rays) [ Besides, the analog and standard digital blocks of XTRACT can memorize and export the affected pixel address, amplitude, and CFD time of each over-threshold ionization signal. One IDeF-X HD-LXe and one XTRACT_v2 connected through a standard connector on the Xenon/Vacuum Interface form one front-end readout electronics unit of the ionization signal measurement system, involving 32-channels identical ultra-low noise electronic circuits to process the output signals of 32-pixel channels of the segmented anode. The XPU electronics aiming to achieve the data collection and the analog to digital conversion can connect a maximum of 16 XTRACTs. The collected digital information from the XPU is finally concentrated in the XDC via the LVDS cable for data acquisition.

For a half-TPC of the ionization measurement system, 5000 pixels are directly connected with 162 IDeF-X electronics through the backside of the anode plane. A total of 162 XTRACTs is assembled by 28 cluster cards, with each group of 4,5,7, or 8 XTRACTs. One XPU electronics can connect one or two XTRACT-Cluster cards through Kapton cables. A dispatch card consisting of 16 XPU electronics handles all the 28 XTRACT-Clusters.

Scintillation light detection and measurement system

In XEMIS2, in order to achieve an accurate energy measurement, the scintillation signal plays a significant role in providing the interaction time of a γ-ray with LXe and in prelocalizing the interaction position to reduce the occupancy rate. A novel scalable selftriggered scintillation signal readout and data acquisition (DAQ) chain has been specially developed for XEMIS2 to measure the interaction time and the approximate number of photoelectrons detected by the PMTs. This scintillation light detection and measurement system includes three basic functional units: VUV-sensitive PMT, XSRETOT (XEMIS Scintillation Readout for Extraction of Time Over Threshold) front-end electronics, and XDC, which provides a convenient and efficient data readout and acquisition process. The scintillation signals are detected by the VUV-sensitive PMTs and then processed and extracted through the self-developed XSRETOT front-end readout electronics. The XSRETOT is composed of 16-channels identical self-triggered electronic circuits to process the output signals of 16 PMT channels in parallel (as presented in Figure 3.24). Each elementary electronic circuit consists of a pulse-shaping amplifier and a discriminator. The leading edges and trailing edges of the shaped pulses are extracted by the XSRETOT readout electronics. A more detailed description of XSRETOT will be provided in the following chapters. Finally, the digital information of the leading edge, the trailing edge, and the PMT address from each channel are read out by XDC via the high-speed LVDS cable for data acquisition. When 64 PMTs are implemented in XEMIS2, for each half-LXeTPC, the output signals of a total of 16 PMTs are directly processed via 1 XSRETOT. A total of 4 XSRETOT and 2 XDC are equipped in XEMIS2 (as presented in Figure 3.24). Furthermore, during offline data processing, the number of photoelectrons detected by the VUV-sensitive PMT can be deduced approximately via the Time Over Threshold (TOT) method [START_REF] Wright | A pixel unit-cell targeting 16ns resolution and radiation hardness in a column read-out particle vertex detector[END_REF].

XEMIS Data Concentrator

The XDC is composed of a Field-Programmable Gate Array (FPGA) component for the binary data collection and the time synchronization of the scintillation and ionization signals measurement systems. The XDC records the data on the mass storage for off-line processing and physical analysis. The first version of XDC was accomplished and implemented in the XEMIS1 camera for validation. An updated version is under development at the SUBATECH laboratory in collaboration with the IMT Atlantique Brest Campus, aiming to achieve continuous high-rate data acquisition and on-line event builder for real-time image reconstruction, as shown in Figure 3.26. The data flow of 32-PMT channels and 10000-pixel channels of each half TPC is concentrated on the FPGA of the XDC. For each TPC, the data flow rate can reach up to 8 Gb/s. As the expected raw data can reach up to 1 To per image for an exposure time of 20 minutes, a real-time data filter is proposed in the updated version. The aspects of hardware acceleration, data reduction, and pre-treatment of data acquisition are also considered when designing the data acquisition and readout system. Besides, the acceleration and optimization of 3γ imaging reconstruction in the XEMIS2 camera via artificial intelligence technology are researched with the LATIM laboratory.

Conclusions Chapter 3

In this chapter, we have presented in detail the characteristics of the second prototype of the XEMIS project, XEMIS2, designed to image small animals with the 3γ imaging technique for preclinical application. The XEMIS2 overall system consists of the detector cryostat containing the TPC of XEMIS2, the ReStoX, and the xenon purification and recirculation subsystems. In the first part of this chapter, the main principle, properties, and materials of the detector cryostat have been presented. The XEMIS2 detector is composed of a monolithic LXe Compton camera, handling up to nearly 200 kg of ultra-high-purity LXe. The camera is traversed by a thermally isolated hollow tube to surround the small animal. The geometry of the camera with a large axial FOV favoring a high detection sensitivity allows exploiting low-dose whole-body small animal imaging. In order to safely manage a large amount of xenon in a hospital center and to maintain the desired operating condition of LXe inside the XEMIS2 system, a cryogenic infrastructure containing a high-pressure closed-loop cryogenic subsystem named ReStoX (Recovery and Storage system of Xenon) and xenon purification and recirculation subsystems are integrated into the XEMIS2 system. This subsystem has been successfully commissioned and already installed at CIMA. A detailed description of the whole cryogenic infrastructure and its commissioning has been presented in Section 3.2.

In XEMIS2, the ionization signal allows getting the (X, Y) position coordinates and deposited energy of each interaction vertex resulting from the ionizing radiation with liquid xenon. The ionization charges produced after the ionizing radiation are drifted under the electric field and collected by two segmented anodes consisting of a total amount of 24000 pixels. The main properties and materials of the optimized charge collection system have been presented in Section 3.3.

In XEMIS2, the scintillation signal plays a significant role in providing the interaction time of a γ-ray with LXe and in pre-localizing the interaction position to reduce the occupancy rate. In order to measure the xenon scintillation light, most LXe-based detectors are equipped with photodetectors such as PMTs, SiPMs, or hybrid photodetectors. In XEMIS2, a set of Hamamatsu R7600-06MOD-ASSY PMTs completely immersed in the LXe are distributed around the active volume to detect the VUV photons. The main principle, properties, and materials of the scintillation light detection system have been presented in Section 3.4.

In order to image the small animal with ultra-low injected activity, a high-rate data acquisition and readout system allowing for scintillation and ionization signal measurements has been specially developed for XEMIS2. It has been installed in the XEMIS1 prototype for calibration testing, and its operating principle and experimental performance will be presented in the following chapters.

HE main goal of XEMIS2 consists in the 3D localization of a radiopharmaceutical labeled with a 3-gamma emitter. Combining the response to the scintillation light and the charge carriers produced by the interaction between the ionizing particle and the LXe it is possible to infer the 3D position and energy of each individual interaction. For this reason, the data acquisition system should be capable of recording for each interaction both the ionization and scintillation signals simultaneously and with negligible dead time. Besides, in order to image the small animal with ultra-low injected activity, it is important to optimize the event collection efficiency in the XEMIS2 scintillation measurement system. Accordingly, the self-triggering data acquisition mode is chosen for the scintillation light detection chain, and a high-rate signal readout technique is required to handle the low threshold triggering. In order to process a high-rate data flow in the self-triggering mode with low-threshold, the reduction of the output data stream is essential. Consequently, a high-rate self-triggered low threshold scintillation signal detection and measurement system needs to be developed specifically for XEMIS2.

In this chapter, we focus on the development and optimization of the scintillation signal detection and measurement system for XEMIS2, which contributes to shaping and processing of the scintillation signals. Firstly, the requirements to develop such a data acquisition system for XEMIS2 are introduced. The characteristics of the scintillation signal in XEMIS2 are then presented. The design and realization of the pulse-shaping amplifier for PMT signals readout and conditioning are reported in Section 4.3. The measurement and optimization of the interaction time and the approximate number of detected photoelectrons from the scintillation signals are presented in Section 4.4. Based on these studies, an efficient and low-cost frontend readout electronics printed circuit board for scintillation signal measurement in XEMIS2, named XSRETOT (XEMIS Scintillation Readout for Extraction of Time Over Threshold), was developed. The calibration method of the XSRETOT prototype card and the experimental results are presented in Section 4.5. A detailed description of the main characteristics of the latest version of XSRETOT is provided in Section 4.6.

Motivation of developing a scintillation signal measurement system for XEMIS2

In XEMIS2, instead of employing the scintillation light as an external signal to trigger the acquisition process of the ionization signals with a non-negligible electron drift dead time, two independent and synchronized scintillation and ionization signal detection chains are required to process and record respectively currents signals induced in the anode and the PMT output signals resulting from the scintillation light. The self-triggered data acquisition mode is chosen in the scintillation light and ionization charges measurement systems to carry out continuous data taking with negligible electronics dead-time. The self-triggered data acquisition mode effectively avoids the time required for triggering feedback control, which contributes to preventing the event loss during the non-negligible electron drift dead time and ensuring event efficiency maximization. In this way, the recorded signals from these two T systems can be synchronized and associated to find the reference time of each event, such as the drift time of charge carriers, through the scintillation and ionization signals matching technique during the off-line data analysis process.

In addition, the self-triggered data acquisition mode requires a threshold to act on pulse heights above a certain noise level for pulse discrimination. If the threshold level is too high, inevitably, the signal detection efficiency degrades significantly. The detector needs to operate at a relatively low threshold level to measure the 3D position and energy of each gamma interaction. For small animal imaging at 20 kBq activity, a side effect of a low threshold is the rapid increase of data flow. In this case, The PMT output signals are likely to be predominated by the noise signals. The conventional approach used in XEMIS1 that continuously samples the analog signal becomes unsuitable for XEMIS2 since a massive number of analog scintillation signals from different PMT channels may extend beyond the storage and analysis capability of the previous DAQ system. Because of the low threshold triggering, a high-rate scintillation signal readout system is required with the processable data flow.

In XEMIS2, the scintillation signals provide the γ-rays interaction time. Furthermore, it is possible to pre-localize the γ-rays interactions spatially and then achieve the virtual fiducialization of the active volume by matching the scintillation signals with the ionization signals. Given the potential number of PMTs, the idea of signal information extraction has been brought out to reduce the readout data flow. The system is designed to control the data volume at an accessible level by extracting necessary information on each signal. Consequently, the voltage signals at the output end of PMTs need to be processed by readout and treatment system for recording the interaction time of a γ-ray with LXe and the approximate number of photoelectrons detected by the PMTs.

For these reasons, a high-rate self-triggered low threshold signal detection and measurement system needs to be developed for XEMIS2. It is conceived for extracting and digitizing the important data of the scintillation signals while fulfilling the above mentioned requirements.

Characterization of scintillation signal in XEMIS2

The scintillation light emission in LXe is characterized by three different decay components in the presence of an electric field of several kV/cm, as discussed in Chapter 2: the fast component (i.e., the singlet excited state) with a characteristic time constant 𝜏𝜏 𝑠𝑠 of 2.2 ns, the slow component (i.e., the triplet excited state) with a decay time 𝜏𝜏 𝑡𝑡 of 27 ns and the recombination component due to electron-ion recombination with a lifetime 𝜏𝜏 𝑟𝑟 of 45 ns.

In the presence of an electric field of 2 kV/cm, for electrons of 122 keV, the scintillation rate 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 or the relative scintillation light yield compared to the maximum light yield is about 46% [START_REF] Aprile | Simultaneous measurement of ionization and scintillation from nuclear recoils in liquid xenon for a dark matter experiment[END_REF]. The ratio between the number of produced scintillation VUV photons from the singlet excited states and triplet states 𝐼𝐼 𝑠𝑠 𝐼𝐼 𝑡𝑡 ⁄ is about 5% for electrons [START_REF] Kubota | Evidence for a triplet state of the self-trapped exciton states in liquid argon, krypton and xenon[END_REF]. 𝑃𝑃 𝑠𝑠 is defined as the probability of emitting a VUV photon following the fast component (𝜏𝜏 𝑠𝑠 ), 𝑃𝑃 𝑡𝑡 is the probability of emitting a photon following the slow component (𝜏𝜏 𝑡𝑡 ) and 𝑃𝑃 𝑟𝑟 is the probability of emitting a photon following the recombination process ( 𝜏𝜏 𝑟𝑟 ). It is assumed that the scintillation light not produced by direct excitation will be emitted in recombination process afterwards. Then the sum of the probabilities is equal to 1.

𝑃𝑃 𝑠𝑠 + 𝑃𝑃 𝑡𝑡 + 𝑃𝑃 𝑟𝑟 = 1 𝑃𝑃 𝑠𝑠 = 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 (∞) × 𝐼𝐼 𝑠𝑠 𝐼𝐼 𝑡𝑡 ⁄ 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 𝑃𝑃 𝑡𝑡 = 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 (∞) × (1 -𝐼𝐼 𝑠𝑠 𝐼𝐼 𝑡𝑡 ⁄ ) 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 𝑃𝑃 𝑟𝑟 = 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 -𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 (∞) 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 (4.1)
where 𝑆𝑆 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑡𝑡 (∞) is equal to 29%, which is the percentage of non-quenched photons with infinite electric field [START_REF] Doke | Absolute scintillation yields in liquid argon and xenon for various particles[END_REF]. Therefore, taking into account the previous parameter values, the probabilities have the following values: 𝑃𝑃 𝑠𝑠 is 3.15%, 𝑃𝑃 𝑡𝑡 is 59.89% and 𝑃𝑃 𝑟𝑟 is 36.96%.

Assuming that for a deposited energy 𝐸𝐸 0 , the total number of produced excited dimers 𝑋𝑋𝑒𝑒 2 * which will undergo the de-excitation to the ground state is 𝑆𝑆 0 . There are three ways of de-excitations (or scintillation light production process) with different decay components, and their respective number of excimers are 𝑃𝑃 𝑠𝑠 𝑆𝑆 0 , 𝑃𝑃 𝑡𝑡 𝑆𝑆 0 , and 𝑃𝑃 𝑟𝑟 𝑆𝑆 0 . It is assumed that there is mutual independence between these three types of de-excitations, then the number of excimers at the time 𝑡𝑡 could be expressed as

𝑆𝑆(𝑡𝑡) = 𝑃𝑃 𝑠𝑠 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑠𝑠 + 𝑃𝑃 𝑡𝑡 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑡𝑡 + 𝑃𝑃 𝑟𝑟 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑟𝑟 (4.2)
The distribution of the remaining ratio of the excimer 𝑆𝑆(𝑡𝑡) 𝑆𝑆 0 ⁄ in LXe for electrons with an electric field of 2 kV/cm is presented in Figure 4.1. The blue, red, and green lines represent the contributions of the singlet, triplet excited states, and electron-ion recombination.

The number of excimer decays per unit time could be expressed as

𝐴𝐴(𝑡𝑡) = - 𝑑𝑑𝑆𝑆(𝑡𝑡) 𝑑𝑑𝑡𝑡 = 1 𝜏𝜏 𝑠𝑠 𝑃𝑃 𝑠𝑠 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑠𝑠 + 1 𝜏𝜏 𝑡𝑡 𝑃𝑃 𝑡𝑡 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑡𝑡 + 1 𝜏𝜏 𝑟𝑟 𝑃𝑃 𝑟𝑟 𝑆𝑆 0 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑟𝑟 (4.3)
The probability density function of the de-excitation for an excimer at time 𝑡𝑡 (i.e., the probability density function of one VUV photon produced through the excimer de-excitation at time 𝑡𝑡) satisfies the following equation: 

𝑓𝑓(𝑡𝑡) = -𝑑𝑑𝑆𝑆(𝑡𝑡) 𝑑𝑑𝑡𝑡 ⁄ 𝑆𝑆 0 = 𝑃𝑃 𝑠𝑠 𝜏𝜏 𝑠𝑠 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑠𝑠 + 𝑃𝑃 𝑡𝑡 𝜏𝜏 𝑡𝑡 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑡𝑡 + 𝑃𝑃 𝑟𝑟 𝜏𝜏 𝑟𝑟 𝑒𝑒 - 𝑡𝑡 𝜏𝜏 𝑟𝑟 (4.4)
+ � 𝑃𝑃 𝑟𝑟 𝜏𝜏 𝑟𝑟 𝑒𝑒 - 𝑡𝑡 ′ 𝜏𝜏 𝑟𝑟 𝑑𝑑𝑡𝑡 ′ 𝑡𝑡 𝑡𝑡 0 = -�𝑃𝑃 𝑠𝑠 �𝑒𝑒 -(𝑡𝑡-𝑡𝑡 0 ) 𝜏𝜏 𝑠𝑠 -1� + 𝑃𝑃 𝑡𝑡 �𝑒𝑒 -(𝑡𝑡-𝑡𝑡 0 ) 𝜏𝜏 𝑡𝑡 -1� + 𝑃𝑃 𝑟𝑟 �𝑒𝑒 -(𝑡𝑡-𝑡𝑡 0 ) 𝜏𝜏 𝑟𝑟 -1�� (4.5) 
The analytic result shows that ~ 80% of photons are emitted in less than ~ 50 ns.

Scintillation signal simulation with GATE/GEANT4 software

Geometry construction of LXeTPC in XEMIS2

Dedicated simulation analyses have been carried out by our group at Subatech to assess the capability of the XEMIS2 camera. The simulations are achieved through modified GATE software [START_REF] Strul | GATE (Geant4 Application for Tomographic Emission): A PET/SPECT general-purpose simulation platform[END_REF][START_REF] Jan | GATE V6: A major enhancement of the GATE simulation platform enabling modelling of CT and radiotherapy[END_REF] based on GEANT4 software [START_REF] Agostinelli | GEANT4 -A simulation toolkit[END_REF]. The overview of the simulated detector is shown in Figure 4.4. The detector geometry is made of a multi-layer cylinder. The main layer is the active cylindrical volume which is filled with LXe. This cylindrical zone is enclosed by two concentric cylinders of SS304 stainless-steel. LXeTPC is enclosed in a vacuum space to offer heat insulation of xenon and keep it in the liquid phase. Two metal layers enclosed vacuum, one inner (aluminum) and another one outer (stainless-steel). The PMTs with quartz entrance windows and Bialkali photocathodes, the stainless-steel PMT screening grids with 89% optical transparency, the anode with stainless-steel surface, the stainless-steel planar central cathode, and the stainless-steel field rings with 40% optical transparency are also simulated. 20 kBq of 44 Sc are uniformly distributed in a cylindrical phantom filled with water. The 30% quantum efficiency and 50% collection efficiency of PMTs have been considered in the simulation. In the simulation, the refractive index of LXe is set to 1.6. Thus, the quartz entrance windows with a refractive index of 1.6 are transparent to Xe scintillation light.

Characterization of simulated scintillation signal in XEMIS2

The The dependence of intrinsic time resolution of LXe on the number of photoelectrons (p.e.s) detected by the PMT is presented in Figure 4.8. The intrinsic contribution of LXe for time measurement is associated with the scintillation mechanism of xenon. We observed that when 1 p.e is detected, the time resolution is about 36 ns, and when 10000 p.e.s are detected, the time resolution is about 360 ps. In summary, when n p.e.s are detected, the time resolution is about 36 √𝑛𝑛 ⁄ ns. With the increase of detected p.e.s, the time resolution becomes better. Based on the XEMIS2 simulation results, a few p.e.s are detected by each PMT on average, and in most cases, the number of detected p.e.s is lower than 100 p.e.s. Therefore, the intrinsic time resolution of LXe has a great influence on the time resolution of the scintillation light measurement system in XEMIS2.

Electronics development of PMT signals conditioning 4.3.1 Motivation of developing a pulse-shaping amplifier

For the photons that reached the photocathode within the PMT response time range, the resulting pulse height is proportional to the number of their corresponding p.e.s. Nevertheless, as discussed in the previous section, the arrival times of the VUV photons emitted from the same interaction at the PMT photocathode are different due to the intrinsic decay times of Xe scintillation light. This effect can be observed through the electrical signals delivered by the PMTs, in which the signal has several peaks, and these peaks are relatively dispersive, as shown in Figure 4.9. This dispersion effect is significant for the case when only a few p.e.s have been detected. The relative dispersion of the PMT signal peaks results in the non-proportionality between the number of detected p.e.s and the pulse height. Accordingly, it is difficult to directly infer the information about the number of scintillation photons produced after the interaction from the pulse height.

In addition, as mentioned in the previous section, no global event trigger system for data acquisition is present in XEMIS2. For the scintillation light measurement, the self-triggering method will be applied in the detection chain. A low threshold corresponding to a few photoelectrons (or several million of electrons) on the pulse height is needed to select the physical events. If the threshold is directly applied on the PMT output pulse height, some signals with few photoelectrons may not be recorded as they are not detected simultaneously, which will affect the matching between the scintillation and ionization signals, thus degrade the event efficiency. For example, for a threshold of 2 p.e.s, when the 3 p.e.s from the same interaction are not simultaneously collected by the PMT, the PMT signal amplitude may not exceed the threshold, and the signal may be ignored.

Consequently, the electrical signals of PMTs firstly need to be effectively shaped and integrated. From the electronics instrumental point of view, these functions can be delivered by an electronic signal shaping module, called pulse-shaping amplifier or shaper. The shaper serves to record the integrated charges and their timing, corresponding to the approximate number of photoelectrons detected by the PMT and the average arrival time of detected Xe scintillation light on the PMT photocathode. 

General overview of pulse-shaping amplifier

In radiation detection, the induced current pulses on the pixels of the anode are first generally read out by a charge-sensitive preamplifier (CSA), then the CSA pulses are generally filtered and shaped by a pulse-shaping amplifier (PSA) or shaper. For scintillation signal measurement, a PSA can also be added to the signal processing chain to extract the important information from the PMT signals. The PSA commonly contains the low-pass filter or highpass filter, or band-pass filter that attenuates the undesirable spectral noise components to increase the SNR. Depending on whether the electronic components forming the PSA circuit are all passive electronics that do not need an external power supply, the shapers can be divided into two categories: passive shaper and active shaper.

The active shapers are generally based on a combination of a first-order CR high-pass filter, also called differentiator, and a n th order RC low-pass filter or integrator (CR-RC n filter). For example, in the XEMIS ionization signal measurement system, the front-end electronics IDeF-X is mainly composed of a second-order low-pass filter. The IDeF-X output signals have a quasi-Gaussian shape with equal differentiator and integrator time constants. The rise time of the PSA output pulse is mainly influenced by the time constant of the lowpass filter. While the decay time of the PSA output pulse generally depends on the time constant of the CR filter.

The passive shaper consisting of the resistors, capacitors, and inductors is constructed using the principle that the reactance of capacitance and inductance components changes with frequency. The passive shapers do not need a power supply, and no additional noise will be added to the readout system. The passive shaper has relatively high reliability, which is capable of shaping the signal without distortion.

Pulse-shaping amplifier development with PSPICE simulation

Within the framework of XEMIS2, a high-order passive shaper is chosen, which not only has stable electronics characteristics to be capable of delaying, shaping, and integrating the PMT output signals without undershooting or distortion, but also can be developed at a low cost. This "zero noise" "zero power" passive RLC shaper is designed to optimize the system signal-to-noise ratio and to shape the PMT signal into a slower signal with efficient peaking time, which is aimed at integrating more effectively the PMT signal and converting to the approximate number of photoelectrons detected by the PMT. Inspired by the performance of the ATLAS Tile Calorimeter [START_REF] Tang | Design of the Front-End Readout Electronics for ATLAS Tile Calorimeter at the SLHC[END_REF], a passive RLC shaper was proposed. The simplified schematic of this passive RLC shaper in PSpice simulation is shown in Figure 4.10.

By using the standard circuit analysis method, the transfer function of this passive RLC shaper (see Figure 4.10) with ideal electronics components can be expressed as

𝐻𝐻(𝑠𝑠) = 𝑆𝑆 2 ∑ 𝐶𝐶 𝑖𝑖 𝑠𝑠 𝑖𝑖 6 𝑖𝑖=0 with 𝐶𝐶 0 = 𝑆𝑆 1 + 𝑆𝑆 2 ; 𝐶𝐶 1 = 𝑆𝑆 1 𝑆𝑆 2 (𝐶𝐶 1 + 𝐶𝐶 2 + 𝐶𝐶 3 ) + 𝐿𝐿 1 + 𝐿𝐿 2 + 𝐿𝐿 3 ; 𝐶𝐶 2 = 𝐶𝐶 3 𝑆𝑆 2 (𝐿𝐿 1 + 𝐿𝐿 2 + 𝐿𝐿 3 ) + 𝐶𝐶 1 (𝐿𝐿 2 𝑆𝑆 1 + 𝐿𝐿 3 𝑆𝑆 1 + 𝐿𝐿 1 𝑆𝑆 3 ) + 𝐶𝐶 2 (𝐿𝐿 3 𝑆𝑆 1 + 𝐿𝐿 1 𝑆𝑆 2 + 𝐿𝐿 2 𝑆𝑆 2 ); 𝐶𝐶 3 = 𝐶𝐶 2 𝐿𝐿 3 (𝐶𝐶 3 𝑆𝑆 1 𝑆𝑆 2 + 𝐿𝐿 1 + 𝐿𝐿 2 ) + 𝐶𝐶 1 �𝑆𝑆 1 𝑆𝑆 2 �𝐶𝐶 2 𝐿𝐿 2 + 𝐶𝐶 3 (𝐿𝐿 2 + 𝐿𝐿 3 )� + 𝐿𝐿 1 (𝐿𝐿 2 + 𝐿𝐿 3 )�; 𝐶𝐶 4 = 𝐶𝐶 2 𝐶𝐶 3 𝐿𝐿 3 𝑆𝑆 2 (𝐿𝐿 1 + 𝐿𝐿 2 ) + 𝐶𝐶 1 �𝐶𝐶 3 𝐿𝐿 1 𝑆𝑆 2 (𝐿𝐿 2 + 𝐿𝐿 3 ) + 𝐶𝐶 2 𝐿𝐿 2 (𝐿𝐿 3 𝑆𝑆 1 + 𝐿𝐿 1 𝑆𝑆 2 )�; 𝐶𝐶 5 = 𝐶𝐶 1 𝐶𝐶 2 𝐿𝐿 2 𝐿𝐿 3 (𝐶𝐶 3 𝑆𝑆 1 𝑆𝑆 2 + 𝐿𝐿 1 ); 𝐶𝐶 6 = 𝐶𝐶 1 𝐶𝐶 2 𝐶𝐶 3 𝐿𝐿 1 𝐿𝐿 2 𝐿𝐿 3 𝑆𝑆 2 ; (4.6)
where 𝑆𝑆 𝑖𝑖 represents the resistance, 𝐿𝐿 𝑖𝑖 denotes the inductance, and 𝐶𝐶 𝑖𝑖 indicates the capacitance. The degree of the denominator for this transfer function is six, and there is no zero (that is a zero in the numerator) at the origin. Thus, it is a sixth-order passive low-pass RLC shaper.

The ideal six-order filter transfer function is given by the following formula:

𝐻𝐻(𝑠𝑠) = 1 (𝑠𝑠 + 𝜏𝜏) 6 (4.7)
Where τ is the pole of the transfer function. In an ideal sixth-order filter transfer function, all the poles are in the same location, and each pole makes -20 dB per decade roll-off on bandwidth. Compared to the ideal filter, in the transfer function of the sixth-order passive RLC shaper, each pole is in a different location. The transfer function of the ideal six-order filter cannot be achieved through RLC circuits, although each pole of the sixth-order passive RLC shaper can be designed very close to it.

The choice of the time constant is essential for the signal processing chain since an inappropriate time constant will degrade the time resolution or the energy resolution of the detector. In the following, the peaking time is referred to as the time interval when the shaper output signal rises from 5% of its pulse height to the maximum. The important information of the scintillation signal is mainly embodied in the rising edge of the shaper output pulse. Thus, the choice of peaking time is especially important compared to the decay time since it mainly affects the pulse height and its corresponding timing. The peaking time of the shaped pulse is governed by the time constant of this six-order low-pass RLC shaper (also called the shaping time) which mainly depends on the values of electrical components. Besides, the duration time or decay time of the PMT pulses may also affect the peaking time of the shaper output pulse, which will be discussed later. The decay time is hardly affected by the time constant of the low-pass RLC shaper, which can be considered as a constant in our case. In the following, we mainly discuss the impact of peaking time on the properties of the six-order low-pass RLC shaper.

In order to better meet the requirements of the XEMIS2 scintillation signal measurement system, the shaper peaking time needs to satisfy the following conditions. First of all, it needs to be at least longer than the average decay times of the LXe. A large peaking time serves to integrate as many photoelectrons from the same interaction as possible, but they are not simultaneously collected by the PMT, as discussed in Section 4.2.1. Then, the peaking time is required to be large enough to reduce the ballistic deficit effect. When the peaking time is not large enough, the PMT pulse duration time cannot be ignored with respect to the rise time of the shaper signal, and part of the PMT integrated charge would be lost after the shaper. By lengthening the peaking time, the shaper can integrate more effectively the photoelectrons detected by the PMT. Besides, the PMT signal amplitude is usually difficult to measure due to the short rise time, but as the shaper peaking time increases, the shaper amplitude will become easier to measure when using the same sampling Analog-to-Digital (ADC) with fixed sampling frequency. On the other hand, the peaking time should not be too large to prevent the pile-up effect. The greater the peaking time, the longer the signal duration. Due to the long duration time, the shaper output signals do not get a chance to return to the baseline, and thus the pile-up of pulses on the tails of previous pulses increases. By shortening the peaking time, the pile-up effect can be diminished. The choice of the shaper parameters results from a compromise between fully integrating the signal and reducing the pulse pile-up.

A simulation using PSPICE software [START_REF]Analog Design and Simulation Using OrCAD Capture and PSpice[END_REF] was performed to choose the optimized values of the electronic components in the sixth-order low-pass RLC shaper. PSPICE (Personal computer Simulation Program with Integrated Circuit Emphasis) is a circuit analysis software developed from the Berkeley SPICE program, which aims to perform a large-scale integrated circuit simulation and verification.

In the simulation, the experimental PMT waveform for the single photoelectron was simulated using the combination of an ideal first-order high-pass filter and an ideal first-order low-pass filter. The time constants were adjusted so that the shape of the pulse is similar to the experimental signal shape generated by single p.e. with a rise time of about 4 ns and a settling time of about 8 ns. R1 is the resistor at the PMT output end. These PMT pulses then pass through diverse sixth-order passive RLC shapers with ideal electronic components that have different values. Some examples of the shaper output pulses are presented in Figure 4.11. In each case, the characteristics of the shaper output pulses were analyzed, including the peaking time, the duration time, the signal stability (whether there is shape oscillation or distortion), and the ballistic deficit effect.

Finally, the optimized values of the electronic components in the shaper were obtained by maximizing the peaking time under the condition of minimizing pulse oscillation and pileup. This six-order low-pass RLC shaper achieves a unipolar waveform (without oscillation) with an effective peaking time of about 50 ns and a short settling time of about 170 ns for a pulse signal with a single p.e. waveform. The simulation results show that the sixth-order low-pass RLC shaper (with ideal components) has a bandwidth of about 9.1 MHz at -3 dB and an effective bandwidth roll-off of about 120 dB per decade, which validates the sixthorder. The bandwidth roll-off of this passive filter can effectively act on the fast PMT output signals. The Bode magnitude plot for the sixth-order passive RLC filter and its bandwidth roll-off is presented in Figure 4.12.

