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This dissertation describes the work that has been done for the development of the scintillation detector of the Ionospheric Gamma-ray Observation Satellite (IGOSat) nanosatellite. Based on the requirements of the project, a concept of the detector has been proposed which required the validation by both simulations and experiments.

IGOSat is a university satellite project aimed at developing a nanosatellite containing a scintillator payload that can measure the radiative background in the aurora zones and the South Atlantic Anomaly (SAA) on Low-Earth Orbit (LEO). Beside that, the satellite has a Global Positioning System (GPS) Dual-Frequency Payload for measuring the Total Electron Content (TEC) in the ionosphere. These two payloads are hosted on a 3U CubeSat platform that will be launched on a polar orbit at an altitude of about 650 km.

The scintillator payload included a detector which is composed of an inorganic scintillation crystal and five surrounding organic scintillators. The chosen inorganic scintillator is , which is sensitive to both gamma-ray photons and electrons. The five surrounding EJ-200 plastic scintillators, which are mainly sensitive to the electrons, are chosen to discriminate the two types of particles. In other words we can say a particle is a gamma-ray photon when it interacts only in the crystal, while it is an electron if at least one interaction happened in a plastic scintillator.

Monte-Carlo simulations have been used to investigate the detection ability of this detector. A response matrix has been made for the gamma-ray simulation, which can be used to estimate the original energy spectrum of the LEO gamma-ray photons.

An experimental test bench has been set up for measuring the detected spectrum of radioactive sources. These measurements are not only used to validate the simulation results, but also to determine the energy resolution of the detector, and a calibration method for it.

A comparison between the Monte-Carlo simulations and the experimental measurements is also provided in this dissertation.

Résumé de la thèse en français

Cette thèse décrit les travaux effectués pour le développement du détecteur à scintillation du nanosatellite IGOSat. Sur la base des exigences du projet, un concept de détecteur a été validé, concept qui doit également être validé à la fois par la simulation et par l'expérience.

IGOSat est un projet de satellite universitaire visant à développer un nanosatellite contenant une charge utile, basée sur un scintillateur, capable de mesurer le fond radiatif dans les zones aurorales et l'Anomalie de l'Atlantique Sud (ASA) en orbite terrestre basse. Le satellite dispose aussi d'une charge utile GPS bi-fréquence permettant de mesurer le contenu électronique total (TEC) de l'ionosphère. Ces deux charges utiles sont hébergées sur une plateforme 3U CubeSat qui se-ra lancée sur une orbite polaire à une altitude d'environ 650 km.

La charge utile du scintillateur comprend un détecteur composé d'un cristal scintillant inorganique entouré de cinq scintillateurs organiques. Le scintillateur inorganique choisi est un cristal de CeBr3, sensible à la fois aux photons gamma et aux électrons. Les cinq scintillateurs plastiques EJ-200, qui sont principalement sensibles aux électrons, ont été choisis pour permettre de distinguer les deux types de particules. En d'autres termes, nous pouvons dire qu'une particule est un photon gamma lorsqu'elle n'interagit que dans le cristal de CeBr3, alors qu'il s'agit d'un électron si au moins une interaction est survenue dans un des scintillateurs plastique.

Une simulation Monte-Carlo a été utilisée pour étudier la capacité de détection de ce détecteur. Une matrice de réponse a été élaborée pour la simulation des rayons gamma, qui peut être utilisée pour estimer le spectre en énergie des photons gamma en orbite terrestre basse.

Un banc d'essai expérimental a été mis en place pour mesurer le spectre de rayonnement de sources radioactives. Ces mesures servent non seulement à valider le résultat de la simulation, mais également à en déduire la résolution en énergie du détecteur et une méthode d'étalonnage correspondante.

Une comparaison entre les simulations de Monte-Carlo et les mesures expérimentales est également fournie dans cette thèse. The radiation environment in LEO is mainly composed by the following sources: X-ray and gamma-ray albedo, the charged particles albedo, neutrons albedo, cosmic-ray protons, and the diffuse extragalactic radiation. [START_REF] Fioretti | The low earth orbit radiation environment and its impact on the prompt background of hard x-ray focusing telescopes[END_REF] The Earth's magnetic field traps charged particles which come mainly from the Sun. The electron flux varies with time due to the solar activity. The AE-8 Trapped Electron Model Environment from National Aeronautics and Space Administration (NASA) shows that the trapped electron has energy from few tens of keV to about 7 MeV [Vette, 1991b] (see Figure 1.1). At low altitude, the electron population is concentrated in the polar caps of the Earth around the North Pole and South Pole of the magnetic field.

There are two main sources of gamma ray in LEO: (i) the diffuse extragalactic background radiation and (ii) the gamma ray albedo.

The diffuse extragalactic background radiation includes the Cosmic Gamma-ray Background (CGB) and Cosmic X-ray Background (CXB). This radiation is considered as a diffuse and isotropic emission. It contains photons from ∼ 10 -7 eV to ∼ 100 Gigaelectron-Volt (GeV) [START_REF] Strong | Diffuse galactic continuum gamma rays: a model compatible with egret data and cosmic-ray measurements[END_REF].

Albedo photons is the population of secondary particles, which are generated by the interaction between cosmic particles and the Earth' atmosphere.

CXB reflection is providing photon flux mainly below 1 MeV [START_REF] Fioretti | The low earth orbit radiation environment and its impact on the prompt background of hard x-ray focusing telescopes[END_REF]. The Galactic Cosmic Radiation (GCR) induces also X-ray emission due to the bremsstrahlung and positron-electron annihilation effects.

GCR interactions is the dominant process for albedo photons with energies above 1 MeV. The gamma ray emission is mainly produced by the decay of neutral pions. A neutral pion decays directly to gamma rays (π 0 → 2γ). These gamma rays then induce pair production interaction (γ → e + + e -) and produce electrons. Electrons from this interaction are then slown down through bremsstrahlung radiation and produce gamma rays at lower energy. Electrons that has been ejected directly by cosmic ray nuclei or by muons are involved in the above process as well. The secondary photons can also be produced directly by electrons comeing from outer space.

Up to now, there are not much data of the gamma ray flux distribution on LEO. The average fluxes of gamma ray in the energy channels 0.12-0.32 MeV (see Figure 1.2) and 3.0-8.3 MeV, which were measured by the instrument SONG on board the satellite CORONAS-1 at the altitude of 500 km, are the best data to date for comparison [START_REF] Bucik | Gamma-Radiation of the Earth's Atmosphere from the CORONAS-I Data[END_REF]. Fig. 1.1 Map of 1-MeV electron density at 650 km according to AE-8 model. The three areas that have the highest density are the two polar zones and the SAA. [Vette, 1991a] Fig. 1.2 Top: Gamma-ray flux of 0.12-0.32 MeV mapped by CORONAS-1 in 1994. Bottom: Gamma-ray spectra collected by CORONAS-1 and other works around the geomagnetic equator. [START_REF] Bucik | Gamma-Radiation of the Earth's Atmosphere from the CORONAS-I Data[END_REF] 1.2 CubeSat in space Depending on the application, satellites might have different size, and, of course has different cost. A satellite can be as big as truck, such as the Hubble Space Telescope (HST), or just a 10-cm Cube, such as PicoDragon that is developed by the VNSC. The biggest satellite that human ever built has a size as large as a football field (International Space Station (ISS)).

A small satellite, so-called smallsat, is a satellite that has a mass of under 500 kg. Smallsat is often classified by mass and each class has its own name: FemtoSatellite (0.001-0.01 kg), PicoSatellite (0.01-1 kg), NanoSatellite (1-10 kg), MicroSatellite (10-100 kg), and MiniSatellite (100-180 kg).

A CubeSat is a NanoSatellite that is developed upon a standard size, called a Unit. A CubeSat can be a 1U (one Unit) satellite, or can be extended by unit factor such as 1.5U, 2U, 3U, 6U, or even 16U. Based on the CubeSat standard, which will be described in Chapter 2, one Unit has a size of 10 cm ×10 cm ×11.05 cm and a mass under 1.33 kilogram, so a 3U CubeSat likes the IGOSat NanoSatellite, made of three Cubes, has a size of 10 cm × 10 cm × 34.5 cm and a mass under 4 kilograms.

The CubeSat standard was developed since 1999 by the California Polytechnic State University (Cal Poly) and Standford University in order to provide a platform for education and exploration to university students. Since then, there are nearly nine hundreds CubeSats which have been launched into orbit.1 (See Figure 1.3) Because of their small size and low cost, CubeSats are considered as small satellites that 'dare to fail ' and has been used worldwide for technology demonstration. Thanks to the progress in miniaturizing technologies, the size and mass of each instrument in a satellite is smaller and lighter. Some of them can be built small enough to be equipped it in a CubeSat. Many university and private company have developed CubeSats for testing the operation ability of new technology in space. Each instrument that has been validated in such a space mission then can be used afterward in other CubeSats with confidence.

But there are also CubeSats that are used for scientific research purposes. Nowadays many research institution have started to expect scientific benefits from CubeSats. 

The IGOSat project

Started since 2012, IGOSat is a university satellite project aimed to develop a 3 U NanoSatellite for measuring the TEC and the Gamma-ray radiation at LEO and in Earth's ionosphere. The IGOSat areas of interest are the auroral zones and the SAA.

The IGOSat project has been proposed by the Laboratoire d'Excellence (LabEx) Uni-vEarthS2 , funded by Jeunes en Apprentissage pour la réalisation de Nanosatellites au sein des Universités et des écoles de l'enseignement Supérieur (JANUS) program for educational Cube-Sats3 , in collaboration with the AstroParticule et Cosmologie (APC) and Institut de Physique du Globe de Paris (IPGP) laboratories from Paris-Diderot University.

The goal of the IGOSat project is to build a 3U nano satellite containing scientific payload that can measure gamma-ray and electron background in the polar cusps and in the SAA. Beside that, the satellite has a Dual Frequency GPS payload for measuring TEC of the ionosphere.

The Scintillator Payload of the IGOSat NanoSatellite aims at measuring gamma radiation from 20 keV to 2 MeV and electron content from 1 MeV to 20 MeV. It consists of a Cerium(III) Bromide (CeBr 3 ) Crystal Scintillator that can detect both electron and gamma-ray, and surrounded by 5 EJ-200 Plastic Scintillators that detect mostly electrons. Combining the two types of scintillator, we can distinguish the two types of particle. The scintillation photons are then detected by silicon photomultipliers (SiPMs) that converts light into current. The signals from SiPMs are processed by an ASIC EASIROC chip, which is developed by the Centre National de la Recherche Scientifique (CNRS) Omega team.

For a global measurement, the satellite's circular orbit was chosen with a polar inclination (typically a popular sun-synchronous orbit at 98 • would fit). The altitude is expected at about 600 ± 50 km, the highest altitude being limited by 25 years of passive de-orbiting after the end of the mission. In one orbit, it will pass four times in the two aurora rings and, for about a third of the orbits, one time at the SAA. So it should have either 4 or 5 measurement time period per orbit.

Scope of the study

This dissertation investigates the design, simulation and measurement of a scintillation detector payload on a CubeSat. The main goal of this study is the use of a small size scintillator for gamma-ray detection, and the plastic scintillator for detecting electrons.

Since the IGOSat satellite is a 3U CubeSat, the scintillation detector has to be small and is challenging because the gamma-ray detection efficiency of a small size scintillator is low. However, this is counterbalanced by the huge radiation flux emitted from the zones we wish to explore. Beside that, the use of a MPPC, which has never been used in a space satellite, is also a technology challenge.

The IGOSat's scintillator has a special design due to the detection ability of the crystal: it detects both gamma-rays and electrons. We need then two materials to discriminate between the two. The LEO environment has a mixture of different types of particle. There are the presense of gamma-ray radiation as well as other particles, including a potential huge amount of electrons, especially in the auroral zones and the SAA. LaBr 3 was first considered as scintillation material for gamma-ray and electrons, mostly because of the experience of the Xand Gammay Ray Experiment (XGRE), currently being developed at the SAA for integration onboard the TARANIS space mission4 . However, was finally chosen because of its low intrinsic radio-activity and manufacturing capabilities of the crystal's provider. In order to distinguish gamma-rays from electrons, it is necessary to shield the crystal with another material that is only sensitive to electrons. The EJ-200 plastic scintillator (polyvinyltoluene based) is chosen for that purpose. By this way, if there is an electron interaction in the , it will also interact with at least one of the plastic scintillators.

Every scintillator needs a photomultiplier to detect the scintillation photons, amplifiy the signal and send it to a counting system. Traditional Photomultiplier Tubes (PMTs) are usually big and heavy. The other choice is SiPM, which seems the best choice for this detector, because of its small size, low operation voltage and low power consumption. The IGOSat scintillator uses 26 SiPMs to perform the detection. The ASIC EASIROC is used to analyze the charged signal in the SiPM and provide us the ability to know the energy of the incident particle. All these components are packed into a 3U CubeSat along with the Dual Frequency GPS Payload and all other subsystems. One single Unit is dedicated to the scintillation payload.

In this work, I used Monte-Carlo simulations to investigate the detection ability of the detector. Based on the design of the payload, a similar geometry is programmed and run in the simulation environment. The goal of the simulation is to create a response matrix, which is then used to estimate the original energy of the LEO particles.

Along with the simulation, the practical measurement is another approach to study the IGOSat detector. I thus used the prototype of the scintillator to measure the emission line of several radioactive sources. A test bench has been set up along with the measurement procedure. The measured spectrum is compared to the reference in order to confirm the detection ability of the detector. The energy resolution also can be deduced from these measurements. The IGOSat NanoSatellite follows the CubeSat Design Specification (CDS). It means the satellite will meet all the fundamental requirement of CDS and can be carried and released by the P-POD or any compatible deployer.

CubeSat Design Specification (CDS)

The term "CubeSat" is used to call a class of small satellite that are developed based on a standard size, which is measured by a unit of 10 cm cube, so-called a U. The University CubeSat Standard was created by the CubSat Project, which was proposed by the Cal Poly and the Stanford University's Space Systems Development Laboratory (SSDL) since 1999. According to that, one unit CubeSat (1U) has a size of 10 × 10 × 13.5cm 3 and a mass under 1.33 kg (See Fig. 2.1). Following this standard it is possible to build bigger satellites by adding 0.5 or more Units (by step 0.5) in order to increase the size and mass. So a 2U CubeSat would has a size of 10x10x22.70 cm and a mass under 2.66 kg, 3U CubeSat is 10x10x34.05 cm and under 4 kg.

At the beginning, the CubeSat Project was an collaborative effort of two American professors, Prof. Jordi Puig-Suari at Cal Poly and Prof. Bob Twiggs at SSDL [START_REF] Puig-Suari | Development of the standard cubesat deployer and a cubesat class picosatellite[END_REF]. Today, it becomes an international collaboration of hundreds universities, high school and private companies.They develop CubeSats not only for private purposes but also for government and scientific ones. Large amounts of knowledge collected from these CubeSat project are then shared by a community.

Knowing the size and mass of CubeSat, the Cal Poly has developed the P-POD (see Fig. 2.2). This deployer will host and keep CubeSats safe during launch process, as well as protect the launch vehicle. Because CubeSats are usually put in their orbit as a piggy-back payload on the space rocket, the safety of the satellite itself and the protection of the deployer will keep the NanoSatellite safe during the launch away from failures and also protect the primary spacecraft and space rocket.

