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-Introduction

Today, we witness the significant growth of the New Space industry, which was born in the United States at the beginning of the twenty-first century. This industry has extended space applications and access, once dominated by public and government institutions (such as NASA, ESA, Roscosmos, or JAXA), to the private sector, like SpaceX and Blue Origin, or the "big tech" companies (e.g., Google, Amazon, Facebook). The New Space industry has undoubtedly disrupt how humans see and use space. While before the main activities were research and telecommunication-based (e.g., Earth and Universe observation in low Earth orbit -LEO -or the presence of massive and expensive telecommunication satellites in geostationary orbit -GEO), the New Space industry is principally based on commercial applications that favor clients and users high-speed data communication needs. The New Space industry is characterized by an enormous variety of space applications and commercial services that must be robust, reliable, low-cost, and rapidly available. These applications and services are ensured by small and lowcost satellites orbiting in LEO orbits that come with a variety of names and sizes: very small satellites, such as CubeSats (with a volume of a few thousand cubic centimeters, a mass of a few kilograms, and available onboard power not exceeding tens of watts), or mini-satellites (with a volume of the order of a cubic meter, a mass of several hundred of kilograms, and available onboard power in the kilowatt range).

In this context, electric propulsion (EP) systems meet the needs of small-sized satellites enabling the optimization of satellite mass (and possible reduction of launching cost) and providing accurate, stable, and long-lifetime operations, as compared to chemical propulsion systems that are generally more massive due to the larger propellant mass required, and can only offer a limited range of orbital maneuvers. Despite this, chemical thrusters provide larger thrusts (in the N-kN range) compared to electric propulsion (in the mN-N range). In the past decades, EP systems have successfully been embarked on telecom satellites destined for GEO orbits. However, their operation was mainly limited to attitude and position control during the orbit due to limited limited thrust levels offered by EP systems and limited available onboard power.

In recent years, an "all-electric" telecom satellite equipped with EP systems ensuring all types of maneuvers (from orbit raising to orbit control) was launched. To date, the number of LEO satellites equipped with miniaturized and standardized EP devices has been significantly growing, outgrowing the number of GEO satellites. One example of this is the Starlink LEO mega-constellation, first launched in 2019 by SpaceX, that aims to provide high-speed and low-latency internet connection. This constellation currently counts thousands of mini-satellites equipped with Hall effect thrusters, with many more being planned. Despite these develop-ments, electric propulsion systems continue to represent a challenge since they are a relatively new technology, and their optimization is complex and expensive.

The launch of these mega-constellations demands robust, efficient, accurate, and low-cost propulsion devices. Two aspects should be considered when developing such systems: one operational and one research-focused. The former focuses on real-time in-flight monitoring and aims at controlling thruster parameters during the whole operational lifetime of the satellite (and thruster). While this kind of monitoring could give an indication on the evolution of thruster performances, there are actually no direct measurements of plasma parameters of EP systems on satellites. The latter focuses on improving the understanding of the physical phenomena governing the thruster, especially to increase thruster performance. Extensive research is required to improve thruster performance and develop new capacities (e.g., air-breathing electric thrusters and alternative propellants). EP systems generally rest upon producing plasma through some discharge and the ejection of the plasma at high velocity to produce thrust. Often, these devices use a combination of an electric and a magnetic field to drive and confine the ionized propellant gas, enhancing ionization and plasma jet acceleration. The monitoring and investigation of such devices are then done by measuring plasma parameters such as electron density, temperature, or ion kinetic energy.

The work conducted in this thesis aims to develop a plasma diagnostic to perform electron density measurements in low-pressure and magnetized plasmas, applied primarily to electric propulsion systems. Among the enormous variety of diagnostics, we are interested in a novel type of microwave resonant probe: the curling probe. This technique was recently proposed by a research group from the Chubu University in Japan to perform electron density measurements in reactive plasmas used in industrial plasma processes. This probe offers certain advantages that could answer the needs of electric plasma thrusters. First, the planar geometry and the fact that the probe does not collect charges significantly reduce the intrusiveness during a measurement in a plasma, especially if compared to classical electrostatic probes. Second, it is relatively compact, enabling spatial resolutions in the sub-centimeter range, and easy to use and implement, especially if compared to spectroscopy diagnostics that need complex and expensive optical benches. In this work, the curling probe is applied for the experimental investigation of an electron cyclotron resonance (ECR) thruster. This magnetic nozzle thruster emerges as a potentially disruptive technology in the electric propulsion market. The curling probe allows further experimental study of the thruster to be conducted. In particular, the measurement of the electron density spatial distribution inside the thruster source and plume allows for the investigation of the plasma expansion and electron energy anisotropy inside the source.

. Elements of RF engineering and plasma physics

The work carried out during this thesis deals with different fields of applied physics and various experimental practices. First, we develop a microwave resonant probe to measure the electron density in plasmas, the curling probe, for which some knowledge in radio-frequency (RF) engineering and the propagation of microwaves in plasmas is required. Then, we conduct an experimental characterization of an electron cyclotron resonance (ECR) thruster (a novel technology of electric plasma thruster), especially using the curling probe. Basic concepts of plasma sheaths and plasma expansion in a diverging magnetic field are needed.

This section aims to provide the elements necessary for understanding the following chapters. The information provided here is only a partial fraction of the existing RF engineering and plasma physics knowledge. We will redirect the reader to books and articles for further details when needed.

. Elements of RF engineering

The electromagnetic spectrum spans over a broad band of frequencies: from DC (0 Hz) to gamma-rays (around 10 20 Hz). Within this significant frequency band, technologies and applications are very different: from broadcasting radio and television, phones and radar applications, and fluorescent tubes, to medical applications (e.g., X-rays). We focus here on the range of the radio-frequency waves, whose frequency is commonly bounded between 3 kHz and 300 GHz. More specifically, we are interested in the microwave range, a term used to describe waves with wavelengths ranging from 1 cm to 1 m, corresponding to a frequency spanning from 300 MHz to 30 GHz. The typical frequencies encountered in this work are in the 300 -3000 MHz range, also known as the ultrahigh frequency range (UHF). A complete description of the microwave band and its application can be found in the books of Collin [1] and Pozar [2].

Maxwell's equations

Electromagnetic fields varying with time and propagating in vacuum are governed by Maxwell's equations,

∇ × ⃗ E = - ∂ ⃗ B ∂t , (1.1) 
∇ × ⃗ H = ∂ ⃗ D ∂t + ⃗ J, (1.2) 
∇ • ⃗ D = ρ, (1.3) 
∇ • ⃗ B = 0, (1.4) 
where ⃗ E and ⃗ B1 are the electric and magnetic fields, measured in (V•m -1 ) and (T), respectively, and where ⃗ H = 1

µ 0 ⃗ B (A•m -1 ) and ⃗ D = ϵ 0 ⃗ E (C•m -2
) are the auxiliary field vectors: namely, the magnetic intensity and the electric displacement. ⃗ J = σ ⃗ E, measured in (A•m -2 ), is the conduction current density in the medium, where σ (S•m -1 ) is the conductivity. Last, ϵ 0 = 1/36π × 10 -9 F•m -1 and µ 0 = 4π × 10 -7 H•m -1 are the permittivity and permeability of free space, respectively. The electric and magnetic fields appearing in Maxwell's equations are responsible for the force imparted on a particle of charge q immersed in an electromagnetic field, known as the Lorentz force,

⃗ F = q ⃗ E + ⃗ u × ⃗ B , (1.5) 
where ⃗ u is the particle velocity.

Here, we will deal with the propagation of waves inside different types of media: vacuum, lossy-dielectric, and plasmas. We now consider a lossy isotropic medium different than vacuum: in that case, the relationships between ⃗ D and ⃗ E and between ⃗ H and ⃗ B (known as the constitutive relations) are defined in Eqs. 1.6 and 1.8.

In the electric case, the electric displacement is written as

⃗ D = ϵ ⃗ E = ϵ r ϵ 0 ⃗ E, (1.6) 
where ϵ = ϵ r ϵ 0 is the complex permittivity of the medium and ϵ r is the relative permittivity. The latter is obtained combining Eqs. 1.2 and 1.6:

ϵ r = ϵ ϵ 0 = ϵ ′ -j ϵ ′′ + σ ω = ϵ d (1 -tan δ) (1.7) 
where ϵ ′ = ϵ d is the real part of the complex relative permittivity, tan δ = (ωϵ ′′ + σ) /ωϵ ′ is the measure of power loss (also known as loss tangent of the dielectric medium), and where ω is the angular frequency of the propagating wave. ϵ ′′ + σ/ω may be considered the effective imaginary part of the permittivity, which appears whenever damping (loss) effects are present. We also note that ϵ ′′ < 0, since a positive imaginary part would imply energy creation, and that at microwave frequencies ωϵ ′′ ≫ σ because of large values of ω.

In the magnetic case, the magnetic intensity writes

⃗ H = 1 µ ⃗ B = 1 µ r µ 0 ⃗ B, (1.8) 
where µ = µ r µ 0 is the complex permeability of the medium. We will only deal with isotropic diamagnetic materials for which the permeability is that of vacuum, i.e., µ r = 1.

The solid or liquid lossy-dielectric media used in this work are considered homogeneous and isotropic, with a relative permeability of µ r = 1 and dielectric properties described by the real part of the relative permittivity (ϵ d ) and by the loss tangent (tan δ). The dispersion relation for a wave with an angular frequency ω = 2πf propagating in a medium with relative real permittivity ϵ d is:

n 2 r = kc ω 2 = ϵ d ϵ 0 , (1.9) 
where n r is the refractive index, k = 2π/λ is the wavenumber and λ the wavelength of the propagating wave, and where c ≃ 3 × 10 8 m•s -1 is the speed of light in vacuum.

Wave propagation in plasmas is presented in section 1.1.2.

Transmission line theory

Microwave resonant probes use an electromagnetic resonator whose behavior can be easily described and understood using transmission line theory and the equivalent lumped-element network. Further details on transmission line theory are found in the books of Collin [1] and Pozar [2]. A transmission line is a structure designed to transport an electromagnetic wave in signal and power. The wave propagating inside the transmission line is a guided wave, as it is bounded within the line. The classic representation of a two-port transmission line, of length L and aligned along the z-axis, is given in Fig. 1.1a: it consists of (i) a signal (voltage) generator V s having impedance Z s , (ii) a characteristic impedance of the line Z 0 , and (iii) the load impedance Z L , which represents the receiving end of the line. The behavior of a wave inside a transmission line depends upon the value of these parameters and is described in the following using the lumped-element circuit theory. The transmission line in Fig. 1.1a is cut in portions of length ∆z. Each resulting two-port section is described by the equivalent circuit pictured in Fig. 1.1b, composed of four elements: a resistance R∆z and an inductance L∆z of the line, and a conductance G∆z and a capacitance C∆z between the lines. v(z, t) and i(z, t) are the time and space-dependent voltage and the current. Applying Kirchhoff's voltage and current laws to the portion of length ∆z in Fig. 1.1b, and taking the limit as ∆z → 0, the Telegrapher's equations for the voltage and the current are obtained [2]:

- ∂ ∂z v(z, t) = Ri(z, t) + L ∂ ∂t i(z, t), - ∂ ∂z i(z, t) = Gv(z, t) + C ∂ ∂t v(z, t).
(1.10)

The response of the line to a sinusoidal stimulus can be more efficiently analyzed by writing Eq. 1.10 in the phasor form:

- ∂ ∂z Ṽ (z) = (R + jωL) Ĩ(z), - ∂ ∂z Ĩ(z) = (G + jωC) Ṽ (z), (1.11) 
where Ṽ and Ĩ are the phasor representations of the time-varying voltage and the current and where ω is the angular frequency of the wave. We remind that the phasor representation of a time-varying variable à = A 0 e jωt is its Laplace transform, i.e., ∂(A 0 e jωt )/∂t = jωe jωt A 0 . Combining the phasor form of the Telegrapher's equations (Eq. 1.11) and solving once for the voltage and once for the current, the wave equations for a transverse electromagnetic (TEM) transmission line are obtained,

∂ 2 ∂z 2 Ṽ (z) -γ 2 c Ṽ (z) = 0, ∂ 2 ∂z 2 Ĩ(z) -γ 2 c Ĩ(z) = 0, (1.12) 
where γ c = (R + jωL) (G + jωC) is the propagation constant and is measured in (1/m). This parameter is essential as it seizes the line's material, geometry, and frequency effects on the voltage and current. The general solution of Eq. 1.12 takes the form of Ṽ (z) = V + 0 e -γcz + V - 0 e +γcz = Ṽ + + Ṽ -, Ĩ(z) = I + 0 e -γcz + I - 0 e +γcz = Ĩ+ + Ĩ-, (1.13) where the superscript + and -indicates the quantities associated with the wave propagating in the +z direction, often called incident wave, and propagating in the -z direction, often called reflected wave. The total voltage Ṽ and the total current Ĩ are the sum of the incident and reflected waves. The existence of two waves simultaneously propagating in the +z and -z may create a standing wave pattern, which is a fundamental notion in this work and will be better detailed later.

The voltage ( Ṽ ) and the current ( Ĩ) in Eq. 1.12 satisfy the same differential equation. As a result, their ratio is a constant that defines the characteristic losses of the line and is called characteristic impedance of the line [2]:

V + 0 I + 0 = - V - 0 I - 0 = Z 0 = R + jωL G + jωC .
(1.14)

The effects of the propagation constant appearing in Eq. 1.13 on the wave propagation can be better understood by writing the solution in the time domain. For instance, let us consider the voltage of the incident wave ( Ṽ + (z) = V + 0 e -γz ):

v + (z, t) = Re{V + 0 e -γz e jωt } = |V + 0 |e -αcz cos (ωtβ c z + ψ) , (1.15) where the propagation constant is expressed as a complex quantity γ c = α c + jβ c , and where ψ is the phase shift. α c (1/m) is then the space-attenuation of the magnitude and is called attenuation constant, whereas β c (rad/m) is the rate at which phase changes along the distance and is called phase propagation constant.

As mentioned before, transmission lines allow for the existence of a standing wave, resulting from the combination of the incident wave and the reflected wave at the line end (commonly known as load). The magnitude of the standing wave is then determined by the conditions found at the load compared to the conditions found in the line. Let us focus then on the end of the line containing the load at z = 0, as schematized in Fig. 1.2: the load impedance is Z L = ṼL / ĨL , where ṼL = Ṽ + 0 + Ṽ -0 and ĨL = Ĩ+ 0 + Ĩ-0 are the voltage and the current on the load. Using the definition of the characteristic impedance in Eq. 1.14, we can also write ĨL = Ṽ + 0 /Z 0 + Ṽ -0 /Z 0 , so that the load impedance can be rewritten as

Z L = Ṽ + 0 + Ṽ - 0 Ṽ + 0 /Z 0 + Ṽ - 0 /Z 0 .
Solving for the voltage of the reflected wave ( Ṽ -0 ), the voltage reflection coefficient (Γ) is found:

Ṽ - 0 = Z L -Z 0 Z L + Z 0 Ṽ + 0 = Γ Ṽ + 0 , (1.16) 
with 0 < |Γ| < 1. We can distinguish three cases in which the reflection coefficient takes simple values. In the case of a matched load (Z L = Z 0 ), Γ = 0 and the reflected wave does not exist: the incident wave is completely absorbed by the load. In the case of an open-circuit (Z L → ∞), Γ → +1 and the voltage at the line termination is maximum. By the same token, since the current reflection coefficient is -Γ, the reflected current is phase shifted by 180 • with respect to the incident current, resulting in a zero total current at the open end (as expected, no current can flow through an open circuit, except for leakage current that is neglected here). In the case of a shorted-circuit (Z L = 0), Γ = -1 and the voltage of the reflected wave is shifted by 180 • with respect to that of the incident wave, meaning that the total voltage at the line end is zero, and the total current is maximum (indeed, an ideal shorted-end is lossless and isopotential). Finally, in the case of a purely reactive load, the load impedance is expressed as Z L = jX (X > 0 in the case of an inductor and X < 0 in the case of a capacitor). The reflection coefficient is, therefore, Γ = jX -Z 0 jX +Z 0 : the numerator and the denominator have the same magnitude, hence |Γ| = 1, but the phase may vary from 0 • to 180 • , depending on the values of Z 0 and X .

Last, we define the standing wave ratio (SWR) -the measure of the load mismatch -as being the ratio between the maximum and the minimum of the voltage of the standing wave at the terminated end of the line [2] (i.e., z = 0 in Fig. 1.2):

SWR = 1 + |Γ| 1 -|Γ| .
(1.17

)
This quantity is also known as voltage standing wave ratio (VSWR). The VSWR is a real value and 1 ≤ VSWR ≤ ∞, where VSWR = 1 identifies a perfectly matched load (Γ = 0).

Microwave resonators

Most natural systems (e.g., atoms and molecules) exhibit resonance properties when excited to a particular electromagnetic field. Electromagnetic resonators are commonly found in all domains of physics and engineering and come in diverse sizes and shapes, ranging from microwave resonators to optical microcavities [3] and nano-resonators [4]. All kinds of resonators are characterized by the capability to resonate at a specific frequency, called resonance frequency. We can define the resonance condition as "[...] when there are equal average amounts of electric and magnetic energy stored [inside the resonator device]" [1] so that there is a continuous energy exchange between the electric and magnetic fields. An example of a typical electric resonant circuit is the lumped parameter RLC parallel network given in Fig. 1.3a. The circuit is composed of a resistance R, an inductor of inductance L, and a capacitor of capacitance C. The resistance accounts for the power loss in the inductor, the capacitor, and the line itself. The average electric and magnetic energy in the resonant circuit can be expressed as [1] 

E e = 1 4 V V * C, E m = 1 4 I L I * L L = 1 4ω 2 L V V * , (1.18) 
where V (V * ) is the voltage drop (and its conjugate) across the capacitor, and I L (I * L ) is the current flowing through the inductor (and its conjugate), and where ω is the angular frequency of the electromagnetic wave exciting the resonator. By equating E e and E m in Eq. 1.18, the resonance frequency is obtained,

ω r = 1 √ LC .
(1. 19) In an ideal case, the energy spectrum associated with the resonance condition is a single spectral line appearing for a frequency value equal to the resonance frequency. In a real case, some of the energy stored in the resonator can be dissipated to the environment: the spectral line broadens, as shown in Fig. 1.3b, with a broadening width proportional to the amount of the dissipation. The latter is quantified with the quality factor Q. (An ideal lossless resonator has an infinite quality factor, Q → ∞.) The quality factor can be defined as the ratio between the time-averaged energy stored in the system and the time-averaged energy loss [1]. The former is given by the sum of the electric and magnetic energy (E = E e + E m = 2E e = 2E m = 1 2 CV V * , since E m = E e at resonance). The latter is given by 1 2 V V * /R. Q = ω • time-averaged energy stored time-averaged energy loss per unit time

= = ω 1 2 CV V * 1 2 V V * R = ωRC = R ωL . (1.20)
Another more practical definition of the quality factor is related to the 3 dB bandwidth broadening: the point at which the voltage signal reaches √ 2/2 its maximum value, as shown in Fig. 1.3b. The quality factor can then be expressed as [1] Q = f r BW 3 dB .

(1.21)

Equation 1.21 is a more handy and practical definition of the quality factor that we will use to describe the quality of the resonance spectra of the curling probe. Moreover, since P ∝ V 2 , the 3 dB bandwidth also identifies the spectral amplitude width containing half of the total power.

Scattering parameters and real resonance spectra

At microwave frequencies, voltages and currents are not directly measurable but are rather derived quantities. Indeed, their measurement involves parameters like the VSWR of the standing wave or the magnitude and phase of the incident and reflected (often called scattered ) waves at a network port. The matrix describing the relationships existing at the ports of a network can be defined as [1], [2] 

[V -] = [S][V + ], S pq = V - p V + q , (1.22)
which is possible since the relationship between scattered waves is linear (cf. Eq. 1.16).

The matrix [S] is called scattering matrix and its values S pq are usually referred to as scattering parameters, or S-parameters. The S-parameter S pq is obtained by measuring the reflected amplitude at port p of an incident wave coming from port q. In other words, the port q is the source of the excitation, and the port p is the port at which the reflection is produced.