In the simulation, the effects of conductance and resistance for the real inductors were considered. The resistance of a real inductor is given by the datasheet, and the conductance can be calculated from the self-resonant frequency. Based on the datasheet, the capacitors only have capacitive behavior below 100 MHz. They resonate and become inductive once they overcome this value. In our case, the PMT signal frequencies are below this frequency. As a result, the capacitors can be considered as ideal components similar to resistors. The comparison of shaper output pulses with ideal electronic components (green line) and real components (red line) for a 140 fC input pulse with a single p.e. pulse waveform is illustrated in Figure 4.13. We can see that the peaking time difference for these two cases is less than 1 ns, and a loss of charge of about 2% is observed for real components.

When there is no signal pile-up, the shaper output pulses are homothetic, as presented in In order to estimate the integral efficiency of the shaper, the waveforms of the experimental PMT signals were simulated and processed by the shaper. In the simulation, two cases were considered. In the first case, a series of pulse signals with a single p.e. pulse waveform and different pulse heights (presented at the top plot of Figure 4.15) successively passed through the shaper with different trigger times, and the superposed total signal (green line) was similar to the waveforms of the experimental PMT pulses. In this example, an experimental 3.57 pC PMT pulse was simulated. The corresponding shaper pulses are illustrated at the bottom plot of In the second case, these pulse signals with different pulse heights have the same triggering time, which will be processed by the shaper simultaneously, as presented in one case (yellow line) in Figure 4.16. The result showed that the shaper could efficiently integrate the PMT pulses without shape distortion. The shaper output signal is not too sensitive to the duration of PMT signal that provides a good timing performance. A large part of the PMT integrated charges is preserved in the shaping process. Besides, a few losses of pulse height on the shaped pulse with p.e. pulses successively processed can be found compared to the shaped pulse with p.e. pulses simultaneously processed; this effect is known as the ballistic deficit. It becomes predominant with respect to the shaper peaking time when the duration time of the PMT pulse or the interval time between the p.e. pulses increases. A shape distortion may occur when the duration time continuously increases, and thus the shaper is no longer linear.

In this example, the peaking time is relatively larger than the input pulse duration time. The results show that less than 1% of the total charge is lost due to the ballistic deficit effect, we can thus conclude that this effect is negligible. To be noticed that although the capacitance and resistance effects of the inductor are considered in the simulation, the PMT gain fluctuation and the influence of the electronic noise of the PMT and shaper on the output pulse are not simulated. The PMT and shaper output pulses are both considered as ideal signals. The ballistic deficit effect of the real sharped pulses can be even larger. However, since the scintillation signal does not provide accurate energy information in XEMIS2, the impact of the ballistic deficit on charge measurement does not need to be further considered. Besides, we observed that as the input pulse decay time increases, the shaper requires more time to integrate the input pulse, and thus the peaking time of the shaped pulse increases. This effect is also correlated to the ballistic deficit: it becomes important when the PMT pulse decay time is of the same order as the peaking time. By comparing the two cases in Figure 4.16, a difference in peaking time of about 3 ns can be observed. As the required time resolution of the scintillation signal treatment system is around 50 ns, the time correction for this effect can be temporarily ignored. Based on these considerations, the average arrival time of the detected Xe scintillation light onto the PMT photocathode could be obtained from the peaking time value of the shaper output waveform and be used as a reference time.

For a sixth-order passive RLC shaper with ideal electronics components, the charge conservation indicates that the integrated charges of the PMT output signal are conserved at the output end of the shaper. Accordingly, the shaper output signal has the same integrated charges but a longer shaping time and a lower pulse height. In reality, the input signal in the bandwidth usually shows some energy loss. The integrated charges of PMT signals and shaper signals may be no longer the same, but the shaping time effect is the same: with the increase of shaping time (or peaking time), the amplitude of shaper decreases. In few p.e.s. cases, the shaper signals with low amplitude cannot be well distinguished from the noise of the signal. A unity-gain stable operational amplifier can be added before the shaper to deliver approximately the same pulse height at the input and output of the shaper.

The shaper current at the input end varies a lot with different frequencies, as shown in Figure 4.17. The load effect is obvious in a passive shaper. In reality, to avoid the problems related to impedance matching, two low-noise wideband operational amplifiers can be placed respectively at the front end and back end of the pulse-shaping amplifier circuit to prevent the rebound of input and output signals.

For the electronics calibration of the pulse-shaping amplifier, a capacitor served as a charge injector can be placed at another input end of the shaper circuit. The presence of the amplifier at the front end allows the use of the capacitor to calibrate the shaper electronics properties without significantly affecting the characteristics of the shaper. 

Characteristics of developed pulse-shaping amplifier

In XEMIS2, to measure the interaction time and the number of photoelectrons detected by the PMTs, the output pulses of each PMT need to be filtered, shaped, and amplified. For this purpose, a pulse-shaping amplifier mainly consisting of a sixth-order low-pass RLC shaper has been developed. The output shaped pulses were simulated by considering the effects of different electronic components.

As the PMT output pulses are negative signals, to facilitate the processing of the PMT signals, an inverting operational amplifier can be used on the PMT output signals before passing through the shaper. In XEMIS1, the PMT signals need to be transmitted to the frontend readout electronics, including the sharper via a 6 m long coaxial cable. Besides, in order to reduce the influence of the reflected waveform of the large PMT signals on the RLC shaper network, the low-noise inverting operational amplifier is also designed to deliver the impedance matching at the input coupling circuit of the pulse-shaping amplifier Printed Circuit Board (PCB). Since the dynamic range of the PMT output signals in XEMIS2 is not large (from one to several tens of p.e.s), by using this low-noise operational amplifier, the impedance matching accuracy achieved by the circuit can meet the requirements. Besides, after processing by low-pass passive shaper, although the peaking time of the output pulse increases, the pulse height is more than 10-fold lower than the amplitude of the PMT signal. In the few p.e.s. cases, the shaped pulse heights are of the same order as the noise, which cannot be clearly distinguished from random noise fluctuations. Therefore, a preamplification stage before the RLC shaper is required to quickly amplify and inverse the PMT output signals with low noise and high precision. Since the PMT has a large gain, it can be processed directly by using a resistor to convert the current signal into a voltage signal. Therefore, the input end of the front-end readout electronics can use a voltage-feedback amplifier. The value of the amplifier gain needs to satisfy the amplified signal within the dynamic range of the subsequent electronics. Theoretically, the larger the amplitude of the signal after the input end, the better to suppress the influence of the noise of the back-end circuit. Here, the gain of the inverting operational amplifier is adjusted to 10-fold. Finally, low-noise broadband, unity-gain stable, voltage-feedback inverting operational amplifier is located at the front end of the six-order low-pass RLC shaper network. A low-noise unitygain stable amplifier providing high gain and precision is placed at the output end of the RLC shaper network for quickly amplifying the shaper signal to a voltage value that can be distinguished by the circuit of the latter stage. The functionality of this amplifier is also for ADC buffering.

In summary, the input signals from the PMTs are first inverted and amplified by a lownoise, unity-gain stable, inverting operational amplifier, then are shaped and integrated by a six-order low-pass RLC shaper. The shaped pulses are amplified by a low-noise amplifier that also serves as an ADC buffer. Afterwards, the amplified shaper signal is divided into two channels. One goes into a sample-and-hold buffer for exporting the PSA signals into the PMT gain calibration setup. The other goes into the subsequent processing circuit to extract key information such as time and charge.

The peaking time of the shaped pulse, which depends on different values of electrical components, affects the pulse height and its corresponding timing. Under real circumstances, the transient response to a typical single p.e. pulse of the PMT used in XEMIS with 10 6 gain has a rise time of 4 ns and a pulse width of 5.5 ns (FWHM). The pule-shaping amplifier output signal is a unipolar pulse with a peaking time of about 50 ns, and a pulse width of about 81 ns (FWHM) corresponding to a typical 160 fC PMT pulse. Generally, the duration time of the output pulse generated by PMTs in XEMIS1 is of the order of 50 ns [START_REF] Zhu | XEMIS2: A Liquid Xenon Compton Camera to Image Small Animals[END_REF], as illustrated in Figure 4.18 [START_REF] Zhu | XEMIS2 Liquid Xenon Compton Camera for Small Animal 3γ Medical Imaging: Scintillation Light Measurement[END_REF]. The PMT output signals are then effectively integrated and amplified by the pulse-shaping amplifier, with about 50 ns peaking time, as illustrated in Figure 4.19 [START_REF] Zhu | XEMIS2 Liquid Xenon Compton Camera for Small Animal 3γ Medical Imaging: Scintillation Light Measurement[END_REF]. A better integration could have been achieved if the peaking time had been longer. Nevertheless, we estimate the current achievement to be a good compromise to reduce the detector occupancy effectively. The charge can be directly injected into the pulse-shaping amplifier PCB by using a capacitor Ccali at the calibration input channel before the sixth-order passive RLC shaper network. The presence of the inverting amplifier before the RLC network allows electronics calibration without affecting the characteristics of the PSA.

There is no global event trigger for data acquisition in XEMIS2. For the scintillation light measurement, a threshold on the pulse height after the pulse-shaping amplifier is needed to select the physical events for each PMT channel. In this case, a leading-edge discriminator with a constant threshold voltage can be implemented in each channel, which acts on the shaped pulse to realize the selection of shaper output pulse by the discriminator level.

Measurement of scintillation signal arrival time and approximate number of detected photoelectrons 4.4.1 Measurement methods of scintillation signal arrival time and approximate number of detected photoelectrons

For the timing measurement, the read-out electronic system is usually composed of a time pick-off circuit and a Time-to-Digital Converter (TDC). The time pick-off circuit receives the detector signal then processes and outputs a logic pulse signal with a fast leading edge. The leading edge of the pulse signal can provide the arrival time of the input signal. The TDC converts the time information of the logic pulse signal into a digital signal.

The ideal time pick-off circuit is not influenced by input signal amplitudes and shapes and can accurately extract the arrival time of the input signal. The actual time pick-off circuit has timing errors, which are mainly affected by the time walk, the time jitter, and the time drift. The time walk effect refers to the correlation between the timing measurement result and the amplitude or shape of the input signal. For the detector, the arrival time, amplitude, and shape of the signal generated by incident particles of the same type and energy are statistically fluctuating, which results in the detector noise. The time jitter effect is the statistical fluctuations in the measurement of the time, caused by the noise from the detector (such as the fluctuation of the transit time of the PMT), the readout electronics, or both, that are superimposed to output signals. The time jitter determines the uncertainty in the time measurement. The time drift is a timing error caused by components in the detector or time pick-off circuit that are sensitive to temperature and power supply voltage and easy to aging. The time drift can be improved by common electronic methods.

The conventional time measurement methods mainly include leading edge timing discrimination, constant fraction discrimination, etc. [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. Based on the requirement of the XEMIS2 scintillation signal readout and treatment system, the leading edge timing discrimination and constant fraction discrimination techniques have been selected to achieve the scintillation signal arrival time measurement.

For the charge measurement, since a low-cost electronic is required, two methods were proposed to estimate the number of photoelectrons detected by the PMT. These two methods involve measuring the pulse duration between the leading edge and trailing edge of the discriminator (i.e., the Time Over Threshold) or measuring the pulse width between the CFD time and trailing edge. The integrated charges of the PMT output signals are approximatively deduced by measuring two types of pulse durations of the corresponding pulsing shaping amplifier output signals, which can minimize the data flow.

Leading Edge Timing Discrimination and Time Over

Threshold methods

The signal directly output from the detector or amplified by the low-noise amplifier triggers the fast discriminator. In our case, each PMT channel is self-triggered by adding a leadingedge discriminator with a fixed threshold voltage acting on the shaped pulse. The Leading Edge Timing Discrimination (LETD) method uses the leading edge of this logic pulse as the arrival time of the input PSA signal, as shown in Figure 4.20. The discriminator converts a PSA analog signal into a logic pulse signal only when the PSA output pulse height exceeds a threshold, i.e., discriminator level. When the voltage value of the PSA signal 𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡) exceeds the threshold value 𝑒𝑒 𝑇𝑇ℎ_𝐿𝐿𝐿𝐿 corresponding to the upper level discriminator (ULD), the discriminator output signal 𝑢𝑢 𝑁𝑁𝑜𝑜𝑡𝑡 (𝑡𝑡) is generated with a certain delay. This is because every discriminator has its own specific response time. When the shaped pulse goes down below 𝑒𝑒 𝑇𝑇ℎ_𝑇𝑇𝐿𝐿 corresponding to the lower level discriminator (LLD), the logic pulse signal turns from the high level to the low level with an inevitable delay. In general, the threshold value needs to be several times higher than the noise level of the input signal to select the physical events. Even if the threshold is large enough, when the voltage value of the input signal is close to the discriminator level, the noise may also cause fake triggering. To avoid this effect, a hysteresis (defined as the difference value between the ULD and LLD) should be added to the trailing edge of the discriminator, whose value should be greater than the noise level. Therefore, the LETD method has a significant time walk effect. Especially if the threshold is equal to the peak value of the small signal, the time walk effect will be approximately the rise time of the input signal. Besides, in the case of peaking time changes with the input signal, the time when the threshold is crossed will also change, resulting in the time walk effect.

In order to reduce the time walk effect caused by the variation of signal amplitude and peaking time, the threshold value should be closer to the baseline. However, to reduce the number of false triggering caused by noise and optimize the background rate, the threshold value is required to be set greater than three times the noise fluctuation level.

Noise is a major factor causing the statistical fluctuations on the time when the signal crosses the threshold, which results in a time jitter. For the read-out electronic system using the LETD method, the timing uncertainty resulting from noise-induced time jitter depends on the noise/slope ratio according to Equation 4.8 [START_REF] Iniewski | Electronics for Radiation Detection[END_REF]:

𝜎𝜎 𝑡𝑡 = 𝜎𝜎 𝑁𝑁 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑑𝑑𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡) 𝑑𝑑𝑡𝑡 ⁄ (4.8)
where 𝑑𝑑𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡) 𝑑𝑑𝑡𝑡 ⁄ is the slope of the signal when its leading edge crosses the threshold, and 𝜎𝜎 𝑁𝑁 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the RMS value of the noise distribution of the LETD output signal 𝑢𝑢 𝑁𝑁𝑜𝑜𝑡𝑡 (𝑡𝑡) which can be expressed as a quadratic sum of all non-correlated sources of noise in volt. We can see that the timing uncertainty introduced by noise-induced time jitter is inversely proportional to the signal slope, and generally, the greater the slope, the smaller the uncertainty. Since the input signal has different slopes at different positions of the leading edge, the measurement accuracy of the LETD technique is also related to the given threshold. Ideally, if the threshold value is at the point where the slope of the input signal is maximum, the time jitter can be minimized. There are two sources of noise: one is from the detector or the front-end readout electronics, and the other is from the fast discriminator. When the input signal contains some noise 𝜎𝜎 𝑁𝑁 𝑖𝑖𝑖𝑖 , the leading edge of the output logic signal presents statistical fluctuations, as shown in Figure 4. 22 (a). On the other hand, the electronic noise from the discriminator 𝜎𝜎 𝑁𝑁 𝑑𝑑𝑖𝑖𝑠𝑠 will also affect the accuracy of the LETD technique, which is reflected in the variation of the threshold value, as shown in Figure 4. 22 (b). Therefore, we have: Generally, the noise of the input signal is greater than the electronic noise of the discriminator.

For the charge measurement, the pulse width between the ULD and LLD of the discriminator obtained by the Time Over Threshold (TOT) method is used to estimate the number of detected photoelectrons. The TOT readout method was proposed by M. Wright, J. Millaud, and D. Nygren [START_REF] Wright | A pixel unit-cell targeting 16ns resolution and radiation hardness in a column read-out particle vertex detector[END_REF]. This technology first converts the charge information carried by the signal into a pulse width and then uses a TDC to measure the pulse width to obtain the charge of the signal without the need for a back-end ADC module. The front-end readout circuit based on the TOT readout method has advantages in simple circuit structure, high efficiency, design flexibility, low cost, and low power consumption. Therefore, the TOT technology is widely used in physical experiments.

Finally, the leading edge and pulse width of the logic pulse signal 𝑢𝑢 𝑁𝑁𝑜𝑜𝑡𝑡 (𝑡𝑡) of the LETD module contain the time and charge information, respectively, and this logic signal will be converted by the TDC into a digital signal.

Constant Fraction Discrimination and pulse width methods

The Constant Fraction Discrimination (CFD) is a timing measurement method that does not use a fixed discrimination level, but makes it proportional to the pulse height (or amplitude) of the input signal. The input signal of the CFD timing measurement circuit can be presented as

𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡) = 𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) (4.10)
where, 𝑒𝑒 𝑖𝑖𝑁𝑁 is the pulse height (or amplitude) of the input signal, 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) is the amplitudenormalized input signal or the shape of the input signal. Based on the definition of the CFD where 𝑆𝑆 𝑡𝑡𝑟𝑟𝑖𝑖 is a constant, which can be called the triggering ratio of CFD. From Equation 4.11, we can see that if the shape of the input signal 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) does not change, the CFD trigger timing point has no relationship with the input signal pulse height.

The basic principle of the CFD method is presented in Figure 4.23. The input signal can be split into three parts. The first part is delayed by a time 𝑡𝑡 𝑑𝑑 , then reached the negative input of the CFD discriminator (Discri_CFD). The delayed input signal can be expressed as

𝑢𝑢 𝑑𝑑𝑒𝑒𝑑𝑑𝑎𝑎𝑑𝑑𝑒𝑒𝑑𝑑 (𝑡𝑡) = 𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡 -𝑡𝑡 𝑑𝑑 ) = 𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡 -𝑡𝑡 𝑑𝑑 ) (4.12)
The second part is attenuated to a certain fraction k of the original amplitude, and then reaches the positive input of the CFD discriminator. The attenuated input signal can be expressed as

𝑢𝑢 𝑎𝑎𝑡𝑡𝑡𝑡𝑒𝑒𝑁𝑁𝑜𝑜𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑 (𝑡𝑡) = 𝑘𝑘𝑢𝑢 𝑖𝑖𝑁𝑁 (𝑡𝑡) = 𝑘𝑘𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) (4.13) 
The CFD signal is the differential signal between the delayed input signal and attenuated input signal, which can be expressed as 𝑒𝑒 𝐶𝐶𝑇𝑇𝐶𝐶 (𝑡𝑡) = 𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡 -𝑡𝑡 𝑑𝑑 ) -𝑘𝑘𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) (4.14)

In our case, the delayed input signal and attenuated input signal are compared through the CFD discriminator to find the crossing point of these two signals, that is, the CFD trigger timing point.

𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡 𝐶𝐶𝑇𝑇𝐶𝐶 -𝑡𝑡 𝑑𝑑 ) -𝑘𝑘𝑒𝑒 𝑖𝑖𝑁𝑁 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡 𝐶𝐶𝑇𝑇𝐶𝐶 ) = 0 (4.15)

By combining with Equation 4.11, we have

𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡 𝐶𝐶𝑇𝑇𝐶𝐶 -𝑡𝑡 𝑑𝑑 ) = 𝑘𝑘𝑆𝑆 𝑡𝑡𝑟𝑟𝑖𝑖 (4.16)
From Equation 4. [START_REF] Anger | Scintillation camera[END_REF], we can see that when 𝑆𝑆 𝑖𝑖𝑁𝑁 (𝑡𝑡) is unchanged, the CFD trigger timing point is affected by the delay time 𝑡𝑡 𝑑𝑑 and the attenuation factor k, which is insensitive to the amplitude of the input signal and is always placed at the same point. Thus, ideally, there is no time walk due to the amplitude variation in CFD.

The third part is directly sent into the positive input of the threshold comparator (Comp_Th). The threshold voltage at the negative input of the threshold comparator is 𝑒𝑒 𝑇𝑇ℎ_𝐿𝐿𝐿𝐿 . The threshold comparator is designed for event selection. In order to avoid the noise trigger, the threshold comparator is used to generate the enable signal of the CFD discriminator, and when the threshold comparator output signal 𝑢𝑢 𝑠𝑠𝑁𝑁𝑚𝑚𝑝𝑝_𝑇𝑇ℎ (𝑡𝑡) varies from low level to high level, the CFD discriminator started to work. In other words, if the crossing point of the delayed signal and attenuated signal happens inside a time window from the point where the leading edge of the input signal crosses the leading edge threshold 𝑒𝑒 𝑇𝑇ℎ_𝐿𝐿𝐿𝐿 (beg) to the moment when the signal goes down below the trailing edge threshold 𝑒𝑒 𝑇𝑇ℎ_𝑇𝑇𝐿𝐿 (end), the amplitude and the time of the signal will be measured and regarded as the CFD trigger timing point. If not, the event will be rejected.

In the ideal case, the delay time and attenuation factor should be selected in such a way that the crossing time of two signals occurs at the moment when the slope of the CFD signal is maximum. Nevertheless, in the presence of noise, there will always be a time jitter when the signal crosses the threshold. For the read-out electronic system using the CFD method, the timing uncertainty resulting from noise-induced time jitter depends on the noise and the slope of the CFD signal 𝑒𝑒 𝐶𝐶𝑇𝑇𝐶𝐶 (𝑡𝑡) at the CFD trigger timing point according to Equation 4.17:

𝜎𝜎 𝑡𝑡 = 𝜎𝜎 𝑁𝑁 𝐶𝐶𝐶𝐶𝐿𝐿 𝑑𝑑𝑒𝑒 𝐶𝐶𝑇𝑇𝐶𝐶 𝑑𝑑𝑡𝑡 � 𝑡𝑡=𝑡𝑡 𝐶𝐶𝐶𝐶𝐿𝐿 (4.17)
where 𝜎𝜎 𝑁𝑁 𝐶𝐶𝐶𝐶𝐿𝐿 is the RMS value of the noise distribution of the CFD signal.

For the charge measurement, the pulse width between the CFD time and trailing edge can estimate the number of detected photoelectrons. Finally, the logic output signal 𝑢𝑢 𝑁𝑁𝑜𝑜𝑡𝑡 (𝑡𝑡) of the CFD module simultaneously contains the time and charge information which will be converted by the TDC into a digital signal.

First version of scintillation signal front-end readout electronics

The first version of the scintillation signal front-end readout electronics is composed of the pulse-shaping amplifier, the LETD module, and the CFD module for each PMT channel, as shown in Figure 4.24. The LETD module output includes the leading edge and trailing edge of the logic signal corresponding to the shaped pulse. The CFD module output provides the where 𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 is the gain of PMT, which means the number of electrons generated by a single photoelectron through the electron multiplier system of PMT. 𝑞𝑞 𝑒𝑒 -is the charge of a single electron. Besides, based on the second law of Kirchhoff, the charge injected by the generator is equal to the charge 𝑄𝑄 𝑠𝑠 passing through the capacitor 𝑐𝑐 𝑠𝑠𝑎𝑎𝑑𝑑𝑖𝑖 at the calibration input 𝑄𝑄 𝑖𝑖𝑁𝑁𝑖𝑖𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 .

𝑄𝑄 𝑖𝑖𝑁𝑁𝑖𝑖𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 = 𝑄𝑄 𝑠𝑠 = 𝑒𝑒 𝑔𝑔𝑒𝑒𝑁𝑁𝑒𝑒𝑟𝑟𝑎𝑎𝑡𝑡𝑁𝑁𝑟𝑟 × 𝑐𝑐 𝑠𝑠𝑎𝑎𝑑𝑑𝑖𝑖 (4.19)
where 𝑒𝑒 𝑔𝑔𝑒𝑒𝑁𝑁𝑒𝑒𝑟𝑟𝑎𝑎𝑡𝑡𝑁𝑁𝑟𝑟 is the amplitude of the pulse signal from the waveform generator. By combining with Equation 4.18, we have

𝑛𝑛 𝑝𝑝.𝑒𝑒.𝑠𝑠 = 𝑒𝑒 𝑔𝑔𝑒𝑒𝑁𝑁𝑒𝑒𝑟𝑟𝑎𝑎𝑡𝑡𝑁𝑁𝑟𝑟 × 𝑐𝑐 𝑠𝑠𝑎𝑎𝑑𝑑𝑖𝑖 𝑞𝑞 𝑒𝑒 -× 𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 (4.20)
The correlation between the number of p.e.s and the TOT for a threshold of 2 p.e.s and a PMT gain of about 10 6 is illustrated in Figure 4.29. In the case of a few photoelectrons collection (likely situation in XEMIS2), the TOT varies as expected (TOT increases with the number of p.e.s), meaning that the number of collected photoelectrons is easily distinguishable from the TOT. In conclusion, the high scintillation light detection efficiency is essential for the XEMIS2 detector operation, which requires a threshold as low as possible. On the other hand, we do not need a time resolution of the order of several hundred ps (about 10 ns is enough), since the time resolution is mainly dominated by the intrinsic time resolution of LXe in the case of few p.e.s collection. Compared with the high time resolution CFD module, the LETD module has less noise and thus could supply a low threshold resulting in better detection efficiency. Therefore, the combination of pulse-shaping amplifier and leading-edge discriminator module was chosen not only to measure the scintillation signal arrival time with the optimized time correction methods, but also to provide approximately the number of p.e.s collected by the VUV-sensitive PMT based on the TOT method. Besides, for the FPGA in the scintillation light measurement system, a sampling frequency of 100 MHz is enough.

Measurement optimization of scintillation signal arrival time

The disadvantage of the conventional LETD method is that the time walk effect is significant. In order to obtain the interaction time with sufficient precision in XEMIS2, the time walk effect needs to be minimized. Since the time walk is related to the signal dynamic range, when the shape of the input signal or peaking time is almost unchanged, the result of the charge measurement can be used to correct the time walk. Based on the respective dependences of the leading edge and trailing edge of the discriminator on TOT with different thresholds, two optimized methods of timing measurement for scintillation signal arrival time were proposed.

The first method uses the correlation between the leading edge of the logic signal corresponding to the shaped pulse 𝑡𝑡 𝐿𝐿𝐿𝐿 and TOT to correct the time walk effect, as expressed in Equation 4.21:

𝑡𝑡 𝑠𝑠𝑁𝑁𝑟𝑟𝑟𝑟𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 = 𝑡𝑡 𝐿𝐿𝐿𝐿 -𝐹𝐹 𝐿𝐿𝐿𝐿 (𝑇𝑇𝑇𝑇𝑇𝑇) (4.21)
where 𝐹𝐹 𝐿𝐿𝐿𝐿 (𝑇𝑇𝑇𝑇𝑇𝑇) is the relation curve corresponding to the shaped pulse. The second method utilizes the combination of dependences of leading edge and trailing edge on TOT, as shown in Equation 4.22:

𝑡𝑡 𝑠𝑠𝑁𝑁𝑟𝑟𝑟𝑟𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 = �𝑡𝑡 𝐿𝐿𝐿𝐿 -𝐹𝐹 𝐿𝐿𝐿𝐿 (𝑇𝑇𝑇𝑇𝑇𝑇)� + �𝑡𝑡 𝑇𝑇𝐿𝐿 -𝐹𝐹 TE (𝑇𝑇𝑇𝑇𝑇𝑇)� 2 (4.22)
where 𝑡𝑡 𝑇𝑇𝐿𝐿 is the trailing edge of the logic signal corresponding to the shaped pulse and 𝐹𝐹 𝑇𝑇𝐿𝐿 (𝑇𝑇𝑇𝑇𝑇𝑇) is the corresponding relation curve.

The respective dependence of the leading and trailing edges of the shaped pulse on TOT can be extracted by injecting charges of different intensities in the front-end readout electronics. The associated calibration test will be described in Section 4.5. The result using a threshold of about 88 fC is presented in Figure 4.30. We can see that with the augmentation of TOT, the leading edge decreases while the trailing edge increases.

The correlation between the TOT and the time jitter of the leading edge with a threshold of about 88 fC is shown in Figure 4.31. The result shows that with the augmentation of the TOT (or the injected charge), the time jitter fluctuates. When the injected charge increases up to the threshold level, the time jitter reaches the maximum value. This is because, at this moment, the slope of the signal when its leading edge crosses the threshold reaches the minimum value, and based on Equation 4.8, the time jitter arrives at the maximum value. For injected charges well above the threshold, the time jitter decreases progressively. The results show that for both correction methods, the corrected time (referred to as the triggering time of the generator in the calibration test) distributes randomly around zero, with a maximum deviation of less than 1 ns, which means that the time walk effect of the leading edge discrimination has been corrected. In this case, the corrected time can be approximated to the interaction time of the γ-rays. The dependence of the time jitter on TOT after time correction using the leading edge correction method or the combination of leading and trailing edge correction methods are shown respectively in The results show that the time jitters of corrected time for both two methods have a clear tendency to decrease more and more slowly with the augmentation of TOT. Compared to the time jitter of the leading edge for different values of injected charge, those of corrected time for both two methods are optimized. The time sensitivity of the FPGAs in XDC is about √2 × 10 √12 ≈ 4 𝑛𝑛𝑠𝑠 ⁄ which is limited by the sampling frequency of the XDC of about 100 MHz. Comparing with this sensitivity and the required time resolution, the time jitters of both two methods are also good enough. Therefore, by applying the time correction method, the intrinsic time resolution of scintillation light read-out electronics is less than 10 ns. In the experiments, the threshold level is set at 88 fC (5.5 × 10 5 𝑒𝑒 -) or 5.5 p.e.s for a PMT gain of 10 5 . We observed that the time resolution of scintillation light measurement system is mainly dominated by the intrinsic time resolution of LXe compared with the time jitter of the XSRETOT electronic using the leading edge correction method. 

Overall performance calibration of scintillation signal frontend readout electronics XSRETOT

The second version of the scintillation signal front-end readout electronics is the prototype PCB of the XSRETOT electronics. This XSRETOT prototype PCB has two PMT input channels and two calibration input channels. The simplified schematic of this XSRETOT prototype PCB is presented in Based on this version, the schematic operation diagram of the scintillation signal detection and measurement system in XEMIS2 for each PMT channel is shown in Figure 4.39. Each PMT channel is read out by an independent elementary electronic channel of XSRETOT consisting of a PSA and a LETD module. The analog signals from the PMTs are processed via the XSRETOT readout electronics to achieve the important data extraction and the analog to digital conversion. The PMT output signal is first integrated, shaped, and amplified by the pulse-shaping amplifier, producing the shaped analog signal. Then, the shaped pulse passes through the leading-edge discriminator with a constant threshold voltage acting on the shaped pulse. The data acquisition process will be triggered if the amplitude of the shaped pulse is greater than the applied threshold so that the analog signal from the shaper can be converted into a logic pulse by the discriminator. In order to process a high-frequency data flow in the self-triggering mode, the important data of the scintillation signals are extracted and digitized according to the requirements. In our case, the analog and standard digital blocks of XSRETOT will memorize and transmit necessary information: the affected PMT addresses, the leading edges, and trailing edges of the over-threshold shaped scintillation signal from each channel. Finally, the collected digital data are concentrated in the XDC via the high-speed LVDS cable to carry out preliminary online data processing. The output signal of the PSA is used not only for the XSRETOT calibration, but also for the PMT gain measurement, which will be presented in Chapter 5. The charge can be directly injected into the PCB by using a capacitor Ccali at the calibration input channel before the pulse-shaping amplifier network.