By joining the CubeSat community by designing a new satellite based on the CDS, all participants are encouraged to follow the CDS standards. The associated testing requirements and detailed specifications are described below.

Poly Picosatellite Orbital Deployer (P-POD)

As mentioned before, the P-POD was designed by the Cal Poly. A deployment system is the interface between the satellite and the launch vehicle. The P-POD used to release CubeSat from its host (a space rocket or a space station). One P-POD can carry up to three standard CubeSat (1U), or one 3U CubeSat.

The release mechanism is simple. Once the P-POD has received a signal from the launch vehicle, the door open and the spring at the bottom of the P-POD push all CubeSats so that they glide on its rails to be finally ejected into orbit.

All the requirement for the CubeSat from 1U to 3U are described in the document "CubeSat Design Specification (CDS)", which is available since April 6th 2015 at the CubeSat.org website. A copy of this document is given in Annex 1.

The CDS document collects all design requirements into four groups: CubeSat General Requirements, CubeSat Mechanical, Electrical, and Operational Requirements. It also provides the Testing Requirements for five testing procedure: Random Vibration, Thermal Vacuum Bakeout, Shock, Visual Inspection, and the CubeSat Testing Philosophy.

IGOSat fundamental requirements

Fundamental Requirements (FRs) are the requirements that the satellite need to follow. It is based on the CDS and the IGOSat Mission Specification. These requirements are the top priority for every CubeSat. Despite the differences in payload design, these fundamental requirements are the the first thing every developer has to consider when starting to build a CubeSat. These requirements are listed in Table 2.1 (from FR1 to FR7).

FR1

The external dimensions of the 3U IGOSat are: 10 ± 0.01 × 10 ± 0.01 × 34.05 ± 0.01 cm.

FR2

The space inside each cube has the dimensions: 9.6 ± 0.01 × 9.6 ± 0.01 × 7.5 ± 0.01 cm. FR3 The maximum mass of a 3U CubeSat shall be 4.00 kg. (CDS 3.2.1.3)

FR4

The assembly's direction is on the Z direction and centered at the origin of the coordinate system. FR5 Components cannot exceed 6.5 mm outside the 100 mm cube.

FR6

The contact rails between deployer and the satellite must have a minimum width of 8.5 mm. (CDS 3.2.5)

FR7

The CubeSat center of gravity shall be located within 2cm and 7cm from its geometric center in the X and Y direction and in the Z direction, respectively. Table 2.1 List of fundamental requirements

IGOSat Payloads

The IGOSat mission has two scientific objectives, addressed by two payloads that will be hosted in a 3U CubeSat platform to measure the TEC of the ionosphere, and to measure the spectrum of electrons and gamma-rays at the auroral zones and the SAA.

For the gamma-ray measurement, IGOSat uses an electron and gamma-ray Detector Payload (Scintillator Payload), which is composed by two kinds of scintillator: plastic (organic) and crystal (inorganic). For the measurement of TEC, there is a Dual Frequency GPS Payload.

Figure 2.3 shows the product tree with the main subsystems of IGOSat. 

Electron and gamma-ray Detector Payload (Scintillator Payload)

In particle physics, scintillation is a phenomenon similar to phosphorescence and fluorescence: the molecules of the material that receive incident radiation (particles) are "excited", that is to say an electron jumps to a higher energy level that corresponds to a vibration level of lattice.

After that, a photon is emitted during the de-excitation process, that is to say, the electron jumps to a lower energy level. The emitted photon in this case is a visible photon (UV to blue in general). Scintillator is a detector that used scintillation process.

In IGOSat, the Scintillator payload consists of the IGOSat detector, which is composed of a crystal scintillator and five plastic scintillators read out by SiPMs, on the Scintillator board, a layer of Aluminum -Tantalum Shield, and an EASIROC board.

The crystal scintillator is made by [START_REF] Quarati | Scintillation and detection characteristics of high-sensitivity cebr3 gamma-ray spectrometers[END_REF], and the plastic one (EJ-200) is made by polyvinyl toluene (C 9 H 10 ) n [START_REF] Tkaczyk | Characterization of ej-200 plastic scintillators as active background shield for cosmogenic radiation[END_REF]. The reason IGOSat detector has two kinds of scintillator is to discriminate the two types of particles, electrons and gamma-rays.

The crystal is expected to detect gamma-rays from 20 keV to 2 MeV, and the plastic scintillator can measure electrons from 1 MeV to 20 MeV. The scintillation photons then hit the SiPM and generate current under a high voltage. The EASIROC board will amplify the signal and send the corresponding pulse height to Onboard Computer (OBC).

Chapter 3 will describe more detail about the scintillator payload.

Dual Frequency GPS Payload (GPS Payload)

The Earth's atmosphere is composed of different layers. The ionosphere is a region located between 60 and 800 km altitude where resides ionospheric plasma. Under the action of very energetic radiation such as ultra-violet (UV) and X-rays, free electrons are located with highest density at altitudes between 150 and 800 km. Despite ionization and recombination processes happen simultaneously, the low density of air molecules at higher altitude implies a lower recombination rate for free electrons with ions. In contrary, at low altitude, the air density is higher so the recombination process is faster.

In order to describe the ionosphere and the variation of the free electrons that populate its different layers, we can use a parameter to calculate the number of free electrons contained in a cylinder of unit cross section: the TEC. The TEC is given by the integration of the total electronic density N e between the emitter and the receiver (here onboard IGOSat), as shown by equation 2.1:

T EC = Receiver Transmitter N e (s)ds (2.1)
The unit of TEC is TEC Unit (TECU), 1 TECU represents for 10 16 electron/m 2 . The GPS Payload of the IGOSat satellite is used to measure the TEC. Its instruments will collect signals from GPS satellites and then calculate the TEC along the path between the GPS satellite and IGOSat.

The measurement technique is based on the fluctuations of electron density before occultations affecting the velocity of radio waves. GPS satellites emit their carrier waves in two bands: L1 (1575.42 MHz) and L2 (1227.60 MHz). The signal will propagate through the Earth's ionosphere and will be delayed due to the presence of electrons. The two frequency signals will have different delays. The delay can be calculated by equation 2.2.

∆t = 40.3 f 2 s N e ds = 40.3 f 2 T EC (2.2)
where ∆t is the delay due to the presence of electrons, f is the frequency, N e is the density of electrons, s is the path, which is passing through the ionosphere, of two satellites, and TEC is the total electronics content in a column along that path. By knowing these delays, the TEC will then be calculated on ground and the electronic density profile of the ionosphere will be obtained assuming a spherical symmetry of the distribution. Figure 2.4 describe the occultation measurement technique. The TEC can be deduced by equation 2.3.

T EC = c 40.3 1 f 2 1 - 1 f 2 2 -1 (t 2 -t 1 ) (2.3)
Fig. 2.4 GPS signal detection by the IGOSat satellite through the ionosphere.

In order to do that, the GPS payload will need a dual frequency antenna to received the two GPS signal bands L1 and L2, and another board to analyse them. The interesting information are the pseudo-range, the phase, the signal to noise ratio. The chosen components for GPS payload are a Tallysman TW3870E antenna and a NovAtel OEM 615 included into a Pumpkin module.

Tallysman TW3870E1 is a patch antenna and it is compatible with the NovAtel component. The antenna will receive the L1 and L2 signals from GPS a satellite if it is in its Field-Of-View of 100 • at 3 dB.

The selected GPS receiver is a Pumpkin module P/N 710-00908 which contains the NovAtel board OEM615V-G2SBGTTO-H2 . The NovAtel receptors are already used in other space missions: CANX-23 , CASSIOPE4 , RAX5 . Especially, the CANX-2 mission used a NovAtel OEM4 board to measure the ionospheric radio-occultation, which is similar to the IGOSat mission.

Payload requirements for the IGOSat structure design

Payloads are the key parts of a satellite. every other subsystems have to be designed to support the operation of payloads. In this section, I will give their requirements as listed below.

Scintillator The IGOSat detector for measuring spectrum of gamma-ray and electron in Low-Earth Orbit.

Based on the simulation, the detector itself need a mass budget of 0.08 kg. It also has requirements of spacing and shielding:

-Need as few obstructions as possible -Operational temperature range in between 0 and 40 Celsius degree -Particles from bottom (i.e. from the SiPM direction) must be shielded

GPS receiver

The Dual Frequency GPS Payload for measuring the TEC through the ionosphere. The chosen item has requirements as below. Dimensions:

-GPS Receiver: 7.11 × 4.57 × 1.18 cm -GPS Antenna: 6.65(dia.) × 4.9(h.) cm Mass:

-GPS Receiver: 24 g -GPS Antenna: 185 g -The antenna is placed at the "bottom" of the satellite (i.e. pointing at the opposite of the velocity vector) in order to point to the GPS satellite when its line of sight is at the Earth limb.

IGOSat Platform

The IGOSat platform includes subsystems and the mechanical structure. It is designed to support, protect, and provide a suitable working conditions to the satellite's payloads, and to communicate to the ground segment. Based on the requirements of the payloads and the CubeSat design, the satellite has five sub-sytems and a structure as describe below.

Electrical Power System (EPS)

The EPS board and battery boards are part of the Electrical Power System. The EPS is intended to provide power for the IGOSat satellite. It converts the solar energy into electricity, distributes power to every subsystems. The batteries included in this subsystem will be used during the eclipse periods when the satellite orbits in the Earth shadow and cannot receive energy from the Sun, to keep the satellite working. When the satellite is not in the eclipse period, the solar cells generate electricity, part of it will supply to the subsystem, and the rest will charge the batteries. The EPS also protects subsystems against the Single Event Latch-ups (SELs), a phenomena which happens when a particle hit a component, causing a short circuit and potentially damaging to the satellite. The anti-latchup system consists of temporary circuit breakers, preventing thermal run-away in case of short circuit in any subsystem.

The The EPS must ensure the power requirements of all subsystems (Voltage and Current). The different subsystems operate at different voltages. The GPS payload needs 3.3 V and 5 V, while On Board Computer (OBC), Scintillator Payload (SCI), Telecommunications (TEL) need V bat (battery voltage that come directly from solar panels or from batteries). The scintillator payload required a 5V power supply for the EASIROC board, and high voltage up to 56V for 26 SiPM channels. There is therefore a High-Voltage Conversion (HV) placed on the scintillator board.

The EPS also monitors the current and voltage, calculates the power consumption of the whole satellite, and charges 4 rechargeable battery cells which can store energy and provide energy to all activated subsystems during the eclipse. 

Attitude Determination and Control System (ADCS)

ADCS is an essential subsystem for a satellite. The ADCS of IGOSat is used to stabilize the satellite after being released from the deployer, and controls the attitude of the satellite pointing a specific target following the scientific requests. To do that, the ADCS MicroController collects the commands and GPS data from OBC together with data from sensors (which will be describe below), analyzes and provides the Pulse Width Modulation (PWM) signal to the Actuator and telemetry to OBC (see below). Despite the fact that Scintillator payload doesn't require to be oriented, the GPS payload still needs to point its dual-frequency antenna to GPS satellite through the ionosphere. For that reason, the satellite needs to have roll axis at along its path with -Z (defined as the longest edged of the 3U CubeSat structure) pointing opposite to the orbital velocity. The scintillator itself is located "at the top", i.e. in the uppermost unit along +Z.

The ADCS components includes a MicroController, two Magnetometers, three magnetic coils (two ferro-magnetic, one air), and one momentum wheel maintaining the pitch axis perpendicular to the orbital plane. Figure 2.6 shows the latest design of the ADCS board. Two magnetometers are used in IGOSat ADCS in order to measure local magnetic field around the satellite when it is in space. Data from these magnetometer are read by a microcontroller and then used in the IGOSat active control, which is based on the Earth magnetic field to orientate the satellite.

A 3-axis magneto-torquer is used in the IGOSat satellite. It is composed of two Ferromagnetic torque rods and one air-coil torquer. The torque rod and air-coil torquer can provide a maximum moment of ±0.24Am 2 and ±0.2Am 2 at 5V and 25 • C, respectively .

Telecommunications (TEL)

The Telecommunication Subsystem takes responsibility for the data transfer between the satellite and ground stations. It receives Tele-commands (TCs) for controlling and operating the satellite, and sends scientific data and system information back to the Earth. The TEL contains two parts: (1) The Telecommunication Board, and (2) the Very high frequency (VHF) transsmission antenna and Ultra high frequency (UHF) receiving antenna.

Today, two ground station are foreseen to be used for the IGOSat mission: one ast the Paris Diderot University and another at the the University of Science and Technology of Hanoi (USTH).

The remote control TC (uplink) of IGOSat has a rate of 1200 bits/s and the Telemetry (TM) (downlink) rate is 9600 bits/s. TCs and TMs can be sent and received from both Paris and Hanoi.

The onboard antennas for transmitting and receiving signals are of UHF-VHF dipolar type. These antennas are required to be deployed right after the satellite is released from the P-POD. All the Payloads and subsystems send data to and receive commands from ground stations through the Telecommunication subsystem.

On Board Computer (OBC)

The OBC is the brain of the satellite. It communicates with all subsystems of IGOSat and gives commands and collects, analyzes, stores and retrieves data.

The OBC is responsible for controlling parameters of the House Keeping (HK), which is the data of the global state of the satellite (such as temperature, voltage, current, etc.), in order to verify the operation of every component. Measurement data from Scintillator payload will be sent to OBC before transmit them to ground stations.

Structure (STR)

The IGOSat NanoSatellite is a 3U CubeSat and its structure is composed of three cubes, containning the payloads and subsystems. All parts of satellite were designed using CATIA V5. Mechanical and thermal simulation were run using CATIA V5, ANSYS and THERMICA.

The latest design of IGOSat ( 2018) is the following:

-Top cube: Scintillator payload, TRXVU (ISIS transceiver, UHF Transmitter and VHF receiver).

-Middle cube: On board computer, and ADCS board.

-Bottom cube: Batteries board, EPS board, GPS antenna and GPS receiver.

-The UHF/VHF antenna is placed between the Top cube and the Middle cube, and four Sun sensors is placed between Middle cube and bottom cube.

The detail configuration of the satellite is described in figure 2.7

Deployment requirements UHF/VHF Antenna The antenna has to be deployed right after the release from the P-POD.

It plays an important role for the operation of the satellite.

-The antenna will be positioned between the top and the middle cubes. Kill switches Kill switch is a mechanical switch used to activate the "on" state immediately after being released from the P-POD.

-Two kill switches are going to put at the bottom.

Mass budget

Following the Fundamental Requirement, the total mass of IGOSat satellite must not exceed 4kg, including their margins. Following the requirement for the structure, to have the distance between the center of gravity and the geometrical center as small as possible (less than or equal to 20mm). The position of each component should respect this requirement. The table 2.4 lists the mass budged of all IGOSat components, the margin of each item is described by percentage and by kilogram. The two payloads are put on top because of their priority. 