A microwave resonant probe can be schematized as a two-port lossless junction system (see Fig. 1.4). In this case, the scattering relationships are [1]

V - 1 = S 11 V + 1 S 12 V + 2 , V - 2 = S 21 V + 1 S 22 V + 2 , (1.23) 
where S 11 and S 22 describe the reflection at port 1 and 2, respectively; and where S 12 and S 21 describe the transmission from port 2 to 1 and from port 1 to 2, respectively. In the case of the curling probe, one end of the probe is connected to an exciting port, say port 1, and port 2 corresponds to the probe resonator. Hence, the measure of its frequency response corresponds to the evaluation of the reflection coefficient S 11 at the excitation port, which represents the ratio of the reflected-to-incident voltage of the wave sent to the resonator. The S 11 -parameter, called in the rest of the manuscript power reflection coefficient, can also be interpreted as the ratio of the reflected-to-exciting (i.e., the incident) power, measured in dB:

S 11 (dB) = 20 log V ref V exc = 10 log P ref P exc . (1.24) 
We can qualitatively describe the shape of the S 11 (dB) trace, called in the rest of the manuscript reflectance spectrum, by considering that at the resonance, the power stored in the resonator is maximum. Therefore, the reflected power to the excitation port is ideally zero, and the reflection parameter S 11 (dB) → -∞. For frequencies other than the resonance, almost all the exciting power is reflected to the excitation port, hence P ref ∼ P exc , and the reflection parameter S 11 (dB) ∼ 0. An example of a reflectance spectrum measured with the curling probe in vacuum is shown in Fig. 1.5. As mentioned above, the resonance frequency is identified by the minimum of the reflectance spectrum (the point identified with the red diamond in the figure). For frequencies other than that, the reflection coefficient tends to be zero. In the real case, losses and power leakages alter the ideal trend described above: the minimum of the spectrum does not tend to infinity, but it is rather found for negative values of dozens of decibels.

Details of the experimental apparatus used to record the spectrum in Fig. 1.5 are provided later in the dissertation (see section 3.1.2). 

. Elements of plasma physics

Plasma physics is a rich and complex subject covering a wide range of phenomena: from large-scale interplanetary media and stars core to more humanly understandable scales of the ionosphere or natural discharges (e.g., lighting in the sky). In the past century, plasma has been extensively used for industrial applications and material processing. In this work, we have dealt explicitly with artificial discharges produced in a laboratory, particularly in the framework of electric propulsion systems for satellites.

This section aims to provide the fundamental elements of plasma physics covering our applications. The reader may find further details in the references provided along the discussion.

Concept of temperature

Like all gaseous media, plasma is a set of particles. Each particle possesses a given velocity vector, defined by a magnitude and direction. For the sake of simplicity, let us consider a set of particles whose motion is constrained along one direction (1D motion). The average kinetic energy of such a set is expressed as [5]:

Ē1D = +∞ -∞ 1 2 mu 2 f 1D (u)du +∞ -∞ f 1D (u)du , (1.25)
where m is the particle mass, u is the particle velocity, and f 1D (u) is the particle velocity distribution function.

When enough collisions occur within the particle set, particles are at thermal equilibrium. In such a case, one value of temperature (T ) can be associated with the set, and the velocity distribution function can be expressed with a Maxwellian distribution function such as:

f 1D M (u) = A exp - u u l 2 , (1.26)
where we have assumed that particles have zero average velocity, and where A is a constant proportional to the particle density (n = +∞ -∞ f (u)du), u l = 8k B T /πm is the thermal velocity of the particle, and k B is the Boltzmann constant equal to 1.38 × 10 -23 J•K -1 . The value of the temperature T appearing in the Maxwellian distribution represents the width of the distribution, as shown in Fig. 1.6. The larger the temperature, the broader the distribution. The average kinetic energy of a Maxwellian particle population (set) can be obtained by solving the integral in Eq. 1.25 using the velocity distribution function in Eq. 1.26 [5]:

Ē1D M = 1 2 k B T, (1.27) 
where the subscript M stands for a Maxwellian distribution function (f 1D M (u)). If particles within the set are not at thermal equilibrium, the distribution function is non-Maxwellian, and its expression may not be trivial [5]. However, it is common to describe the average kinetic energy of a non-Maxwellian population using an effective temperature such as:

Ē1D N M = +∞ -∞ 1 2 mu 2 f 1D N M (u)du +∞ -∞ f 1D N M (u)du = 1 2 k B T eff , (1.28) 
where the subscript N M stands for a non-Maxwellian distribution function. For many experimental conditions, particles are not precisely at thermal equilibrium, and their velocity distribution function is seldom Maxwellian. Often in the literature, Maxwellian distribution functions are assumed since they allow equations to be more easily tractable. In this work, we will also consider Maxwellian distribution functions to describe sets of particles, which will then be associated with one temperature value.

In three dimensions, Eq. 1.27 is multiplied by three, since a Maxwellian distribution is isotropic and each direction contributes equally, viz. Ē3D = 3 2 k B T . Indeed, the average kinetic energy is 1 2 k B T per degree of freedom. Several temperatures may characterize plasmas simultaneously: for instance, the different species constituting a plasma may have different temperatures. Moreover, in the presence of a magnetic field, the forces acting on the direction perpendicular or parallel to the field line may differ, so the corresponding velocities. Hence, charged particles in a magnetized plasma may then be described with different Maxwellian distributions with temperatures T ∥ and T ⊥ , where the former is associated with the distribution of the particles traveling along a direction parallel to the magnetic field, whereas the latter to the direction normal to the field line. In the following of the manuscript, the subscripts ⊥ and ∥ will denote the components perpendicular and parallel to magnetic lines.

Last, as it is customary in plasma physics, we will refer to temperatures in units of energy: electron volts, with 1 eV ≃ 11600 K.

Plasma as a gas

Plasma is often defined as an ionized gas composed of electrons, ions, and neutrals immersed in electric and magnetic fields. Plasmas are governed by classical mechanics if they are non-degenerate, or by quantum mechanics if degenerate. A plasma is non-degenerate if the mean inter-particle distance is much larger than the de Broglie wavelength [6]. (The de Broglie wavelength can be defined for all objects governed by quantum mechanics and is inversely proportional to the particle momentum.) A plasma is cold (or non-thermal ) when the highly-energetic particles are mostly electrons, while the heavy particles -ions and neutrals -are approximately at room temperature, i.e., T e ≫ T i ∼ T g , where T e , T i , and T g are the electron, ion, and neutral temperatures, respectively. A plasma is hot (or thermal ) when the species are at thermal equilibrium, i.e., the same temperature characterizes charged particles and neutrals. Finally, plasma ionization is evaluated with the degree of ionization (α i ), defined as the ratio between the number of charged and total particles, i.e., α i = n q / (n q + n g ), where n q and n g are the densities of charged particles and neutrals, respectively. A low degree of ionization (α i ≪ 1) generally identifies a weakly-ionized plasma [7]. In the manuscript, the subscripts e, i, and n will denote quantities associated with the electron, ion, and neutral populations.

Collisions and oscillations in plasmas

Collisions in plasma are generally different from classic neutral fluid processes: not only do classical momentum-exchange collisions within the neutral population occur but also collisions between charged particles, described by Coulomb collisions [5], are present. In a weakly-ionized plasma, fast-moving electrons can be imagined as immersed in a lattice composed of stationary ions and neutrals. Hence, electrons would mostly interact with the heavy species, and the corresponding collision frequency can be derived following the Lorentz interaction model [6], ν e,n = n g ⟨σ e,n u el ⟩, (1.29) where σ e,n is the electron-neutral collision cross-section, n g is the neutral density, and where u el is the electron thermal velocity. The cross-section is a fundamental quantity that characterizes collisions and has area units. The term ⟨σ e,n u el ⟩ is often called the collision term and accounts for different exchange processes, such as elastic collision, ionization, and excitation. If collisions occur over a time-scale much larger than the characteristic plasma oscillation period (τ p = 1/f p , where f p is the plasma frequency defined below in Eq. 1.30), then the plasma can be considered collisionless.

Plasmas are characterized by a strong coupling between charged particles and electromagnetic fields. As said above, electrons can be imagined as immersed in a lattice of stationary ions (i.e., having infinite mass compared to electrons). Suppose now the electron cloud is perturbed and displaced of an infinitesimal distance. In that case, it can be shown (see the derivation in ref. [7]) that the electron cloud starts to oscillate with respect to the ion lattice at a precise frequency, called plasma frequency :

ω p = 2πf p = e 2 n e m e ϵ 0 , (1.30) 
where m e and e are the electron mass and charge, and n e is the electron density. The plasma frequency is the natural frequency of plasma oscillations and plays an important role in determining the admissible propagation mode. In practical units, Eq. 1.30 can be expressed as:

f p (MHz) ≈ 8.97 × 10 -3 n e (cm -3 ).
(1.31)

Magnetized plasmas

The presence of a magnetic field gives rise to additional forces on the charged particles (cf. the Lorentz force in Eq. 1.5). The Lorentz force imparted on a charged particle results in a circular motion around a magnetic line that acts as the guiding center of the motion. The radius and frequency of this motion are known as gyro radius and gyro frequency and are defined as

r c = u ⊥ ω c , ω c = 2πf c = qB m , (1.32) 
where u ⊥ is the rotation velocity around the magnetic line (i.e., the velocity component tangent to the circular motion path), m and q are the mass and charge of the particle, and where B is the external magnetic field. r c is often termed Larmor radius. In the case of electrons, Eq. 1.32 can be rewritten in practical units [7]:

r ce (mm) ≃ 33.7 T e (eV) B(G) , f ce (MHz) ≃ 2.8B(G), (1.33) 
and, in the case of singly-charged ions [7]:

r ci (mm) ≃ 1440 T i (eV)m i (amu) B(G) , f ci (MHz) ≃ 1.5 × 10 -3 B(G), (1.34) 
where T e and T i are the electron and ion temperatures, and m i is the ion mass (in atomic mass units). Generally, in weakly-magnetized and cold plasmas, electrons are more easily confined than ions (r ci ≫ r ce ). For instance, for a plasma with T e = 20 eV and ions at room temperature (i.e., cold ions with T i ≃ 0.02 eV), ion gyro radius is approximately twenty-fold the electron gyro radius.

Waves in plasmas

After this first description of a plasma, we will now discuss the topic of wave propagation. The propagation of waves in plasma is quite a complex matter: the well-known Clemmow-Mullaly-Allis diagram (CMA diagram) shows in a comprehensive and readable way all the possible propagation modes in plasmas. Both electromagnetic and electrostatic waves can propagate in plasmas [7]. The former propagate thanks to the exchange between electric and magnetic energy, similar to the propagation in dielectric media. The latter can propagate in a warm plasma and has ⃗ k ∥ ⃗ E, similar to sound waves in a gas. In this case, the propagation is due to continuous exchange between thermal and electric energy forms. The presence of external magnetic fields, collisions, and values of the plasma density and temperature all play a role in determining which propagation mode is possible for a given condition. The systematic analysis of all wave modes in plasmas is beyond the scope of this dissertation, and the reader is referred to the extensive works of Lieberman [7], Ginzburg [8], and Bittencourt [9] for more details.

We shall now focus on electromagnetic waves that have ⃗ k ⊥ ⃗ E and propagate in a plasma (that may be magnetized and collisional) following the general solution of the dispersion relation provided by the Appleton-Hartree relation [5]. The Appleton-Hartree dispersion relation can be simplified according to the presence (or absence) of an external magnetic field and collisions. For a cold, collisionless, and unmagnetized plasma, the dispersion relation is [7] 

ω 2 = c 2 k 2 + ω 2 p , (1.35) 
which represents the ordinary wave propagation. From Eq. 1.35 the expression for the permittivity of a cold, collisionless, and unmagnetized plasma is derived [7]:

n 2 r = ϵ p = 1 - f p f 2 , (1.36)
where f is the frequency of the propagating wave in the plasma. According to the ordinary wave propagation mode, if f > f p waves propagate in the plasma without damping: the plasma is then considered a lossless medium. In a real case, plasmas treated as collisionless present a low degree of collisionality, yielding some tiny amount of collisions that result in a (low) lossy propagation rather than perfectly lossless. If f = f p , waves can not propagate and only the plasma oscillation at f p exists. Last, if f < f p , the wavevector is imaginary, and the wave exponentially decays at the plasma edge.

If collisions can not be neglected and the plasma is cold and unmagnetized, then the Appleton-Hartree dispersion relation gives [5]:

kc ω 2 = 1 - ω 2 p ω 2 + ν 2 coll 1 -j ν coll ω , (1.37) 
where ν coll = 2πf coll is the collision frequency. The expression for the permittivity of a cold, collisional, and unmagnetized plasma is then:

n 2 r = ϵ p = 1 - f 2 p f 2 + f 2 coll + j f coll f f 2 p f 2 + f 2 coll . (1.38)
So, contrarily to the collisionless case, waves can propagate for frequencies lower than plasma frequency, i.e., f > f p 1 -(f coll /f p ) 2 in a collisional plasma, but the propagation is not lossless: a non-zero loss term (i.e., the imaginary part) appears due to the presence of collisions.

In the presence of an external magnetic field (B), the propagation of waves becomes anisotropic, yielding a matrix expression for the plasma permittivity, and two possibilities exist

⃗ k ⊥ ⃗ B or ⃗ k ∥ ⃗ B.
While the former does not represent a possible configuration for the applications of this work, the latter better describes the case of a wave emitted by a resonant probe and propagating in the surrounding plasma. The permittivity tensor in the presence of a magnetic field, aligned along one preferential direction in space (corresponding to the component with the subscript ∥ in the matrix below), is expressed as [7]:

⃗ ⃗ ϵ p =      ϵ p,⊥ = 1 -f 2 ce f 2 -f 2 ce jϵ p,× = -j fce f f 2 ce f 2 -f 2 ce 0 -jϵ p,× ϵ p,⊥ 0 0 0 ϵ p,∥ = 1 -fce f 2      , (1.39)
where f ce is the electron cyclotron resonance defined in Eq. 1.32. As in the collisional case, the presence of a magnetic field introduces losses (imaginary part of the permittivity) in the propagation of a wave. The most general solution in the case ⃗ k ∥ ⃗ B is the sum of the right and lefthand polarized waves (RHP and LHP) [7]. While RHP is resonant at f = f ce because the wave is synchronized with gyrating electrons, the LHP is not. The permittivity of a cold, collisionless, and magnetized plasma following the RHP and the LHP solutions is a combination of:

n 2 r = ϵ p RHP = 1 - f p f 2 1 1 + fce f , n 2 r = ϵ p LHP = 1 - f p f 2 1 1 -fce f , (1.40) 
where we have used the notation proposed in [7]:

ϵ 2 p,⊥ -ϵ 2 p,× = ϵ p RHP ϵ p LHP .
It is important to note that for microwave frequencies around 3 GHz and electron densities up to 10 10 cm -3 , the discrepancy between the permittivity in Eq. 1.36 and those in Eq. 1.40 is below 20% for magnetic fields up to 700 G.

The waves described above are also often called volume waves, instead of surface waves propagating at an interface. We consider then the propagation of a wave at the interface between a dielectric slab and a plasma, in which the wave amplitude exponentially decays in both media away from the interface. In this case, the dispersion relation is [7] 

n 2 r = kc ω 2 = ϵ d ω 2 p -ω 2 ω 2 p -(1 + ϵ d ) ω 2 , (1.41) 
where ϵ d is the real relative permittivity of the dielectric slab. Waves can then propagate if f ≤ f SW , where the latter is the resonance frequency of the surface wave:

f SW = f p √ 1 + ϵ d . (1.42)
From the expression of f SW , the minimum electron density value for which the wave can propagate is obtained:

n e ≥ 4π 2 m e ϵ 0 e 2 (1 + ϵ d ) f 2 , (1.43)
where f is the frequency of the propagating wave. Figure 1.7 summarizes the two main branches of the dispersion relation for the wave propagation in a cold, collisionless, and unmagnetized plasma. The volume wave only propagates for f ≥ f p (blue line), whereas the surface wave propagates strictly below f SW (orange line). When the wavevector tends to infinity, the velocity of the volume wave approaches that in vacuum (black line with slope c). When the wavevector tends to zero, the surface wave velocity approaches that in a dielectric medium (black line with slope c/ √ ϵ d , with ϵ d = 3.5 for the case in the figure). The oscillation wave at plasma frequency (ω p in Eq. 1.30) and the surface wave resonance (ω p / √ 1 + ϵ d ) in Eq. 1.42) are also plotted.

Plasma sheaths

Laboratory plasmas are produced inside facilities of finite dimensions and are therefore confined by walls (often conductive and connected to common ground). Ions and electrons would sometimes hit the facility walls and then be lost (we neglect for the moment other effects such as secondary emission). Due to the higher mobility of electrons over the ions, the former are lost faster, leaving the plasma at a potential higher than the walls. This potential difference between the plasma and the wall occurs over a few Debye lengths due to Debye shielding effect [5], and the layer in which the potential variation exists is called plasma sheath. Sheaths are an electrostatic boundary layer that isolates the quasi-neutral plasma from external objects (or walls). The main purpose of a sheath is to accelerate the heavy species (usually ions) to walls and to confine the more mobile species (usually electrons) so that their fluxes at the wall are equal (in the case of a floating wall) and the plasma remains quasi-neutral. In the manuscript, we will often refer to the quasi-neutral plasma as the bulk or unperturbed plasma.

In plasmas with a sufficiently large number of charged particles interacting with each other through their local electric field, collective behavior is observed. Particles are subject to tiny displacements caused by local fields that ultimately tend to shield out the initial field. The shielding length over which the local electric field due to a single particle is shielded out is the Debye length. Over lengths larger than the Debye length, plasma acts as a collective medium, meaning the plasma is quasi-neutral. On the other hand, the electric field resulting from every single charge is not shielded out for lengths smaller than the Debye length. As a consequence, such regions are not quasi-neutral. A simple schematic of the plasma sheath is shown in Fig. 1.8. In the hypothesis of cold ions, i.e., T i ≪ T e , the Debye length is defined as [5] 

λ D = ϵ 0 k B T e e 2 n e , (1.44) 
where T e is the electron temperature and n e is the electron density.

In the sheath, the relationship between the plasma potential and the species densities is governed by the Poisson equation

d 2 Φ p dz (z) = e ϵ 0 (n e (z) -n i (z)) , (1.45) 
where Φ p (z) is the plasma potential across the sheath, and where n e (z) and n i (z) are the electron and ion density profiles. Equation 1.45 returns the sheath thickness and the profile of the electric field (or the potential) inside the sheath. From the latter, the electron and ion densities can be inferred. Poisson equation (Eq. 1.45) can be analytically solved only with certain simplifying assumptions. Most of the models available in the literature are based on the numerical solution of Eq. 1.45, and few are the analytical solution of the equation. While an extensive review of the sheath models is well beyond the scope of this thesis and can be found in refs. [5], [7], [10], we briefly describe the two common plasma sheath models for a cold, collisionless, unmagnetized, and isotropic plasma. The models are written in the 1D approximation where z is the coordinate.

The first is the matrix sheath, especially used to model the sheath in the presence of strongly negatively biased cathodes at a potential V c . Often, in these cases eV c ≫ k B T e , so that the electron density at the wall is almost zero (n e,wall ∼ exp (eV c /k B T e ) ≃ 0). (Indeed, experimental observations have reported the presence of a dark zone near the cathode [7].) The model assumes then that the electron density across the sheath is zero, while the ion density is constant and equal to the density inside the bulk plasma, i.e., n e (z) = 0 and n i (z) = n 0 . Using these two assumptions to analytically solve the Poisson equation (Eq. 1.45), the sheath thickness is [7]:

s = λ D 2V c T e .
(1.46)

The bias voltage (V c ) is very large compared to the electron temperature, so the sheath thickness (s) can be dozens of Debye lengths.

The second is the Child Law sheath, a more accurate model that accounts for ion flux conservation inside the sheath in the case of a cathode biased at a potential V c , with eV c ≫ k B T e . Indeed, as mentioned above, the ions are accelerated inside the sheath, and their density decreases. Assuming that ion energy is very small in the bulk plasma, ion density is then obtained by combining the conservation of momentum and conservation of ion current (j 0 ) across the sheath [7]:

n e (z) = 0, n i (z) = j 0 e - 2eΦ p (z) m i -1/2
.

(1.47)

Substituting Eq. 1.47 in Eq. 1.45 the sheath thickness is obtained [7]:

s = √ 2 3 λ D 2V c T e 3/4
.

(1.48)

The sheath thickness can then be hundreds of Debye lengths (larger than the thickness of the matrix sheath solution).