A calibration method of the scintillation light detection and measurement system has been developed. This method consists of the PMT gain calibration (which will be presented in Chapter 5), the threshold calibration, the time measurement optimization (the leading edge correction and the combination of the leading edge and the trailing edge correction) which minimizes the time walk caused by a fixed threshold, and finally the measurement of the approximate number of photoelectrons. Besides, a corresponding slow control program using LabView and a raw data processing and analysis program for the XSRETOT electronic have been developed to achieve a semi-automatic measurement and analysis.

Experimental setup

To perform the calibration, the XSRETOT prototype is located outside the detector at room temperature. The schematic diagram of the calibration setup of the XSRETOT readout electronic is presented in During the calibration, the HEWLETT PACKARD E3630A triple output DC power supply is used to supply the voltage to the XSRETOT prototype card. A series of square pulses with different amplitudes generated from an 80 MHz function or arbitrary waveform generator (Agilent 33250A) charges the capacitor Ccali (22 pF), producing the voltage step pulses from the square waves, which served as a charge injector. The waveform generator operated in square mode with a frequency of 1 kHz, which means a pulse was sent to the XSRETOT every one millisecond. To estimate the XSRETOT performances with sufficient precision near the threshold level, the amplitude of the square wave has been varied with a minimum step of 0.1 mV. The amplitude of the square wave from the generator was chosen in the range from 1 mV to 145.5 mV, corresponding to the injection of a charge in the range from 22 to 3201 fC, which covers the typical dynamic range for the physical PMT pulses in the XEMIS1 detector. The charge has been injected into the pulse-shaping amplifier with a time constant of less than 2 ns. Compared to the 50 ns peaking time of the pulse-shaping amplifier, the transient time of the charge injector has negligible effects on the pulse shape and can thus be ignored.

For these measurements, the digital LeCroy LT374M oscilloscope, including an ADC module, was used to record the analog output signal of each pulse-shaping amplifier or leading edge discriminator. For each square pulse with fixed amplitude produced by the generator, about 50000 output signals of each pulse-shaping amplifier and discriminator are digitized with a sampling frequency of 1 GHz (1 ns per sample). The waveform generator was connected to the oscilloscope for triggering purposes. In this case, the oscilloscope and the generator were synchronized.

Raw data processing and analysis

Given the numerous operations, we developed a Slow-Control program, as presented in Figure 4.42, which aims to realize the automatic setting of injected charge and threshold levels and to achieve the automatic acquisition of the corresponding output signals of the PSA and LETD module. The waveform generator and the oscilloscope are connected to the computer through the General Purpose Interface Bus (GPIB) interface. The GPIB is a shortdistance digital communication bus intended to carry out automated equipment test systems. In our case, two GPIB are used to configure the generator and the oscilloscope as well as to trigger the software. The DAQ software is written in LabVIEW. The program includes a The raw data processing aims to convert the collected binary data from the ADC of the oscilloscope to the output signals of the pulse-shaping amplifier and LETD module and extract the important information from the signals. The data analysis was carried out with the use of the ROOT framework [START_REF] Kumar Acas | ROOT: A Data Analysis and Data Mining Tool from CERN[END_REF]. A program was written in the C++ language using the specific classes of the ROOT program. In the analysis program, firstly, the bad events mainly consisting of the saturated PSA output signals and the corresponding output signals of the LETD module are eliminated. Normally, no saturated PSA signal is observed in the calibration test as the injected charge was adapted with the PSA. Secondly, as an offset of the baseline of the electronics signal probably exists, which could introduce a systematic error, for all the good events, the same value of the baseline was subtracted to eliminate the offset effect. The value to be subtracted is obtained in the following way: for each PSA signal and associated LETD module signal corresponding to the same injected charge, the pulse value corresponding to the fixed bin (or fixed time: here 7 ns), which is far away from the main pulse, follows a Gaussian distribution. The baseline value to be subtracted is given by the expected value of this Gaussian distribution. 

Pulse-shaping amplifier performance

Charge linearity

Although the PSA analog signal is not used for physical analysis in XEMIS2, it is used for gain calibration. Besides, a threshold on the pulse height after the pulse-shaping amplifier is defined in each self-triggered PMT channel for physics data selection. Therefore, the verification of the linear response of PSA is equally important.

In the analysis program, the measured amplitude (or pulse height) of the PSA output signal can be obtained as described in the following. For each type of injection with 50000 events corresponding to the square waves with the same amplitude, the pulse value of PSA signals corresponding to the fixed bin (or fixed time: here 132 ns) follows a Gaussian distribution. The mean value resulting from the Gaussian fit of this distribution represents the average measured PSA amplitude 𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 in response to the corresponding injected charge. Based on the simulation results presented in Section 4.3, for the input signals with the same form but different amplitudes, the PSA output signals are also homothetic. Therefore, the time corresponding to the maximum pulse value of the output signal of an ideal PSA does not change with these homothetic input signals. For a small signal, the electronic noise has a major impact on the pulse height after the shaper. The fixed time (132 ns) is then obtained from the time corresponding to the maximum pulse value of a large signal. The correlation between the injected charge and the measured PSA amplitude of the XSRETOT prototype card is presented in Figure 4.44. The black and red lines are two first-order polynomial curves used to fit the data from channel 1 and channel 2, respectively. This first-order polynomial can be expressed as

𝐹𝐹�𝑄𝑄 𝑖𝑖𝑁𝑁𝑖𝑖𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 � = 𝑒𝑒1 × 𝑄𝑄 𝑖𝑖𝑁𝑁𝑖𝑖𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑 + 𝑒𝑒0 (4.23)
where the 𝑒𝑒 0 fitting parameter represents the amplitude value without injected charge. For a linear electronic system, p0 is close to 0. The p1 fitting parameter can be interpreted as the electronic gain of the XSRETOT prototype card, representing the amplitude value corresponding to 1 fC of the injected charge. The average electronic gain for both channels is about 358.3 mV/pC (or 5.7406 × 10 -5 mV/𝑒𝑒 -). The charge dynamic range of the PSA spans from 0 to 3.29 pC. Above this value, the output PSA signal starts to saturate. The results of the fit prove the good linear behavior in the dynamic amplitude range.

Equivalent Noise Charge

The electronic noise added by the read-out electronic system is often expressed in terms of the Equivalent Noise Charge (ENC), which is defined as the charge that must be supplied to the input of the system in order to obtain an output signal equal to the root-mean-square (RMS) due only to noise. Commonly, the ENC is expressed in Coulombs, units of electron charges (𝑒𝑒 -), or equivalent deposited energy (eV).

In the analysis program, the ENC of the PSA module in response to the corresponding injected charge can be obtained from the standard deviation (RMS) of the Gaussian fit of the distribution of PSA pulse (which corresponds to 132 ns). The correlation between the injected charge and the ENC of PSA for channel 1 and channel 2 are presented in Figure 4.45. The results show that the average ENC of two channels without PMT input is around 7.559 fC or 47180 𝑒𝑒 -, and no-dependence on the injected charge could be observed. 

Threshold calibration of XSRETOT

The objective of this section consists in discussing the threshold DAC calibration of the leading-edge discriminator. The threshold setting of an input channel is achieved by first driving the I 2 C (Inter-Integrated Circuit) bus to the related channel and then by configuring a dual-channel 8-bit resolution digital potentiometer (DAC) via the register of the I 2 C bus on each channel.

The S-curve fit method is used to calibrate the discriminator threshold DAC. The detection efficiency of XSRETOT (the ratio between the number of detected events and the total number of injected events) depends on the threshold level for a given amplitude signal at the input of the LETD module. Considering that the electronic noise of the PSA signals follows a Gaussian distribution, the dependence of the detection efficiency on the threshold is in the form of a Gaussian error function. The input signal amplitude and the threshold value are equivalent when the detection efficiency is 50%.

In order to obtain the thresholds S-curve, a set of square wave signals with different amplitudes are sent to the injection capacitor (22 pF), and thus different values of charge are injected in XSRETOT. The number of events in each configuration is set to 5 × 10 4 . For each injected charge, the threshold levels in the DAC dynamic range change, and the corresponding detected event counts and detection efficiency are recorded and calculated. The S-Curve fit method is then applied to the detection efficiency plotted as a function of the DAC threshold. The S-Curve fit function can be expressed by the following expression that includes the complementary error function (erf) 4.9, which is the convolution of the input signal noise and the electronic noise of the discriminator.

𝑆𝑆(𝑥𝑥) = 𝐶𝐶 • �1 -𝐸𝐸𝐸𝐸𝑓𝑓 � 𝑒𝑒-𝑏𝑏 √2•𝑠𝑠 �� with 𝐸𝐸𝐸𝐸𝑓𝑓(𝑥𝑥) = 2 √𝜋𝜋 • ∫ 𝑒𝑒 -𝑡𝑡 2 𝑑𝑑𝑡𝑡 𝑒𝑒 0 (4.
The experimental results of the threshold DAC calibration of channel 1 and channel 2 are presented in Figure 4.46. The dependences between the injected charge and the threshold DAC value for two channels are obtained based on the S-Curve fitting results, as presented in Figure 4.47. The black and red lines are two first-order polynomial curves used to fit the data from channel 1 and channel 2, respectively. The experimental points are well described by these two first-order polynomial functions and show a good linear behavior in the measured range. For this version of XSRETOT, the threshold changes on average over a range from about 33 fC to 548 fC.

The p0 parameter of the fit can be interpreted as the DAC offset. For each channel, the corresponding voltage value is about 12 mV, which is equal to the voltage offset between the PSA signal baseline and the voltage reference of the digital potentiometer. This voltage offset effect is due to the input bias current of the comparator, which produces a reverse voltage and reduces the baseline of the PSA output signal. This voltage offset effect has been eliminated in the latest version of XSRETOT. The DAC gain of the threshold can be calculated as 1/p1, representing the injected charge value corresponding to the LSB unit. The average gain is about 2.04 fC/LSB, and the LSB step corresponds to about 12730 electrons. The sensibility of the threshold is good enough compared to the ENC of both channels. When the threshold level is in the range below five times of the RMS value of the noise distribution of the PSA output signal, many noise signals will be detected, resulting in an artefacted efficiency greater than 1. 

Timing measurement calibration

In the analysis program, the leading edge, trailing edge, and TOT of the LETD module output signals can be obtained as described in the following. For each type of injection with 50000 events corresponding to the square waves with the same amplitude, when the injected charge is much larger than the corresponding charge of the actual threshold value, the leading edges, trailing edges, and TOT of the LETD signals follows the Gaussian distributions. The mean values resulting from the Gaussian fits of these distributions represent the leading edges trailing edges and TOT respectively in response to the corresponding injected charge.

The respective dependences of the leading edge or trailing edge on the TOT, with a threshold of about 88 fC for channel 1 and channel 2, are presented in Figure 4.48. We can see that both channels have homogeneous behaviors, and with the augmentation of TOT, the leading edge decreases while the trailing edge increases. The correlations between the injected charge and the time jitter of the leading edge and trailing edge, with a threshold of about 88 fC for channel 1 and channel 2, are shown in Figure 4.49.

The result shows that with the augmentation of the injected charge, the time jitter fluctuates at first. When the injected charge increases to the threshold level, the time jitter reaches a maximum value. After passing through the threshold, the time jitter decreases progressively.

Dependence of Time Over Threshold on injected charge

The respective dependences of leading edge, trailing edge, and TOT of the shaped pulses on injected charge for a threshold of 88 fC for channel 1 and channel 2 are shown in Figure 4.50. Regarding the leading edge discriminators, when they switch, they need a certain time to pass from one state to another ("0" → "1"), resulting in a minimum value of TOT of the order of 10 ns to 20 ns (never below these values). With the augmentation of the injected charge, the trailing edge and TOT increase more and more slowly, while the leading edge decreases progressively. For what concerns the TOT as a function of the injected charge, when the PSA signal exceeds the threshold level, the TOT starts to increase significantly for small values of the injected charge. Starting from an injected charge of the order of 700 fC, the TOT tends to reach a plateau. The effective conversion range of TOT can be defined as the injected charge range in which the TOT increases significantly. In this range, the TOT can be efficiently converted into the charge of PSA signals meaning that the PSA charge can be easily measured. For a threshold of 88 fC, this effective conversion range is from 0 to around 700 fC. 

Latest version of scintillation signal measurement and treatment system 4.6.1 Global architecture of scintillation signal measurement system

Similar to the second version of the scintillation signal measurement and treatment system described in Section 4.5, in this latest version presented in the following, the scintillation signals are detected by the VUV-sensitive PMTs and then processed and extracted through the latest version of XSRETOT front-end electronics. In the first phase of the project, 64 PMTs are placed around the surface of the active area of the XEMIS2 camera to detect the VUV scintillation photons. For each half-LXeTPC, the output signals of total 16 PMTs are directly processed via 1 XSRETOT, and the data flow of 32 PMT channels of each TPC is collected in the FPGA of the XDC. In total, 4 XSRETOT and 2 XDC are implemented in XEMIS2 with two identical LXeTPCs. Differently from the VUV-sensitive PMTs immersed in the LXe, the XSRETOT operates at room temperature.

Latest version of XSRETOT front-end readout electronics

General overview of latest version of XSRETOT

Compared to the XSRETOT prototype PCB, the LETD module of the latest version of XSRETOT electronics has been improved. In particular, the voltage offset effect between the 

Architecture of one channel of XSRETOT

The technical specifications of XSRETOT are summarized in configuration of the input channel needs to be done before injecting the charge to avoid the effect of switch transient time on the pulse shape. A square pulse generated from the waveform generator charges the Ccali with the injection of a charge in the range from 0 to 3290 fC, which largely covers the typical dynamic range for the physical PMT pulses in the XEMIS2 detector. 

Slow control I 2 C Bus

Performance of XSRETOT

A picture of the experimental setup for the calibration of the latest version of XSRETOT readout electronics is shown in Figure 4.56. The Tektronix PS2520G programmable power supply is used to provide a ± 6 V supply voltage to the XSRETOT card. A series of square pulses generated from the waveform generator (KEYSIGHT 33600A Series) charge the Ccali with the injection of the charge in the range from 0 to 3290 fC, which largely cover the typical dynamic range for the physical PMT pulses in the XEMIS2 detector. Above 3290 fC, the PSA of some channels becomes non-linear, and the output PSA signal saturated. Several properties of the XSRETOT are then calibrated. 

Linear response of pulse-shaping amplifier and gain of XSRETOT

The measured PSA amplitude of all 16 electronic channels of an XSRETOT in response to the injected charge is presented in Figure 4.57. A first-order polynomial well describes the excellent linear behavior in the dynamic amplitude range. The PSA in some channels of the XSRETOT starts to saturate above 3290 fC and becomes non-linear.

The dispersion of the electronic gain of one XSRETOT is shown in Figure 4.58. The average gain of this card is about 301 mV/pC (4.82 × 10 5 mV/𝑒𝑒 -) and the dispersion over the 16 channels is less than ± 1.5%. For the total 4 XSRETOT, the average gain is about 300 mV/pC (4.80 × 10 5 mV/𝑒𝑒 -) and the dispersion over the 64 channels is less than ± 3.5%. Gain (mV/e-)

Dispersion of threshold

The dispersion of the threshold of one XSRETOT for an injected charge of 160.2 fC (or 10 6 𝑒𝑒 -) is presented in Figure 4.59.

The dispersion of the thresholds over the 16 channels is less than 4 channels due to the offset of the comparator in each channel.

Noise frequency

The noise frequency is measured without injection by counting the number of events that cross the threshold. Two measurements were carried out, without PMT at the input and with a PMT and 2m of cables (PMT is not supplied with the high-voltage), as presented in Figure 4.60. There is more noise introduced by the cables. 

DAC value of threshold (LSB units)

Without PMT With PMT + 2m cables

Dependence of Time Over Threshold on injected charge

The shaped pulses TOT as a function of the injected charge for 16 channels in an XSRETOT with a threshold of 160.2 fC are shown in Figure 4.61.

Despite the dispersion of electronic gains, the dispersion of TOT over the 16 channels remains low and satisfactory. Compared to the prototype card, the latest version has a greater range of variation of TOT, and the number of detected photoelectrons is easily distinguishable from the TOT.

Conclusions Chapter 4

In this chapter, we have presented in detail the development and optimization of the high-rate self-triggered low threshold scintillation signal detection and measurement system for XEMIS2. In the first part, the requirements for developing such a system to satisfy the XEMIS2 data acquisition approach are introduced. The characteristics of the scintillation signal in XEMIS2 based on the Monte Carlo simulation are then presented. The simulation result shows that the main factor that results in different detected times of the VUV photons emitted from the same interaction is the intrinsic decay times of xenon scintillation light. Besides, each PMT can averagely detect less than 10 p.e.s.

The design and development of an analog processing part of the front-end readout electronics, including the pulse-shaping amplifier for PMT signals readout and conditioning, are reported in Section 4.3. In XEMIS2, to measure the interaction time and the number of p.e.s detected by the PMTs, the output pulses of each PMT need to be filtered, shaped, and amplified. For this purpose, a pulse-shaping amplifier mainly consisting of a sixth-order lowpass RLC shaper has been developed. Moreover, the measurement and optimization of the interaction time and the approximate number of detected photoelectrons from the scintillation signals are presented in Section 4.4. The optimized leading edge timing discrimination technique with the time walk correction is finally determined as the kernel timing measurement method. Besides, since a low-cost electronic is required, the Time over Threshold method is finally used to estimate approximatively the number of photoelectrons detected by the PMT.

Based on these studies, the efficient and low-cost scintillation signal front-end readout electronics XSRETOT in XEMIS2 is developed. A detailed study of the electronics response of XSRETOT was carried out to characterize the performances of scintillation light measurement. The experimental calibration results showed that the pulse-shaping amplifier has a good electronic linearity response and quite similar behavior for each PMT channel. The electronic noise of each channel of the XSRETOT electronics is quite uniform and low. The time resolution of the scintillation light measurement system is mainly dominated by the intrinsic time resolution of scintillation light production in LXe in the case of a few p.e.s collection. The overall time jitter of the corrected times using the leading edge correction method for the scintillation light read-out electronics is less than 5 ns. Besides, a sampling frequency of FPGA of about 100 MHz is sufficient. So far, the developed scintillation light measurement system can accurately measure the γ-rays interaction time. Besides, the number of detected p.e.s can be easily measured in the case of a few p.e.s collection (very likely situation in XEMIS2) through the TOT technique applied in the XSRETOT. Finally, a detailed description of the main characteristics of the latest version of XSRETOT is presented in Section 4.6. The results indicate that the XSRETOT electronics has a good performance in scintillation light measurement. The ENC of one channel of XSRETOT is around 6 -7 fC, and the overall time jitter of the corrected times is less than 4 ns. The developed electronics XSRETOT could realize the signal self-trigger function with a low threshold of single photoelectron sensibility which meets well the requirements of scintillation light measurement in XEMIS2. HE first prototype of the XEMIS project, XEMIS1, was developed with the purpose of demonstrating the capacity of a LXeTPC in 3γ imaging technique. XEMIS1 shows promising results with a roughly 100 μm position resolution along the drift direction (z-axis) and a good energy resolution of 9% (FWHM) for 511 keV γ-rays under a drift field of 1 kV/cm [START_REF] Gallego Manzano | XEMIS: A liquid xenon detector for medical imaging[END_REF][START_REF] Xing | XEMIS: Liquid Xenon Compton Camera for 3γ Imaging[END_REF]. A new geometric configuration consistent with that designed for XEMIS2 was implemented in the XEMIS1 detector, which serves to validate the geometry of the field rings configuration and light collection with PMTs in XEMIS2. The updated XEMIS1 detector works under an electric field of 2 kV/cm. In this chapter, the calibration of the PMT gain using the XSRETOT prototype card during the operation of XEMIS1 is reported. The new configuration of the XEMIS1 detector is introduced at first, including the overall system of XEMIS1 and the new geometric T configuration of the XEMIS1 TPC. The motivation of the PMT calibration, the method to extract the average value of the PMT gain, the PMT calibration system in XEMIS1 are discussed respectively in Section 5.2, Section 5.3, and Section 5.4. The off-line method used for data processing and analysis is presented in Section 5.5. The spectrum fitting and gain evolution are reported in Section 5.6. Finally, the associated results (such as the dependence of PMT gain on supply voltage, the gain resolution as a function of PMT gain) are discussed in Section 5.7.

New configuration of XEMIS1 detector

XEMIS1 overall system

The XEMIS1 overall system installed at the SUBATECH laboratory consists of the XEMIS1 TPC encapsulated in an inner cryostat, which is covered by the MLI in a vacuum to reduce the radiative heat transfer from the outer cryostat, the xenon liquefaction, purification and recirculation subsystems, the rescue tank of 4 m 3 connected with the cryostat to recuperate the xenon in case of emergency and the scintillation and ionization signal readout and acquisition system. The overview of the XEMIS1 facility is shown in The XEMIS1 detector (enclosed in a cryostat) is a monolithic single-phase LXeTPC. The inner cryostat has been designed as a cylindrical stainless-steel TPC container handling up to nearly 36.5 kg of ultra-high-purity LXe with the desired operating condition of 1.2 bar abs and 168 K. The external insulation cryostat has been designed as a safe stainless-steel vacuum enclosure.

The cryogenic process of xenon liquefaction in XEMIS1 is similar to that in XEMIS2 (discussed in Section 3.2.3) except for the main part of the cooling system, named the cooling tower, which consists of a Pulse Tube Refrigerator (PTR) Iwatani PC150 and a coaxial heat exchanger. The PTR is specially developed and optimized for xenon cryogenics, which provides stable cooling power up to 200 W at 165 K to liquify xenon gas and keep LXe at a stable low temperature. The PTR works with a water-cooled helium compressor (CryoMini Compressor OW404). The PTR is placed on the top of the coaxial heat exchanger, with a distance of 2 m from the detector cryostat, to reduce the electronic noise caused by the mechanical vibration of the PTR. Besides, a gaseous purification subsystem containing two rare-gas purifier getters and an oil-free membrane pump is also implemented in the XEMIS1 cryogenic facility to execute a continuous purification and circulation of the xenon.

New geometric configuration of XEMIS1 TPC

The updated XEMIS1 TPC consists of a new geometric configuration consistent with that designed for XEMIS2. It allows validating the geometry of the field rings configuration and light collection with PMTs in XEMIS2. This new geometric configuration is presented in Figure 5.2. The LXeTPC setup is placed horizontally inside the inner cryostat and totally immersed in about 30 L of LXe during operation. All the detector components are fixed on a stainless-steel flange and held by four MACRO ceramics rods in the peripheral. A group of four stainless-steel springs is applied to fix the entire assembly and to counterbalance the change of the material size due to the thermal contraction while cooling the detector. To avoid device deformation and guarantee xenon purity, all materials used for TPC construction have a small thermal expansion coefficient and low outgassing characteristics.

For scintillation light detection, two 1" VUV-sensitive Hamamatsu R7600-06 MOD-ASSY PMTs are situated at the LXeTPC periphery side by side through specific support made of MACOR ceramic. In order to protect the PMT from the high voltage applied to the cathode and copper electrodes, screening grids are installed 2 mm in front of the PMTs. The charge collecting electrode is composed of a pixelated anode shielded by a 500 LPI micromesh and the micro-pillars with a gap of 125 μm above, which uses the same MIMELI technique as that in XEMIS2. The pixelated anode is equipped with 64 pixels with a size of 3.1 × 3.1 mm 2 and the active area of the anode is 2.5 × 2.5 cm 2 . Two IDeF-X HD-LXe cards are connected perpendicularly to the anode in LXe at -104°C to read out 64 analog ionization signals with ultra-low electronic noise.

In order to characterize the XEMIS detector, a low activity 22 Na source of about 3.3 kBq was used. The 22 Na is a 3γ emitter radionuclide with similar characteristics to those of the Sc. It emits a γ-ray of 1.274 MeV and a positron in quasi-coincidence. The radioactive source is encapsulated in a plastic casing 9 mm thick with a diameter of 31.5 mm. It is placed about 1 cm far from the cathode outside the TPC. In the new geometric configuration of XEMIS1, the drift length of the TPC has been reduced to 65.1 ± 0.5 mm to increase the solid angle defined by the collecting electrode of ionization charges. A set of field rings composed of 6 cooper field rings with a gap of 9 mm is placed between the cathode and the anode, to provide a uniform and suitably high electric drift field up to 2 kV/cm. This gap configuration has been studied in order to have the electric field as uniform as possible while leaving the largest possible field of view for PMTs. The associated studies will be presented in Chapter 6. 

Motivation of PMT gain calibration

Nowadays, PMTs are widely used as light detection components for different types of scintillation detectors (counters, calorimeters, etc.). In order to ensure the good functioning of the system during operations, different characteristics of the PMTs play a key role. Among them, we can list the gain (current amplification), the time response, the pulse linearity, the angular response, the aging, the dark current, the signal-to-noise ratio, and the after-pulsing. Among them, the knowledge of the PMT gain is an important parameter for determining the number of p.e.s, which are released by the PMT photocathode and multiplied by the dynode. Although the scintillation signal is not used to determine absolute energy deposited in XEMIS, the number of p.e.s is utilized for spatial pre-localization of γ-ray interactions in the active zone.

The gain of a photomultiplier tube is particularly susceptible to variations in the supply voltage (or bias voltage) of the PMT. The PMT gain may also change with other factors, such as the aging of the dynodes and the intrinsic "background noise", which is related to the working temperature of the PMT. Therefore, the calibration and monitoring of the PMT channels are an inevitable and important part of the detector operation.

The intrinsic resolution of the gain of a PMT mainly results from the statistical fluctuations of the secondary production of the electrons on the surface of the dynodes, and the differences in the trajectory of the electrons in the electron multiplying system.

In general, for the PMTs of the same model number, even when the supplied voltages are the same, the average number of secondary electrons produced by the dynode structure in response to a single p.e. (i.e., the average gain of the PMT) may differ. The different geometries of the dynode structures for the same model of PMTs may result in differences in the trajectory of the electrons. The different geometries are due to the imperfection in the fabrication process. In practice, the gain fluctuation results in a change of the pulse height of the PMT output signal. In the first stage of XEMIS2, to detect the scintillation signals, the active volume is surrounded by 64 PMTs. For different PMT channels, in order to obtain a homogeneous response or sensibility in response to a single p.e., the gain of each PMT needs to be calibrated and adjusted to the same value, which means that each PMT requires a suitable supply voltage for the proper operation of XEMIS2 devices. In this experiment, the average gain and the gain fluctuation of two Hamamatsu R7600 PMTs located in the updated XEMIS1 detector were calibrated at different supply voltages.

Single photoelectron spectrum method

An effective standard method, named the single photoelectron spectrum (SPS) method, is generally used to measure and monitor the average gain of PMTs and the gain resolution or fluctuation. This method consists in obtaining the response of a multiplicative dynode system to a single photoelectron (SPE) [START_REF] Bellamy | Absolute calibration and monitoring of a spectrometric channel using a photomultiplier[END_REF][START_REF] Dossi | Methods for precise photoelectron counting with photomultipliers[END_REF][START_REF] Chirikov-Zorin | Method for precise analysis of the metal package photomultiplier single photoelectron spectra[END_REF], which can be achieved by obtaining the charge spectrum of the PMT output signals in response to the SPE emission.

The SPS method is based on a typical model of the PMT response. First of all, for a given flux of incident Xe scintillation photons, the number of photons striking the photocathode obeys a Poisson distribution. Then, the photoelectric conversion by the photocathode quantum efficiency and the subsequent collection of p.e.s by the dynode system is a binomial random process. Therefore, the distribution of the number of p.e.s collected by the first dynode can be expressed as a convolution of Poisson distribution and binomial distribution, which finally results in a Poisson distribution:

𝑃𝑃�𝑛𝑛; 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 � = 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 𝑁𝑁 𝑒𝑒 -𝜇𝜇 𝑓𝑓.𝑑𝑑.𝑐𝑐 𝑛𝑛! with 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 = 𝑛𝑛 𝑝𝑝 × 𝜀𝜀 𝑄𝑄𝐿𝐿 × 𝜀𝜀 𝑠𝑠 (5.1) 
where 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 is the average number of p.e.s collected by the first dynode. To be noticed that 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 is determined by the average number of Xe scintillation photons striking the photocathode noted 𝑛𝑛 𝑝𝑝 , the quantum efficiency of photocathode noted 𝜀𝜀 𝑄𝑄𝐿𝐿 , and the electron collection efficiency of the electron multiplying system noted 𝜀𝜀 𝑠𝑠 which is affected by the strong electric field between the photocathode and the first dynode. 𝑃𝑃�𝑛𝑛; 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 � is the probability that n p.e.s will be collected by the first dynode when the average number of collected p.e.s is 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 .

After hitting the first dynode, the p.e. causes the emission of the secondary electrons. These secondary electrons are then accelerated towards the second dynode. Some of them reach the surface of the second dynode and give rise to the secondary electron emission. This process continues along with the whole electron multiplying system until the multiplied electrons are collected by the anode. Under real circumstances, the distribution of the integrated charges of the PMT output signals associated with the events resulting from the SPE released by the photocathode obeys a Polya distribution, which is a special case of a negative binomial distribution [START_REF] Leo | Techniques for Nuclear and Particle Physics Experiments[END_REF]. Although the existence of the electronic noise or other fluctuations, the charge distribution caused by the SPE emission can be approximated by a Gaussian distribution when it satisfies the following conditions: 1) the coefficient of secondary electron emission by the first dynode (i.e., the number of secondary electrons produced by the first dynode) is large (usually larger than 4); 2) the coefficient of secondary electron collection by the first few dynodes (i.e., the number of secondary electrons collected by the first few dynodes) is close to 1 [START_REF] Bellamy | Absolute calibration and monitoring of a spectrometric channel using a photomultiplier[END_REF]. The response of a multiplicative dynode system to an SPE can be approximated as:

𝐺𝐺 1 (𝑥𝑥) = 1 𝜎𝜎 1 √2𝜋𝜋 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -𝑄𝑄 1 ) 2 2𝜎𝜎 1 2 � (5.2)
where x is the variable charge, 𝑄𝑄 1 is the expected value associated with the SPE peak of the charge distribution, 𝜎𝜎 1 is the corresponding standard deviation of the charge distribution. To be noticed that this approximation was used throughout the analysis.

We assume that the amplification processes of the charges initiated by different p.e.s are mutually independent, and the chance of a p.e. missing the first dynode and being captured by one of the subsequent dynodes is negligible. In this case, the peak of the charge distribution associated with the events arising from n p.e.s (for n ≥ 1) released by the photocathode, which initiates the amplification processes, is a convolution of n single-photoelectron distributions.