Sub

Chapter 3

The gamma-ray and electron detector payload

As mentioned in Chapter 1 (1.3), the IGOSat has two payloads, one is the GPS Dual-Frequency Payload for measuring the TEC through the ionosphere, and another is the gamma-ray and electron Detector Payload (Scintillator Payload). The aims of the scintillator payload is to measure the energy of gamma-ray photons and electrons in the Low-Earth Orbit region, especially in the SAA and in the auroral zones, where the Earth's magnetic field leads the charged particles to its north and south poles.

For gamma-ray, the best data so far measured in LEO is from SONG-instrument at the altitude 500 km. [START_REF] Bucik | Gamma-Radiation of the Earth's Atmosphere from the CORONAS-I Data[END_REF] indicated the gamma-ray fluxes measured in the energy range from 0.32 MeV to 1 MeV are 0.079 ± 0.059 ph/cm 2 s*sr*MeV at equator and 0.174 ± 0.059 ph/cm 2 s*sr*MeV at polar cap; and in the energy range from 1 MeV to 3 MeV are 0.022 ± 0.014 ph/cm 2 s*sr*MeV at equator and 0.095 ± 0.014 ph/cm 2 s*sr*MeV at polar cap.

The IGOSat detector is made of scintillators, readout by SiPM detectors and analysed by the EASIROC board. The scintillator is made of a CeBr 3 crystal scintillator and five surrounding EJ-200 plastic scintillators as shown in Figure 3.1. The CeBr 3 scintillator has a size of 1.2cm × 1.2cm × 1.2cm, theoretically it can be hit by about 5.83 ± 4.36 ph/s at equator and 12.85 ± 4.36 ph/s at polar cap for gamma-ray photons from 0.32 MeV to 1 MeV. The count rates for gamma-ray particles from 1 MeV to 3 MeV are 4.78 ± 3.04 ph/s at equator and 20.63 ± 3.04 ph/s at polar cap. This chapter will describe the scintillator payload of the IGOSat satellite. 

Concept of the IGOSat detector

The goal of the IGOSat detector is to detect gamma-ray from 200 keV to 2 MeV, and electron from 1 to 20 MeV. To do that, the payload needs to include detectors that can be sensitive to Gamma-rays and electrons. The scintillator detectors are the potential candidates for these purposes. At the beginning, the chosen crystal scintillator was LaBr 3 because of its high detection efficiency and good resolution (see Figure 3.2). But the decay of the radioactive isotope 138 La in the LaBr 3 crystal induces an intrinsic activity that can affect to the detection performance, especially for the energies below 1.5 MeV ( [START_REF] Quarati | Scintillation and detection characteristics of high-sensitivity cebr3 gamma-ray spectrometers[END_REF]) where the IGOSat's detector is focusing on (see Figure 3.3). Beside that, the price of the LaBr 3 crystal is also a concern. The CeBr 3 crystal has then be chosen for measuring gamma-ray due to its lower intrinsic background. We need now to discriminate the two types of particle, surrounding the crystal by another type of detector, which is sensitive mostly to the electron. Assuming that we can Fig. 3.2 137 Cs spectra collected with a 2" × 2" spectrometer that made of different material: CeBr 3 , LaBr 3 :5%Ce and NaI(TI). ( [START_REF] Quarati | Scintillation and detection characteristics of high-sensitivity cebr3 gamma-ray spectrometers[END_REF]) consider every interaction happening in this electron detector is due to electron, then the number of gamma-ray events detected in the crystal can be derived. The detector chosen for electron detection is EJ-200, a Poly-Vinyl Toluene scintillator.

By definition, when a particle interacts in a scintillator medium, it generates numerous secondary photons with known wavelength, depending on the scintillator material. These photons are then guided to the photomultiplier in order to convert them to a flux of electrons. This flux is rapidly amplified under a high electric field, and then sent to an analysing circuit. The circuit measures the intensity of the signal, converts into readable data and sends to the satellite's OBC. In the IGOSat project, we decided to use Silicon PhotoMultiplier (SiPM), a new type of photomultiplier that has never been used in space, and the EASIROC ASIC for analysing signals. Each plastic scintillator is read out by two single SiPM, while the CeBr 3 is read out by a 4x4-matrix of SiPM, which is called MultiPixel Photo-Counter (MPPC). Figure 3.4 shows the prototype of the IGOSat detector placed on a support board and prepared for a measurement. 

The latest design of the IGOSat detector

Figure 3.5 shows the latest design of the Scintillator detector, provided by the SCIONIX1 company from Netherland. The detector in the draw is up side down comparing to its relative position in the satellite. The CeBr 3 crystal with a size of 12mm × 12mm × 12mm is at the central bottom of the detector, while the five EJ-200 plastics with rectangular shape of 15mm each, are surrounding the crystal except the bottom side. The space between the crystal and the plastics is fulfilled by RTV 615, to damp satellite vibrations without stopping incident high energy particles. The total size of the detector is 51.8mm × 51.8mm × 31.6mm.

The CeBr 3 crystal scintillator

The CeBr 3 is a high resolution, low background scintillation crystal. [START_REF] Quarati | Scintillation and detection characteristics of high-sensitivity cebr3 gamma-ray spectrometers[END_REF] has described that a 2" × 2" CeBr 3 crystal can have an energy resolution of 4% Full width at half maximum (FWHM) at 662 keV. In the IGOSat project, we are using a CeBr 3 crystal at a size of 12mm × 12mm × 12mm (see figure 3.6), and our test bench has showed that the crystal can have a resolution of 7% FWHM at 662 keV (see Table 5.8). Figure 3.7 shows the photo crosssection of the CeBr 3 generated by XCOM: Photon Cross Sections Database, which is provided by NIST, for the Total Attenuation with Coherent Scattering, Photoelectric Absorption, and Pair Production in Nuclear Field and Electron Field2 . Table 3 This crystal scintillator is packed in an isolated cage to avoid humidity. The inner side of the cage is covered by a reflecting material which guide all the scintillation photons to the quartz window. A SiPM matrix is placed right outside the window to collect these photons and send the current signal to the EASIROC board. 

The EJ-200 plastic scintillator

EJ-200 is a scintillation plastic made of polyvinyltoluene. This material is sensitive to charged particles, including electrons. The physical properties of this scintillator is described in the table 3.2. This plastic scintillator is not affected by humidity so it does not need to have a specific cover material. But in order to guide the scintillation photons to the SiPM windows, it should be covered by reflectance material. In the IGOSat project, the EJ-200 plastic scintillator is used to cover the CeBr 3 crystal. There are 5 EJ-200 plastic scintillators and each of them has two SiPM detectors. Four side plastic scintillators have the same size, while the top one has a square shape. Each plastic scintillator has a thickness of 15 mm (See Figure 3.8). 

The SiPM and the MPPC

The Silicon PhotoMultiplier (SiPM) is a semiconductor that receives the scintillation photons and transforms them into electric signal. Under a high voltage electric field, this signal is amplified to a readable intensity. The EASIROC board is then collecting this charged signal and send the analysed data to the OBC.

Unlike the PMT, which is used to generate electrons and amplify them in vacuum, SiPM is a solid state detector and has a very compact size. It has a high signal to noise ratio and very good temporal resolution. ( [START_REF] Gundacker | Sipm time resolution: From single photon to saturation[END_REF] has shown that a 50 µm pixel SiPM has a time resolution of 80 ps sigma for a 400 nm light source, and 10 ps sigma as it saturated.)

Each SiPM is included of 14400 sub-pixels; each is a photodiode. When a pixel is hit by a scintillation photon, it will be charged to a saturated current under a high voltage imposed to the SiPM (around 54 V). The mechanism of this process is based on the Geiger avalanche (see figure 3.9). Each scintillation photon carries an energy E depending on the scintillation material. An absorbance of a photon in the Silicon medium creates a pair of hole-electron. Under a high voltage, they are accelerated toward the cathode (electrons) or anode (holes) and thus, created a current flow.

These holes and electrons continue to increase its kinetic energy to a point that they can ionize the secondary hole-electron pairs. This process is repeated as the number of hole-electron pairs rapidly increased throughout the pixel until it breaks down. At this point, the silicon become conductive and start to discharge. The passive quenching resistors included in the SiPM reset the voltage to a lower value (below the breakdown voltage) and the pixel is ready to Fig. 3.9 The Geiger avalanche process. detect other photons. This cycle of Breakdown-Quench-Reset is repeated everytimes the pixel detect a photon.

Each detection of a sub-pixel generates a pulse with the same charge. The more scintillation photons are created, the higher charge of the output signal is, as it is the sum the of the signal of each hitten subpixels. One energy deposit in the scintillator can generate a large number of scintillation photons.

Manufactured in a super compact size, the SiPM can work with a low supply voltage (below 100 V) and thus, it utilises very low power (below µW /mm 2 ). All these advantage make SiPM become a prospective candidate for the IGOSat detector payload. SiPM can also be assembled into a matrix of different size and shape to have a suitable detector for many purposes. This matrix is called a MultiPixel Photo-Counter (MPPC).

There are two types of SiPM used in the IGOSat project: 10 single SiPMs for collecting light signal from EJ-200 plastic scintillator, and a 16 channels of SiPM in the form of a 4 × 4 matrix (see Figure 3.11). Each channel in this MPPC is basically similar to a single SiPM in term of size and detection ability. The chosen SiPM is S13360-6050 series, and the chosen MPPC is S13361-6050 series, all are made by Hamamatsu Photonics K.K. Table 3.3 shows the physical properties of both the SiPM and the MPPC.

A SiPM shared the similar principle, the photoelectric effect, as solar panel. Each SiPM channel contains thousands of micro-cells, which will receive all the scintillation photons that were produced in the scintillators. These photons produce current based on the photoelectric effect. The intensity of current is proportional to the number of scintillation photons, while the number of scintillation photons is proportional to the energy of the incident particle. By measuring the SiPM current, we can thus retrieve the energy of an incident particle. 

The EASIROC board

In order to read and analyse the signal of the SiPMs, an Application-Specific Intergrated Circuit (ASIC) called EASIROC has been developed by Omega Microelectronics, implemented on an electronics board. The EASIROC chip has 32 channel and perfectly suited to SiPMs, it has a low power consumption and has never been tested in orbit. To adapt such a small size of the IGOSat satellite, the EASIROC chip has been designed to be placed on an suitable electronics board.

Designed for the IGOSat's detector payload, the goals of the EASIROC board are (i) to amplify the electrical signal of the SiPMs; (ii) to convert the electrical signal into digital signal; (iii) to trigger a measurement as soon as it measured a signal higher than the defined trigger value; and (iv) to send the measured data to the microcontroller. The microcontroller is placed on the EASIROC board in order to transmit the data to the OBC and receive commands from it.

Since the satellite is not ready yet to run the prototype payload, all the tests until now have been done with a test board provided by Omega MicroElectronics. The difference between the test board and the prototype is that the prototype board will be designed for a cubesat so all the components placed on a PCB board fit to the cubesat standard. Beside that, there is a high voltage converter (EMCO Q01-12) in the prototype board for the operation of the SiPM. It will convert a voltage of 5V to 60V instead of the high voltage power supply. It was first placed on the same board to the EASIROC chip and then moved to the Detector Support board in the lastest version to be adapted to the dimensions of the satellite. Figure 3.12 shows the test board that we are using in the test bench, and 3.13 shows the first version of the prototype of the IGOSat's EASIROC board.

The EASIROC board architecture

The EASIROC acquisition board is used to process the signals from the SiPMs, it consists of an analog part (the EASIROC chip) and a digital part (the microcontroller).

The analog processing, which is performed by the EASIROC chip, provides a voltage signal proportional to the intensity of each current pulse. The analog signals at the output of the ASIC are then processed by a microcontroller with an Analog to Digital Converter (ADC), which digitize, acquire, and transfer the data to the on-board computer through Serial Peripheral Interface (SPI) communication.

To retrieve the values of the SiPM, we will only have to use 26 channels (16 channels for the MPPC and the other 10 channels are for 10 single SiPMs). To make the SiPM work, the connection between the SiPMs and the EASIROC chip is very important. It is necessary to Fig. 3.12 The EASIROC test board provided by Omega MicroElectronics. We are currently using this board to test the operation of the detector. respect the inputs and outputs of the SiPM connector in order to have no problem of reading or feeding.

• The SiPM cathode is connected to a power supply that can provide a voltage up to 57 V.

• The signal at the output of the SiPM anode is converted into voltage by a resistor.

The ASIC EASIROC

The EASIROC chip is the heart of the acquisition board. Figure 3.14 shows the schematic of the EASIROC chip for one channel. The other 31 channels have the same architecture.

The EASIROC chip contains a built-in ADC which adjusts finely and individually the supply voltage of each SiPM, it is connected to the SiPM anode where it delivers a 8-bits-ADC programmable voltage. The signal is then sent into two parallel processing channels equipped with a pre-amplifier with Low Gain (LG) or High Gain (HG) which is adjustable on 4 bits.

The amplified signals are then sent to two circuits which are called slow shapers. These components integrate and format the signal with an adjustable time constant on 8 values (3 bits) The signal of the HG pre-amplifier is also sent into a fast shaper circuit equipped with a very short time constant (15 ns). The output signal of the fast sharper is then compared to a threshold. The logic signal at the output of the discriminator corresponds to the trigger signal which indicates that a current pulse from the SiPM has been detected. This trigger is sent on a logic "OR" gate that gathers the 32 triggers of the ASIC. The data of the 32 channels from slow shaper is triggered when the incoming signal, from an event detected by the SiPM, exceeds the threshold voltage on at least one of the 32 channels.

A logical channel called Val-Event has been implemented to control signal processing from outside the ASIC. When it is at 1, the microcontroller sends a logic signal "Hold" on each of the channels of the ASIC. This signal then opens the switches connecting the output of the slow shaper to the analog Switched Capacitor Array (SCA) memories, which maintains the voltage for a time long enough for two multiplexers to send the values of the 2 × 32 channels in series (HG and LG) to the ADC that digitizes them to 12 bits.

The microcontroller will organize the digitized data on each event (arrival time, event number, key pixel number, coded value corresponding to the measured signal) before transferring them to the on-board computer. The SPI communication protocol is chosen to transfer-receive the commands from the on-board computer.

The "TMP175" temperature sensor is used to read the temperature of the EASIROC board and sends the data to the microcontroller via I2C communication. These will then be transmitted to the OBC via SPI link for processing.

Operation of the scintillator payload

The main purpose of the scintillator module is to detect photons between 200 keV and 2 MeV, and electrons between 1 to 20 MeV from the North and South Poles and the SAA. The instrument is composed of an inorganic scintillator, CeBr 3 , able to detect electrons and gamma photons and read by a 4x4-pixel SiPM matrix, and an organic scintillator, the EJ200, which preferentially detects electrons. This scintillator is divided into five plates surrounding the CeBr 3 . Each plate is read by 2 independent SiPM pixels (see drawing on Figure 3.5).

The scintillation photons, generated as the result of the electrons and gamma photons energy deposition (as mentioned above), are thus collected by 4 × 4 + 5 × 2 = 26 SiPMs, then generating an electrical signal proportional to the number of photons detected. These signals are then processed by the EASIROC ASIC, which triggers the reading of the signals, amplifies them, digitizes them and transmits them to the microcontroller. The output value measured by the ASIC is therefore also proportional to the energy deposited in the different scintillators. Finally, the microcontroller formats the data and sends it to the on-board computer.