For a floating electrode, the assumption of potential much larger than the temperature is no longer valid, and more complex models are needed. In more realistic models, where both the ion and electron density evolve inside the sheath, it can be shown that ions must enter the sheath with a velocity larger than the ion sound speed (Eq. 1.49): this is known as the Bohm sheath criterion, i.e., u s ≥ c s , where u s is the ion velocity at the plasma-sheath edge. The Bohm criterion, firstly proposed by Bohm [11] and revisited by Riemman [12], [13], expresses a necessary condition for the existence of the solution to the general differential equation of the electrostatic potential inside the sheath. In the manuscript, as often found in the literature, we will also refer to c s as the Bohm velocity, which will then be denoted u B .

c s = k B T e m i .
(1.49)

Plasma expansion

Magnetic nozzle thrusters are characterized by a diverging magnetic field in which plasma expands. We will now describe plasma expansion in the presence of such a field. The plasma density in the region where plasma is produced can be considerably higher than in the region downstream, where the magnetic field is considerably lower than in the plasma source. This is the case of helicon and ECR thrusters, where plasma is produced inside a region of high magnetic field intensity and expands inside the magnetic nozzle, where the magnetic field decreases. Plasma expansion is challenging to model as complex interactions between the charged particles and the magnetic field appear. In the past decades, many efforts have been put into establishing analytical and numerical models to capture the different phenomena driving the plasma expansion in a magnetic nozzle [14]- [18]. Here, we give an overview of two simple analytical fluid models that can be used to approximate the plasma expansion inside a divergent magnetic field: the isothermal and polytropic models. In the former, electron conductivity is assumed to be very large (ideally infinite) and isotropic resulting in instant thermalization of electrons that are then characterized by a unique temperature. In the latter, electron conductivity is finite, and the characteristic time scale of heat diffusion (τ q ) is larger than the transit time of electrons (τ t ). In the limit of τ q ≫ τ t , the expansion occurs with no heat transfer: the flow is isentropic (adiabatic and reversible) and the temperature decreases according to the adiabatic equation p 1-γ T γ = const, where γ = 5/3 is the adiabatic index for a monoatomic ideal gas. In the case of a polytropic process, a certain amount of heat transfer is considered, yielding an index, called in the following polytropic index, bounded between the isothermal (γ = 1) and the adiabatic value.

While both models describe the plasma dynamics inside the magnetic nozzle and are often used in the literature to describe plasma expansion in magnetic nozzles [19], [20] as they allow us to deal with a set of more tractable equations, some doubts can be raised regarding their physical foundation. The former leads to an unphysical (infinite) potential drop and ion energy [19], whereas the latter rests on a fit of the polytropic index based on the adiabatic law.

In the case of the electron flow, in the fluid model approximation, and neglecting electrons inertia and the collision loss term, the conservation of momentum for the electrons is written as:

0 = ⃗ ∇p e -en e ⃗ E, (1.50) 
where p e is the electron pressure, n e is the electron density, and where ⃗ E is the electric field. Then, (i) the plasma is treated as an ideal gas (i.e., p e = n e k B T e ), and (ii) the electric and magnetic fields are time invariant (i.e., ⃗ E = -⃗ ∇Φ since ∇ × ⃗ E = ⃗ 0). Solving Eq. 1.50 for the density in the 1D approximation and assuming T e = T e0 constant, the isothermal relationship is obtained (often termed Boltzmann relationship):

n e (z) n e0 = exp e (Φ p (z) -Φ p0 ) k B T e0 , (1.51) 
where the n e , T e , and Φ p are the electron density, temperature, and plasma potential, and where n e0 , T e0 , and Φ p0 are the equivalent mean electron density, temperature and plasma potential inside the source (where plasma is created). We will refer to these quantities as the reservoir conditions. Solving Eq. 1.50 for the density in the 1D approximation and taking T e /T e0 = (n e /n e0 ) γ-1 , the polytropic relationship is obtained:

n e (z) n e0 γ-1 = 1 + γ -1 γ e (Φ p (z) -Φ p0 ) k B T e0 , (1.52) 
where 1 < γ ≤ 5/3 is the polytropic index. Figure 1.9 compares the normalized electron density profiles computed following the isothermal (blue line), adiabatic (orange line), and polytropic with an arbitrary index of 1.3 (green line) expansion models. The same linearly decreasing plasma profile is used for the three cases. The density decreases faster in the isothermal case rather than the polytropic and adiabatic in the region closest to the point of highest density (i.e., the plasma source). This tendency is inverted in the region farther downstream. As expected, the density profile computed with the polytropic model is found in-between the profiles computed with the isothermal and adiabatic models. In the case of the ion flow, in the fluid model approximation, under the assumption of cold ions (i.e., T i ∝ p i ≃ 0) and in the absence of collisions, the conservation of momentum for ions is written as:

m i u i ⃗ ∇u i + e ⃗ ∇Φ = 0, (1.53) 
where m i and u i are the mass and velocity of the ions. Then, in the 1D approximation, Eq. 1.53 is integrated, and the conservation of the ion total energy (E it ) is obtained:

E it = 1 2 m i u 2 i (z) + eΦ p (z).
(1.54)

Orders of magnitudes

This work will mostly deal with the plasma generated inside the ECR thruster described later in section 1.2.2. The thruster is fed with xenon neutrals at room temperature, and plasma is produced by cyclotron heating. The pressure where the thruster is fired is around 10 -5 mbar. The plasma consists of free electrons and mostly singly-charged xenon ions with a small fraction of doubly-charged xenon ions. This can be justified by noting that for the range of electron temperature found in the thruster, the ionization of Xe + is more likely to occur than the ionization of Xe 2+ . (The former has an ionization energy around 12 eV [21], whereas the latter around 33 eV [22].) Two main regions can be distinguished: the thruster source and the plume. The orders of magnitude of the plasma parameters are summarized in Tab 1.1.

The electron density (n e ) and temperature (T e ) values are estimated from previous works on the ECR thruster (cf. section 1.2.2). The neutral density (n g ) is estimated with the value of the background pressure measured at the wall of the vacuum facility. The gyro frequencies and radii of electrons and xenon ions (f ce , f ci , r ce , and r ci ) are estimated at 875 G in the source and at 150 G in the plume (z ≃ 5 cm).

. State of the art

The work conducted in this thesis concentrates on two areas: the development of the curling probe, a microwave resonant probe diagnostic for the measurement of the electron density in low-pressure and magnetized plasmas, and the experimental characterization of a magnetic nozzle cathodeless thruster, the ECR thruster.

This section contains the state of the art in plasma diagnostics and electric propulsion systems. While a comprehensive review of diagnostics used in a variety of plasma applications is proposed in the work of Hutchinson [23], the first part draws an overview of the plasma diagnostics for low-pressure plasmas for the measurement of the electron density that are typically employed in the electric propulsion community, with a particular focus on microwave probes and on the previous works on the curling probe. The second part outlines the electric propulsion systems, especially describing the ECR thruster principle and presenting the previous works on this thruster. 

. Plasma diagnostics

The high complexity of plasmas makes their experimental measurement a difficult task. For decades, a great effort has been put on the development of accurate techniques for diagnosing the properties of plasmas. As seen in section 1.1.2, plasmas are a set of charged particles moving in electric and magnetic fields. A complete description of a plasma would consist of knowing the magnitude and direction of the fields and the velocity of the particles in the probed volume. For obvious reasons, such description is not easily accessible, and the techniques and methods of statistical mechanics are commonly applied, as done for any other gaseous media. Plasmas are then described using distribution functions from which averaged parameters such as particle density (zeroth moment of the distribution function), velocity (first moment), temperature and pressure (second moments), and heat flux (third moment) can be inferred. In contrast, information on the fields can be inferred from current and electrostatic potential measurements.

The diagnostic of plasma parameters in EP systems covers a wide range of thruster and plasma parameters, such as particle temperature and density, ion velocity distribution function, and their mean kinetic energy related to ionization processes and particle momentum. Ultimately, these parameters give access to information about the thruster efficiency in converting the input energy into output energy, viz. the thrust. We shall then provide a synthetic presentation of the plasma diagnostics most used mainly in the literature, with a categorization done following the three experimental techniques used in this work: electrostatic probes, spectroscopy methods, and microwave probes, with a strong focus on the previous works on the curling probe in the latter part.

Electrostatic probes

Electrostatic probes have been one of the first techniques used to investigate EP systems since the 1960s. They generally consist of a metallic electrode that comes in different forms and geometries and is immersed in the plasma. The electrode is electrically biased with respect to the plasma potential, resulting in a collection of a current. While they are generally compact and enable a good spatial resolution, they can be quite intrusive due to the collection of charges.

Indeed, one of the most used and known since the dawn of plasma diagnostics is the Langmuir probe, firstly proposed by Irvin Langmuir in 1924 [24]. The probe consists of a tiny metallic wire, generally of a few hundreds of micrometers in diameter and of few millimeters in length, whose potential is swept from negative to positive voltages (whose value depends upon the electron temperature of the plasma being probed), resulting in a certain amount of ion (for very low voltages) and then electron current (for higher voltages) drawn from the plasma (usually up to the milliamp range). Langmuir probe theory is based on several simplifying assumptions, such as cold ions, Maxwellian electrons (i.e., electrons near thermal equilibrium), collisionless, isotropic, unmagnetized, and homogeneous plasma. The I-V characteristic (sometimes called Langmuir characteristic) can then be interpreted using a variety of sheath collection models, such as the orbital motion limited (OML) theory [25], valid for plasma sheaths larger than the wire diameter and based on angular momentum conservation and an ion energy distribution function to determine which ions are collected by the wire. In the presence of magnetic fields, additional considerations of the complex cyclotron motions should be considered. Another possible interpretation model, introduced by Druyvesteyn [26] and eventually known as Druyvesteyn method, allows the electron energy distribution function (EEDF) to be inferred from the second derivative of the I-V characteristic. These models ultimately allow a wide range of plasma parameters (electron density and temperature, ion density, plasma potential, floating potential, EEDF) to be extracted from a single I-V trace. The accuracy of the results often depends upon the validity of the assumptions and is in the range 20 -50% [27], [28].

Single Langmuir probes have some limitations due to (but not limited to) the assumptions required to interpret the data, plasma perturbation due to the collection of charges, and finite probe effects [28]. A possible solution is using double Langmuir probes that consist of two metallic wires biased with respect to each other (contrarily to the single probe biased with respect to ground reference). As a result, the double probe is electrically floating, and no net current is drawn from plasma, reducing plasma perturbations.

While the tiny dimensions of the probe enable a good spatial resolution, accurate time-resolved measurements can be limited to the millisecond range [29], even though very small temporal resolutions (around microseconds) are theoretically possible [30].

Another electrostatic probe widely employed in electric propulsion testing is the Faraday probe. In its simplest form, it consists of a collector plate biased at sufficiently negative voltages to work in the ion saturation regime: electrons are then repelled, and ions are collected, yielding (ideally) accurate measurement of the ion charge flux. Another typical configuration is the Faraday cup, a collimatorcollector system that allows the collected ion flux to be defined: the former acts as a filter for the ion velocity vector and screens thermal electrons, as described by Hugonnaud et al. [31]. While time resolutions of dozens of kilohertz are possible, the Faraday probe is most often used to collect time-averaged measurements of the ion current density, as shown in Brown et al. [32]. Recollection of secondary electrons can substantially affect the accuracy of the measured current density. These uncertainties can be minimized if proper correction models are used [32], or if the length of the Faraday cup is properly designed and the potentials of the repeller and collector are appropriately chosen [31].

Angular profiles of the ion current density collected inside the plasma thruster plume allow integral properties to be inferred, such as plume divergence and the produced thrust [32]. More details about thruster parameters are provided in section 1.2.2. However, Frieman et al. [33] showed that facility effects may impact Faraday probe measurements, especially for parameters inferred from the primary measured current. The authors observed that the plume divergence half-angle of a Hall effect thruster, inferred from a Faraday probe measurement collected at 1 m from the thruster, was artificially increased (by approximately 1 • , more significant than the empirical uncertainty) when increasing the bias voltage of a plate (from 0 to 50 V) placed about 4 m downstream the thruster on the thruster axis while keeping constant the Faraday probe bias voltage with respect to common ground. They interpreted this effect as the result of the relative Faraday probe bias voltage change with respect to the plasma potential.

Plasma potential is another fundamental plasma parameter that describes the spatial distribution of the local electric field that accelerates ions in plasma thrusters and can be used to infer information about charged particles confinement and flow [34]. Among the most common Langmuir probe, also emissive probes are well suited to measure plasma potential, producing highly accurate results when using the appropriate data reduction methods, with an accuracy as high as T e /10e [35], where T e is the electron temperature in electron volts for a Maxwellian plasma. (If electrons are not Maxwellian, then T e should be considered an effective tempera-ture.) Emissive probes were proposed by I. Langmuir in 1923 [36]. They consist of a heated filament of a few hundred micrometers in diameter and a few millimeters in length immersed in the plasma. As mentioned in the previous section (1.1.2), when a probe is immersed in a plasma, a plasma sheath, an electron-depleted region, forms at the probe surface. The basic principle is to make a certain amount of current flow through the filament, heating the filament that ultimately emits electrons. The emitted electrons fill the sheath surrounding the filament so that the floating potential of the probe approaches the local plasma potential. In a real case, space charge effects make the probe float slightly below the plasma potential [35].

Several emissive probe measuring techniques are available in the literature and yield different measurement accuracy [35], [37]. The simplest is the floating point technique [38]: the floating potential increases as the filament is heated until the former reaches a saturation point that identifies the plasma potential. The probe would float around T e /e (measured in electron volts) at saturation, which corresponds to the accuracy of the technique. The latter can be considered adequate when the electron temperature is low and almost constant over the measuring domain, yielding a small and constant offset on the measured plasma potential. A second technique is the separation point technique, based on the assumptions that electrons are emitted with zero energy below the plasma potential (and not above) and space charge effects are negligible. The technique finds the point at which cold (without electron emission) and heated I-V characteristics diverge. The bias voltage of the separation point identifies the plasma potential. In reality, electrons are emitted at a certain amount of energy, and space charge and SEE effects may affect measurement accuracy [37]. Reduction of space charge effects can be obtained by using the inflection point in the limit of zero-emission technique [39]. This consists in recording several I-V characteristics for different levels of electron emission and linearly extracting the inflection point to the case of zero-emission. Indeed, as shown by Ye and Takamura [40] using an analytical model, space charge effects are significantly reduced, and measurements as accurate as T e /10e can be obtained.

Spectroscopy and interferometry diagnostics

Spectroscopy and interferometry diagnostics offer one of the best solutions to obtain spatially and temporally resolved measurements of the plasma parameters as they are non-invasive and do not introduce local plasma perturbations. However, they are generally characterized by complex experimental benches and data reduction methods. An extensive review of spectroscopy methods is found in the work of Robinson [41].

Optical emission spectroscopy (OES) involves the analysis of spectral lines of excited species. The diagnostic is simple to implement but it relies on complex collisional-radiative models that require that all spectroscopic constants and cross sections are precisely known [42], [43], which may not be straightforward for many gases, or on corona equilibrium models, based on assumptions of the concentration of excited states and the type of transitions. Moreover, one of the most used methods for data reduction is the application of Boltzmann and Saha equilibrium equations under the assumption of local thermal equilibrium (LTE) [44]. In a plasma, LTE is often considered valid above a certain electron density critical threshold [45], when electron collision rates dominate over radiative processes (by at least ten times). For instance, in laser-induced plasmas, critical electron density values are around 10 15 -10 16 cm -3 . Uncertainties as high as 50 -70% can characterize the species temperature and density measurement. Last, the diagnostic is a line-of-sight technique: it is then necessary to have a priori knowledge of plasma properties spatial distribution or to develop method to reconstruct it.

Thomson scattering uses the elastic scattering of incident waves in a medium to infer information about the charged particles energy and density [23]. It is widely used for fusion device studies, but it has also been increasingly employed for the study of low-temperature plasmas. Coherent Thomson scattering (CTS) has been used to measure electron density fluctuations and thereby identify waves in Hall effect thrusters [46], [47]. Incoherent Thomson scattering (ITS) allows for the simultaneous determination of the electron density and temperature. Very high spatial resolutions are achievable with ITS, with values of the order of dozens of micrometers [48], in contrast to forward CTS implementations where the intersection of laser beams is used to define the observation volume. The chief advantage of ITS and CTS diagnostics is the direct, non-invasive access to information on the charged species, without the necessity for assumptions on the plasma state. However, ITS and CTS diagnostics are complex and costly systems, owing to the need for an optical bench composed of multiple elements. ITS may require a long acquisition time, often of the order of a few tens of minutes, due to low scattered signal intensities [48], for densities under 5 × 10 10 cm -3 and depending on the energy level of the laser employed. Typical measured values are between 10 11 and 10 15 cm -3 for the density and few electron volts for the electron temperature [48], [49]. Recently, Vincent et al. [50] designed a new sensitive ITS diagnostic for lowtemperature plasmas, giving access to electron densities down to 10 10 cm -3 . Hall thruster implementations of this diagnostic have enabled measurement of electron temperatures below 1 eV and up to several tens of electron volts.

Laser-induced fluorescence (LIF) method presents some advantages compared to emission or absorption techniques [START_REF] Freegarde | A guide to laser-induced fluorescence diagnostics in plasmas[END_REF]. LIF method consists of exciting a certain particle population with laser excitation and collecting the fluorescence light resulting from the decay from the excited to a lower state. High spatial resolution can be achieved, provided that the signal collected from fluorescence light is large enough with respect to the background noise signal. Measurements performed in regions with low particle density may take considerable time to be collected. The technique uses the velocity-induced (Doppler-Fizeau) shifts in the spectral fluorescence of ions to primarily infer information about particle velocity and density. LIF diagnostics have been largely used for electric propulsion applications to probe xenon ions [START_REF] Hargus | Laser-induced fluorescence measurements of velocity within a Hall discharge[END_REF], [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF]. For xenon, several transitions exist [START_REF] Hargus | Laser-induced fluorescence measurements of velocity within a Hall discharge[END_REF], but the most popular are the 605.1 and 834.7 nm that excite two metastable levels, with the assumption that the measured velocity distribution functions can be extrapolated to the most abundant ground state population [START_REF] Freegarde | A guide to laser-induced fluorescence diagnostics in plasmas[END_REF]. While the hyperfine constants of the Xe II structure are less known for the the 834.7 nm transition, it offers certain advantages: it can be probed with tunable laser diodes [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF], [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF], and a nonresonant transition is possible using the fluorescence signal at 542 nm (yielding advantages in cases where laser scattering from the surfaces containing the plasma may occur). Temporal resolutions below 1 µs can be achieved [START_REF] Verreycken | Absolute calibration of OH density in a nanosecond pulsed plasma filament in atmospheric pressure He-H2O: comparison of independent calibration methods[END_REF], but they may be difficult for self-generated non-triggered phenomena when averaging over several fluctuations periods is necessary and for non-periodical phenomena.

Microwave interferometry technique uses the phase shift of (microwave) radiation through a plasma to determine electron density. The phase shift depends on the plasma frequency (Eq. 1.30) through the dispersion relation of the probing wave. This line-of-sight technique can be very accurate, with reported errors of 10 -20%. The interpretation of the results is generally straightforward in the absence of magnetic fields. Indeed, microwave propagation becomes non-isotropic in the presence of a magnetic field, and the different propagation modes in a magnetized plasma (cf. section 1.1.2) must be considered [START_REF] Torrisi | Microwave frequency sweep interferometer for plasma density measurements in ECR ion sources: Design and preliminary results[END_REF]. Furthermore, the technique returns a density value that is averaged over the signal's path. Data reduction methods using Abel inversion can be used to determine local plasma density, provided that the plasma is axisymmetric [23]. The detection volume must be large enough and uniform, and the spatial resolution is limited by the frequency range of the interferometry wave [START_REF] Neumann | Plasma-density measurements by microwave interferometry and Langmuir probes in an rf discharge[END_REF]. For instance, Deline et al. [START_REF] Deline | Plume detachment from a magnetic nozzle[END_REF] used a polychromatic interferometer operating simultaneously at 70, 90, and 110 GHz enabling spatial resolutions of 1.5 cm. Temporal resolutions can be in the submillisecond range, as reported by Deline et al. [START_REF] Deline | Plume detachment from a magnetic nozzle[END_REF] who performed measurements in a magnetic nozzle of a VASIMIR thruster operated in the hundreds of kilowatts range (see section 1.2.2 for more details on electric propulsion systems). Even higher temporal resolutions in the microsecond range were achieved by Jindal et al. [START_REF] Jindal | Time resolved microwave interferometry measurement of the electron density in a pulsed 1,3-butadiene discharge[END_REF], who performed measurements inside a 13.56 MHz inductively coupled plasma (ICP) source with an interferometer operating at a microwave frequency of 28.55 GHz. The accuracy of the measurements is strictly related to the operational frequency of the interferometer. For instance, Deline et al. [START_REF] Deline | High accuracy plasma density measurement using hybrid Langmuir probe and microwave interferometer method[END_REF] reported a sensitivity of 10 10 cm -3 using the polychromatic interferometer (operating simultaneously at 70, 90, and 110 GHz) and even higher sensitivity of 10 9 cm -3 using a 15 GHz interferometer.

Microwave probes

Microwave probes are an interesting alternative to electrostatic probes or optical methods [START_REF] Sugai | Recent innovations in microwave probes for reactive plasma diagnostics[END_REF], [START_REF] Heald | Plasma Diagnostics with Microwaves[END_REF], even though they have been rarely used to diagnostic electric propulsion systems. To date, they have primarily been used for plasma processing techniques in reactive plasmas as they are generally less prone to plasma perturbation with impurities (that may come from the metallic electrode of a Langmuir probe, for example). Another advantage is that microwave probes can measure the electron density even in the presence of a deposited dielectric layer on the probe surface (deposition that can occur during the processing). They are generally less intrusive than electrostatic probes as they are (generally) left electrically floating in the plasma, easier to implement than spectroscopy or interferometry techniques, and may offer good spatial and temporal resolutions. Similarly to interferometry techniques, microwave probes generally use the dispersion relations of a microwave propagating in the probed plasma volume surrounding the device to infer the plasma frequency.