𝐺𝐺 𝑁𝑁 (𝑥𝑥) = 1 𝜎𝜎 1 √2𝜋𝜋𝑛𝑛 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -𝑛𝑛𝑄𝑄 1 ) 2 2𝑛𝑛𝜎𝜎 1 2 � (5.3)
Finally, the response of an ideal noiseless PMT or the shape of the total SPE spectrum can be approximated as a convolution of a discrete Poisson distribution with Gaussian function

𝑆𝑆 𝑖𝑖𝑑𝑑𝑒𝑒𝑎𝑎𝑑𝑑 (𝑥𝑥) = 𝑃𝑃�𝑛𝑛; 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 �⨂𝐺𝐺 𝑁𝑁 (𝑥𝑥) = � 𝜇𝜇 𝑑𝑑.𝑑𝑑.𝑠𝑠 𝑁𝑁 𝑒𝑒 -𝜇𝜇 𝑓𝑓.𝑑𝑑.𝑐𝑐 𝑛𝑛! ∞ 𝑁𝑁=1 1 𝜎𝜎 1 √2𝜋𝜋𝑛𝑛 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -𝑛𝑛𝑄𝑄 1 ) 2 2𝑛𝑛𝜎𝜎 1 2 � (5.4)
Therefore, the peaks in the charge spectrum are well described by a multiple-Gaussian function, and the expected value of each Gaussian distribution is proportional to the number of p.e.s emitted by the photocathode. Besides, the value of each Gaussian area, which can be associated with the probability of occurrence of the corresponding event, follows a Poisson distribution [START_REF] Bellamy | Absolute calibration and monitoring of a spectrometric channel using a photomultiplier[END_REF][START_REF] Dossi | Methods for precise photoelectron counting with photomultipliers[END_REF][START_REF] Chirikov-Zorin | Method for precise analysis of the metal package photomultiplier single photoelectron spectra[END_REF].

The distribution of the number of multiplied electrons corresponding to the integrated charge of the PMT output signals in response to a few p.e.s is also well described by a multiple-Gaussian function. In our experiment, we estimate the value of the integrated charge of the PMT signals by integrating the corresponding PSA signals over time. A more detailed description could be found in Section 5.5.

Experimental setup of PMT calibration in XEMIS1

Two VUV-sensitive Hamamatsu R7600-06MOD-ASSY PMTs are calibrated in the XEMIS1 detector under the XEMIS2 operation conditions. In the experiment, two PMTs located next to the LXeTPC are entirely immersed in the LXe at 110 ℃. The PMTs output signals are processed by the XSRETOT prototype card, and the PSA output signals are analyzed to characterize the gain of each PMT. The PMT located near the anode is connected to channel No. 1, while the other one is connected to channel No. 2 of the XSRETOT prototype card. During the calibration, the HEWLETT PACKARD E3630A triple output DC power supply is used to supply the voltage to the XSRETOT prototype card. A drift field of 2 kV/cm is applied between the anode and cathode of the TPC.

The WIENER MPOD high voltage computer-controlled power supply system, consisting of two 32-channel EHS 20 110p modules, provides high voltage to the PMTs up to 1 kV, as presented in LED. Part of emitted photons can arrive at the PMT entrance window. Therefore, to obtain the experimental SPE spectrum, the light intensity of LED was adjusted by a short pulse width of about 12 ns and a low pulse height of about 1.2 V, so that an SPE signal is observed with a probability of about 6%; thus the probability that 2 or more photons will strike the photocathode at the same time is insignificant (about 0.2%).

The waveform generator operated in pulsed mode with a frequency of 10 kHz, meaning that a pulse was sent to the LED every hundred microseconds. For these measurements, the digital LeCroy LT374M oscilloscope, which includes an ADC module, was used to collect the analog PSA output signals of each PMT channel. To be noticed that the waveform generator is connected to the oscilloscope for timetriggered or externally triggered purposes. This external trigger algorithm avoids using any threshold, which may result in non-negligible effects on the recorded integrity of the signals in response to the SPE. Every time, the same trigger pulse is sent to both the LEDs and the acquisition system. In this case, the oscilloscope and the generator are synchronized so that a large proportion of photons produced by the LED can reach the photocathode of PMT in a fixed time range, and thus the SPE pulses are expected to appear in a fixed time window. The PMT superimposed output signals and the corresponding PSA superimposed output signals in response to the few photons produced by the LED are shown in Figure 5.7.

Even though a 22 Na radioactive source is placed near the anode inside the detector, the synchronization can guarantee that most of the detected photons were emitted by the LED. This experimental setup allows the determination and monitoring of the PMT gain in situ. To be noticed that the LED was installed inside the TPC in the first version of the experimental setup. The property of LED has been changed at LXe temperature, and the light did not arrive in a fixed time window, even though the generator was used as the time-triggered. 

Raw data acquisition and analysis

The PMT calibration system used in XEMIS1 can export the PSA signals of each PMT channel with a sampling frequency of 1 GHz (1 ns per sample). For each value of supply voltage, two groups of data are stored: the physics data, including the SPE events induced by the illuminated LED, and the noise data where the LED is disconnected. For each group of data, about 10 5 PSA output signals of each PMT channel are stored. The oscilloscope is configured to set the acquisition window 1 μs after the fixed trigger time. A Slow-Control program written in LabVIEW is developed to realize the automatic acquisition of the PSA output signals in response to the few photons produced by the LED, as presented in Figure 5.8. The waveform generator and the oscilloscope are connected to the computer through the GPIB interface, which is used for configuration purposes.

The data processing aims to convert the collected binary data from the ADC of the oscilloscope to the PSA signals and obtain the PMT gain through the integral over time of the PSA signals. The raw data processing and analysis were performed through a program written in the C++ language using the ROOT framework [START_REF] Kumar Acas | ROOT: A Data Analysis and Data Mining Tool from CERN[END_REF].

In the analysis program, firstly, the bad events mainly consisting of the saturated PSA signals and the PSA signals with the baseline offset larger than five times the noise are eliminated. Some high-energy cosmic rays may interact with LXe, and large amounts of Xe scintillation photons could be produced and measured, which finally results in the saturation of the PMT signals and the corresponding PSA signals. At the same time, large signals may also lead to the previous signal not yet returned to the initial position of the baseline before the arrival of a new signal. The PMT gain is defined as the current amplification that is equal to the number of electrons corresponding to the integrated charge of the current pulse collected by the anode of PMT in response to the single photoelectron. In our experiment, thanks to the good linear response of the pulse-shaping amplifier, the integral over time of the PSA output signals also has a linear behavior on injected charge for each channel, as presented in Figure 5.9. The black and red lines are two first-order polynomial curves used to fit the integral of PSA signals from channel 1 and channel 2, respectively. Please refer to Section 4.5 for the calibration method of the PSA linearity.

Therefore, the PMT gain can be obtained through the knowledge of the linear coefficient 𝑘𝑘 𝑄𝑄_𝑃𝑃𝑃𝑃𝑃𝑃 and the distribution of the integral over time of the PSA signal in response to the few p.e.s.

In our experience, although most of the photons generated by the LED can reach the photocathode within 100 ns after the trigger signal is emitted, there is still a small part of the photons that are measured by the PMT after several hundred nanoseconds, as presented in Figure 5.7. Therefore, the PSA output voltage signal 𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 (𝑡𝑡) is integrated in a fixed window of [110 ns, 830 ns] to ensure that in the vast majority of cases, the pulse of the PSA signals in response to the few p.e.s can be totally included in this integrating range of 720 ns.

Spectrum fitting and gain evaluation

In our experiment, due to the use of LED to illuminate the PMTs, it is technically very difficult to expose the PMTs to a pure beam of single photons within the LXeTPC. Attempting to study the PMT response for an SPE, the contribution of noise signals and double p.e.s signals is unavoidable and needs to be accounted for when describing the SPE spectrum. A multiple-Gaussian function can be utilized to fit the distribution of the integral over time of the PSA output signal in response to the few p.e.s:

𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃 (𝑥𝑥) = 𝐴𝐴 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -𝜇𝜇 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 ) 2 2𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 2 � + 𝐴𝐴 1 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -𝜇𝜇 𝑃𝑃𝐿𝐿 ) 2 2𝜎𝜎 𝑃𝑃𝐿𝐿 2 � + 𝐴𝐴 2 𝑒𝑒𝑥𝑥𝑒𝑒 �- (𝑥𝑥 -2𝜇𝜇 𝑃𝑃𝐿𝐿 ) 2 4𝜎𝜎 𝑃𝑃𝐿𝐿 2 � (5.5) 
The first term refers to the noise signal distribution. The noise and baseline fluctuations are assumed to be Gaussian distributed around the baseline. 𝜇𝜇 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 is the expected value of the distribution of the integral of the PSA noise signals (from the noise data) over the same integration range of 720 ns, and 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 is the corresponding standard deviation.

The second term in Equation 5.5, denoted with index 1, refers to the distribution in response to an SPE. 𝜇𝜇 𝑃𝑃𝐿𝐿 is the expected value associated with the single photoelectron peak of the PSA signal integral distribution, and 𝜎𝜎 𝑃𝑃𝐿𝐿 is the corresponding standard deviation.

The third term in Equation 5.5, denoted with index 2, is the two p.e.s contribution. The three p.e.s contribution is relatively rare. In our case, since the PMT and the PSA all have good linear responses, the integral over time of the PSA signal is proportional to the number of detected p.e.s. Thus, the position of the peak produced by n p.e.s emission is, as expected, forced to be equal to n times the position of the SPE expectation value, and the variance of the n p.e.s distribution with respect to SPE is fixed as well. The amplitude ratios, 𝐴𝐴 1 × 𝜎𝜎 𝑃𝑃𝐿𝐿 𝐴𝐴 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 ⁄ × 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 and 𝐴𝐴 2 × √2𝜎𝜎 𝑃𝑃𝐿𝐿 𝐴𝐴 1 × 𝜎𝜎 𝑃𝑃𝐿𝐿 � follow the Poisson distribution of the number of detected p.e.s.

The average gain (current amplification) is thus given by:

𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 = ∫ 𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 (𝑡𝑡)𝑑𝑑𝑡𝑡 𝑘𝑘 𝑄𝑄_𝑃𝑃𝑃𝑃𝑃𝑃 = 𝜇𝜇 𝑃𝑃𝐿𝐿 𝑘𝑘 𝑄𝑄_𝑃𝑃𝑃𝑃𝑃𝑃 (5.6) 
In addition, the gain fluctuation (in terms of standard deviation) in the electron amplification process can be expressed as:

∆𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 = 𝜎𝜎 𝑃𝑃𝐿𝐿 𝑘𝑘 𝑄𝑄_𝑃𝑃𝑃𝑃𝑃𝑃 (5.7) 
Similar to the energy resolution, the resolution of PMT gain can be expressed in a relative quantity:

𝑆𝑆 𝐺𝐺 = ∆𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 = 𝜎𝜎 𝑃𝑃𝐿𝐿 𝜇𝜇 𝑃𝑃𝐿𝐿 (5.8)
The distribution of the integral over time of the PSA output signal in response to the SPEs for PMT channel 1 with the PMT supply voltage set to 815 V is presented in Figure 5.10, and the corresponding noise distribution, which gives the 𝜇𝜇 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 and 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 , is illustrated in Figure 5.11. The noise distribution of the PSA signal integral is nearly Gaussian. We observed that the presence of the LED acquisition system and the connected cables may bring a low-frequency pick-up noise and increase the sigma of the Gaussian distribution of the integral over time of the PSA signal with LED-off. This noise from the LED and the generator generates strong perturbation at the level of the PSA module. For all the good SPE events, the average value of the noise distribution 𝜇𝜇 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 was subtracted from the PSA signal integral to eliminate the offset effect. Besides, in the three-Gaussian fit function, 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 as a fit parameter (denoted 𝑒𝑒 2 ) is fixed. In Figure 5.10, the yellow, blue and red lines represent the noise signal, the single p.e., and the two p.e.s contributions, respectively. The results show that the distribution of the PSA integral values around the baseline is nearly symmetric and centered around zero. Besides, the PMT receives a small fraction of 6.2% of the triggers generated by an observed photon from the LED. This proportion is calculated by the ratio of the integrals of two Gaussian distributions:

𝑃𝑃 𝑃𝑃𝐿𝐿 = 𝐴𝐴 1 × 𝜎𝜎 𝑃𝑃𝐿𝐿 𝐴𝐴 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 × 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 = 𝑒𝑒 3 × 𝑒𝑒 5 𝑒𝑒 0 × 𝑒𝑒 2 (5.9) 
In addition, the probability of detecting double p.e.s by a PMT (𝑃𝑃 2 𝑝𝑝.𝑒𝑒.𝑠𝑠 ) is calculated by the following equation:

𝑃𝑃 2 𝑝𝑝.𝑒𝑒.𝑠𝑠 = 𝐴𝐴 2 × √2𝜎𝜎 𝑃𝑃𝐿𝐿 𝐴𝐴 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 × 𝜎𝜎 𝑁𝑁𝑁𝑁𝑖𝑖𝑠𝑠𝑒𝑒 = 𝑒𝑒 6 × √2𝑒𝑒 5 𝑒𝑒 0 × 𝑒𝑒 2 (5.10) 
The result shows that this probability is negligible (0.021%), which is consistent with the Poisson distribution of detection probabilities. For the high supply voltage corresponding to the high gain value, the electronic noise of the detector is relatively low and allows to get the single photoelectron peak out of the noise peak.

The distribution of the integral over time of the PSA signal for channel 1 with a PMT bias voltage set to 779 V is presented in Figure 5.12.

It is observed that the SPE peak and the noise peak overlap significantly for the lower gain values compared to the high gain value. With our experimental setup of PMT gain measurement, the lowest measurable value of gain is about 6×10 5 . For lower bias voltage values, the SPE peak and the noise peak largely overlap, which complicates fitting the spectra and evaluating the PMT gain.

Results

The dependence of the PMT gain on the supply voltage is presented in Figure 5.13. The experimental results demonstrate that the gain of PMT increases exponentially as the supply voltage of the PMT increases, as expected. Compared to these two PMTs, the one located near the anode needs to be provided with a higher supply voltage to achieve the same PMT gain. The main cause of this phenomenon is that this PMT has a longer operation time and is subjected to a more important aging effect of the dynode structure than the other ones.

The dependence of the measured PMT gain resolution on the PMT gain for both channels is presented in Figure 5.14. For lower supply voltages, the measured gain resolution of the PMT located near the anode is lower. The gain variation may result from two factors: firstly, the presence of the pick-up noise may increase the sigma of the Gaussian distribution of the integral over time of the PSA signal with LED-off, decrease the peak-valley ratio of the SPE spectrum with LED-on, and decreases the measured PMT gain. The fitting accuracy of the SPE spectrum is also influenced by the peak-valley ratio. Besides, the gain with lower supplied voltage is more affected by this pick-up noise. Secondly, with the increase of PMT gain, the dark current of the PMT increases, which may deteriorate the PMT gain resolution. Based on the result in Figure 5.14, we can see that compared with the effect of the PMT dark current on PMT gain, the measured gain resolution is mainly dominated by the effect of the pick-up noise. Besides, as the SPE peak had a larger separation from the electronic noise than in case lower voltages are applied, the fitting accuracy of the SPE spectrum is higher.

With our LED acquisition system, the gain of each PMT can be accurately measured from 6 × 10 5 to 10 6 . However, this system brings a low-frequency pick-up noise (probably from the power supply of the LED). Moreover, the gain calibration system increases the ENC of the XSRETOT electronic at the PSA module level (see Figure 6.6). For XEMIS2, an investigation is still present to understand the perturbation at the level of the PSA module from the LED and the generator.

The ability to discriminate among small signals corresponding to several photons is fundamental to fulfill the dynamic range requirements of the XEMIS2 detector. In general, for a gain value of about 10 6 , the overlap of the noise and the SPE peaks is low, and the two peaks are easily distinguishable, allowing for a precise fit. In XEMIS1, since the LXeTPC has a small size, more p.e.s will be detected by the PMTs. Based on the datasheet, the supply voltage range that guarantees the VUV-sensitive Hamamatsu R7600-06MOD-ASSY PMT to operate in normal conditions is 500 -900 V, corresponding to a gain value from 4×10 4 to 4×10 6 . In the experiment, a relatively low PMT gain of 10 5 is chosen for both PMTs to ensure that most of the measured TOTs are in the effective conversion range while maintaining a good detection efficiency. More detailed information will be discussed in Chapter 6. With our gain calibration system, a PMT gain of 10 5 cannot be directly measured due to the presence of the noise brought by the LED acquisition system, an extrapolation method using the fit parameter has to be applied to get the corresponding supply voltage, as expressed in the following: 

𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 = 𝑒𝑒𝑥𝑥𝑒𝑒(𝑒𝑒 0 + 𝑒𝑒 1 𝑒𝑒 𝑃𝑃𝑀𝑀𝑇𝑇 ) 𝑒𝑒 𝑃𝑃𝑀𝑀𝑇𝑇 = 𝑙𝑙𝑛𝑛(𝐺𝐺 𝑃𝑃𝑀𝑀𝑇𝑇 ) -𝑒𝑒 0 𝑒𝑒 1 (5.11)
where 𝑒𝑒 𝑃𝑃𝑀𝑀𝑇𝑇 is the required supply voltage of the PMT. PMT channels 1 and 2 need to be supplied with bias voltages set to 617 V and 544 V, respectively, to achieve a gain value of 10 5 .

The daily measurements of the PMTs gain during two months of continuous operation of the XEMIS1 experiment are illustrated in The results show that under steady conditions (1.2 bar and 168 K), the gain is very stable for both PMTs during the operation. The measured values of the PMTs gain are consistent with the expected systematic errors of the measurement.

Latest version of PMT calibration system in XEMIS2

The PMT calibration system in XEMIS2 is composed of a DG535 4-channel digital delay or pulse generator, a computer equipped with a CAEN A2818 card, a VME (VERSA Module Eurocard. Standardized computer bus developed by Motorola.) chassis equipped with 4 CAEN V1720 8-channel acquisition cards, a WIENER MPOD high voltage computercontrolled power supply system, and 4 LEDs coupled to the optical fibers that can extend to the inside of the XEMIS2 detector. The schematic of the PMT calibration system is illustrated in Figure 5.16. The 64 PMTs are divided into two groups according to the LXeTPCs where they are located. For each group, a calibration of PMT gain will be performed.

The distribution of the 64 PMTs and 4 optical fibers in the XEMIS2 detector is presented in Figure 5.17: the blue rectangles represent the positions of the PMTs, and the yellow rectangles denote the position of the optical fibers. The positions of the optical fibers ensure that all the 64 PMTs can be illuminated. The illumination amplitude on every PMT needs to be studied in detail, and the pulse parameter of the LED must be adjusted accordingly. The LED voltage needs to be set such that all PMTs receive a rather uniform exposure, ensuring that every PMT receives a small fraction of about 5% of the triggers generated by a detected photon from the LEDs. The CAEN V1720 cards are 8-channel 12-bit ADC with a sampling frequency of 250 MHz. A picture is provided in Figure 5.18. The user can set the number of events to be recorded, the number of points of a recorded event, as well as the post-trigger, which defines the position of the trigger signal in the acquisition window. 4 CAEN V1720 cards are chained by an optical fiber bus with the TRG-OUT and TRG-IN connectors. When sending a trigger signal to the first card, it will be propagated to the last card. The first signal sent to the TRG-IN connector is used to put the 4 cards in acquisition mode. When they are in acquisition mode, the sampling is activated, and the samples are recorded in the first buffer. When the card receives a trigger signal, it retrieves the samples in the first buffer and chooses these samples according to the value of the post-trigger. These samples are then stored in the second buffer. The optical fiber bus ends in the A2818 card, as presented in Figure 5.18, connected to the computer in PCI (Peripheral Component Interconnect). This A2818 card converts the optical fiber signal into a PCI signal that can be interpreted by the computer. The optical fiber link allows the computer to configure the registers of the V1720 cards and read their memories.

The model DG535 digital delay or pulse generator provides a trigger signal to the CAEN V1720 cards for triggering the acquisition and a delayed signal that activates the light source (LED). The computer is connected to the pulse generator through a GPIB interface. This link is used to configure the generator.

The WIENER MPOD high voltage computer-controlled power supply system consists of two 32-channel EHS 20 110p modules. Each channel is connected to a PMT, allowing to supply a high voltage up to 1 kV. The communication between the power supply modules and the computer is done via Ethernet. It allows setting the starting value, ending value, and the increment step of the high voltage, as well as the current limits on each channel.

The calibration of the 64 PMTs in XEMIS2 will be realized in the near future. 

Conclusions Chapter 5

A new geometric configuration working under an electric field of 2 kV/cm, consistent with that designed for XEMIS2, was implemented in the XEMIS1 detector. It is used to validate the geometry of the field rings configuration and light collection with PMTs in XEMIS2.

In this chapter, the calibration of the PMT gain using the XSRETOT prototype card during the operation of XEMIS1 was reported. This new configuration of the XEMIS1 detector was firstly introduced: the overall system of XEMIS1 and the new geometric configuration of the XEMIS1 TPC have been presented.

For different PMT channels, in order to obtain a homogeneous response or sensibility in response to a single p.e., the gain of each PMT needs to be calibrated and adjusted to the same value, which means that each PMT required a suitable bias voltage for the proper operation of the XEMIS2 devices. The motivation of the PMT calibration was discussed in Section 5.2. Besides, the single photoelectron spectrum method was applied to extract the average value of the PMT gain, which was presented in Section 5.3. The PMT calibration system in XEMIS1 was discussed in Section 5.4. The PMTs were illuminated by a very low light intensity LED coupled to an optical fiber that can reach the inner part of the camera. The waveform generator was connected to the oscilloscope for triggering purposes. This experimental setup allowed to measure and monitor the PMT gain during the operation. The off-line method used for data processing and analysis was presented in Section 5.5. In our experiment, the contribution of noise signals and double p.e.s signals needs to be accounted for when describing the SPE spectrum. A multiple-Gaussian function was utilized to fit the distribution of the integral over time of the PSA output signal in response to the few p.e.s. The spectrum fitting and gain evolution were reported in Section 5.6.

The associated results (such as the dependence of PMT gain on supply voltage, the gain resolution as a function of PMT gain) were discussed in Section 5.7. The experimental results demonstrate that the gain of PMT increases exponentially as the high voltage of the PMT increases, as expected. Furthermore, the gain of PMT is quite stable at 1.2 bar and 168 K during the operation. Finally, the last version of the PMT calibration system in XEMIS2 was reported in Section 5.8.

Chapter 6

Virtual Fiducialization of XEMIS Detector with Scintillation Signals In this chapter, the implementation of the XEMIS2 DAQ chain prototype into the updated XEMIS1 detector is introduced at first. A simulation study is carried out to prove that the new configuration of XEMIS1 TPC can ensure the uniformity of the electric field while leaving the largest possible solid angle for PMTs, as presented in Section 6.2. For the scintillation signals, the physics data acquisition, the off-line method used for data processing and analysis are presented in Section 6.3. The light collection maps are constructed to achieve the spatial pre-localization of γ-ray interactions and the virtual fiducialization of the active A volume of the XEMIS1 TPC. The motivation of the virtual fiducialization of LXeTPC in the XEMIS detectors is presented in Section 6.4. A simulated light collection map of XEMIS1 for a deposited energy of 511 keV is reported in Section 6.5. Besides, using the experimental data, the light collection map of XEMIS1 can also be obtained, as reported in Section 6.6. The comparison between these two LCMs is reported in Section 6.7. An optimized scintillation and ionization signal matching algorithm is developed based on the light collection map, as reported in Section 6.8. Finally, for each of the 32 PMTs in half XEMIS2 detector, the map of the probability that at last three p.e.s can be detected is evaluated for 511 keV deposited energy, as presented in Section 6.9. Furthermore, a simulated LCM of the total number of p.e.s detected by 32 PMTs is also carried out.

Implementation of XEMIS2 DAQ chain prototype in updated XEMIS1 detector

The XEMIS2 DAQ system prototype was completed and implemented in the XEMIS1 setup. It consists of one prototype card of XSRETOT, including two PMT channels, two IDeF-X HD-LXe cards, two XTRACT cards including 64 channels, one XPU prototype card, and an NI FlexRIO chassis equipped with one NI FlexRIO 32-channel LVDS card, as presented in In the experiment, the PMT output signals are first exported to the outside of the inner vessel by two standard connectors then sent to the XSRETOT prototype card located outside the detector cryostat by the other two standard connectors. Besides, two IDeF-x cards are directly connected to the anode and work in the LXe. Two XTRACT cards work in the vacuum enclosure, cooled by the heat conduction from the inner container interface. Like XSRETOT, the XPU prototype and the NI FlexRIO are located outside the updated XEMIS1 detector, which work at room temperature.

Simulation of electric field in XEMIS1

To validate the geometry of the field rings configuration and light collection with PMTs in XEMIS2, a new geometric configuration consistent with that designed for XEMIS2 was implemented in the XEMIS1 detector. A high drift field is needed to reduce the electrons/ions recombination process for a precise ionization signal measurement. On the other hand, the high drift field reduces the VUV scintillation photon production. Increasing the number of field rings contributes to increasing the uniformity of the electric field in the active zone of TPC, whereas the light collection efficiency may decrease as the field of view of the PMT may be reduced. In order to increase the light collection efficiency, the gap between two field rings has been increased from 4.5 mm to 9 mm, which allows more scintillation photons to be detected. In this section, we present a simulation study performed to prove that the new configuration of XEMIS1 TPC can also ensure the uniformity of the electric field.

Thanks to the cylindrical symmetry of the field rings configuration, only 1/4 of the XEMIS1 TPC was simulated. The anode was defined as a plane electrode placed at 65.1 mm from de cathode surface. The field rings and screening grid of the PMTs are also simulated. Since the goal of the simulation is to study the uniformity of the electric field in the entire active zone, the exact geometry of the pixelated anode and Frisch grid were not included. The geometry definition and the 3D finite element grid generation were carried out using Gmsh [START_REF] Christophe | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF] (as presented in Figure 6.2). Figure 6.2 -Simulation of the geometry of one quarter of the active zone of XEMIS1 obtained with Gmsh.

The map of the electric field was calculated through the electrostatic solver of Elmer, implementing the finite element method [START_REF] Peter | Elmer Models Manual[END_REF]. The corresponding values of high voltage were applied at the field rings and cathode, as presented in Figure 6.3. The iso-potential representation of the electric field in the active zone of XEMIS1 is shown in Figure 6.4. The result shows that the electric field in the active zone is almost uniform. Besides, we observed the effect of the screening grids in front of the PMTs on the electric field, even though this is only an approximation of the real geometry.

Then, the electric field map was exported to Garfield++ [START_REF] Bellini | A Flexible and Effcient Microscopic Simulation of Multiple GEM Chamber Based on Garfield++[END_REF]. The effect of electric field inhomogeneity on the measurement of electron spatial position was finally studied by a homemade simulation based on Garfield++. An electron in LXe that follows the electric field line was simulated. The radial offset deviation of the arrival position of the electron for different positions of the emission points is presented in The result shows that for the extreme case located at the edge of the active zone of TPC, the radial offset deviation is about 55 µm, which is lower than the desired resolution of 100 µm. The impact on spatial resolution in the plane (x, y) is negligible. Thus, this simulation proves that the new gap configuration of XEMIS1 has conserved the electric field as uniform as possible while leaving the largest possible field of view for PMTs.

Physics data acquisition processing and analysis

Threshold determination

For the scintillation light measurement in the XEMIS experiment, the value of the threshold level is determined not only by the detector noise (or the physic counting rate), but also by the distribution of the amplitude of the PSA signals. A threshold at least 3-5 times larger than the RMS of the noise distribution of the PSA module can prevent the excessive noise signals from exceeding the storage and analysis capability of the DAQ system. On the other hand, if the threshold level is too high, the loss of part of the scintillation signals may result in the remaining scintillation signals not correctly matching the ionization signals and lead to a significant degradation of the detection efficiency.

The ENC of the PSA signals as a function of the PMT gain is plotted in Figure 6.6. The result shows that there is no correlation between the ENC of the PSA signals and the PMT gain. Compared to the ENC of the PSA signals without connected PMT, the average ENC of two channels in the presence of the gain calibration system increases from 47000 to 66000 𝑒𝑒 - due to the additional noise from the LED acquisition system, the PMTs, and the connected cables. Besides, in the case of a low PMT gain of about 10 5 , the value of the ENC exceeds half of the PMT gain for both channels, which indicates that it is necessary to use the integral of the PSA signal to extract the PMT gain instead of using the amplitude of the PSA signal to obtain the gain. Otherwise, the accuracy will be relatively low.

Moreover, the time integral of the PSA signal is proportional to the number of detected p.e.s. and the PMT gain. The TOT varies obviously in the effective conversion range of TOT, and for a given value of PMT gain, the detected TOT can be well converted into the charge of PSA signals or the number of p.e.s in this conversion range (as discussed in Section 4.5.6). Therefore, the chosen threshold should be close to the amount of charge of the PSA signals for a majority of events, so that most of the measured TOTs can be located in the effective conversion range of TOT. In XEMIS2, the simulation result indicates that in most cases, few p.e.s could be collected. Thus, the threshold should be adjusted at a very low p.e.s level. Since in XEMIS1, more p.e.s. are collected, the threshold level is relatively higher than in XEMIS2. Besides, if only considering the impact of the TOT effective conversion range, for a given number of detected p.e.s, the greater the PMT gain, the larger the PSA signals and the higher the required threshold will be. Ultimately, the threshold choice depends on the detector noise and TOT effective conversion range. For XEMIS1, under the premise of ensuring that the PMT can work normally, the PMT gain should be relatively small (in the experiment, a relatively low PMT gain of 10 5 is chosen for both PMTs), so the delivered PSA signals are relatively small. Thus, the required threshold level has to be set to a low value to ensure that the scintillation signals can effectively match the ionization signals. In the experiments, the threshold level is set at 88 fC (5.5 × 10 5 𝑒𝑒 -) or 5.5 p.e.s for a PMT gain of 10 5 , which is about eight times the baseline RMS. This choice ensures that most of the measured TOTs are in the effective conversion range while maintaining good detection efficiency.

Data processing and analysis

The scintillation data, including the PMT addresses, the leading edges, and the trailing edges of the shaped pulses from 2 channels of the XSRETOT prototype card, is read out by the NI FlexRIO card using 4 LVDS links. Then the scintillation data are stored in the FIFO FPGA of the FlexRIO. At the same time, the FlexRIO card reads the data from the XPU prototype card.

The timestamp system of the data consists of a 100 MHz counter in the FPGA of the FlexRIO card for the scintillation signal measurement system, a 100 MHz counter in the FPGA of the XPU prototype card for the ionization data, and another signal that allows to periodically reset all of these counters that rely on independent clocks. The counter is reset every 80 ms. The period of the scintillation signal measurement system is set by the FlexRIO (normally 80 ms with a precision of 10 ns), and the period of ionization signal measurement system is reported by the XPU prototype card in the end-of-slice package (around 80 ms with a precision of 10 ns). An accurate synchronization between the scintillation and ionization signal measurement systems is achieved through offline corrections.