A detection corresponds to the generation of 16 to 26 signals. In general, a gamma photon will only be detected by CeBr 3 , which will create scintillation photons measured by the 16 pixels of the 4x4 matrix, and therefore 16 values digitized by the ASIC. On the other hand, the electrons will be detected by the CeBr 3 and one or more EJ200 plates, which will result in 18 -26 measured values (one plate being read by 2 SiPM and thus producing 2 signals). This configuration will allow the on-board software to determine whether the detected particle is a gamma photon or an electron. Nevertheless, there will also be cases where the distinction can not be made clear (for example, two different particles detected almost at the same time); these events will then be classified as "undetermined".

As the energy range is large, the ASIC operates in two modes, "Low Gain (LG)" and "High Gain (HG)". Each measurement of SiPM is processed according to these two channels, giving a total of 26 × 2 = 52 numerical values for a detection. HG measurements provide a better low threshold of measurement, but are quickly saturated. On the other hand, LG measurements are less accurate at low energy but can measure strong signals. In general, the HG measurement will therefore be used in case of low energy deposition and the LG measurement in the opposite case. More precisely, a parameterizable energy threshold value will be sent to the microcontroller so that it can determine, for each detection, whether to use the HG or LG measurements.

Three modes of operation

The scintillator module has three modes of operation: OFF: All items (HV, ASIC, microcontroller) are off. The scintillator module is OFF during Assembly, integration and testing (AIT), transport / storage, launch and when the satellite is in ACQUISITION or PLATFORM mode. The scintillator module can also go into OFF mode following an anomaly (switch to SURVIVAL mode of the satellite, over-consumption of current, latch-up). During a latch-up, the scintillator module will go into OFF mode automatically without warning the OBC.

SLEEP: Only the microcontroller is on. By switching to STANDBY mode, the on-board computer turns on the microcontroller and sends it its configuration. HK TMare sent regularly by the microcontroller. The scintillator module is in STANDBY mode when the satellite is in MISSION mode and it does not observe (GPS observations, Telecom, ...).

MISSION: The on-board computer gives the command to go in MISSION mode to the microcontroller and specifies the sub-mode (s) to use. He sends him the corresponding parameters. By switching to MISSION mode, the microcontroller turns on the ASIC, sends it its configuration and turns on the High Voltage.

Data aquisition

In MISSION mode, the scintillator module can work in three sub-modes:

1. Calibration mode: in this mode, all information is recovered by detection, ie 26x2 values, coded on 12 bits. This mode will quickly fill the memory of the microcontroller, so it will be used only for a limited number of detection, set in advance.

2. event mode: In this mode, the same information is retrieved as in the Calibration mode but for a single gain range, LG or HG, set in advance. The detection time, coded on 10 bits, is also sent in the telemetry. The total size of an event is therefore (26 × 12 + 10 2 ) bits. This mode is started for a preset time by TC.

3. Spectrum Mode: In this mode, the microcontroller builds spectra (SP) and light curves (CL) of gamma, electron, and undetermined events. The total memory size of the Spectrum mode is: (NbinSP × 18 × 3 + NbinCL × (16 × 2 + 8)) bits, with NbinSP and NbinCL are the number of bins of the spectra and light curve data. This mode is started for a preset time by TC.

When one of these sub-modes is completed, the scintillator module remains in MISSION mode, waiting either for a sub-mode remote control or for the remote control to go into STANDBY mode.

Switching to MANUAL / AUTOMATIC mode is only handled by the OBC and is completely transparent to the scintillator module. In fact, in AUTOMATIC mode, the OBC first sends the scintillator module a remote control to switch to MISSION mode, then remote controls to switch to sub-mode according to a preprogrammed sequence, and finally return to STANDBY mode at the end of the sequence. From the point of view of this module, everything happens in a similar way to what would happen in MANUAL mode.

Chapter 4

Monte-Carlo Simulation and the Response Matrix

Interaction of particle on matter

The IGOSat detector is a composition of a crystal (CeBr 3 ) and five plastics (EJ-200) detectors. The crystal can detect both gamma-ray and electron, while the plastic mainly detects electron. In this section I will describe what happens in both scintillation materials when a particle (gamma-ray or electron) hit the detectors.

Gamma-ray -matter interaction

Photoelectric absorption

This process happens when a photon is totally absorbed by an atom and a shell electron is ejected. This ejected electron is called a photoelectron, mostly coming from the innermost K-shell of an atom. The energy of the photoelectron is given by the formula 4.1:

E e -= hν -E b (4.1)
where hν is the energy of the photon, E b is the binding energy of the electron in its shell. For a gamma-ray, because of its high energy, the photoelectron carries almost the energy of the original photon.

Because an electron is ejected from its shell, the atom has now an empty electron orbital. An electron from an outer orbital will "jump to" this shell, creating an X-ray fluorescence photon or an Auger electron.

The photoelectron continues to travel inside the material inducing effects that will be described in section 4.1.2: "Electron -matter interaction".

Compton Scattering

This process happens when a photon scattered with an electron. In this case, the photon is not absorbed, but deflected with an angle θ and loses some energy. The electron gains this energy after the scattering..

The probability of a certain effect to occur depends on its cross section. For Compton scattering, it depends on the density of electrons that is contained in the material. As the photoelectric probability is much higher for high Z, there is anyway a higher probability of Compton scattering in a low Z material.

The Compton Scattering is described as the equation 4.2:

hν ′ = hν 1 + hν m 0 c 2 (1 -cos θ ) (4.2)
where m 0 c 2 is the energy of the electron at rest (0.511 MeV), hν and hν ′ are the energy of the incident photon and scattered photon, θ is the scattered angle. If the angle θ is equal to zero, nothing happened and no energy is transferred. If the angle θ is equal to π, in the case of a backscattering, the maximum energy is transferred to the electron.

The transferred energy is: E T = hνhν ′ . The maximum amount of energy is transferred respect to the angle θ ∼ 180 • .

E T max = hν -hν ′ 180 • = hν - hν 1 + hν m 0 c 2 (1 -cos(180 • )) = hν(1 - 1 1 + 2hν m 0 c 2 ) (4.3)
It could be seen on equation 4.3 that it is impossible to transfer an amount of energy higher than the E T max , so the Compton spectrum is always cut off at E T max and leaving a gap to the full energy peak. This energy is called Compton edge. The Compton spectrum between the minimum and maximum energy is called the Compton plateau and it located centrally between the energy zero and the Compton edge. (See Fig. 4.1)

For an example, if a gamma photon at an energy of 1173 keV (a emission peak of 60 Co) hit a plastic scintillator, the Compton edge would be:

E T max = 1137 × (1 - 1 1 + 2×1137 511 ) = 963.2(keV ) (4.4)
as reproduced with the simulation at Fig. 4.5. 

Pair production

This process happens when the gamma-ray carries an energy of at least 1022 keV, which is twice the electron rest mass energy (511 keV). When it takes place, the gamma-ray's energy is converted into an electron-positron pair. The positron then annihilates with an electron producing two annihilation gamma-ray photons which carrying an energy of 511 keV each. The two annihilation photons continued to travel and interact inside the material by other physical processes. The result of this process is to induce another significant peak at 1022 keV lower than the original gamma-ray's energy in the scintillator's detected spectrum. The energy of this annihilation peak is:

E annihilation = E γ -1022(keV ) (4.5)
The simulation result has shown that the second peak appears in the detected spectrum when the pair creation process becomes important that is when the gamma-ray energy exceeds 1.5 MeV. At the lower energy, this peak is below the noise. Figure 4.2 shows the simulated spectrum created by a 2 MeV flux of gamma-rays. 

Electron -matter interaction

There are two main types of interactions of the electron in a scintillation materials: Ionization and Bremsstrahlung.

The Ionization process happened when an electron interacts with atomic electrons in a matter and removes part of them from the atom. The incident electron loose its energy by transferring it in the collision. Depending on the initial energy and the physical properties of material, such as composition and thickness, an electron can stop inside matter when it transferred all the energy, or it just simply passes through and loss a part of its energy.

The electron after each collision changes its direction with small scattering angle, and continue to ionize other atoms before escaping the medium. Some electrons transferred all of their energy and stop inside matter.

Bremsstrahlung is a process that happened when a light charged particle acceleration is changed in the Coulomb field of a nuclei and lose its energy by emiting gamma-ray photons.

4.2

The GEANT-4 software and MEGAlib library for Monte-

Carrlo simulation

GEANT-41 is a simulation toolkit developed by a world-wide collaboration of scientists and software engineers and supported by Conseil Européen pour la Recherche Nucléaire -European Organization for Nuclear Research (CERN) and many institutions all over the world. GEANT-4 is based upon Monte-Carlo simulations for the interaction of particles through matter. GEANT-4 is widely use in many projects, especially in detector simulation for particle physics.

The IGOSat project use this toolkit to simulate its detector through the MEGAlib library. The MEGAlib has two main components: the GeoMega for "drawing" detector geometry, and The cosmic simulator of MEGAlib (Cosima) for the GEANT-4 Monte-Carlo simulation.

This chapter will provide an overview of the GEANT-4 toolkit, the MEGAlib library, and describe all the simulations which have been done for the IGOSat detector.

Geant4 simulation toolkit

The Geant4 simulation toolkit can simulate the interactions of particles in matter with the support of a lot of physics models behind. By defining the geometry of the system, materials, the physical properties of the particle source, etc. the toolkit can run a Monte-Carlo simulation and return all the interaction information happening in the detectors. These data are then analyzed and give us a picture of how a detector should work in reality. ( [Agostinelli et al., 2003])

Geant4 is now widely used in particle physics and high-energy astrophysics in CERN, European Space Agency (ESA), Institut National de Physique Nucléaire et de Physique des Particules (IN2P3)... This toolkit is also used in medical physics and detector designs. There are several applications with their specific purposes using Geant4 as a Monte-Carlo simulation tool and work together with many other powerful tools. In the IGOSat project, we use the Medium-Energy gamma-ray Astronomy library (MEGAlib) for simulating the scintillation detectors. The MEGAlib includes GeoMega, a tool for modeling the detector geometry; and Cosima, a Geant4 simulation tool.

The MEGAlib library

MEGAlib is written in C++ and it was first designed to help designing Compton telescopes. The library is based on ROOT, and worked as a complete data analysis chain. The two important tools that are used for simulating the IGOSat detector are Cosima, a Geant4 simulation tool, and GeoMega, a powerful tool for designing the geometry of the system. [START_REF] Zoglauer | Megalib -the medium energy gamma-ray astronomy library[END_REF] 

GeoMega -Geometry description tool for MEGAlib

In order to describe the geometry of the detector, we used the GeoMega tool to define the shape, material and position of each element. The Cosima tool will then import the geometry from a GeoMega file into its Geant4 format.

Each element in GeoMega is defined by a volume. The properties of this volume is described by shape, material, size, and position. Almost all of the elements of the detector are box-type. For example, the CeBr 3 crystal is defined in GeoMega as the following box: The materials used in this configuration is described in another file called materials.geo. Each of them is defined by its chemical formulae and the material density. This is repeated for all components. Figure 4.4 shows the final design of the IGOSat detector, including a CeBr 3 crystal scintillator at the center, surrounded with 5 EJ-200 plastic scintillators, with all other support components. Figure 4.3 shows the detector as simulated by GeoMega.

In a simulation with a gamma-ray flux at 1173 keV, for instance, the simulation can track the trajectory of every particles and their interactions inside the detector. The Figure 4.4 also shows the path of some gamma-ray photons with the position of interactions represented by a star-markup. In this figure, each line represents the path of a particle, the yellow stars are marked the interaction positions. Interactions can happened in non-sensitive material such as the shields, which is not represented in the figure.

Cosima -A Cosmic Simulator for MEGAlib based on Geant4

Cosima, a "Cosmic simulator", is the Geant4 simulation tool of the MEGAlib. Using the Cosima package, we can define the physical properties of the particle beams, including the particle type, energy, direction, flux... and then perform the simulations. The output of the Cosima is a text file that includes all information of the simulation, and which can be analyzed using MEGAlib tools or by another custom analysing program. Cosima simulations performed for the IGOSat detector has been done for gamma-ray photons and electrons. Both types of particles are common in the LEO, especially in the polar caps and the South Atlantic Anomaly. The simulations were run with beams of particles either in a specific direction or in isotropic distribution. For the electron simulation, we used a data set from the AE-8 model provided by NASA to eValuate the electron flux in the LEO.

Simulations for testing the tantalum shield were also made to check if the shield is efficient in blocking electrons that are incoming from "the bottom", i.e. cannot be vetoed by the plastic scintillator (see section 4.3.1).

Define a simulation for the IGOSat detector

A Cosima simulation can be run only when we have all the necessary input files that are mentioned above: a GeoMega file and a materials.geo file for the geometry of the detector and other components, and a Cosima's parameter file for seting up the simulation environment. The box below is an example of the parameter file which is used to define a simulation of a gamma-ray flux at 1 MeV. The Geometry group in the parameter file includes GeoMega file path, which is the geometry we want to use for the simulation, and the parameters for checking the overlaps, which will check if there are any dispute between volumes of the geometry before a run. A good geometry should not have any overlaps between each components. By default, the configuration for this check is 1000 random test points to be checked at each volume's surface and the tolerance of overlaps is 0.0001 cm. Another parameter for this group is the DetectorTimeConstant, which is the separation time of two decays or two de-excitations.

The Physical group in the parameter file contains the name of the physics list, which by default is the Livermore low-energy electro-magnetic process. For the hardronic process, we use the standard Geant4 physics list for low-to medium-energy gamma-ray telescopes under space condition. These lists have been built and tested using data from current and future space missions (Athena). The chosen DecayMode is the ActivationBuildUp, which is used for space activation simulations.

The storing option parameters allow us to choose how the simulation stores results. By default, the simulation information, the ionization data, the calibrated data and the triggered events are turned True, which means that all the results including these information will be stored into the simulation file. The run parameters group is where we define the name of the simulation, and the storing file name.

The stop criteria can be the number of triggered events, or the number of generated particles, depending on the goal of the simulation. For example, in order to see the performance of the metal shield, we can set the stop criteria as the number of generated particle (10000 for example). We will need different simulations with different materials and thickness to see if the shield can block energetic particles from a dedicated direction. For other scintillator simulations, the stop criteria is set to have 10000 triggered events.

In MEGAlib, every geometries are located inside a world volume. Cosima then defines the distribution of particle in the source parameters group, which defines the particle type, spectrum, beam direction and flux. The simulation can be run with a mono energetic flux or a defined spectrum from a file. Based on the simulation goal, the source can be gamma-ray photons or electrons, coming from an identified direction or with isotropic distribution. The Cosima definitions for both cases in these simulation are: FarFieldPointSource for defining a direction, and FarFieldAreaSource for the isotropic distribution.

The FarFieldPointSource defined particles are come from a disk on the tangent plane of the surrounding sphere, the direction is given by an angle that defines in the parameter file. The FarFieldAreSource is the FarFieldPointSource but considering all the sphere points. Particles are emitted from all these tangent planes into the world volume and they are considered as the isotropic distribution. In both case, there are an amount of emitted particles that do not hit the detector.