Nevertheless, contrary to interferometry methods, they must be immersed in the plasma. They commonly give access to plasma impedance and density, and methods exist to infer electron temperature. We shall classify the diagnostics based on (i) the wave propagation branch in which the probe works (cf. Fig. 1.7) and (ii) the distinction introduced by Lapke et al. [START_REF] Lapke | The multipole resonance probe: Characterization of a prototype[END_REF] between active plasma resonance spectroscopy (APRS) and passive plasma resonance spectroscopy (PPRS) methods. The former identifies those diagnostics that inject a radio frequency (RF) signal into the plasma and record the response. The latter identifies those that detect existing oscillations in plasmas.

The plasma oscillation probe (POP), proposed by Shirakawa and Sugai [START_REF] Shirakawa | Plasma oscillation method for measurements of absolute electron density in plasma[END_REF], uses a hot filament to inject a weak electron beam into a plasma, ultimately enhancing the amplitude of the natural plasma oscillations. A detector is then used to measure the spectrum centered at the plasma frequency. Schematic of the probe is shown in Fig. 1.11a. Based on the categorization of Lapke et al. [START_REF] Lapke | The multipole resonance probe: Characterization of a prototype[END_REF], the POP should be a PPRS technique as it detects natural plasma oscillations occurring at plasma frequency. The authors used a thin tungsten filament (300 µm in diameter and a few centimeters in length) to emit electrons, and a small wire antenna (with approximately the same dimensions as the filament) placed a couple of centimeters from the filament and connected with a 50 Ω coaxial cable to a spectrum analyzer. In this technique, the electron density of the beam must be much smaller than the expected plasma density (weak beam assumption) to avoid perturbation of the local plasma parameters (the authors estimated a beam density three to four orders of magnitude lower than the plasma density). The authors performed measurements with a POP and a Langmuir probe inside an ICP source under surface magnetic confinement operated with argon at 10 -2 -1 Pa. Some discrepancies between the POP and Langmuir probe measurements were reported. Last, the lifetime of the hot filament can be a limiting factor of the technique, and it can introduce metal contamination in the plasma process [START_REF] Sugai | Recent innovations in microwave probes for reactive plasma diagnostics[END_REF].

From this point on, we shall now describe microwave probes classified as APRS techniques. First, we focus on those that use the surface wave resonance propagation mode (cf. Fig. 1.7) to infer the electron density: the plasma absorption probe, the plasma transmission probe, the multipole resonance probe, and the twohemisphere probe. Second, we focus on those that use the volume wave propagation mode (i.e., ordinary or magnetized wave branch, as detailed in section 1.1.2): the hairpin probe, the cut-off probe, and the curling probe.

The plasma absorption probe (PAP), firstly proposed by Kokura et al. [START_REF] Kokura | Plasma Absorption Probe for Measuring Electron Density in an Environment Soiled with Processing Plasmas[END_REF], uses the surface wave equation (1.43) to infer the electron density. The probe consists of a coaxial cable that acts as a monopole antenna covered with a quartz tube, reducing plasma perturbations. The distance of the antenna from the end of the tube (l) can be varied from a few to tens of millimeters. Schematic of the probe is shown in Fig. 1.11b. The antenna is fed with a microwave power of around 1 mW, and the frequency is swept with a network analyzer in the gigahertz range. The authors tested the PAP in a 13.56 MHz ICP source fed with argon at 3 -7 mTorr 2 with input power of a few hundred of a watt. When the antenna radiates at frequencies close to the surface wave resonance, a surface wave is excited at the dielectric tube-plasma interface. Several minima in the reflection spectrum of the probe are observed, corresponding to conditions of stronger power absorption by the plasma. The first (and stronger) peak is named "main" absorption and corresponds to the mode best excited with the monopole antenna. The frequency of the main absorption measured with the probe increases as the input discharge power increases, which corresponds to an increase in the electron density in the plasma. Furthermore, the main absorption frequency approaches the surface wave resonance (Eq. 1.42) as the distance l is reduced [START_REF] Kokura | Plasma Absorption Probe for Measuring Electron Density in an Environment Soiled with Processing Plasmas[END_REF]. So, the authors proposed to record the frequency of the main absorption peak for several l distances and then linearly extract the value of f SW for l → 0, ultimately inferring the electron density using Eq. 1.43. A good agreement between PAP and Langmuir probe measurements was obtained for densities above 5 × 10 9 cm -3 . For values below, sheath effects around the quartz tube are not negligible, and significant discrepancies with Langmuir probe measurements appear. PAP is limited to low-pressure plasmas (below 0.5 Torr) due to peak broadening with increasing gas pressure that would make the interpretation of the recorded spectra not straightforward, and in plasmas with a density larger than 10 10 cm -3 , when sheath effects can be neglected. Time-resolutions below 1 µs were reported in a CCP discharge [START_REF] Ohya | Rapid electron density decay observed by surface-wave probe in afterglow of pulsed fluorocarbon-based plasma[END_REF].

The plasma transmission probe (PTP), firstly proposed by Dine et al. [START_REF] Dine | A novel technique for plasma density measurement using surface-wave transmission spectra[END_REF], consists of two antennas, an emitter (E) and a receiver (R) of a few millimeters in length and whose distance can be adjusted, placed inside a Pyrex tube to minimize plasma disturbance. The emitter and the receiver are connected to two network analyzer ports to record the transmission spectrum. Schematic of the probe is shown in Fig. 1.11c. The measured transmission coefficient significantly increases for values slightly above the resonance frequency of the surface wave propagating at the plasma-sheath boundary guided by the dielectric tube. The authors performed measurements inside a 40.68 MHz capacitive coupled plasma (CCP) and a 13.56 MHz ICP discharge in pure argon. In the former case, the pressure was varied between 40 and 750 mTorr and the power between approximately 5 and 50 W. In the latter, the pressure was between 5 -40 mTorr and the power between 20 and 200 W. The authors compared PTP results with those inferred with a Langmuir probe in the CCP source and a hairpin probe in the ICP source. In both cases, the density values inferred with the PTP were lower than those inferred with the Langmuir and hairpin probes due to sheath effects around the dielectric tube of the PTP. Difficulties in measuring electron density spatial distributions were reported [START_REF] Sugai | Recent innovations in microwave probes for reactive plasma diagnostics[END_REF], mainly due to the large-scale experimental system.

The multipole resonance probe (MRP), firstly proposed by Lapke et al. [START_REF] Lapke | The multipole resonance probe: A concept for simultaneous determination of plasma density, electron temperature, and collision rate in low-pressure plasmas[END_REF], allows (theoretically) for the simultaneous determination of the electron density, temperature, and collision rate in low-pressure plasmas. The MRP consists of two conductive hemispheres of 4 mm in radius (electrodes) coated with a dielectric layer and symmetrically driven by an RF source. The dielectric layer is provided by a dielectric quartz tube of 1 mm in thickness, minimizing plasma perturbations. Schematic of the probe is shown in Fig. 1.11d. The RF power is fed to the hemispheres through a coaxial cable connected to a network analyzer swept in the 0.1 -3 GHz range. A printed circuit board (PCB), placed between the RF source (the network analyzer) and the electrodes, transforms the asymmetric signal from the source to a symmetric signal. The plasma parameters can then be inferred from the measured absorption spectrum using an appropriate model. The electrical and geometrical symmetry of the system yields significant simplifications in the equivalent circuit model. The authors [START_REF] Lapke | The multipole resonance probe: A concept for simultaneous determination of plasma density, electron temperature, and collision rate in low-pressure plasmas[END_REF] developed a lumped-circuit model describing the system response as a function of the plasma frequency, collision frequency, and where the sheath surrounding the hemispheres is considered a layer having the permittivity of vacuum. Preliminary tests comparing MRP and Langmuir probe measurements were conducted in a 13.56 MHz ICP source fed with a mixture of argon and nitrogen, at pressures around 10 Pa, and with a power input varied in the range 100-300 W. Density values inferred from MRP were in very good agreement with Langmuir probe measurements in the range 0.2 -1 × 10 11 cm -3 [START_REF] Lapke | The multipole resonance probe: Characterization of a prototype[END_REF]. More recently [START_REF] Styrnoll | Process diagnostics and monitoring using the multipole resonance probe in an inhomogeneous plasma for ion-assisted deposition of optical coatings[END_REF], the MRP has been applied to plasma ion-assisted deposition, an industrial processing used to produce dielectric optical coatings. In such reactors, electron density may vary by three orders of magnitude (10 9 -10 12 cm -3 ) and electron temperature by ten times (2 -20 eV). The authors [START_REF] Styrnoll | Process diagnostics and monitoring using the multipole resonance probe in an inhomogeneous plasma for ion-assisted deposition of optical coatings[END_REF] reported a good agreement between MRP and Langmuir probe measurements in the range 10 9 -10 11 cm -3 , whereas discrepancies around 15-20% were obtained for density values around 5 × 10 8 cm -3 . Further details on the MRP can be found in a review by Oberrath et al. [START_REF] Oberrath | On the Multipole Resonance Probe: Current Status of Research and Development[END_REF].

The two-hemisphere probe (THP), proposed by Scharwitz et al. [START_REF] Scharwitz | Practical implementation of a two-hemisphere plasma absorption probe[END_REF], despite being very similar to the MRP design, presents one significant difference: the two hemispherical electrodes, of 7.5 mm in radius, are not symmetrically driven. Also, the thickness of the dielectric cover layer is larger (up to 7.5 mm). Schematic of the probe is shown in Fig. 1.11e. This modified configuration results in the damping of higher resonance modes observed in the MRP spectrum, as reported by the authors by comparing numerical and experimental results.

From this point on, we shall describe the APRS techniques that work in the volume wave branch of the propagation diagram (cf. Fig. 1.7). These probes are characterized by a resonance frequency whose value depends on the permittivity of the medium surrounding the probe. In vacuum, the resonance frequency takes one precise value, which is commonly referred to as natural or working frequency.

In the presence of a plasma with a permittivity lower than one, the resonance frequency decreases with respect to the value in vacuum.

The hairpin probe (HP), firstly proposed in 1976 by Stenzel [START_REF] Stenzel | Microwave resonator probe for localized density measurements in weakly magnetized plasmas[END_REF], is a quarterwavelength open-ended U-shaped transmission line inductively excited by a loop. Schematic of the probe is shown in Fig. 1.11f. Sufficiently far from the shorted-end of the U-line, the electric field between the prongs is almost uniform, as observed by Xu et al. [START_REF] Xu | Simulation of resistive microwave resonator probe for high-pressure plasma diagnostics[END_REF] using 3D FDTD (finite difference time domain) simulations. The distance between the U-shaped antenna's prongs is typically around a few millimeters. The probe is fed with a few milliwatts of power, and the microwave input frequency is generally swept in the 0.1 -10 GHz range using a network analyzer. The minimum of the recorded reflection spectrum identifies the resonance frequency of the probe, as described earlier in section 1.1.1. The quarter-wavelength resonator, often called "hairpin resonator", produces a resonant volume wave at the well-known dipole frequency value of f 0 = c/( √ ϵ d ϵ 0 4L), where ϵ d is the relative permittivity of the medium surrounding the probe, ϵ 0 is the permittivity of vacuum, and where L is the length of the antenna. The antenna length is generally of a few centimeters (7.5 ≥ L ≥ 2.5 cm, corresponding to 1 ≤ f 0 ≤ 3 GHz) and is then a limiting factor for the spatial resolution of the HP. Indeed, the working frequency must be larger than the plasma frequency (the probe operates in the volume wave branch) but not too large. As observed by Karkari et al. [START_REF] Karkari | A floating hairpin resonance probe technique for measuring time-resolved electron density in pulse discharge[END_REF], the minimum plasma frequency detectable with an HP is proportional to Q -1/2 f 0 (where Q is the quality factor often around 100), so one would need f 0 ∼ 1 GHz, corresponding to L ∼ 7.5 cm, to measure densities below 10 9 cm -3 . On the other hand, temporal resolutions in the microsecond range were obtained [START_REF] Karkari | A floating hairpin resonance probe technique for measuring time-resolved electron density in pulse discharge[END_REF]. Since the late 70s, the hairpin has been revisited, with a DC-biased proposed by Piejak et al. [START_REF] Piejak | A DC Biased Hairpin Resonator Probe[END_REF], and different coupling and operating modes [START_REF] Piejak | The hairpin resonator: A plasma density measuring technique revisited[END_REF]. In unmagnetized plasmas, electron density can be easily inferred by combining the dipole resonance in vacuum with the dispersion relation of the volume wave in Eq. 1.35. In the presence of a magnetic field, anisotropic propagation modes must be taken into consideration (cf. Eq. 1.39). Gogna and Karkari [START_REF] Gogna | Microwave resonances of a hairpin probe in a magnetized plasma[END_REF] studied the effect of the magnetic field magnitude and orientation on the resonance frequency of the HP. They found that the working frequency was slightly affected by the relative angle between the probe electric field and the external magnetic field (i.e., the probe orientation). In contrast, it decreased with increasing field amplitude (by several tens of megahertz in the range 100 -600 G). Finally, Pandey et al. [START_REF] Pandey | Inferring plasma parameters from the sheath characteristics of a dc biased hairpin probe[END_REF] recently proposed a technique to infer electron temperature using the DC-biased HP version in an argon/oxygen discharge. The authors developed a fluid-based model to describe the variation with the bias voltage applied to the HP of the sheath surrounding the probe prongs.

The cut-off probe, proposed by Kim et al. [START_REF] Kim | Plasma frequency measurements for absolute plasma density by means of wave cutoff method[END_REF], [START_REF] Kim | Wave cutoff method to measure absolute electron density in cold plasma[END_REF], exploits the property that a volume wave in a plasma only propagates if f ≥ f p (cf. the dispersion relation in Eq. 1.35), otherwise it is exponentially damped in the plasma. The first prototype [START_REF] Kim | Plasma frequency measurements for absolute plasma density by means of wave cutoff method[END_REF] consisted of an emitting and a receiving antenna placed at a distance of a few millimeters and immersed in the plasma. The distance between the two antennas then identifies the spatial resolution of the technique. The radiating antenna is fed with a power of a few milliwatts, and the frequency is swept in the gigahertz range using a spectrum analyzer. The receiving antenna is connected to another port of the same spectrum analyzer. Schematic of the probe is shown in Fig. 1.11g. The authors observed that the minimum of the transmission spectrum of the wave amplitude identifies the cut-off frequency, i.e., the plasma frequency. The plasma density is then inferred using Eq. 1.30. First measurements in a 13.56 MHz ICP argon discharge at 15 mTorr showed a good agreement between the cut-off probe and the POP [START_REF] Kim | Plasma frequency measurements for absolute plasma density by means of wave cutoff method[END_REF] (density in the range 1.5 -3 × 10 10 cm -3 ). More recently, Kim and colleagues [START_REF] Kim | Planar cutoff probe for measuring the electron density of low-pressure plasmas[END_REF] proposed the (noninvasive) planar cut-off probe (PCP), designed to be embedded in the walls of a reactor, reducing plasma perturbations. The lower intrusivity comes at the cost of less effective transmission properties of the planar antenna structure. However, the PCP can be efficiently used in low-pressure discharges (with pressures well below 100 mTorr). Measurements performed in a 13.56 MHz ICP argon discharge at 10 -20 mTorr showed a good agreement between the (invasive) cut-off probe and the (non-invasive) planar cut-off probe for densities around 10 10 cm -3 . Yeom et al. [START_REF] Yeom | Flat cutoff probe for real-time electron density measurement in industrial plasma processing[END_REF] proposed different planar antenna structures to improve the transmission signal quality. They later developed a circuit model for their version of the PCP whose results were found in good agreement with experimental measurements [START_REF] Yeom | Circuit model for flat cut-off probes with coplanar capacitance[END_REF].

In 2011, Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] from the Chubu University (Japan) proposed a new type of microwave resonant probe: a spiral-shaped slot-type antenna for electron density measurements in reactive plasmas called curling probe (CP). The idea is similar to the hairpin probe: the probe resonator is excited by a monopole antenna in its central aperture with few milliwatts of power, and the microwave input frequency is generally swept in the 0.1 -10 GHz range using a network analyzer. The natural (or working) resonance frequency of the probe is identified with the minimum of the reflection spectrum and shifts toward larger values when the probe is immersed in a plasma, proportionally to the electron density value. The probe presents certain advantages, especially compared to the hairpin probe: the resonator has a spiral ("curled") geometry, allowing the probe to be compact while working at low frequencies (around 1 GHz for a probe diameter of approximately 10 mm [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF] vs. L ∼ 7.5 cm in the case of an HP working at the same natural frequency), the probe geometry is planar, enabling its installation in a reactor wall, and it can perform a measurement even with a dielectric layer on its surface [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]. However, the electric field inside the resonator slot exists both in the plasma above the resonator and in the dielectric below, contrary to the case of an HP where the electric field between the prongs of the U-shaped antenna exists entirely inside the plasma. This peculiarity of the curling probe makes the determination of the relationship between the resonance frequency and the permittivity of the probed medium less straightforward than in the hairpin resonator case. The schematics of the curling probe proposed in the paper by Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] are shown in Fig. 1.10: the top view (the gray disk) pictures the spiral resonator (of length L and width w) and the central aperture (of diameter 2a), whereas in the lateral view the monopole antenna and the feeding coaxial RF cable are visible. The authors [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] identified two types of resonances in the presence of plasma using 3D Finite Difference Time Domain (FDTD) simulations of a curling probe with L = 35 mm and w = 0.3 mm: a high-frequency resonance (HFR) and a low-frequency resonance (LFR). The former is produced by the standing volume wave inside the resonator slot and occurs for densities below 10 11 cm -3 . The latter is a surface wave resonance inside the aperture region that occurs for densities above 10 11 cm -3 : the resonance frequency is that of the surface wave resonance (Eq. 1.42), and the density is inferred using Eq. 1.43. Furthermore, the authors identified the standing volume wave inside the spiral resonator as a quarter-wavelength resonance since the spiral resonator has a shorted-end and an open end (the central aperture in Fig. 1.10), similar to what occurs in the hairpin resonator. Later, Arshadi and Brinkmann [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF] from the Ruhr University Bochum (Germany) analytically investigated the resonance frequencies of the curling probe. They solved Maxwell's equations in the case of an infinitely long rectangular spot (representing a slice of the spiral resonator) using the mode matching technique (MMT) [START_REF] Nguyen | Analysis Methods for RF, Microwave, and Millimeter-Wave Planar Transmission Line Structures[END_REF] and demonstrated that LFR frequencies match with the surface wave resonance (Eq. 1.42). In a second paper [START_REF] Arshadi | Analytical investigation of microwave resonances of a curling probe for low and high-pressure plasma diagnostics[END_REF], the authors extended the MMT approach to three dimensions allowing the LFR and HFR to be computed. They concluded that the HFR corresponds to a half-wavelength standing wave occurring inside the resonator slot and that the resonance frequency in the presence of plasma is lower than the plasma frequency due to the non-uniform distribution of the emitted field in both the plasma above and the dielectric below the resonator. In contrast, the resonance frequency of an HP immersed in plasma is always larger than the plasma frequency. In a recent paper on the subject [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF], the effect of the geometry parameters of the curling probe is studied using 2D FDTD numerical simulations of the "unfolded" spiral resonator: a rectangular domain of length L = 30 and 50 mm and width w (varied between 0.05 and 0.5 mm) connected to a circular aperture of diameter a (varied up to 20 mm). They found that the resonance frequency decreases (i) when increasing the aperture diameter (a) for a given resonator length (L) and (ii) when decreasing the slot width (w) for a given resonator length (L) and aperture diameter (a). Also, contrarily to Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF], Arshadi et al. [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF] concluded that the central aperture acts as a shortend (since the spiral slot is located in a perfectly conducting layer) for aperture diameters below 5 mm. This last work has motivated a thorough investigation of the volume wave resonance modes inside the spiral slot, especially in terms of resonator geometry. This analysis will be conducted numerically in chapter 2 and will be verified experimentally in chapter 3.

More recently, Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF] used the curling probe to monitor the thickness of the dielectric layer deposited on the reactor wall during plasma processing. First, they performed FDTD simulations of a CP with different dielectric layer thicknesses with ϵ d = 3.5 (like the polyimide Kapton). They observed that the resonance frequency decreases almost linearly as the thickness increases in the range 0 -200 µm. Then, they performed measurements with a CP of 16 mm in diameter (with a resonator length L = 106 mm) and f 0 ≃ 870 MHz inside a 13.56 MHz ICP discharge fed with acetylene (C 2 H 2 ) and argon gas mixture at pressures around 1.5 Pa. The electron density was inferred using the method proposed by Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF]: values around 3 × 10 10 cm -3 were obtained for a frequency shift around 230 MHz. Experimental results, in good agreement with simulation data, showed that the CP could measure deposited carbon film thicknesses down to a few micrometers. Ogawa et al. [START_REF] Ogawa | A novel technique for in-situ simultaneous measurement of thickness of deposited film and electron density with two curling probes[END_REF] proposed a method to simultaneously measure the electron density and the film deposition thickness using two CPs. Measurements were performed inside a 13.56 MHz ICP discharge fed with argon at 6 Pa, producing electron densities around 10 9 cm -3 . Results with uncertainties of the density values around 10% were reported. This work has motivated the study of the probe sensitivity in presence of a medium with a non-homogeneous permittivity, which will be used in the investigation of plasma sheath effects in chapter 4.