The raw data processing and analysis were carried out using the ROOT framework. The raw data processing includes the following steps. First, the raw data are decoded and converted from the binary data to the ROOT data, and the ROOT data corresponding to each scintillation signal is called "LISIG (LIght SIGnal)". The TOT of each LISIG can be calculated from the difference between the recorded TE and LE. After binary data decoding, the LISIG data are filtered to identify and correct the abnormal signals with a large baseline fluctuation whose TOTs are abnormally large and even can reach up to 1 μs. This is because some high-energy cosmic rays may interact with LXe and large amounts of Xe scintillation photons could be produced and measured, which finally results in the saturation of the PMT signals and the corresponding PSA signals. At the same time, large signals may also lead to the result that the previous signal has not yet returned to the initial position of the baseline when a new signal arrives. The PSA signal is distorted and results in an abnormal value of measured TOT.

Then, the calibration results are applied to the physics data to correct the time walk effect of the LETD module and convert the TOT to the number of p.e.s. For the time correction, the leading edge correction method is chosen to correct the time walk effect. The time correction curve corresponding to the threshold level applied in the scintillation signal measurement system of the XEMIS1 detector (88 fC) is presented in Figure 6.7.

For physics data, the corrected values of the time required to be added in the leading edges (Dt) are calculated based on the calibration data. The results show that the time correction has been well applied to the physics data. Besides, the TOT conversion curve corresponding to the threshold level of 88 fC is illustrated in Figure 6.8.

Afterwards, the list of LISIGs from both PMT channels is sorted by corrected time in chronological order. The LISIGs that come from the same γ-ray interaction should be aggregated in the same cluster. Two successive signals from two PMTs belong to the same cluster if the difference between the corrected time of each of the signals is smaller than a certain value. In our case, the time window of clusterization is set using a fixed value given by the average standard deviation of the Dt distribution. The time difference distribution between two PMT channels of the same cluster is presented in Figure 6.9. The value of Dt is calculated as the difference between the corrected time of the PMT of reference minus the successive corrected time of another PMT of the cluster. The results show that the average standard deviation of the Dt distribution is 12.43 ns. As presented in Section 4.4, the time resolution of the scintillation light measurement system is mainly dominated by the intrinsic time resolution of scintillation light production in LXe in the case of a few p.e.s collection. The time window of clusterization is then set at about �36 √5.5 ⁄ � × 6 ≈ 92 ns, i.e., if two successive scintillation signals have a time difference smaller than 92 ns, both signals are assumed to come from the same γ-ray interaction (about 1% of the events outside the time window). The time of the scintillation cluster is calculated as the average time for the signals in the same cluster of PMTs 𝑡𝑡 𝑠𝑠𝑑𝑑𝑜𝑜𝑠𝑠𝑡𝑡𝑒𝑒𝑟𝑟_𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁 . Besides, the number of p.e.s of the cluster is given by the sum of the p.e.s of each signal in the cluster ∑ 𝑛𝑛 𝑝𝑝.𝑒𝑒.𝑠𝑠 𝑖𝑖 .

Then, the scintillation signal and the ionization signal clusters are matched through the off-line software event builder. In the scintillation and ionization matching algorithm of XEMIS1 (the same algorithm is also used in XEMIS2), the scintillation signal cluster is referred to as the reference time 𝑡𝑡 0 . The scintillation and ionization clusters belong to the same event of a γ-ray interaction, if the time difference between the two clusters is smaller than the maximum drift time (time required for the charges to travel the greatest distance from the cathode to the anode in LXe) in the XEMIS1 TPC of about 28 μs, as presented in Figure 6.10. The events are considered good if one scintillation signal cluster is associated with one or more ionization signal clusters. This is because the time resolution of the PMTs is not precise enough to distinguish between the interaction time of two consecutive Compton scatterings, and only one overall γ-rays interaction time can be measured. In a few cases, one ionization signal cluster may be associated with more than one scintillation signal cluster. These events are referred to as pile-up events.

Motivation of virtual fiducialization of XEMIS detectors using scintillation signal

In a conventional monolithic LXeTPC, when the ionization charge is drifting towards the anode, the whole volume is occupied during a maximum drift time corresponding to the largest drift space in the TPC. In order to reduce the occupancy rate of the detector, it is possible to segment the active volume into cells using walls, but this can induce additional dead zones, electron absorption, and photon scattering. It is also possible to implement the virtual fiducialization of TPC active volume using the scintillation signal, which requires delimiting a virtual active volume for each PMT. This virtual volume belonging to the active volume of the TPC is called the detection zone of the PMT. It is defined as a zone from which the emitted scintillation photons can reach the PMT photocathode and be converted into the photoelectrons detected by the PMT. After determining the detection zone of each PMT, we can effectively infer which PMTs detect the scintillation light emitted from any positions in the active volume of the TPC, so as to pre-localize the γ-rays interactions spatially. In the pile-up event, one ionization signal cluster is associated with more than one scintillation signal cluster. Reducing the number of pile-up events is of prime importance for XEMIS2 TPC when increasing the source activity. For these pile-up events, the false scintillation cluster can potentially be excluded by applying the pre-localization of the γ-rays interactions. The light collection maps were then obtained to study the performances of the fiducialization of the XEMIS1 TPC. 

Simulation of light collection map in XEMIS1 TPC

For a given deposited energy, the number of detected p.e.s depends on the position of the interaction in the TPC. In reality, the light collection efficiency is affected by several factors, such as the solid angle effects, the optical properties of LXe and detector components, or the efficiency of the PMTs. The light collection map (LCM) indicates the average number of detected p.e.s according to the position of the source. In reality, each PMT has an individual field of view. By comparing with the experimental data of PMT, the light collection map can be used to inversely deduce the average number of photons generated by each γ-ray.

Since it is very time-consuming to propagate all the photons in GEANT4, in our case, the light collection map is simulated from a homemade geometric model, which does not imply the use of any Monte Carlo method. In the simulation, the detector geometry of XEMIS1 was simulated, as illustrated in Figure 6.11. Two PMTs are situated at the LXeTPC periphery side by side along the z-axis through specific support made of Macor ceramic. In order to protect the PMT from the high voltage applied to the cathode and copper electrodes, screening grids are installed 2 mm in front of the PMTs. The screening grids are fixed by a stainless-steel rectangular frame inside the Macor ceramic support. The field rings used in XEMIS1 have a relatively large ring width of 21.5 mm between the inner and outer diameters, which are situated in front of the PMTs. Since LXe is basically transparent to its scintillation photons, they can penetrate into the LXe and be collected. Impurities such as water or oxygen can lead to the absorption of VUV scintillation photons, as discussed in Section 2.4.1. The impurities related to VUV photon absorption can be significantly reduced by using the xenon purification system of the XEMIS1 detector. The effect of Rayleigh scattering of scintillation photons in LXe is not problematic in XEMIS1, as the corresponding interaction length is much bigger than the TPC size. In order to estimate the light collection efficiency (LCE) for any position of the scintillation light emission in the active zone of the TPC, the light emission is changed successively in the x, y, and z-axis with a step of 0.1 mm. The active volume of TPC is segmented into about 3 × 10 4 voxels of 0.1 × 0.1 × 0.1 mm 3 and each 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 has a center position of (x, y, z). The probability that the scintillation light can be detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 for the interaction located at 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) is calculated. This probability depends on several factors: 1) the geometric efficiency ε geometric_𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝜀𝜀 𝑔𝑔𝑒𝑒𝑁𝑁𝑚𝑚𝑒𝑒𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠_𝑖𝑖,𝑖𝑖 � mainly affected by the effect of solid angle covered by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 , and the geometric constraint of the detector; 2) the effect of the optical parameters of LXe and detector components ε optical_𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝜀𝜀 𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 �, such as the LXe absorption length, the reflectivity of the detector material, Rayleigh scattering length, and the optical transparency of PMT screening grid; 3) the conversion efficiency from the VUV photon to the p.e. by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 (i.e., the detection efficiency of 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 ) which can be expressed as the product of the quantum efficiency ( 𝜀𝜀 𝑄𝑄𝐿𝐿 ) and the collection efficiency ( 𝜀𝜀 𝑠𝑠 ) of the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 , noted as ε PMT detection efficiency_𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇_𝑖𝑖,𝑖𝑖 �.

In the simulation, the active surface (photocathode) of 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 is divided into 100 area elements to get a more accurate result. The solid angle defined by the PMT can be expressed as follows:

Here, 𝑑𝑑𝛺𝛺 is the elementary solid angle which is equal to the projection of area element of 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 (denoted 𝑑𝑑𝛴𝛴) on the normal plane of the line passing the center of 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 (point O) and the center of 𝑑𝑑𝛴𝛴 (point M) (see Figure 6.12), which can be expressed as:

Here, R is the distance between these two points. 𝑀𝑀𝑆𝑆 �������⃗ is the normal vector of the area element 𝑑𝑑𝑠𝑠. The probability that the scintillation light emitted from the 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 , noted as P 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 or P 𝑖𝑖,𝑖𝑖 , can be detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 is expressed as below:

𝜀𝜀 𝑠𝑠𝑁𝑁𝑑𝑑𝑖𝑖𝑑𝑑 𝑎𝑎𝑁𝑁𝑔𝑔𝑑𝑑𝑒𝑒_𝑃𝑃𝑀𝑀𝑇𝑇

where 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 is a comprehensive LCE factor that includes the effect of the PMT detection efficiency and the effect of the optical parameters of LXe and detector material. Due to the geometric constraint of the detector, not all the VUV photons in the solid angle can arrive at the photocathode of the PMT. For example, as the field rings used in XEMIS1 have a relatively large ring width, the scintillation light emitted from the active volume of the TPC may be blocked by these field rings before arriving at the photocathode of the PMT. In the simulation, this geometric constraint has been taken into account in the following way: for each light emission point (O) and each PMT area element (with a center M), the line MC that crosses the field rings is rejected. In the simulation, the trajectory of scattered photons has not been simulated. Instead, the effect of the reflection of VUV photons on the surface of copper field rings and Macor pieces served as a part of the strutting pieces for TPC, are directly incorporated into 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 . Since the comprehensive LCE factor 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 can be determined by comparing with the light collection map (LCM) obtained from the physics data, the effect of photon reflection on detector component can be approximately evaluated, as the detection efficiency of PMT can be considered almost unchanged at LXe temperature of 168 K. To be noticed that, the QE and CE cannot be measured experimentally because of the PMT calibration system used in XEMIS1. The quantum efficiency (𝜀𝜀 𝑄𝑄𝐿𝐿 ) of the PMT used in XEMIS1 at 175 nm is about 30% given by the PMT datasheet. The collection efficiency (𝜀𝜀 𝑠𝑠 ) of the PMT is around 50%. Besides, the optical transparency of the PMT screening grid is about 89%, given by the datasheet.

It is important to note that the simulation study reported in this section does not attempt a detailed simulation of the scintillation light propagation in the LXeTPC, but it is realized to give the LCE of XEMIS1 TPC in the first-order approximation and to provide a better understanding of the effect of solid angle covered by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 and the effect of detector geometric constraint on the LCE. Besides, this simulation can also be used to quickly evaluate the impact of different geometric configurations of XEMIS1 on light collection.

Supposing that a γ-ray interacts with LXe and deposit all its energy 𝐸𝐸 0 via the photoelectric effect in the 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 , the light collection map 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 indicates the average number of p.e.s detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 , noted as 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 or 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑖𝑖,𝑖𝑖 , can be expressed as: P 𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝜀𝜀 𝑔𝑔𝑒𝑒𝑁𝑁𝑚𝑚𝑒𝑒𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) × 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 

where, 〈𝑆𝑆 𝑝𝑝ℎ𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁𝑠𝑠 〉 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 or 〈𝑆𝑆 𝑝𝑝ℎ𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁𝑠𝑠 〉 𝑖𝑖,𝑖𝑖 , is the average number of scintillation photons arriving at the photocathode of the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 when only considering the geometric efficiency of XEMIS1 TPC. In the simulation, the value of the scintillation yield is taken from the NEST [START_REF] Szydagis | NEST: A comprehensive model for scintillation yield in liquid xenon[END_REF]. For a deposited energy of 511 keV, at an electric field of 2 kV/cm, the scintillation yield is about 19.06 photon/keV.

For a given deposited energy 𝐸𝐸 0 , the light collection efficiency for 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 and for the interaction located at 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 (denoted 𝐿𝐿𝐶𝐶𝐸𝐸 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 or 𝐿𝐿𝐶𝐶𝐸𝐸 𝑖𝑖,𝑖𝑖 ) can be expressed as:

The LCE depends on the geometric and optical properties of the detector and not on the amount of scintillation light produced.

For a deposited energy of 511 keV, the simulated LCM of the average number of scintillation photons arriving at the photocathode of the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 when only considering the XEMIS1 TPC geometric efficiency for both PMT channels are presented in Figure 6. 13 In these figures, the small images from top to bottom sequentially represent the slices of the LCM on the z-axis from the anode to the cathode. When z = 0, it corresponds to the z coordinate of the anode. Each pixel in the slice represents the average number of scintillation photons arriving at the photocathode of the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 emitted from a 2 × 2 × 2 mm 3 cube formed by 8000 0.1 × 0.1 × 0.1 mm 3 voxels. The results indicate the impact of the solid angle effect and the geometric constraint of the detector (especially the blocking effect of the field rings) on the light collection. When the relative positions between the light emission positions, the field rings, and the PMTs change, the blocking effects of the field rings on the scintillation light are significantly different. When the light emission positions are directly opposite to the entrance window of the PMTs (two PMTs are located in the lower-left corner along the zaxis), the maximum average number of VUV photons will arrive at the PMT photocathode. By combining the LCM of two PMTs, it can be concluded that there is almost no dead zone in the active volume of XEMIS1 TPC in which the produced VUV photons cannot arrive at any PMT photocathode. Each PMT has an individual field of view in the active volume of XEMIS1 TPC, and there is a shared detection zone in which the emitted scintillation light can arrive at both of the photocathodes. 

Light collection map from experimental data in XEMIS1

Even though the simulated light collection map can provide a simplified image of the scintillation light response of XEMIS1, it is difficult to simulate each property of the detector component and not able to fully reproduce the light response of the XEMIS1 detector. Therefore, it is preferable to obtain the LCM from experimental data directly. With the help of 3D position reconstruction of each event and with the deposited energy of each interaction, it is possible to construct the LCM based on the physics data.

The spatial position and deposited energy of each interaction are reconstructed by matching the scintillation and ionization signals through the event builder. In our experiment, 22 Na with a low activity of about 3.3 kBq is used to characterize the XEMIS1 detector. 22 Na is a (β+, γ) radionuclide, which emits a γ-ray of 1.274 MeV and a positron in quasicoincidence. In the experiment, the experimental LCM is built specifically by selecting the events that satisfy both of the following criteria: 1) having a deposited energy of 511 keV; 2) in which one scintillation signal cluster can only be matched with one ionization signal cluster. In our case, using the events with 511 keV deposited energy to calibrate the LCM of XEMIS1 is necessary, because those events are mainly generated by the photoelectric effect and deposit all their energy inside the LXeTPC after one interaction despite the small dimension of XEMIS1. However, the γ-rays of 1.274 MeV mainly undergo Compton scattering in LXe. Since the active volume of XEMIS1 TPC is relatively small, some interaction positions of Compton scattering may be located between the field rings and the PMTs, but not in the active volume. Therefore, the energy corresponding to the p.e.s detected by the scintillation signal measurement system may be higher than the energy corresponding to the collected drifted electrons detected by the ionization signal measurement system.

The 511 keV deposited energy cannot be described by a Dirac-like spectrum due to the recombination process in LXe. Only the events whose energy is in the range of three times the energy resolution of the peak were selected. The LCM of the average number of detected p.e.s corresponding to other values of deposited energy can be obtained by multiplying a light yield ratio factor, as the LCE depends on the geometric and optical properties of the detector and not on the amount of scintillation light produced. For a deposited energy of 511 keV, the LCMs of the average number of p.e.s detected by both PMT channels obtained from the XEMIS1 experimental data are presented in Figure 6.15 and Figure 6.16. In these figures, the small images from top to bottom sequentially represent the slices of the LCM on the zaxis from the anode to the cathode. Each pixel in the slice represents the average number of detected p.e.s emitted from a 2 × 2 × 2 mm 3 cube. Similarly, the maximum number of detected p.e.s occurs when the interaction positions of the photoelectric effect are directly opposite to the entrance window of the PMTs. Besides, based on the experimental results, each PMT has an individual field of view. There is almost no dead zone for the light collection in the active volume of the XEMIS1 TPC for both PMT channels. The 22 Na source is placed about 1 cm far from the cathode outside the TPC. Due to the solid angle effect of the radioactive source, the number of events near the anode is smaller than the one in the other places, which may result in a large dispersion of the detected number of p.e.s near the anode. The experimental LCMs can be used for spatial pre-localization of γ-ray interactions to optimize the scintillation and ionization signal matching algorithm. For both PMT channels, the correlations between 1 𝑆𝑆 2 ⁄ and the number of detected p.e.s for 511 keV deposited energy, in the case when the interaction positions are located in the active volume corresponding to 10 mm above and below the z coordinate of the center of the PMT photocathode (directly opposite to the PMT entrance window) are presented in Figure 6.17. For PMT channel 1, this active zone is bounded by the z coordinates of the second and the fourth field rings, while for PMT channel 2 it is bounded by the z coordinates of the fifth field rings and the cathode. R is the distance between the interaction position and the center of the PMT photocathode. The results show that for both PMT channels, the number of detected p.e.s is pretty linear as a function of 1 𝑆𝑆 2 ⁄ , which is consistent with Equation 6.2. Accordingly, when the interaction positions of the photoelectric effect are directly opposite to the PMT entrance window, compared to other effects, the solid angle effect has a greater impact on LCM distribution.

Comparison of simulated and experimental light collection map in XEMIS1

When the interaction positions are located in the 2 mm z slice, including the z coordinate of the center of the PMT photocathode (directly opposite to the center of the PMT photocathode), a comparison between the experimental and simulated LCMs only considering the XEMIS1 geometric efficiency for PMT channel 1 (see Figure 6.18) and PMT channel 2 (see Figure 6.19) is performed. For both PMTs, the distributions of p.e.s in the experimental and simulated LCMs show a good consistency (especially for PMT channel 2), which preliminarily validates the simulation results. ⁄ and the number of detected p.e.s for a 511 keV deposited energy, in the case when the interaction positions are located in the active volume corresponding to 10 mm above and below the z coordinate of the center of the PMT photocathode, for PMT channel 1 (on the left) and PMT channel 2 (on the right). R is the distance between the interaction position and the center of the PMT photocathode. The comprehensive LCE factor 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 can be calculated by dividing the experimental LCM of the average number of p.e.s detected by 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 for the interaction located at 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 and for a given deposited energy 𝐸𝐸 0 (denoted 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 ), by the simulated LCM of the average number of scintillation photons arriving at the photocathode of the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 when only considering the XEMIS1 geometric efficiency for the same deposited energy (denoted 〈𝑆𝑆 𝑝𝑝ℎ𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁𝑠𝑠 〉 𝑠𝑠𝑖𝑖𝑚𝑚𝑜𝑜𝑑𝑑𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑_𝑖𝑖,𝑖𝑖 ), as shown below: For both PMTs, the mean value of 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 is about 0.5, which includes the effect of the PMT detection efficiency (such as 𝜀𝜀 𝑄𝑄𝐿𝐿 and 𝜀𝜀 𝑠𝑠 ) and the effect of the optical parameters of LXe and detector material (such as the reflectivity of the detector material or optical transparency of PMT screening grid). If we consider only the effect of the quantum efficiency, we would expect 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 to be at most equal to 0.3 (based on the PMT datasheet). However, as a higher value (0.5) is obtained, this means that other effects contribute to increasing the number of detected p.e.s, such as the reflection on the materials. More scintillation light is measured during the experiment than that we simulated. The small values of RMS of the LCE factor for both PMTs mainly result from the fact that the number of scattered photons detected by the PMTs varies slightly for different interaction positions. Despite the existence of small values of RMS of the LCE factor, the result still indicates the relative agreement between the experimental and simulated LCMs, which is consistent with the result of Figure 6.17.

𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,
The distributions of the comprehensive LCE factor 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 for both PMT channels for the total active volume are presented in In these figures, the small images from top to bottom sequentially represent the slices of the LCE factor on the z-axis from the anode to the cathode. The discrepancy between the experimental and simulated LCMs suggests a non-negligible impact of the optical parameters of LXe and detector material (especially the effect of photon reflection on the detector component) on the light collection. For different interaction positions, the number of scattered photons detected by the PMTs varies. The dark red area indicates the light emission positions in the simulation from which the scintillation photons are emitted and cannot arrive at the PMT photocathode due to the blocking effect of the field rings. In contrast, those photons can be measured during the experiment. This phenomenon shows that the reflection on the detector component can make the light normally blocked by the field rings also be detected by the PMT. The light initially generated outside the field of view of the PMT can eventually be detected due to the reflection on the surface of the detector components.

Optimization of scintillation and ionization signal matching algorithm with light collection map

For the pile-up events, in which one ionization signal cluster matches with more than one scintillation signal clusters, the false scintillation cluster can be excluded by combining the LCM. In the following, we discuss several cases in XEMIS1, which are taken as examples. 2) Case two: one ionization signal cluster associated with two scintillation signal clusters from two PMTs, as illustrated in Figure 6.25.

The analysis method is approximately the same as in case 1. First, based on the deposited energy 𝐸𝐸 𝑃𝑃 𝐼𝐼1 given by the ionization cluster, the LCM corresponding to a deposited energy When two ionization clusters are associated with two scintillation clusters from the same PMT or not, the analysis method is the same in both cases. Let us take the latter case as an example. First, we classify them into two groups: (𝑆𝑆 𝐼𝐼1 , 𝑆𝑆 𝐿𝐿1 , 𝑆𝑆 𝐿𝐿2 ) and (𝑆𝑆 𝐼𝐼2 , 𝑆𝑆 𝐿𝐿1 , 𝑆𝑆 𝐿𝐿2 ). Each group contains one ionization cluster and two scintillation clusters. Then, we can use the analysis method in case two to associate the scintillation cluster with the corresponding The LCM provides a way to accomplish the pre-localization of the γ-rays interactions spatially and the virtual fiducialization of the TPC active volume, which can serve to better perform the matching between the scintillation signals and the ionization signals respectively from the self-triggered scintillation light and ionization charge measurement systems. In the case of need to increase the administered activity to shorten the time of imaging, this optimized matching algorithm can help to reduce the occupancy of the TPC due to the nonnegligible drift time of the charge carriers. To be noticed that it is not possible to apply this optimized scintillation and ionization signal matching algorithm to XEMIS1 data analysis since the pile-up event rate is too low (due to low source activity). This matching algorithm will be evaluated using the physics data from XEMIS2 in the future. 

Simulation of light collection map in XEMIS2 Camera

As the XEMIS2 camera has two identical LXeTPCs symmetric to the cathode, it is sufficient to focus only on the PMTs in the half chamber for simulation purposes. In the simulation, the LCMs for 32 PMTs in the half detector are simulated to provide a simplified image of the scintillation light response of XEMIS2.

The geometry of half of the XEMIS2 detector was simulated, as illustrated in Figure 6.27. Due to the geometric constraint of the detector, not all the VUV photons in the solid angle can reach the photocathode of the PMT. Apart from the external set of field rings, the scintillation light emitted from the active volume of the TPC may also be blocked by the central hollow tube traversing the detector before arriving at the photocathode of the PMT. The blocking effects of the external set of field rings and central tube have been taken into account in the simulation. Besides, the comprehensive LCE factor of 0.5 determined through the XEMIS1 experimental result is used in the XEMIS2 LCM simulation. This comprehensive LCE factor mainly includes the effect of the PMT detection efficiency and the effects of the optical parameters of LXe and detector material, such as the reflection of VUV photons on the external set of field rings and the central hollow tube. To be noticed that this LCM simulation study does not aim to fully reproduce the scintillation light propagation, but to provide a prediction of the light response in the XEMIS2 detector and a better understanding of the effects of the geometric efficiency and the geometric constraint of the XEMIS2 detector on the LCE.

The light emission position is changed successively in x, y, and z-axis with a step of 1 mm, and the light emission position is located in a 1 × 1 × 1 mm 3 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 with a center Firstly, we considered an ideal case that no threshold is applied for each PMT, and we take the results of PMT channel 1 and PMT channel [START_REF] Anger | Scintillation camera[END_REF] In these figures, the small images from top to bottom sequentially represent the slices of the LCM on the z-axis from the anode to the cathode. Each pixel in the slice represents the average number of p.e.s detected by 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 in a 2 × 2 × 2 mm 3 cube formed by 8 1 × 1 × 1 mm 3 voxels. Here, the maximum value of the palette scale was set at 40, and the minimum value was set at 0 to see the part where few p.e.s are detected. The results indicate that the average number of detected p.e.s in the region close to the anode is smaller than that measured in other regions. Besides, the dead zone of VUV photons detection is mainly due to the blocking effect of the central hollow tube. When the light emission positions are directly opposite to the PMT entrance window, the number of detected p.e.s is maximum. By combining the LCM of the PMTs, it can be concluded that each PMT has its own individual field of view.

The number of p.e.s collected by the first dynode follows a Poisson distribution, as expressed in Equation 5.1. The probability that n p.e.s can be detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 can be expressed as: Therefore, the probability that at last three p.e.s can be detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 can be expressed as:

For each of the 32 PMTs, the map of the probability that at last three p.e.s can be detected by 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 was carried out. Here, no threshold is applied for each of the PMT, and we show the result of PMT channel 1 as an example (see Figure 6.30). Similarly, the small images from top to bottom sequentially represent the slices of 𝑃𝑃(𝑛𝑛 ≥ 3) on the z-axis from the anode to the cathode. Each pixel in the slice represents the average probability that at last three p.e.s can be detected by PMT channel 1 in a 2 × 2 × 2 mm 3 cube formed by 8 1 × 1 × 1 mm 3 voxels. The probability 𝑃𝑃(𝑛𝑛 ≥ 3) is relatively large in the central region of the TPC. When the light emission positions are directly opposite to the PMT entrance window, the probability 𝑃𝑃(𝑛𝑛 ≥ 3) is maximum, which is consistent with the LCM of the average number of detected p.e.s.

For a deposited energy 𝐸𝐸 0 , the simulated LCM of the total number of p.e.s detected by 32 PMTs can be expressed as: where 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) also denoted as 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) is the average number of p.e.s detected by the 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 from 𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑖𝑖 with a deposited energy 𝐸𝐸 0 .

For a deposited energy of 511 keV, the simulated LCM of the total number of p.e.s detected by 32 PMTs 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 in the half TPC in the case that no threshold is applied for each PMT is presented in Figure 6.31. The results indicate that no dead zone for the light collection is observed in the active volume of the XEMIS2 camera. The 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 in the region close to the anode is smaller than the one measured in relatively large in the central region of the TPC, close to the PMT array, where the maximum value is about 150. In the central region of the TPC, for each slice, there is an area in the upper right corner where the number of detected p.e.s is significantly smaller. This is due to the existence of feedthrough at this location which is used for the high voltage connection of the cathode. The threshold used in XEMIS2 is difficult to define. Above all, it is difficult to predefine the threshold level, since it depends on many factors that are not easy to conclude before the operation. For a deposited energy of 511 keV, the simulated LCM of the average number of p.e.s detected by PMT channel 1, and the simulated LCM of the total number of p.e.s detected by 32 PMTs 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 in the case that the applied threshold is 1 p.e for each PMT are presented in Figure 6.32 and Figure 6.33. This threshold value is probably the optimistic situation that could be applied for each PMT in the XEMIS2 scintillation light measurement. We can see that there is already a dead zone near the anode with 32 PMTs. However, for an event of 3γ emitter, it is difficult to miss all scintillation light used for timing measurement. Besides, the field of view of each PMT with respect to the z and φ position can 
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Then we studied the worst case that a threshold of 3 p.e.s is applied to each PMT due to the abnormal behavior of the detector. In this case, a high threshold is used to eliminate the bad events. For a deposited energy of 511 keV, the simulated LCM of the average number of p.e.s detected by PMT channel 1, and the simulated LCM of the total number of p.e.s detected by 32 PMTs 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 in the case that the applied threshold is 3 p.e.s for each PMT are presented in Figure 6.34 and Figure 6.35. We can see that there is still enough field of view to achieve timing measurements. However, compared to the optimistic situation with a threshold of 1 p.e, the dead zone is significantly increased. The area where we can associate the scintillation light with the ionized charge is also reduced. This means that LCM is less efficient. If we want to use virtual fiducialization to achieve signal matching and reduce the occupancy rate, we need to achieve the complete coverage of PMT. 

Conclusions Chapter 6

An entire DAQ system prototype specially developed for XEMIS2 was implemented into the XEMIS1 detector with a new geometric configuration similar to the one that will be used in XEMIS2 for a complete performance test. The XEMIS1 detector works under an electric field of 2 kV/cm. In this chapter, the implementation of the XEMIS2 DAQ chain prototype in the updated XEMIS1 detector is introduced at first. A simulation study of the electric field in the new geometrical configuration of XEMIS1 LXeTPC proved that this updated configuration could ensure the uniformity of the electric field while leaving the largest possible field of view for PMTs, as presented in Section 6.2.

In XEMIS1, the threshold choice of the self-trigged scintillation signal measurement system depends on the detector noise and the amount of charge of the output PSA signals that can be detected in most cases (which requires to ensure that most of the measured TOTs can be located in the effective conversion range of TOT). In the experiments, the threshold level is about eight times the baseline RMS. This value serves to ensure that most of the measured TOTs are in the effective conversion range, and the scintillation signals can be correctly associated with the corresponding ionization signals. The physics data acquisition using the scintillation light detection and measurement system, the off-line method used for data processing and analysis are presented in Section 6.3.

In order to reduce the occupancy rate of the detector, it is possible to define a virtual volume by determining the field of view of each PMT in the TPC. The light collection maps were obtained to pre-localize the γ-ray interactions and the virtual fiducialization of the active volume of the XEMIS1 TPC. The motivation of the virtual fiducialization of LXeTPC in the XEMIS detectors is presented in Section 6.4.

The simulated LCMs of XEMIS1 for a deposited energy of 511 keV were obtained (as presented in Section 6.5). The results indicate that each PMT has an individual field of view, and there is a shared detection zone in which the emitted scintillation light can arrive at both photocathodes. Besides, the experimental LCMs of XEMIS1 (as presented in Section 6.6) were directly built from the experimental data by selecting the photoelectric events of 511 keV γ-ray and the events in which one scintillation signal cluster can only be associated with one ionization signal cluster. Both simulation and experimental results show that when the light emission positions are directly opposite to the PMT entrance window, the maximum number of p.e.s will be detected. It has also been shown that there is almost no dead zone for the light collection in the active volume of XEMIS1 TPC. Besides, for both PMTs, the experimental results show that when the interaction positions of the photoelectric effect are directly opposite to the PMT entrance window, the solid angle effect has a greater impact on LCM distribution than other factors.

We observed that for both PMTs, when the interaction positions are directly opposite to the PMT entrance window, the distributions of p.e.s in the experimental and simulated LCMs show a pretty good agreement (especially for PMT channel 2). This can be considered as a preliminary validation of the simulation results (as presented in Section 6.7). For the total volume, the discrepancy between the experimental and simulated LCMs suggests a nonnegligible impact of the optical parameters of LXe and detector material (especially the effect of photon reflection on the detector component) on the light collection. The light initially generated outside the field of view of the PMT can eventually be detected due to the reflection on the surface of the detector components.