Scintillator's simulations with gamma-ray and electron

Shield test

The goal of the IGOSat scintillator is to detect and discriminate the two types of particle: gamma-rays and electrons. The plastic scintillators, which are mainly sensitive to electrons, are designed to cover 5 sides (except the MPPC windows) around a crystal scintillator, which can detect gamma-ray. Because the crystal scintillator is sensitive to both gamma-ray and electron, a metal shield, which is made of two metal layer -one is aluminum (Al) and another is tantalum (Ta), has been added behind the MPPC windows in order to block all the electrons that might falsely detected by the crystal.

In order to see how the shield is working, simulations with gamma-rays and electrons have been made coming from the bottom. The energy for each particle types were set from 100 keV to 2 MeV with a step of 100 keV. We generated 10000 particles for each run. Table 4.1 shows the result for gamma-ray and Table 4.2 gives the one for electron. The total number of detection (N t ) are the number of particles that has been detected in both crystal scintillator and plastic scintillators. In table 4.1, N is the number of correct detection (the events detected only in the crystal scintillator) and N v is the vetoed detection (the event has at least 1 interaction in any plastic scintillator). Since the incident flux is gamma-ray, a Correct Detection means the particle is detected in the detector as a gamma-ray photon, and a Vetoed Detection means the particle is detected as an electron. We clearly see that the ratio of Correct Detection (N/N t ) at each energy level is between 5-10 per cent, and the vetoed detection from 89 to 94 per cent. It means that there are 5 to 10 per cent of gamma-ray photons which interact only in the crystal. These results are confirmed again in the simulation with isotropic gamma-ray flux (see table 4.3).
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Similar simulations have been done with electrons. In this case, a Correct Detection (N) is counted when an event has at least 1 interaction in any of the plastic scintillators, while a False Detection (N f ) is counted when all interactions happened only in crystal scintillator. The simulation result is showed in table 4.2. Despite the number of electrons that has passed through the shield and the plastic scintillators and hit the crystal scintillator increased by the initial energy of the electrons, the ratio of false detection is still very low below 1 percent. It means there is a very small amount of electrons which are not well detected.

The results has shown that the shield will allow the gamma-ray photons to pass through and interact in the crystal medium while nearly all electrons coming from the bottom and which can be misinterpreted as photon are in fact blocked by the shield.

Gamma-ray simulation

The aim of these simulations is to study gamma-ray detection efficiency of the IGOSat scintillators. Following the scintillator concept, we consider as gamma-rays events with energy deposit only in the crystal scintillator. The detector geometry has an aluminum -tantalum shield at the bottom, which blocks almost all electrons from behind the crystal, so all the events detected in this simulation by the CeBr 3 should be gamma photons that go through the plastic scintillators.

For example, we show gamma-ray simulation with an initial energy of 1173 keV, similar to one of the emission line of 60 Co and an isotropic emission, that means that the all particles come from everywhere randomly.

The simulation is ran with 10000 events and there are 208636 interactions that happened during the simulation. There are 4527 events (45%) that contain interactions in plastic scintillator and will be considered by the Onboard Computer as "Electron detection", and will be flagged as Vetoed Detections. The simulation results show clearly that a large part of events are detected in the crystal scintillator with an energy 1173 keV. The lower tail in the plastics is due to the Compton effect (See Fig. 4.5). The explanation of the Compton Scattering is described at section 4.1.1.
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Plastic threshold

Our experiments has shown that gamma-rays can deposit just very low energy (below 180 keV) in the plastic medium which can be considered as noise. In order to see if our simulation detects these low energy events, we need to apply a low energy threshold of each independent plastic.

The previous simulation without threshold provides us a ratio of "Correct Detection" around 10 percent. That low number may be dues to the high rate of interaction with a a low energy deposit in plastic. By giving a threshold of 180 keV in each Plastic scintillator a value that we measured with our laboratory model, we would like to see if this threshold can help us to avoid the rejection of gamma-ray detection. This new analysis with a threshold of 180 keV applied to the Plastic Scintillator is showing a huge drop of the total number of events (N t ) in the low energies, and it is increasing at higher energies. But there is not much different in percentages between two simulations at energies above 500 keV. The correct detections are around 10 percent from the simulations with threshold that are similar to the ones without threshold. This is meant that the threshold applied to plastic scintillators does not affect the final result. Figure 4.6 shows the comparison between the two simulations. The simulations with energy higher than 500 keV of the two cases provide the similar results around 10 percent of correct detection.
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The Response Matrix

The Response Matrix will help us to illustrate the results of the simulation. By generating simulations at every energy level (2000 gamma-ray particle simulations from 1 keV to 2 MeV).

The goal of the Response Matrix is to become a link between the generated energy and detected energy spectrum. The general formula of this link can be written as the equation 4.6.

D = RS (4.6)
where R is the Response Matrix, S is the Source intensity, and D is the Detected count rate spectrum.

From each simulation, we get a spectrum of the deposited energy in the detectors. Depending on the detector type, the measured spectrum is different. Because the plastic scintillator is not as sensitive to the gamma-ray as the crystal scintillator is, in a gamma-ray simulation most of the interaction happen in the crystal. The deposited energy for each event is recorded, classified and converted it into count rate per keV (in percentage). The count rate in each energy bin is expressed in the equation 4.7.

r = 100 × d/N/∆D (4.7)
where r is an element of the Response Matrix R that relative to a detected energy in an energy range ∆D in the Detected Spectrum D; d is the count rate in the range ∆D and N is the total number of D.

In practice, we only know the detected spectrum and want to estimate the original energy spectrum of the incident particles. To do that, we will need this Response Matrix R. If R is a square matrix and invertible, we can calculate S using equation 4.8.

S = R -1 D (4.8)
As low energy incident particles tended to be absorbed in the material very quickly, the deposited energy is equivalent to the energy of the incident particles. The deposit energy is equal to the particles incident energy. These events are represented on the diagonal of the Response Matrix. This diagonal divides the matrix into two parts : the ones in the right are zero as we cannot detect energies greater than the incident ones, and the left part representing particles which deposit only part of their energy in the detector, resulting mostly from Compton interactions.

From this Response Matrix, we can see where the particle energy are deposited. In the case of the Plastic scintillator, there are very high count rate elements at the energies below 1 MeV and along the Compton edge in comparison to the Response Matrix of Crystal scintillator.

To have a better representative spectrum, an energy resolution profile, computed taking into account test benches measurements (see Chapter 5), is convoluted to each simulation detected event. The energy of the convoluted event is randomly taken from a Gaussian distribution where the mean value is the simulation detected energy, and the sigma at each energy level is taken from the measurements. The sigma value can be calculated by the equation 4.9. This expression will be explained in Chapter 5, Section 5.3: Comparison between experiment and simulations.

Sigma = a × E(keV ) b+1 200 √ 2ln2 (4.9)
where a = 572.78790 and b = -0.67240 are taken from the Power law fit of the energy resolution measured at 55V which will be shown in chapter 5. The resolution energy of the crystal is following the equation 4.10. This resolution is the ratio of the FWHM over its energy, as expressed in Equation 5.8.

Resolution(%) = a × E(keV ) b (4.10)
Figure 4.7 is the Response Matrix of the plastic crystal scintillator, with each simulation detected event is convolved with the energy resolution profile. Figure ?? is the matrix of combined detectors including all six scintillators. There are not much difference between this Response Matrix and the one of the crystal scintillator, because the count rate in the crystal dominates those in the plastic detectors, taking into account its low energy threshold.

We can see clearly the diagonal line in the Response Matrix, with very high count rate in bottom left and fading away at higher energy. This can be explained as particles at higher energy are passed through the detector and they are only transfered a small amount of energy. The number of absorbed particles at higher energy is extremely low. Chapter 5

Testbench and Measurements

As mentioned in Chapter 3, the IGOSat detector is composed of one CeBr 3 crystal and five EJ-200 plastic scintillators. Each Plastic scintillators is read out by two pixel SiPMs while the CeBr 3 Crystal is read out by a 4x4-chanel MPPC where each channel is a SiPM.

When a photon or an electron passed through or is absorbed by a scintillator, it can loose part of its energy and produces scintillation photons. The longer the path, the more scintillation photons are produced. (See Fig. 5.1)

At the first phase of the project, the chosen crystal scintillator was LaBr 3 because of its high efficiency. So the early measurements was made with this crystal. LaBr 3 was replaced by CeBr 3 because of size problem. The manufacturer, Saint-Gobain, was unable to produce a LaBr 3 as small as required. Besides, the longer decay time and lower intrinsic radio-activity make CeBr3 interesting for our purposes. The emission wavelength of CeBr 3 is 380 nm 1 , similar to LaBr 3 2 .

The crystal scintillator is expected to detect gamma-rays from 20 keV to 2 MeV, and the EJ-200 Plastic will measure electrons from 1 MeV to 20 MeV. The SiPM and MPPC are produced by HAMAMATSU, and the CeBr 3 detector is manufactured by SCIONIX in Netherland. The LaBr 3 crystal for early tests is BrilLanCe 380, a product of Saint Gobain.

In this section, the term "Energy Resolution" is a percentage ratio of FWHM of a peak devided by its mean position. The calculation of the Energy Resolution is described in equation 5.8.

1 CeBr 3 application note: https://scionix.nl/wp-content/uploads/2017/07/CeBr3-scintillation-detectors.pdf 2 BrilLanCe 380 scintillator technical note: https://www.crystals.saintgobain.com/sites/imdf.crystals.com/files/documents/brillance_performance_summary.pdf

Silicon PhotoMultiplier characterization

The Scintillator payload uses SiPMs for detecting the secondary photons generated inside the material. The SiPM convert signal into current which is analyzed by the EASIROC board before being sent to onboard computer. The IGOSat nanosatellite uses SiPMs to read its scintillators. The Silicon PhotoMultiplier is a semiconductor component that use the same principle than a solar panel: the photoelectric effect. In fact, a SiPM is a miniaturized solar panel with thousands of micro-cells. Under an high electrical field, one hit of a photon can generate thousands of electrons, which then produce a current.

Like a traditional photomultiplier tube, the SiPM is used to convert the signals into current and amplify it before sending to the EASIROC board. The SiPM received signals are due to photons generated in a scintillator due to scintillation process inside the material. Depending on the material, the scintillation photon has different wavelength: the peak emission wavelengths of CeBr 3 crystal and EJ-200 are 380 nm and 425 nm, respectively (See Chapter 3). The response range of the SiPM used in this payload should cover all these wavelengths. The chosen SiPMs, S13361-6050 series -which are manufactured by HAMAMATSU (Japan), can detect photon from 320 nm to 900 nm. Its peak sensitivity at 450 nm is very close to the emission wavelength of the scintillators (see table 5.1). For the test, we were using the SiPM S11827-3344 MG for the test bench V1, and the SiPM S13361-30503 for the test bench V2. Both S11827-3344 MG and S13361-3050 are half in size (3 mm x 3 mm) than the one chosen for the nanosat (6 mm x 6 mm) but has similar spectral response range from 320 nm to 900 nm; the peak sensitive wavelength of S11827-3344 MG is 440 nm [START_REF] Grodzicka | Characterization of 4 × 4ch MPPC array in scintillation spectrometry[END_REF], while the one of S13361-3050 is 450 nm, which is the same to the S13361-6050 (See Fig. 5.2).

CeBr 3 emission wavelength 380 nm EJ-200 emission wavelength 425 nm SiPM response range from 320 nm to 900 nm SiPM's peak sensitivity 450 nm Table 5.1 Properties of scintillators and SiPM used in IGOSat.

The EASIROC chip, as mentioned in Chapter 3, is a low power and highly versatile Application-Specific Integrated Circuit (ASIC) developed by Omega Microelectronics. An ASIC is an Intergrated Circuit which is designed for one or several particular uses. The ASIC EASIROC is customized to read the SiPM. It is dedicated to the gain trimming and read-out of up to 32 channel of SiPM detectors. The EASIROC integrates a 4.5V range 8-bit Digital to Analog Converter (DAC) per channel for the SiPM voltage adjustment, a 10-bit DAC for the trigger, which defines the threshold of the input signal. Each channel has two independently programable variable-gain preamplifiers (Low Gain and High Gain), followed by a Slow Shaper and a Track and Hold cell (see Fig. 5.3).

The signal from SiPM is amplified in both Low Gain and High Gain. The output signal of all 32 channels is analogic.

The EASIROC is integrated on a test board, which comes up with a micro controller, two external 12-bit ADCs, other components and I/O connectors. The analogic signals from the EASIROC chip is converted to ADC value before been sent to the computer. This section will describe the characteristics of the SiPMs used in the scintillator payload. ). The spectral range is from 320 nm to 900 nm with the peak sensitivity at 450 nm.

SiPM test bench v.1

The idea of the test was to point a light source, a LED4 , which produces a blue light at 470 nm, to a SiPM. The SiPM has a spectral response range from 320 nm to 900 nm and peak sensitivity at 450 nm. So the LED will produce pulses at a wavelength close to this peak sensitivity. (see Fig. 5.4)

The signals from SiPM is then sent to the EASIROC board for analysis. The equipments used in this testbench were: SiPM S13361-3050 from HAMAMATSU, EASIROC board from Omega Microelectronics, the power supply for EASIROC board from Agilent E3631A, power The first test using this testbench v1 was to explore the response of the SiPM depending on the LED's light intensity. The SiPM output current was measured directly by the Advantest R6243. Depending on the voltage, waveform and frequency supplied to the LED, the measured current varied from zero to 10 µA maximum. The 10 µA is set by the Advantest device in order to protect the SiPM. The results is shown in Fig. 5.5.

The results show that the SiPM S13361-3050 has different response with different input voltage. It means the SiPM has different gain depending on its input voltage. Based on the measured result, the best value of the SiPM input voltage is 56 V, which provides good gain and a wide response range.

The second test was to explore the response of the SiPM depending on the LED's frequency. In this test, the input voltage of the LED is kept at 1.5 V, but the frequency is varied between 1 Hz to 5 MHz with 100-ns-squared pulses. As the pulse is fixed at, the frequency changing cause the ON state of the LED varies, thus the expected output current of the SiPM is changing proportionally to the frequency of the LED. The results of this test, which is shown in Fig. 5.6, showed us that at the same condition, the SiPM has difference response with different The third test of the testbench v1 was to determine the trigger of the EASIROC chip depending on the LED's luminous intensity. The trigger of the EASIROC chip is used to cut off the background noise that come from the electronics components. The trigger of EASIROC chip is represented by the DAC number from zero to 1024. The lower DAC number can allow the weaker signal to appear in the output. This test is in order to know at which DAC number the signal from the LED will be visible at the output of the EASIROC board. The results represented in Fig. 5.7 has shown that the trigger's DAC number is quite stable around 780 despite the changing in the LED's input voltage. It means the background noise level does not depend on the signal amplitude. 

SiPM test bench v.2

While the test bench v1 was explore the response of SiPM with a LED, the test bench v2 was designed to measure the behavior of SiPM with radioactive sources. In that case, the test bench needs a scintillator and a suitable mechanism to host it.