Possible spatial resolutions of the order of the probe diameter (around 1 cm) can be obtained [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF], [START_REF] Ogawa | A novel technique for in-situ simultaneous measurement of thickness of deposited film and electron density with two curling probes[END_REF]. Moreover, time-resolved measurements with temporal resolutions of approximately 30 µs were performed by Pandey et al. [START_REF] Pandey | Curling probe measurement of electron density in pulse-modulated plasma[END_REF] by synchronizing the frequency sweep of the vector network analyzer (VNA) with the pulse modulation of the plasma. Later [START_REF] Pandey | Timeresolved curling-probe measurements of electron density in high frequency pulsed DC discharges[END_REF], they obtained even finer time resolutions (down to 14 µs) by using the VNA in on-point mode synchronization in which the discharge trigger drives a single frequency value per discharge pulse. Temporal resolutions below 1 µs were achieved with the same technique in a pulsed DC discharge under surface magnetic confinement [START_REF] Pandey | Curling probe measurement of a large-volume pulsed plasma with surface magnetic confinement[END_REF] at low pressure and in different gases (argon, acetylene, and methane). A different technique to perform time-resolved electron density measurements will be proposed and discussed in chapter 7.

Last, we report an improvement proposed by Pandey et al. [START_REF] Pandey | Opto-curling probe for simultaneous monitoring of optical emission and electron density in reactive plasmas[END_REF]: the optocurling probe, enabling simultaneous monitoring of the electron density and the optical emission of radical species in reactive plasmas. This consists in inserting an optical fiber (inside the probe) connected with a spectrometer to detect radical species density in a plasma based on OES methods. Schematic of the probe is shown in Fig. 1.11h. The authors demonstrated its performances in a 2. 45 GHz discharge operated at powers around one kilowatt for the oxygen plasma cleaning of a carbonized wall, where they were able to measure electron densities around few 10 9 cm -3 and the normalized particle density (inferred from the emission intensity) of hydrogen (H) and carbon oxide (CO) radicals along the cleaning time. The possibility of extending the diagnostic capabilities of the curling probe to measure other plasma parameters, such as the electron temperature or the average ion velocity, is proposed in chapter 4 and in App. D.

. Electric propulsion systems for spacecraft applications

Rocket propulsion technologies for space applications principle rest upon Newton's second and third laws: the change in the momentum magnitude or direction (or both) of a system is due to a force applied to it, and when two systems interact, they apply forces to one another that are equal in magnitude and opposite in direction (i.e., the conservation of total momentum). When a system ejects a mass flow ṁ = dm/dt at a velocity u ej (i.e., the ejection velocity), it produces a thrust T = ṁu ej , a quantity homogeneous to a force, that results in a change in the velocity magnitude or direction (or both) of the system.

Propulsion technologies are often categorized into three families [START_REF] Sutton | Rocket propulsion elements[END_REF]: (i) cold [START_REF] Lapke | The multipole resonance probe: A concept for simultaneous determination of plasma density, electron temperature, and collision rate in low-pressure plasmas[END_REF], (e) THP reproduced from [START_REF] Scharwitz | Practical implementation of a two-hemisphere plasma absorption probe[END_REF], (f) HP reproduced from [START_REF] Stenzel | Microwave resonator probe for localized density measurements in weakly magnetized plasmas[END_REF], (g) cut-off probe reproduced from [START_REF] Kim | Plasma frequency measurements for absolute plasma density by means of wave cutoff method[END_REF], and (h) opto-curling probe reproduced from [START_REF] Pandey | Opto-curling probe for simultaneous monitoring of optical emission and electron density in reactive plasmas[END_REF].

gas thrusters use the expansion of a pressurized (usually inert) gas to produce the thrust (generally, ejection velocities are below the kilometer per second range), (ii) chemical thrusters increase the pressure and temperature of the ejected gas through combustion yielding higher ejection velocities (around few kilometers per second), and (iii) electric thrusters that use electric and magnetic fields to ionize and accelerate the gas, resulting in much higher ejection velocities (from few to several tens of kilometers per second). Electric propulsion has been considered for space applications since the beginning of the space era in the 1950s. However, it became widespread in the last thirty years due to more significant electric power available on spacecrafts. Spacecraft maneuvers include orbit transfer (e.g., orbit raising and de-orbiting at spacecraft end-of-life), station keeping (e.g., North-South station keeping and drag compensation for LEO satellites), attitude and position control (e.g., pointing an instrument on the satellite to a precise direction relative to Earth, other spacecrafts, or celestial body), and interplanetary travel (e.g., deep space probes, manned and unmanned travels to the Moon or Mars). The advantage of electric propulsion devices for these types of maneuvers is their high specific impulse (Eq. 1.56) or their capability to provide tiny and accurate thrust impulses. Figure 1.12 gives a qualitative overview of the possible missions for which EP devices are well suited according to the specific impulse and the required electrical power. For instance, in the case of a transfer from GTO (geostationary transfer orbit) to GEO orbit, the Hohmann and spiral transfer maneuvers can be used: the former is done by applying a high thrust impulse at the orbit apogee, while the latter is done by continuously applying a low thrust. Then, for a Hohmann transfer, chemical thrusters are better suited. In contrast, for a spiral transfer, electric thrusters can be used, with the advantage of reducing the propellant mass, thus increasing the mass available for the payload (for the same initial total mass) or reducing the initial total mass (for the same payload mass), ultimately reducing launch costs. However, this option comes with a drawback: the low thrust values substantially increase the transfer maneuver's duration. The GTO-GEO transfer time is around a few hours with chemical thrusters, whereas it is around a few months with electric thrusters.

A qualitative categorization can be made as a function of the thrust range [START_REF] Sutton | Rocket propulsion elements[END_REF]. Typical applications for the micronewton thrust class include East-West station keeping and attitude control. Typical applications for the millinewton thrust class include North-South station keeping, orbit changes, drag compensation, and vector positioning. For the high thrust range (up to tens of newtons), recent applications include orbit raising and interplanetary travel (under development).

EP thrusters are often categorized into three families [START_REF] Sutton | Rocket propulsion elements[END_REF].

1. Electrothermal, such as resistojet or arcjet, in which the propellant (typically ammonia, hydrazine, or hydrogen) is heated electrically and expands through a nozzle accelerating to supersonic speeds (like in chemical rockets). Thrust can be as high as 1 N, specific impulse is typically below 1000 s, and thrust efficiency depends on the technology. Electrothermal thrusters are generally simple devices, easy to control and low cost, and produce a relatively high thrust but can be limited in efficiency or specific impulse. Walls erosion and heat losses may also be a major disadvantage. 2. Electrostatic, such as gridded ion engines (GIE), in which the propellant (usual ions of inert gas, but also droplets or colloids, as they are even heavier than ions) is accelerated through electrostatic fields. Thrust is typically below 200 mN, specific impulse can be as high as a few thousand seconds, and thrust efficiency is around 60 -80%. Electrostatic thrusters generally provide high specific impulse and efficiency but may need complex and heavy power supply working at high voltages. Other limiting factors include grid erosion and the need for a neutralizing cathode (a fragile component).

3. Electromagnetic, such as pulsed plasma thruster (PPT), magnetoplasma dynamic (MPD), or Hall effect thruster (HET), in which the propellant (usually plasma obtained from ionization of inert gas) is accelerated through the interaction between electric and magnetic fields within a plasma. Thrust ranges 0.01 -2000 mN, specific impulses are generally in the thousands of seconds range, and thrust efficiency varies on the technology, with typical values below 50%.

We are particularly interested in the family of electromagnetic thrusters. These devices can be relatively simple, provide high specific impulse, generally have high thrust per unit area values (ten times that of GIE), and may be compact. However, some of these technologies rest upon highly complex phenomena that make their simulation not straightforward, and those equipped with electrodes may suffer from significant wall erosion. Hall effect thrusters have been flying since the 1970s (the first was the Meteor satellite in 1972 launched by the former USSR) and are today a widespread technology. They use an electric DC discharge between an anode and a cathode coupled with a magnetic field that confines electrons (in the ionization channel) to ionize a propellant (usually xenon). An E×B discharge is then created, resulting in a drift electron current in the azimuthal direction, the so-called Hall current. Because of their very good performances, HETs are currently the most used electrical thrusters. However, they suffer from wall erosion and the need for a cathode that potentially limits their lifetime.

The second part of this work is dedicated to the experimental characterization of a relatively new technology of electromagnetic thruster, the electron cyclotron resonance (ECR) thruster, developed at ONERA since 2010, especially in the framework of the Horizon 2020 MINOTOR European project [START_REF][END_REF], and also at University of Michigan (Ann Arbor, MI, USA). This technology has the potential to be a robust, easy-to-operate, and low-cost device. Indeed, the thruster is cathode-less (i.e., no grids nor neutralizers are needed) and only requires one power supply. In the following subsections, we will first define the parameters measuring the thruster performances and describe the principle of the ECR thruster technology. Last, we will present the previous experimental efforts conducted on the thruster.

Thruster performance

The definitions provided here represent a quantitative way to compare the propulsion technologies discussed above. While it is not an exhaustive list of all the thruster performances, this section provides some definitions later used in this work. More details can be found in the work of Sutton and Biblarz [START_REF] Sutton | Rocket propulsion elements[END_REF]. Thruster performances are computed using integral and averaged quantities: T is the thrust measured in newtons, I b is the total beam current measured in amps, E k,i is the ion mean kinetic energy measured in electron volts, ṁ is the propellant flowrate fed to the thruster measured in kilograms per second, and P abs is the power absorbed by the plasma measured in watts.

The total beam current is computed using the ion current density inferred from angular measurements performed (typically) with a Faraday probe (described in section 1.2.1) in the far field of the thruster plume as [32]:

I b = 2πρ 2 π/2 0 j i (θ)| sin θ|dθ, (1.55)
where ρ is the probe distance to the thruster, j i is the ion current density, and θ is the angular coordinate. The assumption of axisymmetry is made.

The specific impulse identifies the efficiency in the use of propellant mass to produce the thrust:

I sp = T ṁg , (1.56)
where g is the standard gravity.

The mass utilization efficiency (or sometimes simply utilization efficiency) quantifies the thruster efficiency in ionizing the injected neutral flowrate. Under the assumption of plasma uniquely consisting of singly-charged ions (and electrons), it is written as:

η m = ṁi ṁ = m i e I b ṁ , (1.57)
where ṁi is the ion mass flowrate. The energy efficiency is the ratio between the output power ejected through the plume (P ej ) and the input power injected in the plasma:

η e = P ej P abs = I b E k,i P abs .
(1.58)

The divergence efficiency is the ratio between the effective thrust and the ideal thrust that would be obtained if the ejected ion beam were uniquely directed along the thrust axis:

η D = T T ideal = T ṁi u i = e 2m i T I b E k,i
.

(1.59)

Last, combining the utilization, energy, and divergence efficiency, the total efficiency is obtained. It measures the ratio between the total on-axis jet power and the input power:

η T = η m η e η 2 D =
T 2 2 ṁP abs .

(1.60)

Brief history of the electron cyclotron resonance thruster

The concept of an electron cyclotron resonance (ECR) thruster dates back to the 1960s [START_REF] Crimi | Investigation of a Microwave Generated Plasma in a Non-Uniform Magnetic Field[END_REF] when the possibility of heating the electrons using the resonant coupling between an RHP microwave and a static magnetic field was theoretically proposed by a group of researchers from the General Electric Space Science Laboratory for the NASA. Experimental measurements on prototypes operating at around 8 GHz with power in the 0.3-3 kW range showed very low efficiencies (around 1% [START_REF] Gibbons | Experiments with an electron cyclotron resonance plasma accelerator[END_REF]). During the same period at the Tokyo University, Nagatomo [START_REF] Nagatomo | Plasma acceleration by high frequency electromagnetic wave in staticmagnetic field gradient[END_REF] conducted experimental studies on a prototype working at 2.45 GHz and power of a few hundred watts: direct thrust and ion kinetic energy measurements were performed, indicating poor efficiencies and low ion energies. At that time, other EP technologies had already proven suitable for space applications, and the ECR thruster technology was set aside.

In the early 1990s, Sercel [START_REF] Sercel | An experimental and theoretical study of the ECR plasma engine[END_REF] produced a quasi-1D fluid model to describe the ion acceleration in the diverging magnetic nozzle and experimentally investigated a waveguide-coupled prototype working at around 2 GHz with input microwave power as high as several kilowatts. He identified that background pressure broadened the ion energy distribution function and claimed that low electron temperature was the leading cause for the low efficiencies (around 2%), consistent with the results obtained thirty years earlier.

Twenty years later, the ECR thruster was patented at ONERA (France) by S. Larigaldie [START_REF] Larigaldie | Plasmic propeller and method for generating plasmic propulsive thrust[END_REF]. This event renewed the interest in the technology and has been followed by several doctoral works conducted at ONERA by F. Cannat [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF], T. Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], S. Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], and J. Porto Hernandez [START_REF] Hernandez | Kinetic Simulation of a Magnetized Plasma in an Electron Cyclotron Resonance Plasma Thruster with Magnetic Nozzle[END_REF], especially in the framework of the Horizon 2020 MINOTOR European project [START_REF][END_REF], but also at the University Carlos III (Madrid, Spain) by S. Correyero Plaza [18] (collaboration with ONERA) and Sanchez Villar et al. [106], and at the University of Michigan (Ann Arbor, MI, USA) by S. Hepner [START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF], [START_REF] Hepner | The Influence of Instabilities on the Electron Dynamics of a Magnetic Nozzle[END_REF], and Wachs et al. [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF].

The work conducted here falls within the efforts started in previous works (especially the ONERA thesis) to understand the complex mechanisms governing the ECR thruster, especially in terms of thrust production mechanisms, the spatial distribution of plasma parameters, such as electron density and temperature, and electron anisotropy.

Principle of the ECR thruster

The version of the thruster used here is the result of the development conducted by Cannat [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF], Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], and Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. The schematic of the thruster is shown in Fig. 1.13: it consists of (i) a conductive cylinder (called outer conductor in the figure), (ii) a conductive inner conductor, and (iii) a dielectric backplate transparent to microwaves. This structure is called source in the figure. The source is immersed in a static diverging magnetic field created by an annular permanent magnet placed at its back. The diverging magnetic field, whose magnetic lines are represented in Fig. 1.13 as solid black lines, creates the magnetic nozzle in which the plasma expands. The thruster geometry and magnetic field topology are axisymmetric in the zr plane in the figure, and the symmetry axis is (z, r = 0), with its origin at the backplate. (z, r) are cylindrical coordinates and in the remainder of the manuscript the z-axis is called the axial direction and the r-axis is called the radial direction. The region after the source is the plume of the thruster. Microwave power and propellant gas are injected through the backplate. Neutral gas is confined inside the coaxial cavity by the backplate from one end and free to expand from the other end. The power ionizes the propellant gas and heats electrons that expand in the plume creating a charge separation electric field that ultimately accelerates ions along magnetic lines. The ion momentum along the thruster symmetry axis represents the thrust.

In this work, microwave power is in the 10 -60 W range and is injected at f = 2.45 GHz. The permanent magnet produces a magnetic field intensity around 875 G a few millimeters from the backplate, which corresponds to an electron cyclotron frequency f ce = 2.45 GHz. The magnetic field intensity decreases monotonically. The thruster is fed with xenon at flowrate between 0.6 and 4 SCCM-Xe. SCCM stands for "standard cubic centimeter per minute" and in the case of xenon 1 SCCM = 0.0983 mg•s -1 ≈ 0.1 mg•s -1 . The thruster geometry, the propellant gas injection, the microwave circuit, and the magnetic field topology are detailed later in the manuscript (see section 5.1).

While the basic principle of the thruster seems relatively straightforward to grasp, several physical phenomena interact with each other make the understanding more complex: plasma-wave interaction, particle-wall interactions, and particlefield interactions inside the magnetic nozzle. In the following, we shall describe these interactions.

Plasma-wave interaction. The electromagnetic microwave at a frequency f is injected along the z-axis ( ⃗ k ∥ ẑ) of Fig. 1.13 in a static magnetic field directed almost along the z-axis ( ⃗ B = B z ẑ + B r r with B r ≪ B z , especially inside the source), to which corresponds an electron gyration frequency f ce proportional to the field intensity following Eq. 1.32. As discussed in section 1.1.2, two possible configurations appear then in the propagation: the wavevector ( ⃗ k) can be parallel or perpendicular to the magnetic field

( ⃗ B), i.e., ⃗ k ∥ ⃗ B or ⃗ k ⊥ ⃗ B.
In the case of the wavevector parallel to the magnetic field, the electric field of the microwave exists in a plane perpendicular to the wavevector. It can rotate clockwise and anticlockwise with respect to the direction of the wavevector. The former is then the right-hand polarized (RHP) wave, and the latter is the left-hand polarized (LHP) wave, whose dispersion relations are given in Eq. 1.40. As said in section 1.1.2, the dispersion relation of the RHP wave has a singularity at f = f ce , meaning that the RHP is resonant at f ce . The field rotation (at a frequency f ) is synchronized with gyrating electrons (at a frequency f ce ), yielding (theoretically infinite) resonant energy absorption as electrons see a constant electric field. In the ECR thruster, the presence of collisions (which can not be neglected, especially when f is comparable to f ce ) and the divergent magnetic field (corresponding to a decreasing f ce ) yield a finite energy absorption for the electrons. On the other hand, according to the dispersion relation of the LHP wave in Eq. 1.40, the wave is evanescent (and nonresonant). Hence, it should not (theoretically) lead to energy absorption.

In such a scenario, where only the RHP wave leads to energy absorption, electrons would be exclusively heated in a direction perpendicular to the magnetic lines, resulting in a massive electron energy anisotropy between the perpendicular and parallel direction to the magnetic lines (see the magnetic (1 ∥ , 1 ⊥ ) frame of reference in Fig. 1.13). In addition, power coupling should be 50% at most. However, the ECR thruster seems instead characterized by power couplings above 80% [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], which may imply that the energy transfer (from the wave to electrons) also occurs in the case of the LHP wave. A possible explanation, as pointed out by Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], would be the conversion of the wave mode. Musil and Zacek [START_REF] Musil | Linear transformation of waves in a magnetoactive plasma generated by a strong microwave signal[END_REF] showed that when the magnetic field is not perfectly parallel to the wave vector, the LHP may convert into a longitudinal plasma wave (whose propagation is allowed in these conditions) when (f ce /f ) 2 → 1 -, yielding energy absorption. Indeed, when moving closer to the outer conductor walls inside the thruster source, magnetic lines make a small angle with respect to the wall, as seen in Fig. 1.13. In the case of a "mixed" electron heating mechanism with both the RHP and converted LHP wave, electrons would be heated preferentially (and not exclusively) in a direction perpendicular to magnetic lines, yielding a "lower" electron energy anisotropy than if a pure RHP electron heating were assumed.

Particle-wall interaction. In the ECR thruster, particle-wall interaction allows for the description of particle losses to the walls, ultimately resulting in power losses. In the thruster source, magnetic lines are quasi-parallel to the inner and outer conductor walls (cf. Fig. 1.13), and charged particles should be (ideally) well confined. The presence of such a magnetic field inside the thruster source allows for the field-aligned and cross-field diffusion ( ⃗ E × ⃗ B), which scales as 1/B 2 [7]. At high magnetic fields, turbulent diffusion becomes more important and scales as 1/B [7]. Nevertheless, Garrigues et al. [START_REF] Garrigues | Empirical electron cross-field mobility in a Hall effect thruster[END_REF] showed that electron mobility in the direction perpendicular to the magnetic field, inferred from LIF measurements of the ion velocity distribution function (IVDF), inside a Hall effect thruster does not follow the classical scaling laws. This "anomalous" diffusion seems to originate mainly from ⃗ E × ⃗ B drift instabilities [47].

Often, analytical and numerical models that study the expanding plasma in a diverging magnetic field assume perfectly magnetized electrons, which allows the cross-field diffusion to be neglected. However, recent works on an ECR thruster [START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF] have shown the existence of non-classical electron transport. The authors reported a plasma instability likely originated from the lower hybrid drift instability, a mode related to the ⃗ k ⊥ ⃗ B wave propagation. Later, Sanchez et al.