An optimized scintillation and ionization signal matching algorithm is developed based on the light collection map (as presented in Section 6.8). This matching algorithm can contribute to not only better accomplishing the matching between the scintillation signals and the ionization signals respectively from the self-triggered scintillation light and ionization charge measurement systems but also reducing the occupancy of the TPC due to the nonnegligible drift time of the charge carriers in the case of need to increase the administered activity to shorten the time of imaging. This matching algorithm will be evaluated using the physics data from XEMIS2 in the future.

Finally, for each of the 32 PMTs in the half detector of the XEMIS2, for a deposited energy of 511 keV, the LCM of the average number of detected p.e.s and the map of the probability that at last three p.e.s can be detected by 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 were obtained (as presented in Section 6.9). The results indicate that the dead zone of VUV photons detection is mainly due to the blocking effect of the hollow tube. When the light emission positions are directly opposite to the PMT entrance window, the probability is maximum. Furthermore, the simulated LCM of the total number of p.e.s detected by 32 PMTs for a deposited energy of 511 keV in the case that the applied thresholds are 0 p.e, 1 p.e or 3 p.e.s respectively for each PMT were also provided. For both cases, the total number of detected p.e.s in the region close to the anode is smaller than the one measured in other regions. The total number of detected p.e.s is relatively large in the central region of the TPC, close to the PMT array. With the increase of threshold value, the dead zone is significantly increased, and the zone that we can associate the scintillation signals with the ionization signals is also reduced. If we want to use virtual fiducialization to achieve signal matching and reduce the occupancy rate, we need to achieve the complete coverage of the PMTs.

OR the past few decades, nuclear medical imaging has extended its domain of applications from organ imaging for tumor localization of various diseases to oncology diagnosis. To further improve nuclear medical imaging in the future, one of the main goals consists in reducing radiation exposure during the medical exam. For this purpose, a new low-dose nuclear medical imaging modality, named 3γ imaging, has been proposed. Its objective is to preserve the image quality while significantly reducing the administered radiotracer activity in tumor diagnosis. This innovative imaging technique involves two new concepts: the use of a liquid xenon (LXe) Compton telescope and a 3D localization of a new radiotracer labeled with a specific (β + , γ) radionuclide, such as the scandium-44 ( 44 Sc).

Reducing the administered activity and providing a high-resolved 3D image at the same time can be possible if a Compton camera with a high scattering efficiency and high energy and spatial resolutions is used. The LXeTPC has proven to be a perfect candidate for these purposes in a wide energy range from several tens of keV to tens of MeV. Two dedicated systems called XEMIS1 and XEMIS2 based on the LXeTPC technology have been conceived and developed at the Subatech laboratory. They exploit both scintillation light and charge carriers in response to the interaction between the ionizing particle and LXe.

The work presented in this thesis is mainly focused on the scintillation light detection and measurement in the LXeTPC of the XEMIS system (XEMIS1 and XEMIS2). In Chapter 2 and Chapter 3, the main steps related to the production, propagation, and detection of the scintillation light in LXeTPC have been presented. The scintillation light emission in LXe is a fast process, which is characterized by three different decay components. Under an electric field of 2 kV/cm, the Xe scintillation photons are produced from 3.15% singlet excited state with a decay time of 2.2 ns, 59.89% triplet excited state with a lifetime of 27 ns, and 36.96% third component due to electron-ion recombination with a time constant of 45 ns. This decay components characteristic makes LXe suitable for timing applications. A detailed description of the experimental characteristics of XEMIS2 was also given in Chapter 3. The XEMIS2 camera is developed to image a small animal using the 3γ imaging technique. It consists of a monolithic detector containing nearly 200 kg of high-purity LXe, made by two identical back to back LXeTPCs with a large axial field of view. A gaseous purification subsystem equipped with two rare-gas purifier getters and a re-circulation closed-loop containing the ReStoX and the oil-free membrane pump are installed in XEMIS2 to realize and maintain an ultra-high purity level. Safe manipulation of a large quantity of xenon in a hospital center is achieved F through the cryogenic subsystem ReStoX which has been successfully commissioned as reported in Chapter 3. In order to detect the VUV scintillation photons in LXe, in the first stage of the XEMIS2 project, 64 VUV-sensitive Hamamatsu R7600-06MOD-ASSY PMTs are distributed around the active volume. The purpose of this configuration is to show the possibility of performing whole-body imaging with only 20 kBq of 44 Sc in 20 minutes of exposure. The spacing of the field rings before the PMTs is increased to maximize the light collection by the PMTs. In both XEMIS systems, the detection of the VUV scintillation photons provides the γ-rays interaction time. While electron collection by the segmented anode allows to obtain the (X, Y) position and charge measurement of each interaction, it is possible to combine scintillation and ionization signals to reconstruct the depth of the interaction (Z-position).

In XEMIS2, to prevent the loss of events, we need to maximize the detection efficiency and reduce the electronics dead-time during continuous data taking. A low threshold selftriggered data acquisition mode is chosen. Meanwhile, to reduce the data flux, only the information about the interaction time and the number of detected photoelectrons should be recorded. Besides, the results of the Monte Carlo simulation studies of the characteristics of the scintillation signal in XEMIS2, reported in Chapter 4, show that each PMT can averagely detect less than 10 photoelectrons (p.e.s). To meet those requirements, a high-rate self-triggered and low threshold scintillation signal front-end readout electronics used in XEMIS2, named XSRETOT, was developed, as reported in Chapter 4. Each XSRETOT channel contains a sixth-order low-pass RLC pulse-shaping amplifier and a leading edge timing discrimination (LETD) module with a constant threshold voltage acting on the shaped pulse. An optimized leading edge timing discrimination technique with the time walk correction was finally determined as the kernel timing measurement method. Since the scintillation signals are not used to measure precisely the deposit energy and a low-cost electronic is required, the TOT method was finally used to estimate approximatively the number of p.e.s detected by the PMTs. So far, the XEMIS2 scintillation signal detection and measurement system includes three function units: the VUV-sensitive PMT, the XSRETOT card, and the XEMIS Data Concentrator (XDC). The analog pulses delivered by PMTs are read out by the XSRETOT electronics to extract the leading edge and trailing edge of the shaped pulse. A low threshold is applied to measure the signal corresponding to a few photoelectrons. Finally, the leading edge, trailing edge, and PMT address information from each channel are read out and digitized by the Field-Programmable Gate Array (FPGA) of the XDC.

A detailed study of the electronics response of the XSRETOT prototype card was carried out to characterize the scintillation light measurement performances. The experimental calibration results showed that the pulse-shaping amplifier has a good electronic linearity response and quite similar behavior for each PMT channel. The electronic noise of each channel of the XSRETOT electronics is quite uniform and low. The interaction time measurement is essential to operate the detector. In the case of 3γ emission, just one γ-ray that interacts with LXe in the field of view of the PMTs in either of the TPCs is enough to get the time information of this 3γ event. In XEMIS2, we do not need a time resolution of the order of several hundred of ps. The time resolution of the scintillation light measurement system is mainly dominated by the intrinsic time resolution of scintillation light production in LXe in the case of a few p.e.s collection, compared with the time jitter of the corrected times using the leading edge correction method for the scintillation light read-out electronics (less than 5 ns). Besides, a sampling frequency of FPGA of about 100 MHz is sufficient. So far, the developed scintillation light measurement system can accurately measure the γ-rays interaction time. When the light collection situation is similar to that in XEMIS2 (i.e., a few p.e.s collection), the TOT technique applied in the XSRETOT can be used to easily measure the low number of detected p.e.s. Finally, to ensure efficient handling of the XEMIS2 data, the latest version of XSRETOT with 16-channels has been used. The performance test results show a lower electronic noise and higher stability of this latest version concerning the previous ones. The ENC of one channel of XSRETOT is around 6 -7 fC, which can offer a low threshold to increase the scintillation light detection efficiency. Besides, the overall time jitter of the corrected times is less than 4 ns. Those results suggest that it would be a better choice to apply this latest developed version of XSRETOT to realize the signal self-trigger function with a low threshold of single photoelectron sensibility for the scintillation light measurement in XEMIS2 with 20 kBq. Besides, it has several advantages, such as being reproducible and low cost.

A new geometric configuration working under an electric field of 2 kV/cm, consistent with that designed for XEMIS2, was implemented in the XEMIS1 detector to validate the geometry of the field rings configuration and light collection with PMTs in XEMIS2. An entire DAQ system prototype specially developed for XEMIS2 was implemented into the XEMIS1 detector. The calibration of the gain of two VUV-sensitive PMTs using the XSRETOT prototype card in the updated XEMIS1 detector under the XEMIS2 operation condition was reported in Chapter 5. The PMT calibration system allows us to measure and monitor the PMT gain during the operation. The experimental results demonstrate that the gain of PMT increases exponentially as the supply voltage of the PMT increases, as expected. Furthermore, during the operations, we observed that the gain of the PMTs is quite stable at 1.2 bar and 168 K.

In the second stage of the XEMIS2 project, we would like to increase the injected activity to 200 kBq to shorten the exam time or improve the image quality. With such an activity, the non-negligible electron drift time of 52 μs limits the detector efficiency and increases the occupancy rate of the LXeTPC. In order to reduce the occupancy rate, it is possible to define a virtual volume from the field of view of each PMT in the TPC. The light collection maps (LCMs) were obtained to determine the spatial pre-localization of γ-ray interactions and the virtual fiducialization of the active volume of the LXeTPC. The simulated LCMs of XEMIS1 for a deposited energy of 511 keV were provided and presented in Chapter 6. They indicate that each PMT has an individual field of view. Besides, the experimental LCMs of XEMIS1 were directly built from the experimental data by selecting the photoelectric events of 511 keV γ-ray and the events in which one scintillation signal cluster can only be matched with one ionization signal cluster. Both simulation and experimental results show that when the interaction positions of the photoelectric effect are directly opposite to the PMT entrance window, the maximum number of p.e.s will be detected. Moreover, there is almost no dead zone for the light collection is observed in the active volume of the XEMIS1 TPC. For both PMTs, when the light emission positions are directly opposite to the PMT, the experimental results indicate that the solid angle effect has a more significant impact on the LCM distribution than other factors. We also observed that the distributions of p.e.s in the experimental and simulated LCMs are quite consistent (especially for PMT channel 2), which can be considered as a preliminary validation of the simulation results. For the total volume, the discrepancy between the experimental and simulated LCMs suggests a non-negligible impact of the optical parameters of LXe and detector material (especially the effect of photon reflection on the detector component) on the light collection. The light initially generated outside of the field of view of the PMT can eventually be detected due to the reflection on the surface of the detector components. The first attempt with XEMIS1 experimental data demonstrated the feasibility of the LCMs, which will be further integrated into the XEMIS2 experiment. Then, an optimized scintillation and ionization signal matching algorithm was developed based on the light collection map. This matching algorithm can serve not only to accomplish better the matching between the scintillation and the ionization signals but also to reduce the occupancy of the TPC due to the non-negligible drift time of the charge carriers. This matching algorithm will be evaluated using the physics data from XEMIS2 in the future.

Finally, the LCM of the average number of detected p.e.s and the map of the probability that at last three p.e.s can be detected by 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 were evaluated for each of the 32 PMTs in the half detector of XEMIS2, using 511 keV γ-rays. The results indicate that the dead zone of VUV photons detection is mainly due to the blocking effect of the hollow tube. Furthermore, the simulated LCM of the total number of p.e.s detected by 32 PMTs for a deposited energy of 511 keV in the case that the applied thresholds are 0 p.e, 1 p.e or 3 p.e.s respectively for each PMT were also provided. The simulation results show that the detector performance will depend on the threshold of light measurement used in the operating condition. For both cases, the total number of detected p.e.s in the region close to the anode is smaller than the one measured in other regions. The total number of detected p.e.s is relatively large in the central region of the TPC, close to the PMT array. With the increase of threshold value, the dead zone is significantly increased, and the zone that we can associate the scintillation signals with the ionization signals is also reduced. The limitation of detector efficiency is affected by the number of installed PMTs. If we want to use virtual fiducialization to achieve the signal matching and reduce the occupancy rate in the case of increasing 10 times of the activity to 200 kBq, we need to achieve the complete coverage of the PMTs. In the near future, the surface of the active area will be entirely covered by 368 PMTs.

During this work, the experimental LCM was obtained by calibrating the detector with 511 keV gamma rays. The experimental LCM corresponding to other values of deposited energy can also be obtained from various calibration sources with different energies (such as an external 137 Cs source placed at various azimuthal angles with respect to the TPC). By comparing the LCE maps obtained with different deposited energies, a deviation of the LCE can be inferred.

During this work, the latest version of XSRETOT with 16-channels has been preliminarily tested. In the future, a more detailed calibration test (such as the time correction curves and the TOT conversion curves with different threshold levels) is required to qualify various performances of the total 4 XSRETOT cards.

To summarize, the XEMIS2 facility has been successfully conceived and developed. It has been recently moved to the "Centre d'Imagerie Multi-modalités et Applications" (CIMA) in Nantes for further preclinical studies. 64 PMTs have been recently installed in the XEMIS2 camera. The commissioning of the XEMIS2 PMT calibration system (including 64 PMTs, PMT power supply chassis, 64 PSA modules in 4 XSRETOT cards, waveform generator, and 4 CAEN V1720 8-channel acquisition cards) and the whole cryogenic infrastructure will be carried out soon. The uniformity of the PMT gain of 64 PMTs will be studied. Besides, the stability of 64 PMTs in LXe will also be checked. Besides, the scintillation and ionization signal measurement systems will also be integrated into the XEMIS2 camera in the near future.

Once the operation of the full XEMIS2 system starts, the experimental LCM of 64 PMTs with different values of deposited energy will be obtained. Besides, the simulated LCM of XEMIS2 will be validated by the experimental LCM. The virtual fiducialization of the active volume of the XEMIS2 camera can then be achieved by the optimized scintillation and ionization signal matching algorithm on the basis of the LCM. In the case of need to increase the administered activity to shorten the time of imaging, the spatial pre-localization of γ-ray interactions can help to reduce the occupancy of the TPC due to the non-negligible drift time of the charge carriers up to 52 μs.

The XEMIS2 camera will serve as a preliminary step for the development of a low-dose whole human body imaging system. The images will prove the potential of the 3γ imaging technique in nuclear medicine.

'IMAGERIE médicale nucléaire est une méthode qui consiste à administrer des radiopharmaceutiques utilisés pour créer des images à des fins de diagnostic, de suivi thérapeutique ou de recherche. Au cours des dernières décennies, l'imagerie médicale nucléaire s'est étendue à l'imagerie d'organe pour la localisation tumorale de diverses maladies et s'est avérée très efficace dans le diagnostic oncologique. La réduction de l'activité administrée au patient, la médecine personnalisée faisant appel au suivi thérapeutique et le raccourcissement du temps d'exposition sont trois indicateurs importants pour guider les améliorations futures de l'imagerie médicale nucléaire.

Afin d'obtenir une image de bonne qualité avec une réduction significative de l'activité administrée au patient par rapport à un examen d'imagerie fonctionnelle classique, une technique innovante d'imagerie à faible dose a été proposée, appelée imagerie 3γ. Cette technique consiste à combiner une caméra Compton au xénon liquide (LXe) à grand champ de vue avec une localisation tridimensionnelle (3D) de la désintégration radioactive d'un radionucléide émetteur (β + , γ). Le principe de la technique d'imagerie 3γ repose sur l'utilisation d'un émetteur (β + , γ) spécifique, tel que le scandium-44 ( 44 Sc). Le 44 Sc émet un positron et un photon γ de 1,157 MeV en quasi-coïncidences. La position du point d'émission dans le patient peut alors être localisée en utilisant une méthode innovante. Premièrement, la détection d'une paire de photons γ de 511 keV produits par l'annihilation des positrons est utilisée pour reconstruire la ligne de réponse (LOR). Deuxièmement, le photon γ supplémentaire interagissant dans le volume sensible de la caméra est utilisée pour définir le cône Compton. A partir de la cinématique du processus de diffusion Compton, on déduit l'angle d'ouverture 𝜃𝜃 et l'axe ∆ de ce cône. Enfin, la position du radiopharmaceutique marqué au 44 Sc est localisée par l'intersection du LOR et du cône Compton reconstruit.

Cette nouvelle modalité d'imagerie offre la possibilité de reconstruire directement la position du radiotraceur à un taux de comptage relativement faible en utilisant une caméra Compton dédiée avec une sensibilité élevée et un grand champ de vue. Les chambres à projection temporelle au xénon liquide (LXeTPC), ont été largement utilisées dans le domaine de la détection directe de la matière noire, de la détection de la double désintégration bêta sans neutrino, de l'astrophysique des rayons γ, des expériences de désintégration de muons rares auprès des accélérateurs et de la médecine nucléaire. Une LXeTPC combine la mesure de la lumière de scintillation et des électrons d'ionisation produits à partir des interactions des rayons γ. Un projet innovant de caméra Compton au xénon liquide, appelé L XEMIS (XEnon Medical Imaging System), a été proposé et réalisé pour démontrer les avantages de la technique d'imagerie 3γ et montrer la faisabilité d'une technologie LXeTPC simple phase. Le premier prototype du projet XEMIS, XEMIS1, a prouvé avec succès la faisabilité d'une LXeTPC en tant que caméra Compton. Le deuxième prototype est une caméra cylindrique au xénon liquide monolithique à plus grande échelle, XEMIS2 qui a été conçue pour l'imagerie des petits animaux dans un centre hospitalier.

La présente thèse détaille l'études et l'optimisation des mesures de la lumière de scintillation dans la caméra XEMIS2. Ce travail s'est concentré sur le développement et l'optimisation du système de détection et de mesure du signal de scintillation dans XEMIS2. Pour cela, le prototype XEMIS1 a été utilisé dans les mêmes conditions de fonctionnement que celles qui seront utilisées dans XEMIS2 pour effectuer, entre autres, la calibration du gain des PhotoMultiplicateurs (PM), la calibration et la détermination des seuils, l'optimisation de la mesure du temps, la conversion de Time Over Threshold (TOT) en nombre de photoélectrons et les études de fiducialization virtuelle du volume de détection avec les signaux de scintillation. Un algorithme permettant d'optimiser l'association des signaux de scintillation avec ceux d'ionisation est proposé.

Les travaux rédigés dans ce document ont été réalisés au sein du laboratoire Subatech sous l'avis scientifique du Dr Jean-Pierre Cussonneau et la supervision du Prof. Dominique Thers. Cette thèse est organisée en six chapitres principaux dont le contenu est décrit cidessous.

Dans le Chapitre 1, une brève introduction de l'imagerie médicale nucléaire est principalement présentée. Ensuite, deux techniques d'imagerie fonctionnelle standards, la Tomographie à Emission Mono-Photonique (TEMP) et la Tomographie à Emission de Positons (TEP), sont décrites en détail. En outre, une description générale de la caméra Compton pour l'imagerie médicale nucléaire est effectuée. La dernière partie de ce chapitre est consacrée à la présentation d'une technique innovante d'imagerie fonctionnelle à faible dose appelée imagerie 3γ, développée au laboratoire Subatech. Enfin, nous présentons les spécifications de base d'une caméra Compton au xénon liquide pour l'imagerie médicale. Dans le Chapitre 2, les caractéristiques fondamentales de LXe sont introduites en premier, mettant l'accent sur les propriétés physiques, la réponse du LXe aux interactions des rayons γ et le processus d'ionisation et de scintillation dans LXe. Un aperçu du principe de base d'une chambre à projection temporelle au xénon liquide est également résumé. Ensuite, le rendement de scintillation dans le LXe lorsqu'un champ électrique est appliqué est discutée en détail. L'émission de lumière de scintillation dans le LXe est un processus rapide, qui est caractérisé par trois composantes de désintégration différentes pour un champ électrique de 2 kV/cm : 3,15% état excité singulet avec un temps de décroissance de 2,2 ns, 59,89% état excité triplet avec une durée de vie de 27 ns et 36,96% d'une troisième composante en raison de la recombinaison électron-ion avec une constante de temps de 45 ns. Cette propriété rend le LXe adapté aux mesures des temps d'interactions des photons γ. La dernière partie est consacrée à la thèse sur la propagation de la lumière de scintillation en se concentrant sur les propriétés optiques du LXe telles que la longueur d'absorption, la diffusion de Rayleigh et l'indice de réfraction des photons de scintillation.

Le Chapitre 3 fournit une description détaillée de la caméra XEMIS2, conçue pour imager de petits animaux avec la technique d'imagerie 3γ pour une application préclinique. Les propriétés et les matériaux du cryostat et de l'infrastructure cryogénique sont présentés. En outre, le système de collection de charge optimisé et le système de détection de lumière de scintillation sont également présentés. XEMIS2 est un détecteur monolithique avec un grand champ de vue axial contenant près de 200 kg de LXe de haute pureté. L'utilisation du LXe comme milieu de détection permet de construire des détecteurs monolithiques et homogènes pour maximiser l'efficacité de la détection. De plus, la géométrie innovante de la caméra avec un grand champ de vue axial favorisant une sensibilité de détection élevée permet d'exploiter l'imagerie de petits animaux (du corps) entier à faible dose. La caméra se compose de deux LXeTPCs à grande échelle identiques partageant une cathode commune au centre du détecteur. Chaque LXeTPC cylindrique contient un volume actif avec une longueur de dérive de 12 cm, un rayon intérieur de 7 cm et un rayon extérieur de 19 cm. Les photons UV de scintillation sont détectés par les PM sensibles à cette longueur d'onde. Par ailleurs, les porteurs de charge sont directement collectés par les anodes segmentées, qui sont protégées par une grille de Frisch. La caméra est équipée de deux anodes pixélisées réparties de part et d'autre du détecteur, et chacune d'elles est segmentée en 10 000 pixels. Pour faire dériver les électrons d'ionisation vers l'anode pixélisée dans chaque LXeTPC, un champ de dérive électrique uniforme jusqu'à 2 kV/cm est appliqué grâce à un ensemble d'anneaux de champ internes et externes à la zone active. Après collecte par les anodes, les signaux de charge d'ionisation sont traités par l'électronique dédiée avec un seuil de déclenchement le plus bas possible pour extraire les coordonnées transversales (X, Y) et l'énergie déposée par vertex d'interaction. Afin d'imager le petit animal avec une activité injectée ultra-faible, un système d'acquisition et de lecture de données à haut débit pour les mesures de signaux de scintillation et d'ionisation a été spécialement développé pour XEMIS2. Pour gérer en toute sécurité une grande quantité de xénon dans un centre hospitalier et pour maintenir les conditions de fonctionnement à l'intérieur du système XEMIS2 pendant de longues périodes de prise de données, une infrastructure cryogénique contenant un sous-système cryogénique haute pression en boucle fermée nommé ReStoX (Recovery and Storage system of Xenon) et des sous-systèmes de purification et de recirculation du xénon sont intégrés dans le système XEMIS2.

Le Chapitre 4 se concentre sur le développement et l'optimisation du système de détection et de mesure du signal de scintillation à bas seuil et auto-déclenché à haut débit pour XEMIS2. Dans un premier temps, 64 Hamamatsu R7600-06MOD-ASSY PM sensibles à la lumière UV sont répartis autour du volume actif de XEMIS2. Le but de cette configuration est de montrer la possibilité de réaliser une imagerie du corps entier avec seulement 20 kBq de 44 Sc en 20 minutes d'exposition. Dans un futur proche, la surface de la zone active sera entièrement couverte par 368 PM afin d'augmenter l'activité administrée pour raccourcir le temps d'imagerie. Dans les deux systèmes XEMIS, la détection des photons UV de scintillation fournit le temps d'interaction des rayons γ 𝑡𝑡 0 . La collecte d'électrons par l'anode segmentée permet de donner la position (X, Y) et la mesure de charge de chaque interaction, il est possible de combiner des signaux de scintillation et d'ionisation pour reconstruire la profondeur de l'interaction (position Z) avec une résolution d'environ 100 µm. Pour atteindre une telle précision, la résolution temporelle de la lumière de scintillation doit être inférieure à 50 ns. Les caractéristiques du signal de scintillation dans XEMIS2 basé sur la simulation de Monte Carlo sont présentées dans le Chapitre 4. Le résultat de la simulation montre que le délai pour détecter les photons UV émis par une même interaction est dominée par les temps de décroissance intrinsèques du xénon lumière scintillante. Chaque PM détecte en moyenne moins de 10 photoélectrons (p.e.s). Ces caractéristiques servent à prédéfinir la plage dynamique et d'autres paramètres du système de mesure du signal de scintillation. Dans XEMIS2, pour mesurer le temps d'interaction et le nombre de p.e.s détectés par les PM, les impulsions de sortie de chaque PM doivent d'abord être filtrées, mises en forme et amplifiées. A cet effet, une partie de traitement analogique de l'électronique de lecture frontale, comprenant l'amplificateur de mise en forme d'impulsions et le conditionnement des signaux PM, a été développée. La conception et le développement de cet amplificateur dédié à la mise en forme des signaux principalement constitué d'un shaper RLC passe-bas du sixième ordre sont rapportés dans le Chapitre 4. Aucun système de déclenchement global supplémentaire pour la sélection d'événements physiques n'est présent dans XEMIS2. Chaque canal PM est auto-déclenché en ajoutant un discriminateur avec une tension de seuil constante agissant sur l'impulsion formée. Une technique LETD (Leading Edge Timing Discrimination) optimisée avec la correction du time walk a été déterminée comme méthode de mesure du chronométrage. Les signaux de scintillation n'étant pas utilisés pour mesurer précisément l'énergie du dépôt et une électronique peu coûteuse étant nécessaire, la méthode TOT a finalement été utilisée pour estimer approximativement le nombre de p.e.s détectés par le PM. Sur la base de ces études, une électronique de lecture frontale des signaux de scintillation à haut débit auto-déclenché et à bas seuil, appelée XSRETOT (XEMIS Scintillation Readout for Extraction of Time Over Threshold), a été développée pour réduire le temps mort de l'électronique pendant la prise de données. Finalement, le système de détection et de mesure du signal de scintillation à bas seuil autodéclenché à haut débit spécialement développé pour XEMIS2 comprend trois unités fonctionnelles : les PM sensibles à la lumière UV, la carte XSRETOT et le concentrateur de données XEMIS (XDC). Les impulsions analogiques délivrées par les PM sont lues par cette nouvelle électronique pour extraire le front montant et le front descendant de l'impulsion mise en forme. Un seuil de déclenchement très bas est appliqué pour mesurer un signal correspondant à quelques photoélectrons. Enfin, les informations du front montant, du front descendant et d'adresse de chaque canal PM sont lues et numérisées par le FPGA (Field-Programmable Gate Array) du XDC.

La méthode de calibration de la carte prototype XSRETOT est présenté dans le Chapitre 4. De plus, une étude détaillée de la réponse électronique d'une carte prototype XSRETOT a été réalisée pour caractériser ses performances. Les résultats de la calibration expérimentale ont montré que l'amplificateur de mise en forme du signal a une bonne réponse en linéarité électronique et un comportement assez similaire pour chaque canal PM. Le bruit électronique de chaque voie électronique de XSRETOT est assez uniforme et faible. La mesure du temps d'interaction est essentielle pour faire fonctionner le détecteur. Dans le cas d'une émission 3γ, un seul rayon γ qui interagit avec LXe dans le champ de vue des PMs dans l'un des TPC est suffisant pour obtenir l'information temporelle de cet événement 3γ. Dans la caméra XEMIS2, on n'a pas besoin d'une résolution temporelle de l'ordre de quelques centaines de ps. La résolution temporelle du système de mesure de la lumière de scintillation est principalement limitée par la résolution temporelle intrinsèque de la production de lumière de scintillation dans LXe à condition de collecter quelques p.e.s, comparée à la résolution temporelle des temps corrigés en utilisant la méthode de correction du LETD pour l'électronique de lecture de lumière de scintillation (inférieure à 5 ns). De plus, une fréquence d'échantillonnage du FPGA d'environ 100 MHz est suffisante. Jusqu'à présent, le système de mesure de la lumière de scintillation peut mesurer le temps d'interaction des rayons γ avec précision. Le nombre de p.e.s détectés peut être facilement mesuré à condition de collecter quelques p.e.s (situation très probable dans XEMIS2) grâce à la technique TOT appliquée dans XSRETOT. Enfin, pour effectuer un traitement efficace et pratique des données pour XEMIS2, la dernière version de XSRETOT à 16 canaux a été réalisée. Les résultats des tests de performance indiquent que la dernière version a un bruit électronique plus faible et une stabilité plus élevée. L'ENC d'un canal de XSRETOT est d'environ 6 -7 fC, ce qui permet d'offrir un bas seuil pour augmenter l'efficacité de la détection de la lumière de scintillation. En outre, la résolution temporelle des temps corrigés est inférieure à 4 ns. Ces résultats montrent qu'il serait préférable d'appliquer cette dernière version de XSRETOT pour réaliser la fonction d'autodéclenchement du signal avec un bas seuil de sensibilité au photoélectron unique pour la mesure de la lumière de scintillation dans XEMIS2 avec 20 kBq.

Une nouvelle configuration géométrique fonctionnant sous un champ électrique de 2 kV/cm, a été implémentée dans le détecteur XEMIS1 pour valider la géométrie de la configuration des anneaux de champ et la collection de lumière avec les PM dans XEMIS2. Dans le Chapitre 5, cette nouvelle configuration du détecteur XEMIS1 est présentée dans un premier temps. La calibration du gain de deux PM à l'aide de la carte prototype XSRETOT dans le détecteur XEMIS1 est présentée. L'expérience était mise en place dans les mêmes conditions de fonctionnement que celles qui seront utilisées dans XEMIS2. La motivation de la calibration du PM, la méthode d'extraction de la valeur moyenne du gain du PM, le système de la calibration du PM dans XEMIS1, la méthode hors ligne utilisée pour le traitement et l'analyse des données, l'ajustement du spectre et l'évolution du gain, et les résultats associés (comme la dépendance du gain du PM à la tension d'alimentation, la résolution de gain en fonction du gain du PM) sont discutées. Le système de la calibration du PM nous permet de mesurer et de surveiller le gain du PM pendant l'opération. Les résultats expérimentaux démontrent que le gain du PM augmente de façon exponentielle à mesure que la tension d'alimentation du PM augmente, comme prévu. De plus, le gain du PM est quasiment stable à 1,2 bar et 168 K pendant toute la durée de la prise de données.

Dans le Chapitre 6, l'installation dans XEMIS1 de l'ensemble du prototype de système DAQ spécialement développé pour XEMIS2 est introduite dans un premier temps. Une étude de simulation du champ électrique dans la nouvelle configuration géométrique de la TPC est réalisée afin de démontrer que cette configuration peut assurer l'uniformité du champ électrique tout en laissant le plus grand champ de vue possible aux PM. Par ailleurs, les procédures d'acquisition des données concernant la mesure de la lumière de scintillation sont aussi rapportées. Le traitement et l'analyse des données sont réalisés par une méthode hors ligne.