The new test bench, which is shown in Fig. 5.8, comes up with the scintillator support board. This board, which is designed following the CubeSat Design Specification, contains a specific electrical connector that fixes the SiPM on the board. The LaBr 3 crystal scintillator is used for the test with the SiPM matrix S13361-3050.5 ) This new test bench was used to calibrate the relationship between the ADC number and input energy value gain/energy relationship. Components of this new test bench are listed in Table 5 Radioactive sources are put directly on the top of the LaBr 3 crystal. They emit gamma rays at specific energies, which will interact in the crystal and produce scintillation photons that will be detected by SiPM. The measured spectra will show different parts corresponding to Compton scattering, Compton edge, annihilation peaks, and photopeak. Three radioactive sources which has been used are: 22 Na and 137 Cs,. All of them are put directly in contact with LaBr 3 crystal. Table 5.3 is shown the list of radioactive sources and their corresponding gamma-ray emission peaks.

With the help of a 3D printed plastic structure, the LaBr 3 crystal and SiPM were fixed together on the support board. The optical contact between the crystal and SiPM was assured by an optical grease. The system of LaBr 3 crystal, SiPM, and radioactive source is then covered by a lead cage. The EASIROC board is connected to the support board via cables, providing the power supply and collecting the measured current. A LabView software is installed on a computer for controlling and showing the results.

The SiPM should be operated with supply voltage around 56V at 25 • C. An 8-bit DAC is used to adjust the SiPM input voltage in order to make the gain of each channel uniform, indeed, we have shown with the test bench v1 that the gain is different between channels for Radioactive source Peaks (keV) 22 Na 511; 1275 137 Cs 30; 662 Table 5.3 List of radioactive sources used in the test bench v2 different input voltage levels. This 8-bit DAC of the EASIROC board can be adjusted with the LabView software and is independent between each channel. In the future, the flight model of EASIROC board will take commands from the Onboard Computer to adjust an 8-bit DAC, as well as the digital input value of the EASIROC DAC used to set the trigger threshold.

During the test, we have used an oscilloscope to see the waveform of the signal at each stage in EASIROC board (see Figure 5.9). When a photon hit the SiPM, the current signal is sent to the board, amplified in both Low Gain and High Gain, and convert into a pulse as seen in the two upper pulses in Figure 5.9. We clearly see that the pulse has higher amplification in High Gain. The two signals are then sent to the Slow Shaper in order to hold the signal long enough for the measurement. These signals are finally digitalized with two ADCs.

The procedure of the test was:

1. Set the SiPM alimentation at 54 V, DAC Trigger at 1023 (maximum). We enable one of any channel for the test with an input 8-bit DAC of 0.

2. Use the oscilloscope to see the shape of the signals, as shown on Figure 5.9.

3. Make a first measurement without the source. If there is no response, rise up the SiPM alimentation.

4. Once get a response, lower the trigger and rise the SiPM alimentation to find a good compromise, that is when the noise started to disappear, place a source and make a longer measure (10000 events is enough).

5. Once the trigger and SiPM HT values chosen, we changed the gain of each channel by rising up or lower the input 8-bit DAC. It is a good spectrum if both High Gain and Low Gain are clean spectrum, without too many saturation for High Gain and with enough distance between the different peaks.

Measurement with radioactive sources

The first measurements with radioactive sources were taken on 11 th and 16 th , August 2016. The goal of this measurement was to see if the system made of a SiPM and the EASIROC board could detect the typical spectra of a radioactive source. The measurements were done From LabView, we can see the live updated spectrum of one channel on the screen. The observed channel is set to channel 18 (or any another channel), DAC trigger is set to 700. All channels other than one from 12 to 27 are disabled. The 8-bit DAC is set at 75 for all active channel. Slow Shaper time constant is 25 ns for both Low Gain and High Gain. Each measurement is set to detect 20000 events. Data of each event is stored in one .lvm file, which contains ADC value of 32 channels. In total, there are 40000 data files of both High Gain and Low Gain for a 20000-event measurement.. Once a measurement is finished, the spectra is then computed through a Python program. The LaBr 3 is read out by a 4x4-matrix SiPM through 16 channels (from 12 to 27) at the input of the EASIROC board, so the program sums all these 16 channels to get the full spectrum. Each channel is read by a 10 bits ADC, providing values from zero to 4096, so the sum will give the digital values up to 65536 (4096 × 16 channels). Assuming a perfect cross-calibration, the sum of the ADC values is proportional to the deposited. The detected spectra is a histogram with the x-axis is the ADC value and y-axis is the count number.

Sodium-22 ( 22 Na) is an radioactive isotope of sodium element which half-life is 2.6 years 6 . It has three types of decay: (i) positron emission -maximum energy 545 keV, with 89.9% of branching ratio (the emission probability of a given decay process); (ii) gamma ray associated with annihilation 511 keV, with 179.8% of branching ratio; and (iii) accompanying gamma photons 1275 keV, with 99.9% of branching ratio.

We expect to see in the 22 Na's spectra is the two emission peaks at 511 keV and 1275 keV. From Fig. 5.10 we can clearly see different noteworthy points on both HG and LG spectra: (i) Two peaks, the more intense corresponds to 511 keV peak (around 16500 for LG, 30000 for HG), and the other corresponds to the 1275 peak (around 18700 for LG and 45700 for HG); (ii) The Compton scattering and Compton edge.

The energy resolutions estimated for the two peaks (511 keV and 1275 keV) are about 10.16% and 4.98% for High Gain, and 8.78% and 4.95% for Low Gain, respectively.

Caesium-137 ( 137 Cs)7 . 137 Cs is the most common radioactive isotope of caesium with a haft-life of 30.2 years. The main peaks of 137 Cs spectrum are at 662 keV (with 85% of branching ratio) and at 30 keV.

The expected energy peak to see in 137 Cs spectra is at 662 keV. In both spectra of Low Gain and High Gain at Fig. 5.11 we clearly see that gamma-ray peak. The energy resolution for 662 keV peak in High Gain is 8.15%, and in Low Gain is 8.19% Conclusion for these very first measurements with radioactive sources is: The system SiPM -EASIROC can detect signal from a scintillator. The spectra from 137 Cs and 22 Na has provided us typical peaks with good energy resolution.

Scintillator characterization

The chosen in-organic scintillator for the nanosat is CeBr 3 with a size of 12 × 12 × 12 mm 3 . The scintillation photon will be detected by the four central pixel of a 4x4-matrix SiPM. Five EJ-200 plastic scintillators surround this detector, each reads out by two single SiPMs. In total, the Scintillator system has 26 channels to be analyzed by the EASIROC board. This section will describe the physical properties of the two kind of scintillator, and the results of the test bench measurements that have been performed in 2017 and early 2018.

Scintillator testbench

The test bench is s small upgrade from the test bench v2 (see Figure 5.12). A new scintillator support board has been designed for supporting the new scintillator and for connecting 26 SiPM channels. The new scintillator has 2 parts, a CeBr 3 crystal and the EJ-200 plastic. These two parts can be separated and can work independently. The SiPM used in the new scintillator is the HAMAMATSU S13361-6050 series, including a 4 × 4-channel MPPC and 10 single SiPM. The size of each SiPM channel is 6 × 6mm 2 .

CeBr 3 crystal which is readout by the SiPM matrix, which was connected to the support board by a dedicated electrical connectors. The other 8 single SiPMs, which are positioned at the bottom of the Scintillator, are also connected to the support board by pins. The two left SiPMs on the top of the detector are connected the the board by cable. The data from SiPM are sent to EASIROC board through support board by cables. All the system is put inside boxes and covered by a black blanket.

A cooling system and temperature control has been added to this test bench. The cooling system used liquid Nitrogen for decreasing the temperature. A resistor is placed inside the Nitrogen tank and controlled by an external power supply. The heat produced by the resistor made cold Nitrogen liquid change its state into gas. This cold gas is continuously sent to the box and caused the temperature drop. A thermal sensor is place beneath the MPPC and provides the measured temperature inside the box. The temperature is then controlled manually by adjusting the power that is supplyied to the resistor.

Data analyze principle

The informations which are extracted from the spectra are the position of the peak, the errors and the energy resolution. We used them afterwards to calibrate our detector. Fig. 5.12 The IGOSat detector and the EASIROC board are placed inside a blackbox. Liquid Nitrogen produces gaz which is then used to decrease the temperature. Data from detector is then sent to the computer through an USB port and is analyzed by the LabView program.

Gaussian fit

Each peak is considered as a Gaussian distribution and we used a Python program to find the parameters of the Gaussian. The coefficients of each Gaussian curve are given in the fitting results and used to compute the final spectra in energy scale rather than in the ADC values.

A normalized Gaussian function is expressed by equation 5.1.

f (x) = a.e -(x-x 0 ) 2 2σ 2
(5.1)

where a = A √ 2πσ 2 . But the data collected from the measurements has pointed out that the Gaussian lines are often above a Compton continuum. So in order to subtract this continuum from the histogram, we simply model it by a straight line. In the fitting model, it is then needed to fit both the Gaussian distribution and the straight line by adding a linear part into the fit function. The linear function is expressed at equation 5.2:

f (x) = b.x + c
(5.2) Thus, the fit function is rewritten by the equation 5.3:

f (x) = (a.e -(x-x 0 ) 2 2σ 2 ) + (b.x + c) (5.3)
where the first part is the Gaussian equation and the second part is the linear equation. Finally, there are 5 variables deduced from the fit: a, x 0 , σ , b, c. We will need the x 0 , σ variables to calibrate the scintillator.

The Reduced Chi-squared (χ 2 ν ) is calculated to see the goodness of fit. By definition, the Reduced Chi-squared is the Chi-squared divided by the number of degrees of freedom, as expressed in equation 5.4:

χ 2 R = χ 2 N do f (5.4)
where N do f = N -5 , with N is the number of data points, and there is 5 fitted parameters. The χ 2 can be calculated by the equation shown in 5.5:

χ 2 = N ∑ i=1 (y i -f (x i )) 2 σ 2 i (5.5)
where y i is the number of count at energy x i . σ i is deduced from the fit (equation 5.3).

ADC to Energy conversion

The values x 0 and σ are given by the measurement, which are corresponding to the peak center, and the standard deviation of the Gaussian fit. By determining x 0 of different peaks in a spectra, the relation between Energy (in keV) and DAC values can be calculated for both High Gain and Low Gain spectra, as expressed in equation 5.6.

ADC = α.Energy + β (5.6)
where α is the coefficient (Channel/keV ), and β is the offset (ADC). So the Energy can be converted from ADC by equation 5.7:

E 0 = x 0 -β α (5.7)

Energy resolution

We express the energy resolution as shown in equation 5.8:

R(%) = FW HM E × 100% (5.8)
where FWHM is the Full-Width and Half-Maximum, and E is the typical energy E 0 of the peak, which is known from the isotope decay property (see Table 5.4).

The FWHM can be calculated once known the σ variable from the fit function. The relationship between σ and FWHM is defined by Equation 5.9:

FW HM = 2 √ 2ln2 σ ≈ 2.355 σ (5.9)

Errors estimation

Beside the five main parameters: a, x 0 , σ , b, c, the fit function is also provided five corresponding standard deviation errors: σ a , σ x 0 , σ σ , σ b , σ c . Each spectral peak centered at x 0 has an error σ x 0 .

The ADC to keV conversion E 0 = x 0 -β α will has errors on each axis: E 0 ± ∆E, and x 0 ± σ x 0 . The energy conversion equation with errors can be expressed as equation 5.10

E 0 ± ∆E = (x 0 ± σ x 0 ) -β α (5.10)
The FWHM itself has error defined by the parameter σ σ :

FW HM ± ∆ FW HM (%) = 2 √ 2ln2(σ ± σ σ ) = 2 √ 2ln2 σ ± 2 √ 2ln2 σ σ (5.11)
So the Energy Resolution with error can be computed by equation 5.12: R(%) ± ∆R = FW HM ± ∆ FW HM E 0 × 100% (5.12)

Measurements with radioactive sources

The goal of each test is to get the characteristics of each scintillator, in different conditions such as temperature or the input voltage of SiPM. The results give us then the best setting for the scintillator.

The CeBr 3 crystal is read out by the 4 central pixel of a 4 × 4-matrix SiPM, so in order to get the full energy of the crystal, we need to sum the ADC value of these 4 channels. Based on the scintillator support board, the indexing number for these 4 channels are 5, 6, 9, 10. Hence, the ADC value is from zero to 16384 (4096 × 4).

From histogram, the ADC range (x 1 , x 2 ) of each peak is chosen manually. The fit function will find exactly position of the peak and other parameters.

The radioactive sources used in these measurements are listed in 5.4 List of radioactive sources used in the measurements and their emission energies.

Sodium-22 ( 22 Na) is used again for this measurement with the CeBr 3 detector. The expected emission peaks from this isotope is at 511 keV for the electron-positron annihilation, and at 1275 keV. The input voltage applied to the SiPM was 55 V and 56 V. The results have some differences between the High Gain and Low Gain, as shown in Fig. A.2.

The Low Gain (55 V) spectra shows clearly the two typical energy peaks of 22 Na, but there is only one recognizable peak in the High Gain (55 V) and Low Gain (56 V) spectra. The second peak in these spectra is out of the observable range (saturated). In High Gain (56 V) we cannot recognize any peak because of the saturation. The variables of this measurement are showed in the table A.3.

Cesium-137 ( 137 Cs) has a very clear peak at 661.6 keV. This measurement is done at 55V and 56V of SiPM input voltages. The spectra measured at 55V provides a clear view of the peak 661.6 keV in both gain, while in 56V the High Gain is saturated and doesn't show any clear peak (see figure 5.13). We also see the 30 keV lines in these measurements. The fit variables are shown in table A.9.

Cobalt-57 ( 57 Co) was also used in this test. The main gamma-ray emission peak of 57 Co is at 122 keV with 86% abundance. The measurements with 57 Co is done at the SiPM's input voltage of 54V, 55V, 56V, and 57V and is shown in Figure A.4. There are no peak in the spectra at 54V because it was below the threshold. By increasing the input voltage, the sensitivity is increased, hence the 122 keV peak is appeared in the spectra measured at 55V, 56V and 57V. The peak is moved to the right (higher ADC value) until the SiPM is saturated. The fit data is provided in Table A.5.

Cobalt-60 ( 60 Co) provides two gamma-ray emission peaks over 1000 keV: 1173.2 keV and 1332.5 keV. The measurement with 60 Co is done at 55V. Because of high emission energy, these two peaks doesn't appear in the High Gain spectra. The Low Gain spectra enable us to measure a wider energy range, so that we can recognize these two peaks in Fig. A.6. The Gaussian fit data is listed in Tabe A.7. Americium-241 ( 241 Am) provides a very clear peak at 59.94 keV. The measurements are done at 55V and 57V and both give us good detections. In the 57V spectra, the peaks in both High Gain and Low Gain are shifted to the higher ADC values, compared to the ones in 55V spectra.

Calibration

All the measurements above provide us the positions (x 0 ) and standard deviation (σ ) of each typical peak of radioactive sources. Each x 0 is corresponding to a known energy E 0 . The fitting function in Python also gave us the error bars of each variable. From equation 5.10 the energy spectra can be then computed from ADC value.