[106] performed self-consistent numerical simulations of an ECR thruster (source and plume) using a hybrid code (particle-in-cell for heavy species and fluid for electrons), where they included a turbulent diffusion model previously developed for HETs [START_REF] Dominguez-Vazquez | Axisymmetric simulation codes for Hall effect thrusters and plasma plumes[END_REF].

The magnetic nozzle. The classical understanding of the plasma expansion in the ECR thruster rests upon three phenomena.

• The acceleration of electrons in the plume. Assuming that electrons are preferentially heated along a direction perpendicular to the magnetic field inside the source, they would likely possess a gyrokinetic energy (E e,⊥ = 1/2m e u 2 e,⊥ ) larger than the parallel kinetic energy (E e,∥ = 1/2m e u 2 e,∥ ). In absence of loss terms (e.g., collisions), total kinetic energy is conserved: E e,⊥ + E e,∥ = const. Assuming an axisymmetric field ( ⃗ B = B z ẑ + B r r with B z ≫ B r ), a slowly-varying ∂B z /∂z gradient (corresponding to a Larmor radius much smaller than the characteristic length of the field variation), momentum conservation along the z-axis is written as:

F ∥ dz = m e ∂u e,∥ ∂t dz = - E e,⊥ B z ∂B z ∂z dz, (1.61) 
where F ∥ is the force exerted on an electron. The term E e,⊥ /B = µ can be shown to be an invariant of the electron motion in the absence of collisions and is termed electron magnetic moment [7]. Hence, E e,∥ increases and E e,⊥ decreases in a decreasing (divergent) magnetic field.

Electrons are then accelerated in the diverging magnetic nozzle through the -µ∇ ⃗ B diamagnetic force. This phenomenon will be further investigated in chapter 6 by discussing direct thrust measurements of the diamagnetic force term of the total axial momentum and the 2D spatial distribution of the electron density.

• The acceleration of ions through charge separation coupling. We have seen that electrons are accelerated at very high speed (for instance, a couple of electron volts of kinetic energy correspond to velocities around 10 6 m•s -1 ) outside the source along the plume. On the other hand, heavier ions are slower (for a given kinetic energy, the velocity of a xenon ion is 500 times lower than the electron velocity), yielding a considerably lower flux (compared to that of electrons) leaving the thruster source. Therefore, an electric field accelerating the ions and neutralizing the charges separation is created. This field is often called ambipolar electric field as the plasma is currentfree (the thruster is left electrically floating), and no net current is drawn from the thruster. The ambipolar electric field inside the plume will be qualitatively drawn from LIF measurements of the ion velocity in chapter 6.

• Detachment of the plasma flow from the magnetic lines. If the plasma followed the magnetic lines, no net thrust would be produced since magnetic lines form closed loops (magnetic fields only exist as dipoles). Detachment mechanisms in magnetic nozzle expanding plasmas are described in ref. [START_REF] Ahedo | On plasma detachment in propulsive magnetic nozzles[END_REF]. While the investigation of plasma detachment is beyond the scope of this work, some effects observed on the electron density profiles discussed in chapter 6 may be interpreted as the effect of plasma detachment. Indeed, in the ECR thruster, detachment of the plasma flow from the magnetic line does occur since a net thrust is measured. Further investigation on the subject, especially using LIF techniques to map the ion velocity field inside the thruster plume, is ongoing.

Previous works on the ECR thruster

As mentioned earlier, the experimental investigation of the ECR thruster conducted here, especially in terms of thrust measurements and the plasma expansion from the source to the plume, falls within the previous efforts to accurately describe and understand the principle of the thruster, ultimately enabling the development of more efficient electron driven magnetic nozzle thruster such as the ECR thruster.

In this last part of the state of the art, we shall present the previous analytical, numerical, and experimental works on the subject. Takahashi et al. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] developed a 2D analytical model of the plasma expansion inside a magnetic nozzle. They considered an axisymmetric current-free plasma expanding in a diverging magnetic field under the assumption of quasi-neutrality, negligible electrons inertia, and cold ions. Moreover, isotropic electron temperature is assumed, i.e., T e,⊥ = T e,∥ . They identified three contributions to the total axial momentum: (i) the magnetic thrust, a diamagnetic force resulting from the interaction between the azimuthal current of the electron diamagnetic drift and the externally applied magnetic field, (ii) the thermal thrust, a pressure force resulting from the thermal expansions of electrons, and (iii) the axial force resulting from ions flowing radially into the source walls. The authors reported a fair agreement between separate experimental measurements of the thrust components and the model results. Measurements were performed on a helicon thruster fed with 25 SCCM of argon and operated at power up to 800 W. Later, Fruchtman et al. [START_REF] Fruchtman | A magnetic nozzle calculation of the force on a plasma[END_REF] proposed a simplified quasi-one-dimensional paraxial approximation [START_REF] Fruchtman | Electric field in a double layer and the imparted momentum[END_REF] (where B z (z, r) ≃ B z (z, r = 0)) in adequate agreement with the more accurate 2D calculations (with discrepancies below 30%), especially when the B z component of the magnetic field is more uniform radially.

Ahedo and Merino [14] developed a 2D model for a supersonic expansion of a collisionless, current-free plasma jet in a magnetic nozzle. Electrons are isothermal and are assumed to be fully magnetized (i.e., no electron detachment is assumed), so electron streamtubes are magnetic streamtubes. They found that ion streamtubes do not coincide with electron streamtubes (unless for fully magnetized ions, which is an unlikely situation in practical applications), meaning that current ambipolarity is not locally satisfied. In addition, they pointed out that thrust mecha-nisms are different from those of a physical nozzle: in a magnetic nozzle, volume and surface current contribute to the thrust. Later, they [START_REF] Merino | Influence of electron and ion thermodynamics on the magnetic nozzle plasma expansion[END_REF] included in the 2D model the effect of electrons and ions thermodynamics (through polytropic laws) on the plasma expansion. They concluded that a higher cooling rate moves the plasma detachment upstream. In other words, while an isothermal expanding flow has unphysical behavior as the electrostatic potential decreases to infinity, it enables the estimation of the conservative limit of the detachment plane.

Lafleur [START_REF] Lafleur | Helicon plasma thruster discharge model[END_REF] proposed a quasi-one-dimensional discharge model describing an expanding plasma in a helicon thruster. The infinite potential drop and acceleration resulting from the isothermal electron assumption are adjusted considering plasma detachment. The latter is assumed to occur when the ion Larmor radius is comparable with the radius of the magnetic flux tube. Numerical results were globally in agreement with experimental data. Results suggested that losses inside the source (at the backwall and toward the radial walls) could be reduced by drastically increasing the magnetic field. This model was later modified by Cannat et al. [START_REF] Cannat | Optimization of a coaxial electron cyclotron resonance plasma thruster with an analytical model[END_REF] to be applied to an ECR thruster. Major modifications considered radial losses on the inner conductor. The model was able to reproduce the electron temperature measured with a Langmuir probe 8 cm downstream of the thruster source and the total beam current of the plume but failed in correctly reproducing the measured thrust, especially at high flowrates.

Lafleur et al. [19] experimentally and analytically investigated the electron dynamics inside the magnetic nozzle of an ECR thruster when varying the applied magnetic field, especially in terms of maximum electron temperature and maximum ion energy. In that version, the external magnetic field was produced with a solenoid. The field intensity was varied by changing the current flowing into the solenoid coils (from 0 to 160 A). Electrons are described with a polytropic law with index γ. In such analysis, the maximum ion energy and the maximum potential drop normalized to the electron temperature value at the thruster exit plane (i.e., E i,max /T e0 and ∆Φ max /T e0 ) can be expressed as a function of γ. Consistent results were obtained for various operating conditions. Larger discrepancies between experimental measurements and the analytical model were found when increasing the magnetic field intensity. Measurements of the electron energy distribution function and the electron temperature were performed with a Langmuir probe located 8 cm downstream of the thruster exit (which were used as T e0 values assuming isothermal electrons in the first centimeters downstream of the thruster source). The authors found that electrons drive the expansion and that larger electron temperatures in the source result in larger ion energies. Moreover, they reported an increasing polytropic index (γ) with increasing field intensity (from approximately 1.2 without a magnetic field to around 1.3 -1.55 with the highest field intensity). The effect of the magnetic field is to increase the electron temperature inside the source due to better confinement. Last, the authors pointed out the practical limitation in utilizing the Langmuir probe in the near field of the ECR thruster, mainly due to very high plasma potentials and densities.

In parallel with the previous work, Cannat [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF], [START_REF] Cannat | Optimization of a coaxial electron cyclotron resonance plasma thruster with an analytical model[END_REF] experimentally and analytically investigated a coaxial-coupled ECR thruster, in which the static magnetic field is produced with a solenoid, mainly using electrostatic probes such as Langmuir and Faraday probes inside the thruster plume. Direct thrust measurements are difficult with a solenoid, but the effect of the magnetic field and operating conditions can be investigated. As already pointed out by Jarrige et al. [START_REF] Jarrige | Performance Comparison of an ECR Plasma Thruster using Argon and Xenon as Propellant Gas[END_REF], he predicted (using electrostatic probe measurements) larger thrusts in the case of xenon over argon, probably due to the lower ionization energy, larger atomic weight, and larger ionization cross-section of the former. Also, Cannat found that the mass efficiency was increased (i) when moving the ECR region close to the propellant gas injection location and (ii) when increasing the source diameter. Last, he found that reducing the background pressure in the facility yields larger divergence efficiency. Maximum thrust efficiency was estimated (from electrostatic probe measurements) to be around 15%.

Later, Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF] developed a coaxial-coupled version of the thruster where the magnetic field is produced with a permanent magnet. He performed direct measurements of the thrust by designing a thrust stand similar to that already used at ONERA to characterize cold gas thrusters [START_REF] Jarrige | Thrust measurements of the gaia mission flight-model cold gas thrusters[END_REF]. Performances were lower than estimations of Cannat, with thrust efficiency around 8 -10%. Vialis performed a parametric investigation of the thruster geometry (length and diameter of the source and the inner conductor). He found that the best performances were obtained for a length of 20 mm and a diameter of approximately 27 mm. The possibility that propellant gas ionization occurs along the whole source length was raised to explain the effect of this geometry parameter on thruster performances. This point will be addressed in chapter 6. On the other hand, the z location of the ECR region inside the source was observed to have a negligible influence on the thrust values. The presence of ion detachment at 26 cm downstream of the source was inferred from angular measurements of the ion current density. He also performed the first direct measurements of the magnetic and thermal (pressure) thrust terms. He found that the former could contribute up to 70% to the total thrust, depending on the operating condition (power/flowrate). Performances around 12% at 0.6 SCCM-Xe and 40 W were obtained. However, the dispersion of experimental measurements was not addressed, and the thruster was usually operated during short runs (usually around five minutes) due to difficulties in keeping the thruster stable during operations. This last point was later identified as critical by Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF].

Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF] conducted a thorough experimental investigation of a 30 W coaxial-coupled version of the ECR thruster. His efforts led to the improvement of (i) thruster stability, (ii) accuracy of the measurements of the power deposited into the plasma, and (iii) the measurements repeatability. The primary data dispersion source was found to be the transient time of a few hours, during which thruster and plasma parameters vary mainly due (but not limited to) to thruster temperature and pressure inside the facility. Ultimately, his work improved thruster performance and lifetime (around 1000 hours). In addition, magnetic field topology was seen to be important in determining thruster performances. This thesis will address this point when we compare thruster performances and plasma parameters (such as electron density and temperature) between two magnetic topologies. He pointed out a systematic discrepancy between the thrust values inferred from electrostatic probe measurements and direct thrust measurements: he ruled out several causes for the discrepancy but without finding its precise origin. This issue is currently being investigated but will not be addressed in our work. Thruster performances (measured thrust and ion energy) increased with decreasing background pressure inside the testing facility. Tests performed at Justus-Liebig Giessen University have indicated a thruster efficiency of 18% vs. 8% at ONERA (with higher background pressure around 10 -6 -10 -5 mbar). This suggests that on-orbit performances may be significantly higher. For instance, in LEO orbits, at altitudes above 400 km, the pressure is below 10 -8 mbar. A waveguide-coupled thruster version was observed to be less performing than the coaxial-coupled version (which is the one investigated here), mainly due to lower ion energy. He justified this difference by claiming the existence of a very high-energy electron beam generating close to the inner conductor in the case of the coaxial-coupled thruster. Indeed, power deposition is likely to be concentrated at this location, as shown by Sanchez Villar [106] using self-consistent numerical simulations. Last, Peterschmitt built a simple analytical model based on a Fokker-Planck equation capable of accounting for the trajectories of the electrons inside the thruster plume. The trajectory of trapped electrons undergoing an oscillatory motion between the source and the plume [START_REF] Kim | Timedependent kinetic analysis of trapped electrons in a magnetically expanding plasma[END_REF] is governed by the shape of the effective potential U eff = µB -eΦ p (where µ is the electron magnetic moment, B is the magnetic field, and Φ p is the plasma potential). The typical shape of the effective potential along the plume of an MN thruster is shown in Fig. 1.14. He used this oscillatory motion to justify the presence of high-energy electrons and electron collisions inside the source. Electrons are trapped within the convex shape of U eff (see Fig. 1.14) and pass several times inside the ECR region: they are then heated several times until their kinetic energy is higher than the potential barrier defined by the downstream value of U eff . Also, in these conditions, their total traveled path would be larger than their mean free path evaluated with the temperatures likely to be found inside the source (at that time values were derived from numerical simulation results [106], [START_REF] Porto | Full-PIC Simulation of an ECR Plasma Thruster with Magnetic Nozzle[END_REF] and were believed around 30 -50 eV), justifying for the presence of electron collisions.

Correyero [18] investigated electrons and ions thermodynamics in magnetic nozzles from a numerical and experimental standpoint. For the first time in an ECR thruster, she estimated the values of the perpendicular electron pressure inside the thruster source using a diamagnetic loop [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF] by measuring the induced magnetic plasma flux at the thruster extinction. Data were analyzed using 1D and 2D plasma models (the 2D model uses Gaussian and polynomial functions to reproduce the radial profiles inside the source) to infer the perpendicular electron pressure. Electron cooling was measured along the plume of the thruster for three flowrates [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF]. She highlighted the expansion dynamics dependency on the magnetic field topology by comparing the permanent magnet version of Vialis and the solenoid version of Cannat. (The latter was characterized by a lower magnetic field intensity inside the plume and a larger axial gradient.) Measurements of the electron temperature and the plasma density were performed as close as 7 cm from the thruster exit plane with a Langmuir probe along the thruster axis. As already pointed out in ref. [19], the limitation of the Langmuir probe technique in the very near field of the thruster due to strong plasma perturbations and probe damage was reported. In the permanent magnet version, the polytropic coefficient γ was found to be almost constant along the expansion. In contrast, in the solenoid version, two different polytropic coefficients were found (larger γ closer to the thruster exit and lower when moving farther downstream), suggesting that plasma expansion in the ECR thruster is more complex than that described by a polytropic law. The dependency of the polytropic coefficient on the field magnitude was consistent with the results of Kim et al. [START_REF] Kim | Thermodynamics of a magnetically expanding plasma with isothermally behaving confined electrons[END_REF]. Langmuir probe measurements were combined with LIF measurements [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF] to infer the plasma potential profile far downstream of the plume: the authors did not observe a plateau on the potential profile but a slowly decreasing potential instead. Then, she adapted the kinetic steady-state paraxial model of Martinez-Sanchez et al. [START_REF] Martinez-Sanchez | Electron cooling and finite potential drop in a magnetized plasma expansion[END_REF] to consider a fully divergent magnetic field and model the ions as a fluid species. Generally, a good agreement between the model and experimental measurements in terms of plasma potential, ions velocity, and plasma density was found, but the model failed to predict electron temperature, especially at low flowrates, where high anisotropy is expected. Last, by performing numerical analysis, in which the model was modified to consider non-Maxwellian EEDFs upstream, she found that the nozzle dynamics is mainly driven by hot electrons, which also control the cooling along the plume. At the same time, the cold population is almost isothermal.

Hepner [START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF], [START_REF] Hepner | The Influence of Instabilities on the Electron Dynamics of a Magnetic Nozzle[END_REF] conducted a first investigation of the plasma instabilities in magnetic nozzle thrusters. He measured ion current oscillations in an ECR thruster operated at 17 W 2 SCCM-Xe with a dual ion saturation probe [START_REF] Jorns | Propagation of ion acoustic wave energy in the plume of a high-current LaB6 hollow cathode[END_REF]. He interpreted his observations as a lower hybrid drift instability [7], which likely induces cross-field transport several orders of magnitudes larger than classical transport by collisions. Moreover, he found that electrons may likely expand more rapidly than the magnetic field, creating a radial electric field that causes ions to diverge, ultimately negatively affecting the divergence efficiency and resulting in a loss of performance. He concluded that instabilities are likely harmful to the performance of a magnetic nozzle thruster. They also observed the presence of wave modes inside the source through high-speed imagery that may impede heat transfer from the source to the plume. They concluded that thruster design should account for such instabilities.

Wachs et al. [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF] investigated background pressure effects on ion dynamics inside the plume of an ECR thruster. Broadening of IVDF and ion energy decrease was observed when increasing the background pressure. Electron-neutral collisions (ionization and excitation collisions) were found to be the dominant mechanisms over charge exchange (CEX) collisions in performance loss. These findings highlighted the importance of including background pressure effects in models and simulations to determine thruster performances properly. Ion energy was found to decrease almost linearly with background pressure, suggesting a straightforward way to predict on-orbit performances. Last, they raised the possibility that electron temperature may decrease with increasing background pressure.

Porto Hernandez [START_REF] Hernandez | Kinetic Simulation of a Magnetized Plasma in an Electron Cyclotron Resonance Plasma Thruster with Magnetic Nozzle[END_REF], [START_REF] Porto | Full-PIC Simulation of an ECR Plasma Thruster with Magnetic Nozzle[END_REF] developed a 2D3V full-PIC code to perform selfconsistent simulations of a magnetic nozzle thruster (source and plume). Using a 1D version of the code, it was found that (i) high electron energy anisotropy is likely to be found inside the source (i.e., the perpendicular kinetic energy term larger than the parallel, as expected from theoretical considerations) and that (ii) confinement is determined by the potential of the backplate, the magnetic field intensity, and the potential drop inside the plume. Moreover, results obtained with 2D simulations showed a concentration of high-energy electrons near the antenna, likely indicating higher power deposition near the inner conductor. Independently, Sanchez Villar et al. [106] also found that power deposition is likely to be concentrated in the ECR region, especially near the inner conductor. They used 2D self-consistent simulations performed with a hybrid code (PIC for heavy species and fluid for electrons).

Chen et al. [START_REF] Chen | Compositions and distributions of the azimuthal currents in the magnetic nozzle[END_REF] used a 2D axisymmetric PIC code to simulate the plasma expansion inside an MN, assuming quasi-neutral and current-free plasma and imposing given electron temperature profiles and density profiles at the nozzle inlet (either uniform or Gaussian profiles). They found that the azimuthal currents mainly consist of diamagnetic, E × B drifts, and electron viscosity, while currents caused by electron inertia can be neglected, assuming perfectly cold ions at the inlet. In detail, upstream azimuthal currents are dominated by diamagnetic drift electron current (related to pressure gradients), whereas farther downstream, the contribution of E × B and diamagnetic drift currents become comparable.

. Main objectives and dissertation structure

The primary motivation of this work is the development of a robust, easy-touse, and reliable diagnostic to measure the electron density inside the magnetic nozzle of electric propulsion devices. Microwave probes seem a good alternative to electrostatic probes for their versatility and robustness, especially in magnetized and reactive plasmas. Among microwave probes, the curling probe, mainly used in plasma processes, emerges as a potential candidate for this scope thanks to its compactness and capability to perform adequate spatially and temporally resolved measurements. On the other hand, the electron cyclotron resonance (ECR) thruster developed at ONERA is a potential disruptive electric propulsion technology that is demanding conspicuous efforts to understand the complex physical phenomena that govern it. In particular, previous works on the thruster have raised (i) the importance of the electron species properties in driving the plasma dynamics inside the magnetic nozzle of the thruster, especially in terms of the energy distribution function and anisotropy inside the source due to the presence of strong magnetic fields, and (ii) the importance of experimental data, both in the source and the plume of the thruster, to assess the validity and applicability of analytical and numerical models.

This thesis has then two main objectives. First, developing the curling probe diagnostic to perform electron density measurements in weakly collisional, weakly magnetized, and low-pressures plasmas. Second, the application of the curling probe to characterize the spatial distribution of the electron density in the source and the plume of the ECR thruster. Electron density measurements combined with direct thrust measurements and LIF measurements enable the main points mentioned hereinabove to be addressed, ultimately increasing the understanding of ECR discharge mechanisms and plasma expansion in magnetic nozzles.

The dissertation is structured as follows.

• Chapter 1 includes the introduction to this work, the elements of RF engineering and plasma physics, and the state of the art in plasma diagnostics and electric propulsion devices.