Afin de réduire le taux d'occupation du détecteur, il est possible de délimiter un volume virtuel en déterminant le champ de vue de chaque PM dans le TPC. La carte de collection de lumière est réalisée pour réaliser la pré-localisation spatiale des interactions de rayons γ et la fiducialization virtuelle du volume actif de la TPC de XEMIS1. Les cartes de collection de lumière simulées (LCM) de XEMIS1 pour une énergie déposée de 511 keV sont calculées (comme présenté dans le Chapitre 6), indiquant que chaque PM a un champ de vue individuel propre. En outre, les LCM expérimentales de XEMIS1 sont directement construites à partir des données expérimentales en sélectionnant les événements photoélectriques des rayons γ à 511 keV et les événements dans lesquels un groupe de signaux de scintillation ne peut être apparié qu'avec un groupe de signaux d'ionisation. La comparaison entre ces deux LCM est rapportée. La simulation et les résultats expérimentaux montrent que lorsque les positions d'émission de lumière sont directement opposées à la fenêtre d'entrée du PM, le nombre maximum de p.e.s est détecté, et aucune zone morte pour la collecte de lumière n'est observée dans le volume actif de XEMIS1. Pour les deux PM, lorsque les positions d'interaction de l'effet photoélectrique sont directement opposées à la fenêtre d'entrée du PM, les résultats expérimentaux indiquent que l'effet d'angle solide a un impact plus significatif sur la distribution LCM que les autres facteurs. Par rapport aux LCM simulées et expérimentales, pour les deux PM, lorsque les positions d'interaction sont directement opposées à la fenêtre d'entrée du PM, les distributions de p.e.s dans la LCM expérimentale et la LCM simulée ont une bonne cohérence (en particulier pour l'un des deux PM), ce qui au préalable valide les résultats de la simulation. Pour le volume total, l'écart entre le LCM expérimental et le LCM simulé indique l'influence des paramètres optiques du LXe et du matériau du détecteur (en particulier l'effet de la réflexion des photons sur le composant du détecteur) sur la collection de lumière. La lumière initialement générée en dehors du champ de vue du PM peut éventuellement être détectée en raison de la réflexion sur la surface des composants du détecteur.

Un algorithme optimisé de correspondance des signaux de scintillation et d'ionisation est développé sur la base de la carte de collection de lumière. Cet algorithme d'appariement peut non seulement contribuer à mieux réaliser la correspondance entre les signaux de scintillation et les signaux d'ionisation, mais également à réduire l'occupation du TPC en raison du temps de dérive non négligeable des porteurs de charge en cas de besoin d'augmenter l'activité administrée pour raccourcir le temps d'imagerie. Cet algorithme de correspondance sera évalué à l'aide des données physiques de XEMIS2 à l'avenir.

Enfin, pour chacun des 32 PM du demi-détecteur de XEMIS2, avec une énergie déposée de 511 keV, on a évalué la LCM du nombre moyen de p.e.s détectées et la carte de la probabilité qu'au moins trois p.e.s puissent être détectés par PM. Les résultats indiquent que la zone morte de détection des photons UV est principalement due au tube interne. Par ailleurs, la LCM simulé du nombre total de p.e.s détecté par l'ensemble des 32 PM pour une énergie déposée de 511 keV dans le cas où les seuils appliqués sont de 0 p.e., 1 p.e. ou 3 p.e.s respectivement sont également réalisées. Les résultats montrent que la performance du détecteur dépend du seuil de mesure de la lumière dans les conditions de fonctionnement. Dans les trois cas, le nombre total de p.e.s détectés dans la région proche de l'anode est inférieur à celui des autres régions. Le nombre total de p.e.s détectés est relativement important dans la région centrale du TPC, à proximité des PM. Avec l'augmentation de la valeur du seuil, la zone morte augmente de manière significative, et la zone dans laquelle nous pouvons corréler les signaux de scintillation avec les signaux d'ionisation est également réduite. L'efficacité du détecteur est aussi limitée par le nombre de PMT installés. Si nous voulons utiliser la fiducialization virtuelle pour effectuer la correspondance des signaux et réduire l'occupation de la TPC dans le cas d'une augmentation de 10 fois l'activité administrée à 200 kBq, nous devons réaliser la couverture complète des PM. Dans un futur proche, la surface de la zone active sera entièrement couverte par 368 PM. Lorsque XEMIS2 pourra acquérir des données physiques, le LCM expérimental de 64 PM avec différentes valeurs d'énergie déposée sera obtenu. En outre, le LCM simulé de XEMIS2 peut être validé par le LCM expérimental. En cas de nécessité d'augmenter l'activité administrée pour raccourcir le temps d'imagerie, la pré-localisation spatiale des interactions des photons γ et la fiducialization virtuelle du volume actif de la caméra XEMIS2 en corrélant les signaux de scintillation avec les signaux d'ionisation par un algorithme basé sur la carte de collection de lumière peuvent aider à réduire l'occupation de le TPC en raison du temps de dérive non négligeable des porteurs de charge qui peut atteindre 52 μs.

La caméra XEMIS2 servira d'étape préliminaire pour le développement d'un système d'imagerie du corps humain entier à faible dose. Les images produites pourront démontrer le potentiel de la technique d'imagerie 3γ en médecine nucléaire. Table 1. [START_REF] Duchemin | Étude de voies alternatives pour la production de radionucléides innovants pour les applications médicales[END_REF][START_REF] Walczak | Cyclotron production of 43Sc for PET imaging[END_REF] Abstract: The work described in this thesis is focused on the studies and optimization of scintillation light measurements in an innovative XEnon Medical Imaging System, named XEMIS2, consisting of a liquid xenon Compton camera, designed for low activity small animal 3-gamma imaging. The main objective of XEMIS2 involves the 3D localization of a radiopharmaceutical labeled with a specific radionuclide, such as Scandium-44, and the reduction of the administered activity while preserving the image quality. In XEMIS2, the scintillation light mainly provides the gamma-rays interaction time. A set of photomultiplier tubes are distributed around the active volume to measure it. Besides, a self-triggered scintillation light measurement system has been specially developed for XEMIS2 to carry out. The data acquisition prototype has been implemented and qualified in the XEMIS1 under the XEMIS2 operation conditions. The experimental results indicate that the dedicated detection system has a good performance in scintillation light measurement. Furthermore, it is possible to spatially pre-localize the gamma-rays interactions and achieve the virtual fiducialization of the active volume by matching the scintillation signals with the ionization signals through an algorithm on the basis of the light collection map, which contributes to reducing the occupancy of the TPC (Time Projection Chamber) in the context of increasing the injected activity to shorten the exposure time.
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Figure 1 . 1

 11 illustrates schematically the principle of operation of an Anger scintillation camera used in SPECT.
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 11 Figure 1.1 -Schematic diagram of the principle of an Anger scintillation camera used in SPECT. Figure taken from [32].
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 12 Figure 1.2 -Schematic diagram of different types of collimators used in SPECT.
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 13 Figure 1.3 -Schematic diagram of the scintillation in an extrinsic inorganic scintillator.
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 14 Figure 1.4 -Basic principle of a PET scanner. Figure taken from [33].
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 15 Figure 1.5 -Types of coincidence events. Figure taken from [32].
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 16 Figure 1.6 -Coincidence response function (coincidence rate versus position) between the detector element pair on opposite sides of the scanner ring for normal incidence photons. Figure taken from [33].

Figure 1 . 7 -

 17 Figure 1.7 -Schematic diagram showing the depth-of-interaction (DOI) effect of the PET system. This DOI effect leads to radial elongation of the response profile, while the tangential profile remains narrow. Figure taken from [33].

Figure 1 . 8 -

 18 Figure 1.8 -Basic principle of the Time-of-Flight PET (TOF-PET) technique compared to conventional PET. (A) In the absence of TOF information, the annihilation point is distributed with equal probability to all voxels along the LOR; (B) With TOF information, the annihilation point is located along the LOR with probabilities that follow a Gaussian distribution, centered on pixel Δx from the midpoint between the detector pair and with FWHM equal to the time resolution of the detector pair.Figure taken from [41].
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 19 Figure 1.9 -Schematic diagram of the principle of Compton camera. Figure taken from [151].

Figure 1 .

 1 Figure 1.10 illustrates the principle of the 3γ imaging technique. The positron and the third γray are emitted by a (β+, γ) radionuclide emitter (such as 44 Sc) in time and position quasicoincidence. Thanks to the Compton telescope, it is possible to reconstruct a part of the incident trajectory along the surface of a cone, as shown in Figure 1.10 [23]. Using the kinematics of the Compton scattering process, it is possible to infer the cone opening angle 𝜃𝜃.The axis of the cone ∆ is instead determined by the first two interaction positions of the incoming photon inside the detector. The radionuclide position is then obtained by the intersection between the reconstructed LOR and the Compton cone. The LOR is given by the two back-to-back 511 keV γ-rays resulting from the positron annihilation with an electron, while the Compton cone is defined from the interaction of the third γ-ray in the Compton camera. It is possible for each coincidence event to reconstruct its own Compton cones. Thus, the 3γ imaging technique provides the possibility of localizing the radioactive decay of a specific (β+, γ) radionuclide emitter by intersecting the LOR and the Compton cone on an event-by-event basis[START_REF] Grignon | Nuclear medical imaging using β+γ coincidences from 44Sc radio-nuclide with liquid xenon as detection medium[END_REF].
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 110 Figure 1.10 -Schematic diagram of the principle of the 3γ imaging technique.
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 111 decay diagram is illustrated in Figure The lifetime of the first excited level of 44
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 111 Figure 1.11 -Decay scheme of 44g Sc. Figure taken from [173].
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 21 Figure 2.1 -Stopping power for electrons in xenon. Data from [218].
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 22 Figure 2.2 -Photon energy dependence of calculated diffusion Rayleigh, Compton scattering, photoelectric, and pair production mass attenuation coefficients in xenon. Data from [219].

Figure 2 . 3 -

 23 Figure 2.3 -Schematic diagram of the principle of a LXeTPC.
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 24 Figure 2.4 -Schematic diagram of the scintillation mechanism in LXe.

  The fast and slow decay components from direct excitation of Xe are intrinsic to the lifetime of excited states, which do not depend on the state of xenon (liquid or solid) or the electric field. The recombination component is preliminarily dependent on the local ionization density and the drift field applied in the TPC. The external electric field mainly influences the electron-ion recombination process. The comparison of the distributions of the decay times of scintillation light in LXe for electrons with and without an external electric field is illustrated in Figure2.5.
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 25 Figure 2.5 -Distribution of the decay time of the scintillation light in LXe for electrons with and without an external electric field applied. Figure taken from [241].

Figure 2 . 6

 26 represents the dependence of relative light and charge yields on the applied electric field for different particles in LXe: electron recoils with an energy of 122 keV, Xe nuclear recoils with an energy of 56 keVr, and α-particles with energies of 5.3 MeV and 5.5 MeV.
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 26 Figure 2.6 -Dependence of relative scintillation light and charge yields on the applied electric field in liquid xenon for 122 keV electron recoils (ER), 56 keVr Xe nuclear recoils (NR), and 5.3 MeV and 5.5 MeV α-particles. Figure taken from [254].
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 27 Figure 2.7 -Dependence of scintillation and ionization yields on the electric field for 662 keV γ-rays from 137 Cs. Figure taken from [258].
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 28 Figure 2.8 -Anti-correlation between scintillation and ionization signals for a 207 Bi source at an electric field of 4 kV/cm. Figure taken from [259].
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 3 scattering events and Compton multi-scattering events. With such a detector, both the LOR and Compton cone can be reconstructed. The schematic diagram of half of the right TPC, including the cathode of the XEMIS2 camera, is illustrated in Figure 3.The schematic diagrams of the principle of XEMIS2 in longitudinal view and transverse view are illustrated in Figure 3.4 and Figure 3.5. When a γ-ray emitted from the small animal interacts in the detector cryostat, LXe generates scintillation light in the VUV region and ionization charge carriers simultaneously. On the one hand, the fast emission of scintillation light in LXe and the high propagation speed of scintillation light in LXe allow us to consider that the arrival time of scintillation photons at the entrance window of the VUVsensitive PMT is equivalent to the initial time of the event. On the other hand, the charge carriers are directly collected by the segmented anodes, which are electromagnetically shielded by the micro-meshes located 100 µm above them, serving as Frisch grids. The camera is equipped with two pixelated anodes located on both sides of the detector,

Figure 3 . 1 -

 31 Figure 3.1 -Overview of the XEMIS2 cryogenics facility including the detector cryostat containing the TPCs, the ReStoX, and the xenon purification and recirculation subsystems.

Figure 3 . 2 -

 32 Figure 3.2 -Mechanical design of the XEMIS2 camera from (a) longitudinal cut view and (b) transverse cut view.

Figure 3 . 3 -

 33 Figure 3.3 -The schematic diagram of the dimensions of half of the right TPC including the cathode of the XEMIS2 camera.

Figure 3 . 4 -

 34 Figure 3.4 -Schematic diagram of the principle of XEMIS2 in longitudinal view.

Figure 3 . 5 -

 35 Figure 3.5 -Schematic diagram of the principle of XEMIS2 in transverse view.

Figure 3 . 6 -

 36 Figure 3.6 -Inner part of the detector cryostat of the XEMIS2 camera.

Figure 3 . 7 -

 37 Figure 3.7 -Hollow tube traversing the detector cryostat of the XEMIS2 camera.

  Furthermore, two heat exchangers (E1 and E2) are equipped in ReStoX (as shown in Figure3.8). E1 is a specifically designed aluminum condenser located at the top of the container inside the inner vessel of ReStoX. E2 is a coaxial heat exchanger with 30 m length located above the aluminium condenser inside the external vacuum container of ReStoX for inlet/outlet xenon enthalpy saving.

Figure 3 . 8 -

 38 Figure 3.8 -Mechanical design of ReStoX.

Figure 3 . 9 -

 39 Figure 3.9 -Liquid nitrogen container.

Figure 3 . 10 -

 310 Figure 3.10 -Schematic diagram of the purification and re-circulation process in XEMIS2.

Figure 3 .

 3 Figure 3.11 -Experimental setup for leak test of XEMIS2 cryogenic facility.

Figure 3 .

 3 Figure 3.12 -Schematic diagram of the pre-cooling and liquefaction process of XEMIS2.

Figure 3 . 13 -

 313 Figure 3.13 -Installation of the XEMIS2 cryostat and the cryogenic subsystem ReStoX in a small animal medical imaging center CIMA at Nantes Centre Hospitalier Universitaire (CHU).
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 314 Figure 3.14 -Front view of the center cathode with an external set of field rings.

Figure 3 . 15 -

 315 Figure 3.15 -Mechanical design of the internal and external field shaping rings.
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 33 The external set of field rings is composed of 21 stainless-steel field rings with a gap of 5 or 10 mm (the largest gap corresponding to the PMT zone). This gap configuration has been studied in order to have the electric field as uniform as possible while leaving the largest possible field of view for PMTs. They are immersed in the LXe, ensuring a uniform drift field. Each of the metal rings has a thickness of 1 mm, an inner radius of 195 mm, and an outer radius of 203.5 mm. The external field rings are shown in Figure 3.16.
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 316 Figure 3.16 -Photos of the external set of stainless-steel field rings.

Figure 3 . 17 -

 317 Figure 3.17 -Segmented anode used in XEMIS2 and the enlarged image represent the pixels.

Figure 3 . 18 -

 318 Figure 3.18 -Schematics drawing of the basic principle of a PMT.
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 3 Figure 3.19 -VUV-sensitive Hamamatsu R7600-06MOD-ASSY PMT used in XEMIS2.
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 32032034414 Figure 3.20 -Installation of Teflon block wrapped with stainless-steel on the mounting bracket for the 368 PMTs used in XEMIS2.

Figure 3 . 21 -

 321 Figure 3.21 -Installation and cabling of 64 PMTs used in XEMIS2.

Figure 3 . 22 -

 322 Figure 3.22 -Mounting flange of the PMT signal cables and supply voltage cable for the 64 PMTs used in XEMIS2.

Figure 3 . 23 -

 323 Figure 3.23 -Schematic diagram of scintillation and ionization signals detection and measurement systems used in XEMIS2.

Figure 3 . 24 -

 324 Figure 3.24 -Schematic diagram of the data acquisition and readout system in XEMIS2.

  293], XTRACT_v2 (Xenon TPC Readout for extrAction of Charge and Time), XPU (XEMIS Processing Unit), and XDC. The electronic components for the XEMIS2 ionization signal readout are presented in Figure 3.25. Both IDeF-X HD-LXe and XTRACT_v2 are composed of multi-channel (32) ASIC (Application-specific integrated circuit) bonded on a Printed Circuit Board. The induced current signals are produced on the pixels of anodes and then are integrated by the IDeF-X HD-LXe electronics served as a charge-sensitive preamplifier, producing the shaped analog signals. The IDeF-X electronics are immersed in LXe, which can work at LXe temperature. After that, the output signals of IDeF-X are processed by a Constant Fraction Discrimination (CFD) block inside the XTRACT_v2 electronics, aiming to achieve the self-triggering mode.
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 325 Figure 3.25 -Electronic components for ionization signal readout implemented in XEMIS2.

Figure 3 . 26 -

 326 Figure 3.26 -Updated version of the XDC card implemented in XEMIS2.
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 412 Figure 4.1 -Remaining ratio of the excimer 𝑆𝑆(𝑡𝑡) 𝑆𝑆 0 ⁄ in LXe for electrons in presence of 2 kV/cm external electric field (black line). The right figure is a semi-logarithmic plot of the left one.

Figure 4 . 2 -

 42 Figure 4.2 -Distribution of the decay time of the VUV photons in LXe for electrons with 2 kV/cm electric field (black line). The right figure is a semi-logarithmic plot of the left one.

Figure 4 . 3 -

 43 Figure 4.3 -Probability of the de-excitation of an excimer before time 𝑡𝑡 in LXe with 2 kV/cm electric field.

  time needed for the scintillation light to be measured by the PMTs depends on the emission time of the VUV photons, the time required to propagate to the PMT photocathode, and the response time of PMT. Since the Xe scintillation photons are characterized by three different decay components in the presence of an electric field of several kV/cm, after the interaction of an ionizing particle (such as a γ-ray) with the LXe, the scintillation photons are not produced simultaneously. The time distribution of photoelectrons (p.e.s) collected by all PMTs due to the propagation time of photons is illustrated in Figure4.5. The result shows that for the VUV photons produced anywhere in the active volume, the time required to propagate to the photocathode is approximately the same, with an average time of 0.4 ns.
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 44 Figure 4.4 -Overview of simulated XEMIS2 detector.

Figure 4 . 5 -

 45 Figure 4.5 -Time distribution of photoelectrons (p.e.s) collected by all PMTs only considering the time propagation of VUV photons inside the detector. The right figure is a zoom version of the left one on a logarithmic scale.

Figure 4 . 6 -

 46 Figure 4.6 -Time distribution of photoelectrons (p.e.s) collected by all PMTs. The right figure is a zoom version of the left one on a logarithmic scale.

Figure 4 . 7 -

 47 Figure 4.7 -Distribution of the total number of photoelectrons (p.e.s) detected by each PMT. The right figure is a zoom version of the left one on a logarithmic scale.

Figure 4 . 8 -

 48 Figure 4.8 -Dependence of intrinsic time resolution of LXe on the number of photoelectrons (p.e.s) detected by the PMT. The right figure is a zoom version of the left one from 0 -76 p.e.s. 0 10 20 30 40 50 60 70 Number of photoelectrons (p.e.s)

Figure 4 . 9 -

 49 Figure 4.9 -One experimental signal recorded with a R7600-06MOD-ASSY PMT operating in the XEMIS1 detector.

Figure 4 . 10 -

 410 Figure 4.10 -Simplified schematic of a passive RLC shaper in PSpice simulation (in green).

Figure 4 . 11 -

 411 Figure 4.11 -Different shaper output pulses for different values of electronics components: 1a) and 1b) show the shaper pulses for different values of inductance L1 with two values of capacitance C1 (other components unchanged); 2a) and 2b) show the shaper pulses for different values of inductance C1 with two values of capacitance L1 (other components unchanged).

Figure 4 . 14 .

 414 In the figure, shaper output signals corresponding to the input pulse signals with the same trigger time and different pulse heights have the same peaking time.

Figure 4 . 15 .

 415 The p.e. pulses and their corresponding shaped pulses have the same color.

Figure 4 . 12 -

 412 Figure 4.12 -Bode magnitude plot for the sixth-order RLC shaper (green line) and its bandwidth roll-off. The yellow line indicates its bandwidth.

Figure 4 . 13 -

 413 Figure 4.13 -Comparison of shaper output pulses with ideal electronic components (green) and real components (red) for a 140 fC input pulse with a single p.e. pulse waveform.

Figure 4 . 14 -

 414 Figure 4.14 -Shaper output signals (in the lower part) corresponding to input pulse signals with the same trigger time and different pulse heights (in the upper part).

Figure 4 . 15 -

 415 Figure 4.15 -Shaper transient response (in the lower part) to a series of pulse signals with single p.e. pulse waveform, different pulse heights, and triggering times (in the upper part).
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 416 Figure 4.16 -Comparison between the output signal of the shaper (in lower part) for a series of pulse signals with single p.e. pulse waveform and different pulse heights simultaneously or successively processed (in the upper part).

Figure 4 . 17 -

 417 Figure 4.17 -Correlation between the frequency and shaper current at the input end with ideal electronic components (green line) and real components (red line).

Figure 4 . 18 -

 418 Figure 4.18 -Example of an output signal of the PMT in XEMIS1. Figure taken from [299]. 978-1-7281-4164-0/19/$31.00 © [2019] IEEE.

Figure 4 . 19 -

 419 Figure 4.19 -Example of an output signal of the pulse-shaping amplifier in XEMIS1. Figure taken from [299]. 978-1-7281-4164-0/19/$31.00 © [2019] IEEE.
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 420 Figure 4.20 -Basic principle of Leading Edge Timing Discrimination (LETD).

  Since the LETD method uses a fixed threshold, when the input signals shape is the same, the large signal crosses the threshold earlier than the small signal, as shown in Figure 4.21.
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 421 Figure 4.21 -Time walk effect of the leading edge timing discrimination.

Figure 4 . 22 -

 422 Figure 4.22 -Time jitter effect of leading edge timing discrimination caused by (a) the noise from the detector or the front-end readout electronics superimposed on the input signal, and (b) the noise from the discriminator resulting in the variation of the threshold value.

Figure 4 . 23 -

 423 Figure 4.23 -Basic principle of Constant Fraction Discrimination (CFD).

Figure 4 .

 4 Figure 4.24 -(a) Schematic of the first version of the scintillation signal front-end readout electronics. (b) A picture of the scintillation signal front-end readout card.
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 425 Figure 4.25 -Example of a PMT signal and the corresponding output signals of the pulseshaping amplifier, the LETD module, and the CFD module.

Figure 4 . 26 -

 426 Figure 4.26 -Time walk effect of the CFD module in the first version of the scintillation signal front-end readout electronics.
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 427 Figure 4.27 -Correlation between the PSA amplitude and the CFD pulse width.

Figure 4 . 28 -

 428 Figure 4.28 -Correlation between the PSA amplitude and the LETD pulse width.

Figure 4 . 29 -

 429 Figure 4.29 -Average TOT as a function of the number of p.e.s for a threshold of 2 p.e.s.

Figure 4 . 30 -

 430 Figure 4.30 -Respective dependences of leading edge and trailing edge of the shaped pulse on TOT for a threshold of 88 fC.

Figure 4 . 31 -

 431 Figure 4.31 -Dependence of the time jitter of the leading edge on TOT.

Figure 4 . 34 and

 434 Figure 4.35.

Figure 4 . 32 -

 432 Figure 4.32 -Dependence of the corrected time using the leading edge correction on TOT (Eq. 4.21).

Figure 4 . 34 -

 434 Figure 4.34 -Dependence of the time jitter of corrected time using the leading edge correction on TOT.

Figure 4 . 33 -

 433 Figure 4.33 -Dependence of the corrected time using the combination of leading and trailing edge correction on TOT (Eq. 4.22).

Figure 4 . 35 -

 435 Figure 4.35 -Dependence of the time jitter of the corrected time using the combination of leading and trailing edge correction on TOT.

Figure 4 . 36 -

 436 Figure 4.36 -Dependences of the intrinsic time resolution of LXe and the time jitter of the corrected time using the combination of leading and trailing edge correction on number of photoelectrons.
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 437 A picture of this scintillation signal front-end readout card is presented in Figure 4.38.
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 437 Figure 4.37 -Simplified schematic of the XSRETOT prototype PCB for each PMT channel.

Figure 4 .

 4 Figure 4.38 -A picture of the XSRETOT prototype PCB.

Figure 4 . 39 -

 439 Figure 4.39 -Schematic diagram of the scintillation light detection and measurement system in XEMIS2 and the second version of the scintillation signal front-end readout system for each PMT channel.

Figure 4 . 40 .

 440 A picture of the experimental setup of calibration of XSRETOT readout electronics is shown in Figure 4.41.

Figure 4 . 40 -

 440 Figure 4.40 -Schematic of calibration setup of XSRETOT readout electronics.

Figure 4 . 41 -

 441 Figure 4.41 -Experimental setup of calibration of XSRETOT readout electronics.

  allows to start/end a run. Data collected by the DAQ software are then saved in a binary file. Relevant data acquisition information such as the recording time window, the registration signal voltage window, and the sampling frequency, are also recorded on the header of the files.

  The dependence of the average values of the baselines of PSA signals after the subtraction on the injected charge for channel 1 and channel 2 are presented in Figure 4.43.The results show that the fluctuations of the PSA baselines for both channels are below 1 mV, and non-dependence of baseline on injected charge could be observed. Afterwards, the processed signals can be further analyzed to study the performance of the XSRETOT prototype.

Figure 4 .

 4 Figure 4.42 -Slow-Control program for the calibration of XSRETOT readout electronics.

Figure 4 .

 4 Figure 4.43 -PSA baselines as a function of the injected charge for (left) channel 1 and (right) channel 2.

Figure 4 . 44 -

 444 Figure 4.44 -Correlation between the injected charge and the measured PSA amplitude for channel 1 and channel 2.

Figure 4 . 45 -

 445 Figure 4.45 -ENC of the PSA with respect to the injected charge for channel 1 (on the left) and channel 2 (on the right).

  [START_REF] Beyer | A Combined PET/CT Scanner for Clinical Oncology[END_REF] where a (corresponding to p0 in the S-Curve fitting result shown in Figure 4.46) represents the efficiency corresponding to the desired threshold. The default value of a is set to 0.5 for maximum efficiency of 1. The parameter b (corresponding to p1 in the S-Curve fitting result of Figure 4.46) represents the desired threshold DAC value. It is the value corresponding to the x-axis of Figure 4.46, at which the S-Curve fit function reaches 50% of its maximum. The default value of b is determined dynamically and may be in the whole DAC range. The parameter c (corresponding to p2 in the S-Curve fitting result of Figure 4.46) represents the RMS value of the noise distribution of the LETD output signal 𝜎𝜎 𝑁𝑁 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 , introduced in Equation

Figure 4 .

 4 Figure 4.46 -S-curve fit for threshold calibration of channel 1 (on the left) and channel 2 (on the right).

Figure 4 . 47 -

 447 Figure 4.47 -Threshold calibration results of channel 1 and channel 2.

Figure 4 . 48 -

 448 Figure 4.48 -Respective dependences of the leading edge or trailing edge on TOT for a threshold of 88 fC for channel 1 (on the left) and channel 2 (on the right).

Figure 4 . 49 -

 449 Figure 4.49 -Respective dependences of the time jitter of the leading edge or trailing edge on the injected charge for a threshold of 88 fC for channel 1 (on the left) and channel 2 (on the right).

Figure 4 . 50 -

 450 Figure 4.50 -Respective dependences of leading edge, trailing edge, and TOT on injected charge for a threshold of 88 fC for channel 1 (on the left) and channel 2 (on the right).
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 451 Figure 4.51 -Resolution of the TOT as a function of the injected charge for a threshold of 88 fC on channel 1 and channel 2.

Figure 4 . 52 -

 452 Figure 4.52 -Shaped pulses TOT as a function of the injected charge for different threshold values for channel 2.

53 .

 53 PSA baseline and the voltage reference of the digital potentiometer has been eliminated. Besides, the latest version of XSRETOT PCB card is better routed: it has less electronic noise. The latest version of XSRETOT consists of 16-channels identical self-triggered electronic circuits to process the output signals of 16 PMT channels in parallel. Each PMT channel is read out by an independent elementary electronic channel of XSRETOT consisting of a pulse-shaping amplifier and a discriminator. The picture of the latest version of the scintillation signal front-end readout electronics XSRETOT is presented in Figure4.The front panel of XSRETOT is composed of 16-channels inputs of PMT analog signals, one input for calibration, and 16-channels outputs of analog PMT or pulse-shaping amplifier signals. The back panel of XSRETOT contains 16-channels LVDS outputs of the LETD module, one power supply connector (± 6 V), one USB slow control interface, and one I 2 C bus of slow-control input and output.

Figure 4 . 54 -

 454 Figure 4.54 -Simulated signals of pulse-shaping amplifier and LETD module.

Figure 4 . 55 -

 455 Figure 4.55 -Architecture of one channel of XSRETOT.

Four

  XSRETOT PCB cards can be controlled by the I 2 C bus. Each PCB must be set in advance to have a unique address. Hardware addressing is done by the switches P21, P22, P23, P24 soldered on the bottom face of the PCB. The configuration of the output signal on the front panel (pulse-shaping amplifier or PMT) or the threshold setting of an input channel is achieved by first driving the I 2 C bus to the related channel through configuring the lowvoltage I 2 C Switch with reset. Then, the selection of output signal types (pulse-shaping amplifier or PMT) and the injection of test pulses in the calibration input channel are accomplished by configuring the registers of the remote 4-bit I 2 C and SMBus I/O Expander on each channel. The threshold setting and switch state of each channel can be read back and monitored by the slow control I 2 C Bus.

Figure 4 . 56 -

 456 Figure 4.56 -Experimental calibration setup for the latest version of XSRETOT electronics.

Figure 4 . 57 -

 457 Figure 4.57 -Linear response of all 16 electronics channels of one XSRETOT.

Figure 4 . 58 -

 458 Figure 4.58 -Dispersion of the electronic gain of 16 channels in an XSRETOT PCB card.

Figure 4 . 59 -

 459 Figure 4.59 -Dispersion of the threshold of all 16 channels in one XSRETOT for an injected charge of 160.2 fC.

Figure 4 . 60 -

 460 Figure 4.60 -Noise frequency of one channel in an XSRETOT.

Figure 4 . 61 -

 461 Figure 4.61 -Shaped pulses TOT as a function of the injected charge for 16 channels in an XSRETOT PCB card with a threshold of 160.2 fC.
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Figure 5 . 1 -

 51 Figure 5.1 -Overview of the XEMIS1 facility including (a) inner cryostat containing the XEMIS1 TPC; (b) vacuum enclosure of the detector cryostat; (c) cooling tower including a double-tube heat exchanger and a pulse tube refrigerator (PTR); (d) injection and secure panel; (e) rescue tank; (f) high-voltage supply system and control panel; (g) calibration workbench of scintillation light detection and measurement system; (h) data acquisition and storage PC.