To do the energy calibration, we use all the x 0 and calculated E 0 , which are measured under the similar condition (SiPM input voltage), into a scatterplot with their estimated errors σ x 0 . So the plot will have error in both axis: Energy (keV) and ADC value. Because the High Gain and Low Gain in EASIROC board differ by a factor 10, so the parameter a from the calibration function should be close to this factor. For example, the linear regression fit function at 55V are: ADC = 11.06(channel/keV ) × Energy(keV ) + 4122(channel) for High Gain, and ADC = 1.277(channel/keV ) × Energy(keV ) + 3687(channel) for Low Gain.

After having the conversion function, the spectra of each measurement can be converted into keV. Figure 5.15 show the spectra of 137 Cs in Low Gain, measured at 55V. The 662-keV peak of 137 Cs is shifted to 681.6n keV, due to the calibration uncertainties.

With these calibration function, we can convert future spectra into keV to give the gammaray spectrum measured by the satellite. 

Energy resolution

The energy resolution for each peak is calculated by equation 5.12. A fit function was applied to the data following a power law. The fit parameters for the measurements in 55V are: R(%) = 885.90282 × E(keV ) -0.78982 for High Gain, and R(%) = 572.7879 × E(keV ) -0.6724 for Low Gain.

The result has shown that the energy resolution is quite similar. The one in High Gain is a little bit better than the Low Gain. For example, at 662 keV, the energy resolution at Low Gain is 5.4282 (%) and at High Gain is 6.3366 (%), with the data measured in 55V.

From this estimation, we can predict the energy resolution for every energy level. 8 

Comparison between experiments and simulations

The simulation always provides a very ideal result, the peak of detection is in a single energy bin in the histogram. An incident flux of gamma-ray photons will be expected to deposit energy at its simulated energy. Figure 5.17 is a clearly example for the situation. The simulation generates a 2 MeV flux of gamma-ray photons. The main detection peak as shown in the histogram is at 2MeV, the second peak at 978 keV is the results of pair production processes. The real detection from a measurement always showed a peak convolved by its energy resolution. The resolution is different depending on the detector and the detected energy and can be determined. The IGOSat test bench has been used to measure gamma-rays emitted from various radioactive sources and provide profiles of energy resolution for the CeBr 3 crystal scintillator. The spectrum that is measured at 55V has the energy resolution profile following the power law, as shown in the equation 5.13.

Resolution(%) = a × E(keV ) b
(5.13) where a = 572.78 and b = -0.67.

To apply the energy resolution into the simulated result, we generate a random value of the detected energy. This random value is belong to a Gaussian distribution that define the energy resolution of the detector. That is to say, the final value of that simulated result can be change into another which might be higher or lower the simulated result. We can get the σ value at that energy from the equation of the Energy Resolution 5.8 and the profile equation 5.13. The equation 5.8 can be re-written in the term of σ and E as 5.14. Finally, the random value of a simulated energy can be generate following the Normal Distribution, as described in the equation 5.17:

p(x) = 1 √ 2πσ 2 e - (x-E) 2 2σ 2
(5.17)

By convoluted every simulated results, we have a new simulation spectrum as shown in the Figure 5.20 and 5.18. We can conclude that the simulation results after the convolution are similar to the experimental results. 

Chapter 6

Conclusions and Discussion

Conclusions

The presented works in this dissertation have contributed in investigating a new approach studying the LEO environment and in the other hand, it is going to demonstrate the new detection technology applying in space under the framework of a student satellite project.

The IGOSat detector has been designed and its prototype has involved in practical measurements with the test bench. As expected, the CeBr 3 crystal successfully detected gamma-ray emitted from radioactive sources. The measured spectrum of the crystal provide an acceptable energy resolution and efficiency. A test bench procedure has been provided for the test of each component of the detector, including the scintillator, SiPM, and the EASIROC board.

The simulation has provided the response matrix which can be used to compute the energy spectrum of the incident particles. The simulated spectrum has been convolved with the energy resolution which is taken from the measurements. A comparison to the test bench measurement has shown the similar spectrum. Confidently saying we can trust the Monte-Carlo simulation method and its future results can help us to realize the LEO environment.

The result has shown the energy resolution in High Gain and Low Gain at 662 keV are 5.4282% and 6.3366%, respectively. Our results is similar to other studies of the CeBr 3 efficiency. A study of [START_REF] Picado | Efficiency measurement and monte carlo simulations of a cebr3 scintillator[END_REF] has given the CeBr 3 energy resolution of 5.0% at 663 keV, just a little bit higher than our Low Gain measurement.

The next steps for studying the IGOSat detector are continuing the experimental measurement with the radioactive in order to improve the procedure and the test bench. The measurement with the plastic should be finished soon to complete the detector measurements.

Through out the works have been done in this thesis, the prototype EASIROC board has not been tested. It will be brought into the test bench when the flight software and the OBC are ready.

Application of the IGOSat's detector to future research

The IGOSat's detector can be used for detection of Terrestrial gamma-ray flash (TGF) and for survey the gamma-ray spectra at high altitude through a balloon mission.

Terrestrial Gamma-Ray Flashes (TGFs) are bursts of gamma-rays in the high atmosphere. [START_REF] Fishman | Discovery of intense gamma-ray flashes of atmospheric origin[END_REF] discovered TGFs using the Burst and Transient Source Experiment (BATSE) detectors onboard the Compton Gamma Ray Observatory (CGRO). These intense flashes of gamma rays have origin at altitudes above at least 30 kilometers. The scintillation detectors of the BATSE instrument were sensitive above 20 keV. A TGF might last 0.2 to 3.5 milliseconds and can have energies up to 20 MeV, which is covered by energy detection range of the detector.

Several balloon experiments has shown that there is an increment in count rate of gammaray photon at the altitude from 15 km to 18 km. The COCOTE (COmpact COmpton TElescope) flight in 2016 has shown the highest count rate from the CeBr 3 calorimeter is at altitude of 15 km. The CLAIRE balloon flight in 2003 also has detected the similar increasing in count rate at an altitude of about 15 km. A new research proposal can be made which will develop a platform for a detector like IGOSat's one, and use it as a ground observatory or send it to a balloon flight. For example, a weather balloon can fly from ground to an altitude of about 30 km. During these flights, the system is able to measure the gamma ray and electron backgrounds continuously from ground to cruise altitude.

This system can be set up as a ground observatory on a high mountain or high building. In this case, it can be used to test the possibility of TGF detections. An interesting location is Doi Inthanon in Thailand, a mountain which peak at 2565 m, where the Princess Sirindhorn Neutron Monitor (PSNM) is located. The thunderstorm season in this area is in May, and the PSNM can see enhanced count rates during thunderstorms. So it is reasonable to put the detector at top of this mountain for testing and comparing results. A.2 22 Na Spectra and fit data A.4 60 Co Spectra and fit data 

B.1.2 2 nd -order conversion

This section provides another approach to the energy conversion. The principal of the 2 nd order energy conversion method is shown as the equation B. 

B.4.1 ADC to keV conversion
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Fig. 1

 1 Fig. 1.3 As of 2018 October 28, 966 NanoSatellites have been launched, including 878 CubeSats. The figure (source: nanosats.eu) has showed the eVolution of NanoSatellite number by years, and predicts a large increase of launches in the next few years.

Fig. 1

 1 Fig. 1.4 Top: Concept of the IGOSat scintillator payload with a crystal scintillator at the center and plastic scintillators around. Bottom: detection principles of the Scintillator payload, where gamma-rays interact mainly in the crystal whereas electrons could interact in both plastic and crystal scintillators.

Fig. 2

 2 Fig. 2.1 One CubeSat Unit has a size of 10x10x11.35 cm and a total mass under 1 kg.

Fig. 2

 2 Fig. 2.2 External and internal views of the P-POD. The CubeSat should have a suitable design in order to be released from launch vehicle by sliding on the rails at four corners of the deployer.

Fig. 2 . 3

 23 Fig. 2.3 Product tree of the IGOSat flight segment.

Fig. 2 .

 2 Fig. 2.5 The latest design of the battery board.

Fig. 2

 2 Fig. 2.6 Latest design of ADCS board.

Fig. 2

 2 Fig. 2.7 2018 CATIA model of the IGOSat satellite: the top Cube (left side) contains the Scintillator payload and Telecommunication board, the middle Cube the Onboard Computer and the ADCS board, and the bottom Cube the Electrical Power System and the GPS payload.

Fig. 3 .

 3 Fig. 3.1 Top: Concept of the IGOSat scintillator payload with a crystal scintillator at the center and plastic scintillators around. Bottom: detection principles of the Scintillator payload, where Gamma-rays interact mainly in the crystal whereas electrons could interact in both plastic and crystal scintillators.

Fig. 3

 3 Fig. 3.3 Intrinsic activity spectrum of three scintillation material: CeBr 3 LaBr 3 :5%Ce and NaI(TI). ([Quarati et al., 2013])

Fig. 3

 3 Fig. 3.5 Current design of the scintillator payload. In this drawing (provided by the SCIONIX company, Netherland), the scintillator is represented upside down.

Fig. 3

 3 Fig. 3.6 CeBr 3 crystal scintillator in an IGOSat test bench.

Fig. 3

 3 Fig. 3.7 The photo crosssection of the CeBr 3 generated by XCOM (NIST). The energy range applied in this simulation is from 0.001 MeV to 10 MeV.

  Fig. 3.8 EJ-200 plastic scintillator in an IGOSat test bench.

Fig. 3 .

 3 Fig. 3.10 Dimension outline of an MPPC.

Fig. 3 .

 3 Fig. 3.11 A single SiPM (left) and a 4 × 4-matrix MPPC.

Fig. 3 .

 3 Fig. 3.13 The software design (top line) and the prototype (bottom line) of the EASIROC board developed for IGOSat (top/bottom).

Fig. 3 .

 3 Fig. 3.14 The functional principle of one channel of the EASIROC chip.

Fig. 4 .

 4 Fig. 4.1 The Compton spectrum. There is always a gap between the main peak and the Compton scattering spectrum. The sharp cut off at the maximum transferred energy is called Compton edge.

Fig. 4

 4 Fig. 4.2 The main peak in this figure is at 2 MeV. The second peak is at 978 keV, exactly equal to the 1022-keV offset of 2 MeV.

Fig. 4

 4 Fig. 4.3 The IGOSat detector as simulated by GeoMega.

Fig. 4

 4 Fig. 4.4 The scintillator designed in GeoMega with the particles path in s simulation with an initial gamma-ray photon at 1173 keV.

Fig. 4

 4 Fig. 4.5 Gamma-ray at 1173 keV detected by IGOSat detector. This is the one of the two peak emissions of 60 Co. The top left figure is the deposited energy in the EJ-200 plastic scintillator while the top right one is in the CeBr 3 crystal scintillator. The sum of two histograms is represented in the bottom figure, which is shown clearly the 1173 keV peak and the Compton effect.

Fig. 4

 4 Fig. 4.6 Correct detection comparison of two simulations: with and without 180-keV threshold.The simulations with energy higher than 500 keV of the two cases provide the similar results around 10 percent of correct detection.

Fig. 4

 4 Fig. 4.7 10-keV binwidth response matrix for gamma-ray detection of the Plastics (top) and Crystal (bottom), with the threshold of 180 keV on the Plastics. Each simulated detection is convolved with the energy resolution profile which was analyzed from the measurement (See Chapter 5).

Fig. 5

 5 Fig. 5.1 Top: Concept of the IGOSat scintillator payload with a crystal scintillator at the center and plastic scintillators around. Bottom: detection principles of the Scintillator payload, where gamma-rays interact mainly in the crystal whereas electrons could interact in both plastic and crystal scintillators.

Fig. 5

 5 Fig.5.2 Photon detection efficiency of the HAMAMATSU's SiPM S13361-3050 series (see footnote 3). The spectral range is from 320 nm to 900 nm with the peak sensitivity at 450 nm.

Fig. 5

 5 Fig. 5.3 EASIROC ASIC schematic.

Fig. 5

 5 Fig. 5.4 The blue LED was pointed to each channel and the measurement was done with the EASIROC board.

Fig. 5

 5 Fig. 5.5 The relationship between the LED's input voltage and the SiPM's output current.

Fig. 5

 5 Fig. 5.6 The relationship between the LED's frequency and the SiPM's output current.

Fig. 5

 5 Fig. 5.7 The relationship between the LED's input voltage and the EASIROC's trigger.

Fig. 5

 5 Fig. 5.8 The new testbench has set up with LaBr 3 crystal. The new testbench v2 has set up with LaBr 3 crystal, connected to SiPM support board by a plastic structure.

Fig. 5 . 9

 59 Fig. 5.9 Signals observed with the oscilloscope. Upper figures are Low Gain and High Gain pulses, each pulse corresponds to a detection of scintillation photons, which is then amplified by a gain. Bottom figures are slow shaper transformed signals for Low Gain and High Gain.

Fig. 5 .

 5 Fig. 5.10 22 Na radiation spectra measured by LaBr 3 . From this measurement, we can see clearly the peaks of 511 keV and 1275 keV in both Low Gain (left) and High Gain (right).

Fig. 5 .

 5 Fig. 5.11 137 Cs radiation measurement by LaBr 3 . We can see clearly the peak of 662 keV in both Low Gain (lefft) and High Gain (right).

Fig. 5 .

 5 Fig. 5.13 137 Cs radiation measured by CeBr 3 at 21 • C. The SiPM's input Voltage is set at 55V (top line) and 56 V (bottom line). The spectrum of 137 Cs at 55 V provided a clearly view of 661.6 keV peak in both HG and LG, while in the 56 V, the HG is saturated.

Fig. 5 .

 5 Fig. 5.14 ADC to keV conversion linear regression for 55V.

Fig. 5 .

 5 Fig. 5.15 137 Cs Low Gain spectra in keV.

Fig. 5 .

 5 Fig. 5.16 Energy resolution at 55V.

Fig. 5 .

 5 Fig. 5.17 Simulated histogram of the Crystal scintillator for the 2 MeV gamma-ray flux.

  energy E, we should have the same value of the resolution. Hence:2 √ 2ln2σ × 100 E = a × E b (5.15)Then, we have the equation of σ in term of energy E, as in 5

Fig. 5 .

 5 Fig. 5.18 Simulated histogram of the IGOSat detector at 60 keV, 122 keV, 511 keV, and 662 keV. The left figures are histogram before convolving by the energy resolution.

Fig. 5 .

 5 Fig. 5.19 Simulated histogram of the IGOSat detector at 1173 keV, 1275 keV, and 1332 keV. The left figures are histogram before convolving by the energy resolution.

Fig. 5 .

 5 Fig. 5.20 Simulated histogram of the Crystal scintillator at 60 keV, 122 keV, 511 keV, and 662 keV. The left figures are histogram convolved with the energy resolution, while the right ones are radioactive spectrum measured by the CeBr 3 crystal.

Fig. 5 .

 5 Fig. 5.21 Simulated histogram of the Crystal scintillator at 1173 keV, 1275 keV, and 1332 keV. The left figures are histogram convolved with the energy resolution, while the right ones are radioactive spectrum measured by the CeBr 3 crystal.

Fig. 6

 6 Fig. 6.1 CeBr3 detector count rate (green) and altitude of COCOTE nacelle (red) during flight.

Fig. 6

 6 Fig. 6.2 Altitude profile of gamma-ray radiation from CLAIRE balloon flight in 2003. The maximum count rates are at an altitude of about 15 km.