• Part One describes the development of the curling probe diagnostic for electron density measurements inside a weakly collisional, weakly magnetized, and low-pressure plasma.

-Chapter 2 presents the theoretical and numerical study of the curling probe. The nature of the spiral resonator characterizing the probe is investigated through 2D and 3D finite element electromagnetic numerical simulations. An absolute calibration method to infer the electron density value from the resonance frequency shift of the probe is developed with 3D numerical simulations. The use of higher harmonics of the volume wave resonance is proposed in plasmas with a high density.

-Chapter 3 presents the experimental study of the curling probe inside the plasma plume of an ECR thruster. The methods developed in chapter 2 are experimentally assessed. Curling probe electron density measurements are compared to those obtained with a hairpin probe inside the plume of an ECR thruster and to those obtained with a Langmuir probe inside an ICP discharge.

-Chapter 4 tackles the problem of the plasma sheath that affects electron density measurements. Plasma sheath effects are investigated numerically and experimentally: a correction method accounting for the presence of a plasma sheath at the probe surface is developed based on 3D numerical simulations. Its applicability and validity are assessed in the plume of an ECR thruster and inside an ICP discharge by comparing curling probe and Langmuir probe electron density measurements.

• Part Two is about the experimental characterization of an ECR plasma thruster.

-Chapter 5 presents the experimental apparatus and methods in terms of thruster, vacuum facility, and thruster and plasma diagnostics used to study the ECR thruster. Facility and background pressure effects on thruster performances are also investigated.

-Chapter 6 presents and discusses (i) the thrust production mechanisms through the analysis of direct measurements of the total thrust and the magnetic and thermal contributions, (ii) the spatial distribution (in 2D) of electron density inside the source and the plume of the thruster, and (iii) the electron energy anisotropy inside the source through a combined analysis of the magnetic and thermal thrust measurements and the 2D maps of the electron density. The applicability of analytical models available in the literature to describe the experimental electron density and temperature profiles is discussed.

• Part Three presents the extension of the diagnostic capability of the curling probe.

-Chapter 7 discusses two main extensions. First, the characterization through a numerical and experimental study of a curling probe configuration to measure the electron density through a dielectric wall.

This configuration further reduces probe-induced perturbations of the plasma. Second, the development of a method allowing time-resolved measurements of electron density and its application to the study of oscillations in the plume of the ECR thruster and the characterization of transient electrostatic discharges occurring on satellites.

Part one

Development of the curling probe diagnostic for electron density measurements p

In the first part, we present the development of the curling probe diagnostic for electron density measurements. The part is structured into three chapters: the second, the third, and the fourth. The second chapter describes the numerical study of the probe and presents the methods developed to infer the electron density from the measured resonance frequency of the probe. The third chapter presents the experimental apparatus, in terms of manufactured prototypes and circuitry, and the experimental assessment of the methods to perform electron density measurements shown in the previous chapter. Finally, the fourth chapter tackles plasma sheath effects on electron density measurements performed with the curling probe through a numerical and experimental study.

-Theoretical and numerical study of the curling probe

Main objectives. The goal of this chapter is to describe the behavior of the curling probe through analytical modeling and numerical simulations. In the first section, we introduce the working principle of a resonant probe. Then, we study the 2D spiral resonator characterizing the probe by pointing out the differences and similarities with a classical quarter-or half-wavelength resonator. Finally, we investigate the behavior of the probe with the complete 3D structure, and how the coupling effects that appear within the third dimension affect its operation.

Main results. The nature of the 2D spiral resonator is seen to depend upon the geometry of the spiral itself. Starting from simulation results, we derive an equation describing the 2D resonance frequency as a function of the geometrical parameters. In 3D, additional couplings further complexify the relationship between the 3D resonance frequency and the probe geometry. As a result, the resonance frequency tends to depart from the 2D equation solution. However, the latter can still be used to guide probes design. Furthermore, we develop an absolute calibration method based on solid dielectric materials, which was absent in the literature. The resulting calibration equation allows for the interpretation of the probe response in a plasma without the a priori knowledge of the electron density or the need for simulating the probe response in a plasma. Last, the probe sensitivity in a plasma is found to be primarily dependent upon the working frequency of the probe.

. Principle of microwave resonant probes

Resonant circuits are of great importance for several types of technological applications: oscillator circuits, tuned amplifiers, frequency filters, and wavemeters for measuring frequency. The microwave resonant probe technique for plasma applications focuses on the ability of the circuit to resonate at a given frequency, called resonance frequency, which depends on the electromagnetic properties of the material surrounding the resonator.

The microwave resonant probe technique rests upon the creation of a stationary electromagnetic volume wave between the resonator ends. Resonator ends can be of two kinds: open-end or shorted-end. The former generates a maximum in the voltage of the resonant wave since no current can flow through an open circuit. The latter forces a minimum (zero) of the voltage, as an ideal shorted circuit has zero-resistance. In general, resonators are characterized by two shorted-ends, or one open-end and one shorted-end. In the first case, the voltage is zero at both ends, producing a half-wavelength (λ/2) resonance. In the second case, the voltage is zero at the shorted-end and maximum at the open-end; therefore a quarter-wavelength (λ/4) resonance occurs. These two types of resonator are commonly known as half-and quarter-wavelength resonators, whose normalized electric field along the dimensionless curvilinear abscissa is shown in Fig. 2.1. The wavelength of the stationary wave forming inside a λ/m-wavelength resonator of length L is, therefore, λ = mL, where m = 2, 4 is the type of resonator. The resonance frequency of a λ/m-wavelength resonator immersed in a lossy dielectric medium of relative permittivity ϵ r = ϵ d (1j tan δ) is derived from the dispersion relation that is valid in a lossy medium (Eq. 1.9). We remind that the terms appearing in the expression of the complex permittivity ϵ r are ϵ d its real part and tan δ the measure of power loss (also known as loss tangent). These quantities are defined in section 1.1.1 (cf. Eq. 1.7). Solving Eq. 1.9 for the frequency gives

f λ/m r = c mL √ ϵ d ϵ 0 , (2.1) 
which identifies the resonance frequency of a λ/m-wavelength resonator of length L immersed in a medium of real relative permittivity ϵ d . Hence, the resonance frequency uniquely depends upon the dielectric property of the medium in which the resonator is immersed and its length -or, more generally -its geometry. All through this manuscript, we will call natural or reference or working frequency, f 0 , the resonance frequency in a vacuum. In a plasma, wave modes may be of different and complex nature, depending on the presence of external magnetic fields, collisions between species, and interactions between the plasma electromagnetic field and the propagating wave. Here, we consider the ordinary wave propagation, valid in a cold, collisionless, and unmagnetized plasma, whose dispersion relation is expressed with Eq. 1.35.

From Eq. 1.35 we see that the resonance frequency of a resonator immersed in a plasma increases with the electron density. On the opposite, in the presence of a lossy dielectric medium the resonance frequency decreases (cf. Eq. 2.1). We also note from Eq. 1.36 that the microwave frequency must be larger than the plasma frequency for the resonant wave to propagate inside the plasma: microwave probes, whose results are interpreted within the ordinary wave propagation mode, are limited to underdense plasmas, i.e., f > f p . This condition yields an upper limit in the measurable density range, which depends on the resonant probe natural (or working) frequency. The following equation allows a quick estimate of the maximum measurable electron density number,

n max e ≈ f 0 897 2 (×10 10 cm -3 ), (2.2) 
where f 0 is the working frequency in MHz. We will frequently estimate the measuring limit of a curling probe with this approximation.

. Case of the hairpin resonator

For the hairpin probe, being a planar quarter-wavelength resonator, the volume wave, in vacuum, yield the well-known dipole resonance at f 0 = c/4L. The relationship between the electron density and the resonance frequency of the probe is obtained combining Eqs. 1.30 and 1. 35:

n e = 4π 2 m e ϵ 0 e 2 f 2 r -f 2 0 , (2.3) 
where f r is the resonance frequency in the presence of plasma and f 0 is the reference frequency in vacuum.

. Case of the curling probe resonator

The behavior of the spiral resonator of the curling probe is less straightforward: it presents an exciting capacitive coupled aperture connected to a shortedend spiral. Consequently, the expression of its natural frequency and of the probe frequency response in a plasma is not trivial. We remind that the probe frequency response is the relationship between the measured resonance frequency shift and the permittivity of the medium surrounding the probe (and ultimately the density in the case of a plasma). Two previous studies on the curling probe described its resonator as quarter-wavelength type (Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF]), and as half-wavelength type (Arshadi et al. [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF]). A more thorough review of the results currently available in the literature is presented in section 1.2.1.

The work presented in the following sections is motivated by two main reasons. First, a better description and understanding of the nature of the spiral resonator allows the working (natural) frequency to be appropriately adapted according to the experimental conditions. Second, the development of a calibration method using various dielectric media, capable of determining the accurate probe frequency response when the probe is immersed in a dielectric media or in a plasma. It is essential to note that we will focus on the volume wave-operating mode that creates inside the spiral resonator slot, contrarily to what is done in the previous studies published by Liang et al. [84] and by Arshadi et al. [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF], [START_REF] Arshadi | Analytical investigation of microwave resonances of a curling probe for low and high-pressure plasma diagnostics[END_REF], [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF]. The authors also considered the surface wave-operating mode that occurs at larger frequencies inside the central aperture. All density measurements in this work have been interpreted using the volume wave-operating mode, following the ordinary wave propagation. We will briefly discuss the possibility to use the surface wave-operating mode to interpret certain measurements presented in chapters 3 and 4.

. Numerical study of the 2D spiral resonator

The spiral resonator is an interesting peculiarity of the curling probe that allows it to be compact while working at a relatively low frequency (f 0 ∼ 1000 MHz). Probe compactness gives access to finer spatial resolutions. Indeed, like all the microwave resonant probes, the working frequency is to be adjusted according to the electron density value, since the underdense plasma condition has to be satisfied, i.e., f > f p (Eq. 2.2). The difficulty, as shown in this section, is that the spiral resonator of the curling probe deviates from the simple λ/2 or λ/4-wavelength resonator behavior. Consequently, the relationship between the resonator geometry and the natural frequency is not trivial.

As mentioned in section 1.2.1, Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] and Arshadi et al. [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF], [START_REF] Arshadi | Analytical investigation of microwave resonances of a curling probe for low and high-pressure plasma diagnostics[END_REF], [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF] investigated the curling probe frequency response by means of numerical simulations. The former performed 3D Finite Difference Time Domain (FDTD) numerical simulations of the probe immersed in a plasma. They concluded that the spiral resonator behaves like a λ/4-wavelength resonator and justified this result by assuming that the coupling aperture acts as a purely capacitive open-end. The authors studied a curling probe with a resonator of L = 35 mm in length, of slot width w = 300 µm, and an aperture diameter between 2.4 and 3.6 mm, yielding vacuum working frequencies of approximately 1800 MHz. The latter, on the other hand, showed that the aperture acts as a shorted-end for practical probe dimensions: aperture diameters d < 5 mm and slot widths w of the order of 100 µm. They studied the unfolded 2D resonator with 2D FDTD simulations and the modematching technique. In their study, the resonator length was varied between 35 and 50 mm, the aperture diameter up to 20 mm, and slot widths ranged from 50 µm to 500 µm, yielding vacuum working frequencies between 2 and 4 GHz. This ambiguity motivates this section, whose aim is to unveil the complex nature of the spiral resonator in 2D by performing numerical simulations of the planar 2D spiral resonator immersed in vacuum. The results show a geometrydependent nature of the spiral resonator.

. 2D study of the spiral resonator

Here, we study the 2D configuration presented in Fig. 2.2a: the spiral resonator, an Archimedean spiral, is coupled with an aperture at the center, and the capacitive coupling comes from the insertion of a central monopole antenna. The equations defining the 2D structure of the spiral and aperture are detailed in App. A. The defining geometrical parameters are: d the diameter of the central aperture, d ant the diameter of the monopole antenna, w the resonator width, and L the resonator length. We perform Finite Element Method (FEM) eigenfrequency analysis in COMSOL Multiphysics©. Eigenfrequencies -or resonance frequencies -are certain discrete frequencies at which a system, or a circuit, is prone to resonate. The description of the resonance condition is provided in the state of the art (see section 1.1.1). The wave equation is solved in the dielectric domains of the simulation, while the Perfect Electric Conductor (PEC) boundary condition is applied to the conductive boundaries. The output of the computation is the natural resonance frequency f 0 . More details on the equations solved and the boundary conditions for the eigenfrequency study can be found in App. B.

The domain is meshed with 2D tetrahedral elements, with a characteristic length of approximately 200 µm (with a minimum and maximum size of around 50 and 300 µm, respectively), as shown in Fig. 2.2b. The solver convergence is ensured prior to the simulations (cf. Fig. 2.2c). For the case presented in Fig. 2.2, the spiral resonator is defined by a length of L = 100 mm, an aperture diameter of d = 2 mm, a slot width w = 0.5 mm and antenna diameter of d ant = 0.5 mm. The element size is chosen so that the total domain size is meshed with 20 elements/mm 2 or, equivalently, ≈ 4.5 elements/mm. The meshing thinness ensures a good computational precision with approximately 30 elements/wavelength unit, where we have considered 5 GHz as the order of magnitude for the resonance frequency (corresponding to 6 mm in vacuum wavelength). This parameter is kept almost constant for all the 2D simulations presented in this section. The computational time for the 2D eigenfrequency analysis is very short, allowing an extensive parametric study on the geometry parameters to be conducted.

A parametric study is conducted on the resonator length (L), the width-toaperture ratio (w/d), and the antenna-to-aperture ratio (d ant /d). The simulation results help identify the nature of the resonator. The aperture diameter is varied between 1 and 3 mm and the resonator length ranges from 10 to 30 mm, yielding natural frequencies approximately between 2 and 8 GHz. 

. Nature of the resonator

The nature of the spiral resonator depends upon its geometry parameters, as shown in Figure 2.3a that gives an insight into the formation of the standing wave inside the spiral slot. The figure shows the normalized electric field along the median line of the spiral resonator slot (cf. the solid line in Fig. 2.2a) for three different width-to-aperture ratios w/d = 1/400, 1/20, 2 vs. the dimensionless curvilinear abscissa (x/L). x/L = -1 and x/L = 1 correspond to the shortedend and to the exciting aperture of the spiral, respectively. We note that the length L is uniquely the length of the spiral: that is why the maximum abscissa in Fig. 2.3a is larger than 1.

When the width-to-aperture ratio is small (w/d = 1/400 in the figure), the aperture behaves like an open-end and a quarter-wavelength resonance occurs (black curve in the figure). On the other hand, when the width-to-aperture ratio is large (w/d = 2), the aperture acts as a shorted-end and a half-wavelength standing wave exists (blue curve in the figure). Lastly, for an intermediate value of width-to-aperture ratio w/d = 1/20, the standing wave pattern is between the quarter-and the half-wavelength resonance, as pictured in the figure by the red curve. We refer to this "in-between" regime as the spurious nature of the curling probe.

It is noteworthy that for practical probe dimensions (1/10 < w/d < 1), the probe possesses the so-called spurious behavior. This behavior is observed not only on the fundamental (first) harmonic but also on the higher harmonics, as pictured in Fig. 2.3b. Throughout this manuscript, we will refer to the fundamental (first), second, and third harmonic as FHR, SHR and THR, respectively. For the case shown, the ratios of the second-to-first and third-to-first are approximately 2.1 and 3.2, respectively. The fact that the ratio is not an integer value is understood as the spurious nature effect. The understanding and the use of higher harmonics are of primary importance for the practical application of the curling probe diagnostic, as discussed further in the dissertation. The results of the parametric study on the three geometry parameters, viz. L, w/d and d ant /d, are shown in Fig. 2.4 for three resonator lengths L = 10, 20 and 30 mm, and are expressed in terms of dimensionless frequency f r /(c/L) vs. the varying width-to-aperture ratio w/d. They indicate that the quarter-or halfwavelength nature mainly depends upon the width-to-aperture ratio w/d, for a given resonator length L. When the width-to-aperture ratio is small, the resonator behaves like a quarter-wavelength type: the spiral slot of width w is connected to the central aperture of diameter d, which is much larger than the slot width, w/d ≪ 1, therefore having a pure capacitive effect. In other words, the standing wave in the resonator slot "sees" an open-end at x/L = 1. On the opposite, when the width-to-aperture ratio is large, the resonator behaves like a half-wavelength type: the spiral slot of width w is connected to the central aperture of diameter d that is comparable in size with the slot width (i.e., w/d ∼ 1). Therefore, inductive effects predominate. In this case, the standing wave in the resonator slot "sees" a shorted-end at x/L = 1. Equation 2.4 is the analytical formalism of the qualitative description here above.

lim w d →0 f r = f λ/4 r , lim w d →∞ f r = f λ/2 r . (2.4) 
In addition, we note that the values of the diameter d and the resonator length L only contribute as a scaling effect on the resonance frequency absolute value. The effect of increasing the diameter-to-aperture d ant /d is to favor the transition to the quarter-wavelength resonator type, as can be seen in Fig. 2.4. For a given width-toaperture ratio, the larger the monopole antenna diameter, the more predominant the inductive effects, hence the closer to a shorted-end behavior.

These conclusions are consistent with previous studies on the curling probe. Using 3D FDTD simulations, Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] concluded that the aperture works as an open-end, i.e., the resonator is a quarter-wavelength type. The authors considered a curling probe having a slot width w = 300 µm and aperture diameter d varying from 2.4 to 3.6 mm, corresponding to a width-to-aperture ratio w/d of 0.125 and 0.083, respectively. This set of parameters yields a nature closer to that of a quarter-wavelength resonator. Moreover, they also found that the frequency decreases when the aperture diameter is increased. This effect is seen in our results presented in Fig. 2.4. On the other hand, employing 2D FDTD simulations, Arshadi et al. [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF] showed that the aperture acts as a shorted-end for practical probe dimensions (L = 35 -50 mm, d < 5 mm, and w < 500 µm), therefore concluding that the curling probe acts as a half-wavelength resonator. Their parametric study (Fig. 5 in Ref. [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF]) shows that for a given length L, as the aperture diameter approaches zero, the resonant frequency tends to the halfwavelength resonant value. In contrast, the resonant frequency tends toward the quarter-wavelength value when it increases. Besides, this effect is enhanced when the slot width w is increased from 50 to 500 µm. 2.2.3 . Analytical expression of the natural resonance frequency in the case of a 2D resonator Now that we have a qualitative characterization of the nature of the spiral resonator, we can derive a predictive equation so that the curling probe geometry can be accurately designed to satisfy the experimental measuring needs. The analytical equation of the 2D resonance frequency is derived from simulation data as a function of the three geometrical ratios w/d, d/L, and

d ant /d, f 2D r = f λ/2 r - f λ/4 r 1 + w/d B CP , B CP = 2 d L 1 - d ant d 2 .
(2.5)

Equation 2.5 is the colored dashed lines in Fig. 2.4. It should be mentioned that this equation is based on a mathematical fitting of simulation data, and that its inference from physical equations governing the resonator is not trivial. Equation 2.5 is tested outside the original database used to derive it with satisfying results. The prediction error is less than 3% for resonator lengths L ranging from 5 to 50 mm and aperture diameters d from 0.5 to 5 mm, yielding frequencies up to 18 GHz, as seen in Fig. 2.5. Furthermore, no pattern emerges when the error associated with the prediction of Eq. 2.5 is plotted against the three different ratios: diameter-to-length d/L, width-to-length w/L, and antenna-to-width d ant /w, which may be physically important for the quarter-or half-wavelength nature.

It is worth mentioning that the geometrical dependency (to probe diameter d ext and aperture diameter d) of the resonance frequency is consistent with what is found in previous studies [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF]. The authors found that the vacuum resonance frequency decreases if either the probe diameter or the aperture diameter is increased. 

. Numerical study of the 3D probe

Until now we have described the behavior of the curling probe with a 2D geometry and we have shown how the capacitive or inductive couplings that appear in the aperture region of the spiral resonator affect its behavior. Extending the probe in the third dimension brings new complexity and additional couplings. Yet, it is necessary for the comparison with the real probe. That is why the probe is studied in its 3D complete configuration.

Numerical simulations are performed with COMSOL Multiphysics© by means of frequency sweep studies: the FEM-EM 1 solver evaluates the power reflection coefficient at the feeding coaxial port over a discrete range of input frequencies. The wave equation is solved in the simulated domains. The conductive parts are made in copper and have a conductivity σ Cu ≈ 6 × 10 7 S•m -1 . Its relative permittivity and permeability are real and equal to one (µ r = ϵ r = 1). The metallic boundaries between conductive and dielectric domains are modeled as PEC boundary conditions. The exciting microwave power is injected through a port modeled as a 50 Ω coaxial port. The probe is enclosed into a bigger cylindrical volume, whose walls are modeled with the scattering boundary condition, so that the wave should pass through the domain boundaries (ideally) without reflection. Further details on the solved equations and the boundary conditions applied for the time-harmonic analysis can be found in App. B.