Figure 5 . 2 -

 52 Figure 5.2 -New geometric configuration of the XEMIS1 TPC: (a) and (b) position of the XEMIS1 TPC in the detector cryostat; (c) and (d) relative position between the PMTs and the copper field rings; (e) and (f) relative position between the PMTs and the TPC; (g) PMTs used in XEMIS1, PMT support made of MACOR ceramic and screening grids in front of the PMTs.
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 5354 The communication between the power supply modules and the computer is via Ethernet. A slow-control program written in LabVIEW is used to adjust the values of the high voltages and current limits on each PMT channel, as presented in Figure In order to study the dependence of the gain on the PMT bias voltages, different values of high voltage have been supplied to the PMT. The schematic of the calibration setup of the PMT gain measurement and the associated experimental setup in the updated XEMIS1 detector is presented in Figure 5.5 and Figure 5.6. The PMTs are illuminated by a very low light intensity HLMP-CB Light Emitting Diode (LED) coupled to a 200 μm thick optical fiber that can reach the inner part of the TPC, as presented in Figure 5.6. The LED light is produced outside the detector to easily allow the LED replacement when needed. The light intensity of the LED is adjusted by the width and height of the pulse signal produced from the waveform generator (Agilent 33250A), which can influence the incident photon flux on the photocathodes. As the absorption spectrum of LXe is discrete, LXe is transparent for some wavelengths of the blue light emitted by the

Figure 5 . 3 -

 53 Figure 5.3 -WIENER MPOD mainframe with two 32-channel EHS 20 110p high voltage modules used to set bias voltage of PMTs in the updated XEMIS1 detector.

Figure 5 . 4 -

 54 Figure 5.4 -Slow-Control program for adjusting the values of the high voltages and current limits on each PMT channel.

Figure 5 . 5 -

 55 Figure 5.5 -Schematic of the calibration setup of the PMT gain measurement in XEMIS1.
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 56 Figure 5.6 -(a) experimental setup of the PMT gain calibration; (b) HLMP-CB Light Emitting Diode (LED); (c) LED light imported from outside of the detector into the inner vessel; (d) optical fiber; (e) and (f) implementation of optical fiber in the inner vessel; (g) and (h) relative position of the optical fiber coupled to the LED in the XEMIS1 TPC.
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 57 Figure 5.7 -(a) Trigger signal from waveform generator (Agilent 33250A); (b) PMT superimposed output signals of the two channels; (c) and (d) corresponding PSA superimposed output signals of two channels in response to the few photons produced by the LED in the updated XEMIS1 detector.
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 58 Figure 5.8 -Slow-Control program for the calibration of the PMT gain.
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 59 Figure 5.9 -Correlation between the injected charge and the integral over time of the PSA output signals.
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 510 Figure 5.10 -Distribution of the integral over time of the PSA signal with LED-on for channel 1 with the PMT supply voltage set to 815 V.
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 511 Figure 5.11 -Distribution of the integral over time of the PSA signal with LED-off for channel 1 with the PMT supply voltage set to 815 V.
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 512 Figure 5.12 -Distribution of the integral over time of the PSA signal with LED-on for channel 1 with the PMT supply voltage set to 779 V.
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 513 Figure 5.13 -Dependence of the PMT gain on the supply voltage for PMT channel 1 and channel 2.
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 514 Figure 5.14 -Correlation between the PMT gain and the measured gain resolution for PMT channel 1 and channel 2.
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 515 Figure 5.15 -Daily measurements of the PMT gain for PMT channel 1 (left) and PMT channel 2 (right) in XEMIS1.
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 516 Figure 5.16 -Schematic of the PMT calibration system in XEMIS2.
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 517 Figure 5.17 -Distribution of the 64 PMTs (positions in blue) and 4 optical fibers (positions in yellow) in the XEMIS2 detector.

Figure 5 .

 5 Figure 5.18 -VME chassis equipped with 4 CAEN V1720 acquisition cards (left) and the CAEN A2818 card (right) used in the XEMIS2 PMT calibration system.
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Figure 6 . 1 .

 61 The NI FlexRIO card is the first version of the XDC card, which realizes the acquisition FPGA framework in the prototype, used to concentrate and manage the scintillation and ionization signal data. The NI FlexRIO card is connected to the processor of a PC by a fast serial link.

Figure 6 . 1 -

 61 Figure 6.1 -Implementation of the XEMIS2 DAQ chain prototype in the XEMIS1 detector: (a) inner vessel of the XEMIS1 detector cryostat; (b) XSRETOT prototype card placed outside the cryostat; (c) NI FlexRIO installed on the outside of the cryostat.

  Figure 6.5.
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 63 Figure 6.3 -Simulation of map of the electric field of one quarter of the active zone of XEMIS1 obtained with Elmer.
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 64 Figure 6.4 -Iso-potential of the electric field in the active zone of XEMIS1.
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 65 Figure 6.5 -Radial offset deviation of the arrival position of the electron for different emission points in the active zone of XEMIS1.
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 66 Figure 6.6 -Correlation between the PMT gain and the ENC of the PSA signals for both PMT channels.

Figure 6 . 7 -

 67 Figure 6.7 -Time correction curve corresponding to the threshold level of 88 fC applied to the scintillation signals. Dt is the corrected value of time required to be added in the leading edge. This correction is obtained from calibration.

Figure 6 . 8 -

 68 Figure 6.8 -TOT conversion curve obtained from calibration corresponding to the threshold level of 88 fC applied in the scintillation signal measurement system of the XEMIS1 detector.
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 69 Figure 6.9 -Time difference distribution between two PMT channels in the same cluster. Dt is the difference between the corrected time of the PMT of reference minus the successive corrected time of another PMT of the cluster.
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 61028 Figure 6.10 -Basic principle of scintillation and ionization signal matching algorithm in the event builder of XEMIS1.
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 611 Figure 6.11 -Geometry configuration of XEMIS1 used in LCM simulation.
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 612 Figure 6.12 -Elementary solid angle of 𝑃𝑃𝑀𝑀𝑇𝑇 𝑖𝑖 area element.
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 614613 Figure 6.13 -Simulated light collection map of the average number of scintillation photons arriving at the photocathode of the PMT channel 1 when only considering the XEMIS1 TPC geometric efficiency for 511 keV deposited energy.
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 614 Figure 6.14 -Simulated light collection map of the average number of scintillation photons arriving at the photocathode of the PMT channel 2 when only considering the XEMIS1 TPC geometric efficiency for 511 keV deposited energy.

Figure 6 . 15 -

 615 Figure 6.15 -Light collection map of the average number of p.e.s detected by PMT channel 1 for 511 keV deposited energy, obtained from the XEMIS1 experimental data.
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 616 Figure 6.16 -Light collection map of the average number of p.e.s detected by PMT channel 2 for 511 keV deposited energy, obtained from the XEMIS1 experimental data.
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 617 Figure 6.17 -Correlations between 1 𝑆𝑆 2⁄ and the number of detected p.e.s for a 511 keV deposited energy, in the case when the interaction positions are located in the active volume corresponding to 10 mm above and below the z coordinate of the center of the PMT photocathode, for PMT channel 1 (on the left) and PMT channel 2 (on the right). R is the distance between the interaction position and the center of the PMT photocathode.
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 624 Figure 6.24 -Example of pile-up event in the case that one ionization signal cluster is associated with two scintillation signal clusters from one PMT.
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 3 Case three: two ionization signal clusters associated with two scintillation signal clusters from the same PMT or two different PMTs (see Figure 6.26).
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 625 Figure 6.25 -Example of pile-up event in the case that one ionization signal cluster is associated with two scintillation signal clusters from two PMTs.
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 626 Figure 6.26 -Example of pile-up event in the case that two ionization signal clusters associate with two scintillation signal clusters from two PMTs.
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 627 Figure 6.27 -Geometry configuration of XEMIS2 used in LCM simulation.

  as examples (see Figure 6.28 and Figure 6.29).
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 628 Figure 6.28 -Simulated light collection map of the average number of p.e.s detected by PMT channel 1 for 511 keV deposited energy in the case that no threshold is applied for each PMT in XEMIS2. The maximum value of the palette was set at 40, and the minimum value was set at 0.
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 629 Figure 6.29 -Simulated light collection map of the average number of p.e.s detected by PMT channel 16 for 511 keV deposited energy in the case that no threshold is applied for each PMT in XEMIS2. The maximum value of the palette was set at 40, and the minimum value was set at 0.
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 630 Figure 6.30 -Map of probability that at last three p.e.s can be detected by PMT channel 1 in XEMIS2.Here, no threshold is applied for each PMT. The maximum value of the palette was set at 1, and the minimum value was set at 0.
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 632100 Figure 6.32 -Simulated light collection map of the average number of p.e.s detected by PMT channel 1 for 511 keV deposited energy in the case that the applied threshold is 1 p.e for each PMT. The maximum value of the palette was set at 40 and the minimum value was set at 1.
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 633 Figure 6.33 -Simulated light collection map of the total number of p.e.s detected by 32 PMTs 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠 for a deposited energy of 511 keV in the case that the applied threshold is 1 p.e for each PMT. The maximum value of the palette was set at 150, and the minimum value was set at 1.
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 634 Figure 6.34 -Simulated light collection map of the average number of p.e.s detected by PMT channel 1 for 511 keV deposited energy in the case that the applied threshold is 3 p.e.s for each PMT. The maximum value of the palette was set at 40, and the minimum value was set at 3.
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 635 Figure 6.35 -Simulated light collection map of the total number of p.e.s detected by 32 PMTs 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑇𝑇𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑 𝑃𝑃𝑀𝑀𝑇𝑇𝑠𝑠 for a deposited energy of 511 keV in the case that the applied threshold is 3 p.e.s for each PMT. The maximum value of the palette was set at 150, and the minimum value was set at 3.

  Le cryostat XEMIS2 et le sous-système cryogénique ReStoX ont déjà été installés dans le centre d'imagerie médicale animale appelé CIMA (Centre d'Imagerie Multi-modalités et Applications) au Centre Hospitalier Universitaire (CHU) de Nantes. 64 PM ont été récemment installés dans la caméra XEMIS2. La mise en service du système de calibration des PM dans XEMIS2 (comprenant 64 PM, châssis d'alimentation du PM, 64 modules PSA dans 4 cartes XSRETOT, générateur de formes d'onde et 4 cartes d'acquisition 8 canaux CAEN V1720) et l'ensemble de l'infrastructure cryogénique sera bientôt réalisée. L'ensemble des 64 PM sera ensuite caractérisé. En outre, les systèmes de mesure des signaux de scintillation et d'ionisation seront également intégrés dans la caméra XEMIS2 dans un proche avenir.
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Titre:

  Développement de la caméra Compton au xénon liquide XEMIS2 pour l'imagerie 3-gamma : études et optimisation des mesures de la lumière de scintillation Mots clés : Xénon liquide, camera Compton, lumière de scintillation, imagerie médicale, imagerie 3-gamma, Time Projection Chamber Résumé : Les travaux décrits dans cette thèse sont centrés sur les études et l'optimisation des mesures de la lumière de scintillation dans un système d'imagerie médicale innovant, appelée XEMIS2. Il est constitué d'une caméra Compton au xénon liquide, conçue pour une imagerie 3-gamma des petits animaux à faible activité. L'objectif principal de XEMIS2 est la localisation en 3 dimensions d'un radiopharmaceutique marqué avec un radionucléide spécifique, tel que le Scandium-44, et la réduction de l'activité administrée tout en préservant la qualité de l'image. Dans XEMIS2, la lumière de scintillation fournit principalement le temps d'interaction des rayons gamma. Un ensemble de photomultiplicateurs sont répartis autour du volume actif pour le mesurer. En outre, un système de mesure de la lumière de scintillation auto-déclenché a été spécialement développé pour XEMIS2 afin d'effectuer une prise de données continue avec un temps mort électronique négligeable. Le prototype d'acquisition de données a été implémenté et qualifié dans le prototype XEMIS1 en prenant en compte les conditions de fonctionnement propres à XEMIS2. Les résultats expérimentaux indiquent que ce système de détection dédié a de bonnes performances dans la mesure de la lumière de scintillation. De plus, en corrélant les signaux de scintillation avec les signaux d'ionisation par un algorithme sur la base de la carte de collection de lumière, il est possible de prélocaliser spatialement les interactions des photons gamma et ainsi de réaliser la fiducialization virtuelle du volume actif. Ceci contribue à réduire l'occupation de la TPC (Time Projection Chamber) dans le cadre d'une possible augmentation de l'activité injectée afin de raccourcir le temps d'exposition. Title: Development of the XEMIS2 Liquid Xenon Compton Camera for 3-gamma Imaging: Studies and Optimization of Scintillation Light Measurements Keywords: Liquid xenon, Compton camera, scintillation light, medical imaging, 3-gamma imaging, Time Projection Chamber
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-Physical properties of the common radionuclides used in PET. Data taken from

[START_REF] Giussani | Imaging in Nuclear Medicine[END_REF][START_REF] Erba | Nuclear Medicine Textbook/Methodology and Clinical Applications[END_REF][START_REF] Willowson | Production of radionuclides for clinical nuclear medicine[END_REF]

.

Table 1 .3.

 1 

	Scintillator	Effective atomic number	Density (g/cm 3 )	Light yield (ph/keV)	Emission Peak (nm)	Decay times (ns)	Refractive index	Ref.
	NaI(Tl)	49.7	3.67	38	415	230	1.85	[39, 55, 56]
	LSO:Ce	66	7.35	27.3	420	40	1.82	[39, 57-61]
	LSO:Ce:0.2%Ca	66	7.35	39.2	420	10.8 (5%) 35 (95%)	1.82	[39, 62, 63]
	LSO:Ce:0.4%Ca	66	7.35	32.0	420	7.5 (5%) 32.4 (95%)	1.82	[39, 62, 63]
	LYSO:Ce	60	7.11	41.1	420	21.5 (13%) 43.8 (87%)	1.82	[39, 60-62]
	BGO:Ce	75	7.13	10.7	480	45.8 (8%) 365 (92%)	2.10	[39, 62, 64]
					195	0.078 (0.99%)		
	BaF2	54	4.88	8.5	220	0.747 (5.35%)	1.55	[39, 62, 65]
					310	689 (93.66%)		
	GSO:Ce	59	6.7	12.5	430	56 600	1.85	[39, 66-69]
	LaBr3:Ce	45.2	5.06	56.5	380	18	1.88	[56, 60, 70]
	GAGG:Ce	50.5	6.63	57	520	119 (72%) 306 (28%)	1.92	[56, 71, 72]
	BC422	NA	1.032	10.1	370	1.26 (80%) 7.0 (20%)	1.58	[62]

Table 1 . 3
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-Properties of the main scintillators used in nuclear medical imaging.

Table 1 .4.

 1 

	Scintillator	Scintillator Size (mm 3 )	Photodetector	CTR (ps) (FWHM)	Ref.
	LSO	6 × 6 × 6	Hamamatsu H6610 PMT	173	[78]
	LSO:Ce	5 × 5 × 5	Photonis XP2020Q PMT	250	[79]
	LSO:Ce:0.1%Ca	5 × 5 × 5	Photonis XP2020Q PMT	165	[79]
	LSO:Ce	10 × 10 × 5	Photonis XP20D0 SN2026 PMT	166	[80]
	LSO:Ce	2 × 2 × 3	Hamamatsu MPPC S10362-33-050C	125	[81]
	LSO:Ce:0.2%Ca	3 × 3 × 5	PDPC DPC-3200-22-44 (rev C) dSiPM	120	[82]
	LSO:Ce:0.2%Ca	16 × 16 × 10 PDPC DPC-3200-22-44 (rev C) dSiPM	157	[82]
	LSO:Ce:0.2%Ca	16 × 16 × 20 PDPC DPC-3200-22-44 (rev C) dSiPM	185	[82]
	LSO:Ce:0.2%Ca	2 × 2 × 3	FBK NUV-HD 40 µm SiPM	60	[63]
	LSO:Ce:0.2%Ca	2 × 2 × 20	FBK NUV-HD 40 µm SiPM	98	[63]
	LSO:Ce:0.4%Ca	2 × 2 × 5	Hamamatsu MPPC S10931-050P	142	[83]
	LSO:Ce:0.4%Ca	2 × 2 × 3	FBK NUV-HD 40 µm SiPM	58	[63]
	LYSO:Ce	3 × 3 × 5	Hamamatsu MPPC S10362-33-050C	147	[81]
	LYSO:Ce	3 × 3 × 20	Hamamatsu MPPC S10362-33-050C	186	[81]
	LYSO:Ce	2 × 2 × 3	FBK NUV-HD 40 µm	69	[62]
	LYSO:Ce	3 × 3 × 5	Hamamatsu MPPC S10362-33-050C	138	[84]
	BGO	2 × 2 × 3	FBK NUV-HD 40 µm SiPM	158	[63]
	BGO	2 × 2 × 20	FBK NUV-HD 40 µm SiPM	277	[62]
	LaBr3:Ce (5% Ce)	3 × 3 × 5	Hamamatsu MPPC S10362-33-050C	95	[84]
	BaF2	2 × 2 × 3	FBK NUV-HD 40 µm SiPM	51	[62]
	BC422	3 × 3 × 3	FBK NUV-HD 40 µm SiPM	35	[62]

Table 1 .

 1 4 -Overview of the CTRs for different scintillators used in TOF-PET systems.
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	Scintillator Photodetector	CTR (ps) (FWHM)	Ref.

-Overview of the CTRs for some commercial TOF-PET systems.

Table 1 .

 1 

6 -Overview of the physical properties of the Explorer systems.

Table 1 .7 summarizes

 1 the physical properties of the scandium isotopes of interest in nuclear medicine.

	Isotopes	43 Sc	44g Sc	44m Sc	47 Sc
	Emitter type	β + (88%)	β + (94.27%)	γ (98.8%)	β -(100%)
	Half-life	3.89 hours	3.97 hours	2.44 days	3.35 days
	Emax β (keV)	1200	1474	-	440.9 (68.4%)
					600.3 (31.6%)
	Eγ (keV)	372.8 (23%)	1157 (99%)	270	159 (68%)

Table 1 .

 1 [START_REF] Hevesy | The Absorption and Translocation of Lead by Plants[END_REF] -Main physical properties of the scandium isotopes of interest for nuclear medicine. Data taken from

Table 2 .3. Scintillation properties of LXe Value & Unit Ref

 2 

	Scintillation light emission peak (at 160 K)	178 ± 1 nm	[222, 223]
	Peak width (FWHM) (at 160 K)	14 ± 2 nm	[222, 223]
	Scintillation light emission peak (at 168 ± 1 K)	174.8 ± 0.1 (stat.) ± 0.1 (syst.) nm	[224]
	Peak width (FWHM) (at 168 ± 1 K)	10.2 ± 0. 2 (stat.) ± 0.2 (syst.) nm	[224]

Table 3 . 1 -

 31 Basic characteristics of Hamamatsu R7600-06MOD-ASSY PMT at 25 ℃

	Sensitivity	Luminous (2856 K) Quantum Efficiency at 175 nm	100 30		uA/lm %
	Anode Sensitivity	Luminous (2856 K)	100		A/lm
	Anode Dark Current (after 30 min. storage in darkness)	2	20	nA
	Time Response	Anode Pulse Rise Time Transit Time Spread (FWHM)	1.4 0.35		ns ns
	Pulse Linearity at ± 2% deviation	30		mA

Table 4

 4 negative signal from the output end of PMT with a peaking time of about 50 ns to output a digital signal which is equal to "1" when the integrated and shaped pulse exceeds a predefined threshold. The simulated signals of the pulse-shaping amplifier and discriminator are illustrated in Figure4.54.

	Properties	Value & Unit
	Type of trigger	Self-trigger by the LETD module
	Number of Input Channels	16 channels
	Pulse-shaping amplifier Peaking Time	50 -60 ns
	Electronic Gains	300 mV/pC
	Gain Dispersion	⟦-2.25%, 2.25%⟧
	Charge Dynamic Range	0 -3290 fC
	Threshold Dynamic Range	0 -1602 fC
	ENC without connected PMT	6.2 fC
	ENC with connected PMT	7.2 fC
	Threshold Dispersion	≤ 3 channels
	Timing Resolution with time correction	≤ 4 ns
	Supply voltage	± 6 V
	Maximum current	± 1 A
	Power consumption per channel	0.55 W
	Enclosure	Chassis Nim

.1. The ENC of the latest version of XSRETOT is around 6 -7 fC. The XSRETOT electronics allows integrating

Figure 4.53 -Picture of the latest version of XSRETOT front-end readout electronics. a

Table 4 .
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1 -Technical specifications of XSRETOT electronics at 25 ℃

  𝑦𝑦, 𝑧𝑧) 𝜀𝜀 𝑔𝑔𝑒𝑒𝑁𝑁𝑚𝑚𝑒𝑒𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) × 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 〈𝑆𝑆 𝑝𝑝ℎ𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁𝑠𝑠 〉 𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) × 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧)

			(6.3)
	〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) =	𝐸𝐸 0 𝐹𝐹 𝑝𝑝ℎ	× P 𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧)
	=	𝐸𝐸 0 𝐹𝐹 𝑝𝑝ℎ	×

  𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 〈𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 〉 𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒𝑁𝑁𝑡𝑡𝑎𝑎𝑑𝑑_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) 〈𝑆𝑆 𝑝𝑝ℎ𝑁𝑁𝑡𝑡𝑁𝑁𝑁𝑁𝑠𝑠 〉 𝑠𝑠𝑖𝑖𝑚𝑚𝑜𝑜𝑑𝑑𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑_𝑖𝑖,𝑖𝑖 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝐸𝐸 0 ) (6.6) The comprehensive LCE factor of PMT channel 1 for slice 𝑧𝑧 ∈ [24, 26[ including the z coordinate of the center of the PMT1 photocathode is presented in Figure 6.20, and the corresponding comprehensive LCE factor of PMT channel 2 is illustrated in Figure 6.21. Figure 6.20 -Distributions of the comprehensive LCE factor of PMT channel 1 for slice 𝑧𝑧 ∈ [24, 26[ including the z coordinate of the center of the PMT1 photocathode (on the left) and its dispersion with Gaussian fit (on the right). 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 is calculated by dividing the experimental LCM of the average number of p.e.s detected by PMT1 for 511 keV deposited energy, by the simulated LCM of the average number of VUV photons arriving at the PMT1 photocathode when only considering the XEMIS1 geometric efficiency.

1 )

 1 Case one: one ionization signal cluster associated with two scintillation signal clusters from one PMT, as illustrated in Figure

6.24. Figure 6.23 -

  Comprehensive LCE factor 𝜀𝜀 𝑃𝑃𝑀𝑀𝑇𝑇&𝑁𝑁𝑝𝑝𝑡𝑡𝑖𝑖𝑠𝑠𝑎𝑎𝑑𝑑 of PMT channel 2.First, based on the deposited energy 𝐸𝐸 𝑃𝑃 𝐼𝐼1 given by the ionization cluster, the LCM of PMT1 corresponding to a deposited energy 𝐸𝐸 𝑃𝑃 𝐼𝐼1 (denoted 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇 1 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑖𝑖 , 𝑧𝑧 𝑖𝑖 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 �) can be obtained through multiplying the LCM corresponding to a deposited energy of 511 keV by a light yield ratio factor. Then, two scintillation clusters are used to reconstruct two events with different spatial positions (only z is modified) and number of detected p.e.s, but the same deposited energy: denoted (𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿1 �, 𝐸𝐸 𝑃𝑃 𝐼𝐼1 ) and (𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 �, 𝐸𝐸 𝑃𝑃 𝐼𝐼1 ). Based on the LCM, we can obtain the estimated average number of p.e.s detected by PMT channel 1 emitted from the corresponding ionization cluster position: 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � . Afterwards, the LCM is applied to compare whether each ionization cluster position falls in the field of view of PMT1. If not, the corresponding scintillation cluster can be eliminated. When both ionization cluster positions fall in the field of view of PMT1, we compare respectively the number of detected p.𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿1 � ; 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 �. The measured scintillation cluster with the closest number of p.e.s. compared to the estimation obtained through the LCM is selected. In Figure 6.24, the scintillation signal 𝑆𝑆 𝐿𝐿2 is selected and matches with the 𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼2 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 � . While, the scintillation signal 𝑆𝑆 𝐿𝐿1 is rejected.

											e.s
	obtained	by	the	LCM	and	by	the	measured	scintillation	cluster:
	𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , ionization signal 𝑆𝑆 𝐼𝐼1 ,	as	there	is	a	small	difference	between
	𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-									

  (𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 ) 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1 -𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 , 𝑧𝑧 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 , 𝐸𝐸 𝑆𝑆 𝐼𝐼1 𝑒𝑒 .𝑒𝑒 .𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝑒𝑒 .𝑒𝑒 .𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆 𝐿𝐿2 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1 -𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 , 𝑧𝑧 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 , 𝐸𝐸 𝑆𝑆 𝐼𝐼1 (𝑥𝑥 𝑆𝑆𝐼𝐼1 , 𝑦𝑦 𝑆𝑆𝐼𝐼1 , 𝑧𝑧 𝑆𝑆𝐿𝐿1𝑆𝑆𝐼𝐼1 , 𝑆𝑆 𝑒𝑒.𝑒𝑒.𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝐿𝐿1 , 𝐸𝐸 𝑆𝑆𝐼𝐼1 ) (𝑥𝑥 𝑆𝑆𝐼𝐼1 , 𝑦𝑦 𝑆𝑆𝐼𝐼1 , 𝑧𝑧 𝑆𝑆𝐿𝐿2 𝑆𝑆𝐼𝐼1 , 𝑆𝑆 𝑒𝑒.𝑒𝑒.𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝐿𝐿2 , 𝐸𝐸 𝑆𝑆𝐼𝐼1 ) 𝐸𝐸 𝑃𝑃 𝐼𝐼1 for PMT channel 1 ( 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇 1 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑖𝑖 , 𝑧𝑧 𝑖𝑖 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � ) and PMT channel 2 (𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇 2 -𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑗𝑗 �𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑖𝑖 , 𝑧𝑧 𝑖𝑖 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 �) can be obtained. Then, two events are reconstructed with different spatial z positions and number of detected p.e.s, but the same deposited energy: (𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿1 �, 𝐸𝐸 𝑃𝑃 𝐼𝐼1 ) and (𝑥𝑥 𝐼𝐼1 , 𝑦𝑦 𝐼𝐼1 , 𝑧𝑧 𝐿𝐿2𝐼𝐼1 , 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 �, 𝐸𝐸 𝐼𝐼1 ) . 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇2-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 �. Afterwards, the LCM of each PMT is applied to compare whether each ionization cluster position falls in the field of view of the corresponding PMT. If both ionization cluster positions fall in the field of view of the corresponding PMT, we compare respectively the number of detected p.e.s obtained by the LCM and by the measured scintillation cluster: 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 � ; 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇2-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿1 �. The measured scintillation cluster with the closest number of p.e.s. Compared to the estimation obtained through the LCM is selected. In Figure 6.25, the scintillation signal 𝑆𝑆 𝐿𝐿2 is selected and associates with 𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 � . While, the scintillation signal 𝑆𝑆 𝐿𝐿1 is rejected.

									Based on
	each LCM, we can estimate the average number of p.e.s detected by each PMT channel
	produced	from	the	corresponding		ionization	cluster	position:
	𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , ionization signal 𝑆𝑆 𝐼𝐼1 ,	as	there	is	a	small	difference	between
	𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-						
	photoelectrons	𝑠𝑠 𝐿𝐿1	𝑠𝑠 𝐿𝐿2						𝑠𝑠 𝐿𝐿1
	electrons			𝑠𝑠 𝐼𝐼1 28 𝜇𝜇𝑠𝑠	28 𝜇𝜇𝑠𝑠	t			𝑠𝑠 𝐿𝐿2
						t		

𝑆𝑆

  𝑒𝑒 .𝑒𝑒 .𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝑒𝑒 .𝑒𝑒 .𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆 𝐿𝐿2 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1 -𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 , 𝑧𝑧 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 , 𝐸𝐸 𝑆𝑆 𝐼𝐼1 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇2 -𝑣𝑣𝑣𝑣𝑥𝑥𝑒𝑒𝑙𝑙 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 , 𝑧𝑧 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼1 , 𝐸𝐸 𝑆𝑆 𝐼𝐼1 (𝑥𝑥 𝑆𝑆𝐼𝐼1 , 𝑦𝑦 𝑆𝑆𝐼𝐼1 , 𝑧𝑧 𝑆𝑆𝐿𝐿2𝑆𝑆𝐼𝐼1 , 𝑆𝑆 𝑒𝑒.𝑒𝑒.𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝐿𝐿2 , 𝐸𝐸 𝑆𝑆𝐼𝐼1 ) (𝑥𝑥 𝑆𝑆𝐼𝐼1 , 𝑦𝑦 𝑆𝑆𝐼𝐼1 , 𝑧𝑧 𝑆𝑆𝐿𝐿1𝑆𝑆𝐼𝐼1 , 𝑆𝑆 𝑒𝑒.𝑒𝑒.𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝐿𝐿1 , 𝐸𝐸 𝑆𝑆𝐼𝐼1 ) ionization signal cluster. In Figure 6.26, both scintillation clusters are selected. The scintillation cluster 𝑆𝑆 𝐿𝐿2 matches with ionization cluster 𝑆𝑆 𝐼𝐼1 , as there is a small difference between 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇1-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿2 𝑆𝑆 𝐼𝐼1 �𝑥𝑥 𝑃𝑃 𝐼𝐼1 , 𝑦𝑦 𝑃𝑃 𝐼𝐼1 , 𝑧𝑧 𝑃𝑃 𝐿𝐿2 𝑃𝑃 𝐼𝐼1 , 𝐸𝐸 𝑃𝑃 𝐼𝐼1 � and 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿2 � . While the scintillation cluster 𝑆𝑆 𝐿𝐿1 associates with ionization cluster 𝑆𝑆 𝐼𝐼2 , as 𝑆𝑆 𝑝𝑝.𝑒𝑒.𝑠𝑠 �𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃 𝐿𝐿1 � is close to 𝐿𝐿𝐶𝐶𝑀𝑀 𝑃𝑃𝑀𝑀𝑇𝑇2-𝑣𝑣𝑁𝑁𝑒𝑒𝑒𝑒𝑑𝑑 𝑆𝑆 𝐿𝐿1 𝑆𝑆 𝐼𝐼2 �𝑥𝑥 𝑃𝑃 𝐼𝐼2 , 𝑦𝑦 𝑃𝑃 𝐼𝐼2 , 𝑧𝑧 𝑃𝑃 𝐿𝐿1 𝑃𝑃 𝐼𝐼2 , 𝐸𝐸 𝑃𝑃 𝐼𝐼2 �.

	photoelectrons	𝑠𝑠 𝐿𝐿1	𝑠𝑠 𝐿𝐿2			𝑠𝑠 𝐿𝐿1
	electrons		𝑠𝑠 𝐼𝐼1 28 𝜇𝜇𝑠𝑠	28 𝜇𝜇𝑠𝑠	t	𝑠𝑠 𝐿𝐿2
					t	(𝑥𝑥 𝑆𝑆 𝐼𝐼1 , 𝑦𝑦 𝑆𝑆 𝐼𝐼1 )

𝑆𝑆

(
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