Fig

  Fig. A.1 ADC to keV conversion linear regression fit and Energy resolution for 56V.

Fig

  Fig. A.2 22 Na radiation measured by CeBr 3 at 21 • C. The SiPM's input Voltage is set at 55V (top line) and 56 V (bottom line). The spectrum of 22 Na at 55 V provided a clearly view of 511 keV peak in both HG and LG, while in the 56 V, the HG is saturated.

Fig

  Fig. A.4 57 Co radiation measured by CeBr 3 at 21 • C. The spectra of 57 Co in the measurements at 55V, 56V and 57V shows clearly the peaks 122 keV of gamma-ray in both High gain and Low gain. The 122 keV peak at 54V is below the threshold, and shifts to the right when increasing the SiPM input voltage.

Fig

  Fig. A.6 60 Co radiation measured by CeBr 3 at 21 • C. The SiPM's input Voltage is set at 55V. The spectrum of 60 Co in HG shows only the spectra of backscatter and compton effect, while the LG's one shows the two peaks at the end of the spectrum: 1173.2 keV and 1332.5 keV.

Fig

  Fig. A.7 60 Co spectra after calibrated.

Fig

  Fig. A.9 137 Cs spectra after calibrated.

  3.Energy = a.ADC 2 + b.ADC + c (B.3)The errors on each axis E 0 ± ∆E and x 0 ± σ x 0 are represent in the equation B.4.E 0 ± ∆E = a.(x 0 ± σ x 0 ) 2 + b.(x 0 ± σ x 0 ) + c (B.4)B.2 Calibration data for 55V

B

  Fig. B.3 High Gain and Low Gain spectra of 241 Am in ADC (left) and keV (right).

Fig

  Fig. B.4 High Gain and Low Gain spectra of 57 Co and 60 Co in ADC (left) and keV (right).

Fig

  Fig. B.5 High Gain and Low Gain spectra of 22 Na in ADC (left) and keV (right).

Fig

  Fig. B.6 ADC to keV conversion fit for 55V.

B

  Fig. B.8 High Gain and Low Gain spectra of 241 Am in ADC (left) and keV (right).

Fig

  Fig. B.9 High Gain and Low Gain spectra of 57 Co and 60 Co in ADC (left) and keV (right).

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 3 List of components used in the EPS board.

Table 3 .

 3 .1 shows the physical properties of CeBr 3 . 1 Physical properties of CeBr 3 scintillation crystal.

	Property	Unit	Value
	Chemical Formula		CeBr 3
	Density	(g/cm 3 )	5.2
	Emission wavelength	(nm)	380
	Emission range	(nm)	325-475
	Decay time	(ns)	17-20

  Table4.1 Shield test with gamma-ray photon at energy from 100 keV to 2 MeV. In this figure, N t is the total number of detection, N is the number of correct detection, and N v is the vetoed detection.

				%)
	100	9981 1066 8915	10.68	89.32
	200	9975 1031 8944	10.34	89.66
	300	9989 867 9122	8.68	91.32
	400	9993 771 9222	7.72	92.28
	500	9993 810 9183	8.11	91.89
	600	9994 798 9196	7.98	92.02
	700	9997 709 9288	7.09	92.91
	800	9997 745 9252	7.45	92.55
	900	9995 727 9268	7.27	92.73
	1000	9998 759 9239	7.59	92.41
	1100	9998 773 9225	7.73	92.27
	1200	9996 765 9231	7.65	92.35
	1300	9998 734 9264	7.34	92.66
	1400	9999 754 9245	7.54	92.46
	1500	10000 805 9195	8.05	91.95
	1600	10000 757 9243	7.57	92.43
	1700	9997 801 9196	8.01	91.99
	1800	9998 822 9176	8.22	91.78
	1900	9997 783 9214	7.83	92.17
	2000	9999 790 9209	7.9	92.1

Table 4 .

 4 2 Shield test with electron carrying energy from 100 keV to 2 MeV. In this figure, N t is the total number of detection, N is the number of correct detection, and N f is the false detection.

	%)

Table 4

 4 The results are shown in the table 4.4.

	E (keV)	N t	N	N v N/N t (%) N v /N t (%)
	100	9976 1320 8656	13.23	86.77
	200	9979 1089 8890	10.91	89.09
	300	9985 902 9083	9.03	90.97
	400	9990 789 9201	7.9	92.1
	500	9986 721 9265	7.22	92.78
	600	9994 778 9216	7.78	92.22
	700	9988 725 9263	7.26	92.74
	800	9998 712 9286	7.12	92.88
	900	9996 742 9254	7.42	92.58
	1000	9999 739 9260	7.39	92.61
	1100	9999 733 9266	7.33	92.67
	1200	9995 777 9218	7.77	92.23
	1300	9998 682 9316	6.82	93.18
	1400	9999 797 9202	7.97	92.03
	1500	10000 777 9223	7.77	92.23
	1600	9999 811 9188	8.11	91.89
	1700	9999 794 9205	7.94	92.06
	1800	10000 776 9224	7.76	92.24
	1900	9997 766 9231	7.66	92.34
	2000	9998 818 9180	8.18	91.82

.3 Gamma-ray simulation with energy from 100 keV to 2 MeV with an isotropic flux. In this figure, N t is the total number of detection, N is the number of correct detection, and N v is the vetoed detection.

Table 4 .

 4 4 Gamma-ray simulation with energy from 100 keV to 2 MeV with isotropic distribution, with the veto threshold at 180 keV on the Plastic. In this figure, N t is the total number of detection, N is the number of correct detection, and N v is the vetoed detection. The total number of events recorded in the detector is 10000.

	%)

  .2.

	Component	Reference
	LaBr 3 crystal	BrilLanCe 380nm from St Gobain, 25×25×25 mm 3
	SiPM	Hamamatsu S13361-3050 4×4-array, 3×3mm 2 each channel
	EASIROC board	ER -02 from Omega MicroElectronics
	Table 5.2 List of components used in the test bench v2

  Table 5.4. All the measured spectra and fit parameters are listed in Appendix of chapter 5 (A).

	Radioactive Source β -(keV)	γ (keV)
	22 Na	-	511 (180%), 1275 (100%)
	57 Co	-	122 (86%)
	60 Co	317	1.1732 (100%), 1.3325 (100%)
	137 Cs	-	661.56 (85%)
	241 Am	-	59.94 (35%)
	Table		

  Table 5.5 and 5.6 show all parameters at 55V for the High Gain and Low Gain calibration.

	Peak (keV) x 0 (ADC)	σ	χ 2 R	E 0 (keV) FWHM
	60	4648	102.258 1.455	47.56	20.99
	122	5538	98.6325 1.697 128.03	21.76
	511	10085	162.2164 0.813	538.9	34.52
	662	11208	168.8455 0.577	640.5	35.93
	Table 5.5 Calibration data for High Gain at 55V.
	Peak (keV) x 0 (ADC)	σ	χ 2 R	E 0 (keV) FWHM
	60	3733	11.875 10.237	35.77	21.8874
	122	3838	14.7975 7.029	118.04 27.2739
	511	4381	25.5341 3.232	542.9	46.2154
	662	4558	26.8181 1.378	681.6	47.0631
	1173.2	5144	35.979	1.133	1140.2 49.4297
	1275	5365	45.8102 0.468	1313.3 66.3147
	1332.5	5353	25.0742 0.518 1303.97 84.4350
	Table 5.6 Calibration data for Low Gain at 55V.

Table 5

 5 

	.7 and 5.8 showing the calculated parameters which have shown in figure 5.16
	Peak (keV) R% FWHM (keV) δ FW HM (%)
	60	35.0	21.0	0.4
	122	17.8	21.8	1.4
	511	6.8	34.5	0.6
	662	5.4	35.9	0.9
	Table 5.7 Energy Resolution data for High Gain at 55V.
	Peak (keV) R% FWHM (keV) δ FW HM (%)
	60	36.5	21.9	1.0
	122	22.4	27.3	2.5
	511	9.0	46.2	0.7
	662	7.1	47.1	1.2
	1173.2	4.2	49.4	0.7
	1275	5.2	66.3	2.1
	1332.5	6.3	84.4	2.3
	Table 5.8 Energy Resolution data for Low Gain at 55V.

8 Need data from other projects for comparision.

Table A .

 A 3 22 Na Gaussian data at 55V and 56V SiPM input voltage.Fig. A.3 22 Na radiation after calibrated. .3 57 Co Spectra and fit data

			5026 10084.6293 162.2164 -0.0002316 3.4727
	55V -LG	511	35.6364 4380.6281	25.5341	-0.007776 35.8266
	55V -LG 56V -LG Source 55V -HG	1275 511 Peak (keV) 1.4817 1.9266 χ 2 R 511 0.8133 538.9347 0.6597 14.6608 34.5235 5364.9279 45.8102 -0.0005819 3.9642 5755.1945 E 0 ∆ E σ FWHM 58.6149 -0.0002524 2.7315
	55V -LG	511	3.2321 542.9111 1.2697 19.9859 46.2155
	55V -LG	1275	0.4676 1313.3358 7.8495 35.8563 66.3147
	56V -LG	511	1.5416 517.7793 1.6916 16.4096 38.6417
		Table A.4 22 Na Calibration parameters.	

A

Table A .

 A 5 57 Co Gaussian data measured at 55V, 56V, and 57V. Fig. A.5 57 Co spectra after calibrated. .1043 1.6916 16.4096 17.7718 Table A.6 57 Co Calibration parameters.

	Source	Peak (keV)	a		x 0 (ADC) σ (ADC)	b	c
	55V -HG	122	12.5911	5538.4459	98.6325	-0.006366	42.0181
	55V -LG	122	122.0536 3837.6593	14.7974	-0.3872	1528.5302
	56V -HG	122	5.2821	8592.5073 219.6873 -0.0007047	8.0267
	56V -LG	122	51.3284	4185.4017	29.6601	-0.1210	489.6217
	57V -HG	122	4.4968	11633.5531 329.1278 -0.00002606 -0.273529
	57V -LG	122	33.9735	4616.2558	60.6554	-0.007205	-
	Source	Peak (keV)	χ 2 R	E 0	∆ E	σ	FWHM
	55V -HG	122	1.6967 128.0595 0.8537 8.9139 34.5235
	55V -LG	122	7.0291 118.0393 1.3643 10.5413 46.2155
	56V -LG	122	2.8819 120	

Table A .

 A 7 60 Co Gaussian data at 55V input voltage of the SiPM.

	Source	Peak (keV)	χ 2 R	E 0	∆ E	σ	FWHM
	55V -LG	1173.2	1.1329 1140.1792 8.6743 28.1608 49.4298
	55V -LG	1332.5	0.5184 1303.9700 2.7150 19.6262 84.4351
		Table A.8 60 Co Calibration parameters.		

  .8455 0.5765 659.1272 35.7361 Table B.1 Calibration data for High Gain at 55V. Calibration data for Low Gain at 55V.

	Peak (keV)	x 0 (ADC)	σ	χ 2 R	E 0 (keV) FWHM
	60	4647.7179 102.2589 1.4546 65.6544 21.6430
	122	5538.4459	98.6325 1.6967 113.8149 20.8755
	511	10084.6293 162.2164 0.8133 516.4520 34.3330
	662 11207.8374 168Peak (keV) x 0 (ADC) σ	χ 2 R	E 0 (keV)	FWHM
	60	3732.6979 11.875 10.2368	50.5515	21.8271
	122	3837.8089 13.4678 7.0291	125.4003 24.7547
	511	4380.6281 25.5341 3.2322	526.7362 46.9335
	662	4557.8360 26.8181 1.3785	662.1216 49.2936
	1173.2	5143.7015 35.9790	1.133	1133.0237 66.1321
	1275	5364.9279 45.8102 0.4676 1328.1493 84.2025
	1332.5	5352.9622 25.0742 0.5185 1308.3717 46.0882
	Table B.2			

Nanosartellite and CubeSat Database: https://www.nanosats.eu

UnivEarthS's website: http://www.univearths.fr

labelJANUSJANUS's website: https://janus.cnes.fr

TARANIS website: taranis.cnes.fr

Tallysman TW3870 website: http://www.tallysman.com/index.php/gnss/products/antennas-oem/tw3870e/

NovAtel OEM 615 website datasheet: http://www.cubesatkit.com/docs/datasheet/DS_CSK_GPSRM_1_710-00908-C.pdf

3 CANX-2 information: https://earth.esa.int/web/eoportal/satellite-missions/c-missions/

canx2 4 CASSIOPE information: https://earth.esa.int/web/eoportal/satellite-missions/c-missions/

cassiope 5 RAX information: https://earth.esa.int/web/eoportal/satellite-missions/r/rax

SCIONIX's website: https://scionix.nl/

XCOM's website: https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html

GEANT-4's website: https://Geant4.web.cern.ch

S13361-3050 datasheet: https://www.hamamatsu.com/resources/pdf/ssd/s13361-3050_series_kapd1054e.pdf

Farnell's High Performance Blue LED Lamps: http://www.farnell.com/datasheets/1508743.pdf

S13361-3050 datasheet: https://www.hamamatsu.com/resources/pdf/ssd/s13361-3050_series_kapd1054e.pdf

Sodium-22 physical data: https://ehs.umich.edu/wp-content/uploads/2016/04/Sodium-22.pdf

Caesium-137 physical data: http://researchcompliance.uc.edu/Libraries/Isotopes/Cs-137.sflb.ashx

Fig. B.1 ADC to keV conversion linear regression for 55V.

Fig. B.2 ADC to keV conversion linear regression for 55V.

Fig. B.7 ADC to keV conversion linear regression for 55V.

Appendix A Measured data and calibration

A.1 Calibration for 56V

We didn't have enough data for calibrating the High Gain, so with this input voltage, the calibration is done with the Low Gain. A.6 241 Am Spectra and fit data 

A.5 137 Cs Spectra and fit data

Appendix B ADC to Energy conversion -other approaches

In the subsection 5.2.2 in 5, I've used a 1 st -order equation for conversing the ADC value into Energy. In this Appendix, I've added two other approaches for this conversion. The first one is also a 1 st -order conversion but using another equation. The second approach is a 2 nd -order method, which is used for an effort of solving the lower appearance of the scatter plotted value in comparison to the calibration straight line of the 1 st -order conversion at low energy.

B.1 Conversion equation and errors estimation B.1.1 1 st -order conversion

When providing the 2 nd -order conversion, I've reproduced the 1 st -order equation in the way that similar to the 2 nd -order equation, as shown in the equation B.1.

In this case, the Energy variable is brought to one side and the ADC value (or x 0 is in the same side of the coefficient α and the offset β .

The errors estimation for the energy resolution (equation 5.8) is modified to adapt this new equation. Recall the five main parameters from the fit function: a, x 0 , σ , b, c, and their five corresponding standard deviation errors: σ a , σ x 0 , σ σ , σ b , σ c , the errors on each axis E 0 ± ∆E and x 0 ± σ x 0 are represent in the equation B.2.

order conversion

Based on the calibration data, the conversion equations between ADC and Energy have been produced. The 1 st -order conversion fit function for HG and LG is shown in equation B.