The power reflection coefficient is the S 11 parameter and represents the reflectedto-forward power ratio (reflected from the probe resonator to the exciting microwave port). More details about the scattering parameter S 11 can be found in section 1.1.1. The minimum of the power reflection coefficient identifies the resonance frequency that is determined by fitting with a Lorentzian function (Eq. 2.6) the computed discrete frequencies from the frequency sweep study. An example is given in Fig. 2.6a.

S 11 (f ) = A W 4 (f -f r ) 2 + W 2 , (2.6) 
where W is the Full Width Half Maximum (FWHM), f r is the resonance frequency and A is a constant. The frequency step is of the order of a few dozen of megahertz, ensuring (i) a representative fitting (to the experimentally measured spectrum, see Fig. 3.4), and (ii) an acceptable simulation time (frequency sweep studies in 3D may be extremely time-consuming). Figure 2.6b shows the convergence study for a simulation case over 50 discrete frequency values with a frequency step of around 25 MHz. In the 3D case, the computational time constraint must be taken into account. The finest mesh -composed of approximately 8 × 10 5 tetrahedral (3D) elements -requires up to 700 minutes (∼ 12 hours) on an ordinary desktop computer. However, the low variation in the final result of the resonance frequency (less than 1%) allows a mesh with approximately 5 × 10 4 elements to be chosen. The reduction of the number of mesh nodes allows the computational time to be shortened to around 40 to 60 minutes (with a decrease of approximately twelve-fold with respect to the finest mesh, cf. Fig. 2.6b). The average simulated volume is of the order of 500 mm 3 , corresponding to 100 elements/mm 3 (or about 4.7 elements/mm), which results in around 30 elements/wavelength unit (for a frequency of the order of 5 GHz). This value is kept approximately constant for all the 3D simulations shown in this chapter.

The main elements of a typical 3D simulation are pictured in Fig. 2.6c: a cylindrical "ambient box" of 30 mm in radius and height encloses the probe. It is characterized by a permittivity of ϵ r = 1, which represents the vacuum environment surrounding the probe. On the top of probe, in contact with its surface, there is the analyzed medium of relative permittivity ϵ r = ϵ d (1tan δ), represented by a cylinder of 15 mm in radius and 20 mm in height. The microwave power is injected through the feeding coaxial port. The probe structure used in the simulations (and true to reality) is pictured in Fig. 2.7. The curling probe 3D model consists of:

1. the spiral resonator slot, characterized by,

• the exciting aperture of diameter d and the exciting antenna of diameter d ant ;

• the spiral slot of length L and of width w, and distance between branches of gap, with n being the number of turns. The spiral starting 3. the base of the resonator, i.e., the substrate, having a typical thickness of t d = 0.5 -1.5 mm, and a relative permittivity ϵ d ;

4. the feeding coaxial port, which allows for the transmission of the microwave power that excites the resonator.

Figure 2.6c also shows the electric field computed at 1000 MHz inside the probe structure: additional couplings appear inside the cavity, of height h, underneath the resonator slot. These couplings affect the values of the 3D resonance frequency, which, in general, is a few hundred of megahertz lower than the 2D value (Eq. 2.5).

In the next sections, we shall discuss the influence of three geometrical parameters: the cavity height h, the gap between the spiral branches, and the antennato-aperture ratio d ant /d. The analysis is conducted by comparing the values of the 3D-to-2D resonance frequency ratio (f 3D r /f 2D r ) and quality factor (Q) of the simulated curling probes. For this purpose, we study seven types of curling probes that differ in terms of spiral geometry and cavity height (cf. Table 2.1).

. 3D study of the curling probe geometry parameters effect

One major difference between the 3D and the 2D case is the probe structure, as shown in Fig. 2.7, i.e., the presence of a coaxial structure underneath the resonator slot and a coaxial feeding port. The change in impedance between the two coaxial structures alters the wave propagation and produces extra effects on the resonance frequency and the resonator quality factor. Furthermore, the existence of the electric field in the third dimension induces additional couplings between the spiral branches. Hence, the gap parameter plays an important role, too. Last, the antenna-to-aperture ratio d ant /d has a more substantial effect than in the 2D previous study due to the interactions along the third dimension.

Here, we study the geometry effects on the 3D behavior of the probe by analyzing the impact of the cavity height (h), the gap parameter, and the diameterto-aperture ratio (d ant /d) on the 3D-to-2D natural resonance frequency ratio (f 3D r /f 2D r ) and the quality factor (Q) of different curling probes. We remind that the quality factor of a 2D planar and lossless resonator is infinite. In the 3D case, the quality factor is defined as Q = f r /BW 3dB , where f r is the resonance frequency and where BW 3dB is the 3 dB-bandwidth (cf. section 1.1.1). Moreover, in this analysis, all the materials appearing in the simulation have a real relative permittivity of one. This approach allows us to focus on the geometric effects uniquely.

The analysis is carried out by comparing seven different types of curling probes, whose geometry is defined in Table 2.1. The curling probes are named CPX, where each X-class corresponds to a fixed value of the aperture diameter (d), width-toaperture ratio (w/d), gap parameter and outer spiral radius (a f ). Within these X-classes, the antenna-to-aperture ratio (d ant /d) and the cavity height (h) can vary. In particular, the cavity height can vary for the CP2, CP4, CP5, and CP6 while the antenna-to-aperture ratio is constant. For the CP1, CP3, and CP7, both the cavity height and the antenna-to-aperture ratio can vary. For these probes, in Table 2.1, we provide the range of the 2D natural frequency (f 2D 0 ) according to the d ant /d range. The value taken by the changing parameters h and d ant /d, for the analysis of the influence of each parameter mentioned above, is specified at the beginning of the respective subsection. Finally, the CP1-2-3-4-5-6 are employed for the cavity height and gap parameter investigation, whereas the CP1, CP3, and CP7 are used to study the antenna-to-aperture ratio effects.

We now separately analyze the influence of the cavity height, gap parameter, and antenna-to-aperture ratio on the 3D behavior of the probe. 2.1). We note that here the antenna-to-aperture ratio for the CP1 and CP3 is d ant /d = 0.5.

The 3D resonance frequency is weakly affected by the cavity height, as seen in Fig. 2.8a. The value of the 3D-to-2D ratio highly depends on the type of probe, i.e., its geometry. In particular, the best agreement between the 3D natural frequency and Eq. 2.5 is found for CP3 and CP5, viz. for large gap values. On the other hand, smaller gap parameters result in a 3D frequency almost half the 2D value given by Eq. 2.5.

The quality factor shows the same pattern for all the analyzed probes: it decreases as the cavity height is increased (Fig. 2.8b). Two physical interpretations are possible: the quality factor is inversely proportional to the capacitance represented by the coaxial cavity structure or the dissipated power increases as the volume underneath the resonator increases. The first interpretation implies that the curling probe can be modeled as a series RCL circuit, for which Q ∝ 1/C, where C is the capacitance of the circuit. The second simply states that the larger the conductive copper length, the higher the power loss. For that, we remind that the quality factor is also defined as the ratio between the time-averaged energy stored in the resonator and the energy loss per unit of time (Eq. 1.20). Nonetheless, the effect of the power loss in the conductive parts should be minor2 compared to the capacitive effects appearing in the coaxial cavity.

Lastly, we show in Fig. 2.8c the Lorentzian fittings of the simulated reflectance spectra for the CP2 for different cavity height h = 1, 1.5, 2.5, 5.5 and 10.5 mm. The abscissa is re-scaled as ff 0 , so that we can better compare the spectra. As the cavity height is increased, the spectrum flattens and widens, meaning that, at the resonance, less power is stocked in the resonator slot. This can be explained if we consider, again, a series RCL circuit model for the probe, for which ζ ∝ √ C, where ζ is the damping and C the capacitance. So, a larger cavity height results in a greater capacitance and, ultimately, a stronger damping, i.e., a shallower peak. The 3D natural frequency, shown in Fig. 2.9a, clearly tends to the 2D value (Eq. 2.5) as the distance between the branches is increased. This is understood as a lower capacitive coupling between subsequent spiral branches. In other words, each branch of the spiral resonator is less affected by the neighboring one, which is a situation closer to a 2D configuration, where the absence of the third dimension precludes any coupling effect between the spiral branches. The quality factor shows a maximum in the range of gap between 200 and 300 µm, as seen in Fig. 2.9b. This suggests the existence of an optimum branch distance distribution that maximizes the quality factor.

Influence of the gap parameter

Last, Fig. 2.9c shows the Lorentzian fittings of the simulated reflectance spectra for four different gap parameters 280, 500, 700 and 50 µm (i.e., CP1-2-3-4), with a cavity height of h = 2.5 mm. In a like manner to what is seen for the quality factor, the narrowest and deepest peak is obtained for a gap value of about 280 µm, suggesting the existence of an optimum distance between branches that maximizes the power stocked in the resonator or, equivalently, that minimizes the power reflected to the exciting coaxial port. Here, the cavity height for the CP1 is h = 4.5 mm. For the CP3 is h = 2.5 mm and h = 4.5 mm. The latter is named "CP3 long" in the figure. We also note that in this case the simulations are run with a representative value of the substrate permittivity, i.e., ϵ d = 3.5. Therefore, the 3D-to-2D frequency ratio and the quality factor values can not be directly compared to those shown above. The 3D resonance frequency, shown in Fig. 2.10a, decreases as d ant /d is increased. This is due to higher capacitive effects that appear inside the aperture for a larger antenna diameter. In fact, the aperture and the antenna can be modeled as a cylindrical capacitor C ∝ 1/ ln (d/d ant ) = -1/ ln (d ant /d) (viz. the capacitance is inversely proportional to the distance between the two concentric walls). So that, as d ant → d, the capacitance increases and so does the perturbation.

Influence of the antenna-to-aperture ratio

Likewise, the quality factor, shown in Fig. 2.10b, globally decreases as the antenna-to-aperture ratio is increased. Then, if the aperture and antenna are modeled as a cylindrical capacitor, a larger d ant /d corresponds to a larger capacitance C, thus to a lower Q factor (Q ∝ 1/C).

Lastly, we can analyze the simulated reflectance spectra, shown in Fig. 2.10c for the CP3 with different d ant /d, in a similar way. When the antenna diameter is comparable with the aperture diameter (d ant ∼ d), the spectrum widens and flattens, meaning that the resonator has lost its efficiency to stock the exciting power and that the electric field forming inside the resonator strongly decreases in magnitude. As said before, if ζ ∝ √ C is the damping, a higher capacitance results in a higher damping, i.e., a shallower peak.

Expression of the natural resonance frequency in the 3D case

Even though the 3D structure affects the values of the 3D natural frequency, the nature of the resonator identified in section 2.2.1 is unchanged, as shown in Fig. 2.11. The simulated electric field in the 3D case (solid line) is compared to the corresponding one in the 2D case (dashed line). In the 3D case, the electric field is computed along the median line of the median plane of the spiral resonator, as represented in Fig. 2.7. The 3D case appears distorted with respect to the 2D case: the aperture and its extension in the 3D dimension, located at x/L = 1, perturbs the charge distribution in that region, resulting in a slightly modified wave. However, it is noteworthy that the dependency upon the width-to-aperture ratio w/d is maintained: that is why the analysis carried out in the 2D case can be qualitatively extended to the real operating curling probe.

In conclusion, the 3D resonance frequency value is mainly affected by the gap variations, and next in order by the antenna-to-aperture ratio. The trends found in the quality factor Q suggest the existence of an optimized curling probe. Nonetheless, the extreme complexity and interaction between the numerous varying parameters make difficult the derivation of an equation for the 3D resonance frequency in the form where χ is an unknown function describing the influence of the parameters discussed above, and the dielectric properties of the structure underneath the resonator (if the permittivity of the materials is taken into consideration). Therefore, it is necessary to develop an experimental procedure to determine the probe response in the presence of plasma in the real case.

f 3D r = f 2D r • χ, (2.7) 

. Design of the curling probes

As mentioned in section 2.1, the measurable electron density range depends upon the natural (or working) frequency value. The larger the working frequency, the higher the maximum measurable electron density. For this reason, we study three different curling probes with different working frequencies, yielding three different behaviors in the presence of plasma. The design of the probes is summarized in Table 2.2 and the spiral resonator is shown in Fig. 2.12. The vacuum working frequencies are chosen to be around 1, 1.5, and 3 GHz. Hence, from the underdense criterion (Eq 2.2), we estimate the maximum measurable density to be approximately 1.5 × 10 10 , 3.5 × 10 10 and 1.5 × 10 11 cm -3 . The values of the geometrical parameters are fixed following a sort of trial-and-error procedure based on the trends presented above of the desired working frequency value and quality factor of the simulated spectra. The values of the substrate permittivity and the substrate thickness are representative of the real materials (see section 3.1.1).

In this work, we refer to the three probes as CP700, CP1400, and CP3000, as their experimental working resonance frequency (i.e., in vacuum) is around 700, 1400, and 3000 MHz. We note that the simulated 3D resonance frequency is slightly higher due to moderate differences existing between the simulated probes and the real manufactured probes.

Lastly, it is noteworthy that the 3D resonance frequency, with the probe being simulated in its entire structure and real-like materials, scales with the 2D resonance frequency3 (Eq. 2.5) as f 3D 0 ≈ f 2D 0 / √ ϵ d , with ϵ d the permittivity of the substrate. So that, at a preliminary design stage, it is possible to tune the geometrical 2D parameters to obtain a precise value of the 2D frequency and, in turn, an initial approximation of the 3D value. The remaining differences between f 3D and f 2D 0 / √ ϵ d are due to the coupling effects discussed above. Table 2.3 summarizes the values of the 2D (vacuum) resonance frequencies (Eq. 2.5) and the experimental measured 3D (vacuum) resonance frequency for the three studied probes. The 3D value is an approximation as it can slightly vary depending on the manufacturing procedure and imperfections. The investigation of the 3D natural frequency conducted in the previous section has led to a qualitative description of the probe natural frequency, without considering the proper dielectric properties of the substrate and the dielectric insulator of the feeding port. We remind that, if on the one side, the scope of this chapter is to shed light on the nature of the spiral resonator and the behavior of the curling probe, on the other side, we are interested in determining the accurate relationship between the probe frequency response in the presence of plasma and the electron density that caused that specific response.

Therefore, we propose an absolute calibration procedure using solid lossydielectric materials of known permittivity. The idea is to calibrate the frequency response of the probe as a function of the permittivity of such media and then apply this calibration to the plasma case so that the electron density can be inferred from the measured frequency shift (since the permittivity of a plasma depends upon its electron density, cf. Eqs. 1.30 and 1.36). We emphasize the interest in this calibration procedure as it is uniquely based on solid dielectric etalons of known permittivity. Moreover, it does not require the a priori simulation of the probe frequency response in the presence of a plasma. In this and in the following section, we shall describe how we develop the calibration method and how it performs when applied to a simulated plasma case.

The frequency response of the probes is first studied in the presence of different solid lossy-dielectric materials and vacuum. The simulation setup is the one pictured in Fig. 2.6c, where the red box identifies the volume occupied by the probed medium. The permittivity of the lossy-dielectric medium is expressed as ϵ r = ϵ d (1j tan δ), where tan δ is the loss tangent accounting for dielectric losses. The analyzed lossy-dielectric media are polytetrafluoroethylene (PTFE), poly methyl methacrylate (PMMA), Boron Nitride (BN), and MACOR© (mainly composed of 46% SiO 2 and 17% MgO). These materials are chosen to have different dielectric and loss properties (see Table 3.2). The Lorentzian fittings of the simulated spectra are shown in Fig. 2.13a for the CP1400. The same behavior is obtained with the CP700 and the CP3000. As expected, the resonance frequency, i.e., the minimum of the reflectance spectrum, is shifted toward lower frequencies with respect to the reference frequency f 0 , i.e., the vacuum frequency, when the relative permittivity is increased.

In the case of a hairpin probe, the resonance frequency uniquely depends upon the dielectric properties of the medium enclosed within the probed volume (cf. Eq. 2.1). In the case of the curling probe, only one face is exposed to the probed medium (cf. the red box pictured in Fig. 2.6c). Therefore, the resonance frequency not only depends on the dielectric properties of the analyzed medium but also on the dielectric and geometry properties of the probe structure underneath the resonator slot (cf. the coaxial structure represented in Fig. 2

.7).

The dependency on the dielectric properties of the substrate material of the curling probe was already taken into account by the previous studies on this subject.

In particular, Liang et. al [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF], who modeled the probe as a λ/4-wavelength resonator, described the vacuum resonance frequency by introducing a scaling coefficient and an effective dielectric constant. On the other hand, Arshadi et al. [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF], who modeled the probe as a λ/2-wavelength resonator, described the vacuum resonance frequency by introducing an effective dielectric constant. But, as we have shown earlier, the λ/2-wavelength interpretation is valid only in a specific range of probe geometries. The scaling coefficient of Liang et al. is determined by comparing the simulated infinite and finite geometry of the curling probe, therefore making the curling probe diagnostic highly dependent upon numerical simulations. The effective permittivity, proposed by both authors [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF], [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF] is the mean between the substrate material permittivity (ϵ d ) and the vacuum permittivity (ϵ r = 1).

Here, we chose a different approach as we will entirely remove the dependency upon numerical simulations, and we will take into consideration the geometrydependent nature of the resonator (cf. section 2.2.1). On the other hand, we will also adopt a sort of effective dielectric constant to account for the fact that only one face of the curling probe is exposed to the analyzed medium. The geometry dependencies and effects have already been discussed in the previous section. We now introduce the effect of the probed medium permittivity -either a plasma or a lossy-dielectric -on the 3D resonance frequency. We have previously concluded that the exact influence of the geometry effects on the 3D behavior of the probe is difficult to be described with an explicit equation like the 2D resonance frequency in Eq. 2.5. We have also concluded that the description of the behavior given for the 2D geometry of the spiral resonator is still relevant (applicable) in 3D. For that reason, we rewrite the 3D vacuum resonance frequency (Eq. 2.7) as follows:

f 3D r = f 2D r • χ = f λ/2 r • (χ • B CP,o ) , B CP,o = 1 - 1/2 1 + w/d B CP , (2.8) 
where B CP,o and χ account for the 2D geometry of the spiral resonator and the 3D geometry and dielectric effects of the structure underneath it, and where B CP is the second-order geometry-dependent factor appearing in Eq. 2.5. By substituting the unknown term (χ) in Eq. 2.7, we obtain the expression for the 3D resonance frequency in the presence of a medium of permittivity ϵ d other than vacuum (either a lossy-dielectric or a plasma),

f 3D r = c 2Lβ √ ϵ eff , 1 β √ ϵ eff = χ • B CP,o , ϵ eff = ϵ d + α 2 , (2.9) 
where the β-coefficient accounts for the geometry 3D effects and where the effective permittivity ϵ eff accounts for the presence of the probed medium and the dielectric substrate on either sides of the curling probe. From an analytical point of view, they are represented by the function χ•B CP,o . In particular, the α-coefficient can be interpreted as an "equivalent permittivity", representing both the influence of the substrate material and the possible coating on the probe surface (probe coatings are discussed in the experimental study of the curling probe, see section 3.1.1). Hence, the α and β-coefficients are two constants that characterize a given probe and do not depend upon the analyzed medium. The α and β factors are obtained by fitting procedure following Eq. 2.10 over the computed dielectric data points (f r , ϵ d ). The α and β-coefficients and the dielectric data points for the case presented in Fig. 2.13 are summarized in Table 2.4.

ϵ d = (1 + α) f 0 f r 2 -α, f 0 = c 2Lβ 1+α 2 , (2.10) 
where f 0 and f r are the resonance frequencies in the presence of vacuum and of the dielectric medium, respectively. Equation 2.10 is obtained by solving Eq. 2.9 for the real relative permittivity ϵ d of the medium analyzed by the probe, and it is called the calibration equation. The probe response model, i.e., Eq. 2.10 or the calibration equation, has a very good precision for the permittivity in the lossy-dielectric range ϵ d > 1. The Table 2.4: Computed dielectric data points of Fig. 2.13, giving the calibration coefficients α = 3.7 and β = 1.3514. error associated with the determination of the α-coefficient is inferior to 0.1% for each computed case. It is important to note that the presented method is an absolute calibration procedure that is uniquely based on solid lossy-dielectric materials, which can be easily found in a laboratory. This approach is different from the previous [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF], as it allows experimental data to be analyzed without the need for numerous time-consuming numerical simulations. Moreover, 3D numerical simulations may easily diverge from the real case if the exact geometry of the probe and the material properties are not perfectly known (as they are sensitive to manufacturing defects).
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. Application to the plasma case

The curling probe is ultimately a technique for measuring the electron density of a plasma. Therefore, we perform numerical simulation in the presence of plasma of various densities to observe the probe frequency response and compare it with the response model presented above. In the presence of plasma, we have shown that the resonance frequency of a resonant probe shifts toward higher frequencies (cf. Eq. 1.35).

The permittivity used in the simulations is that of a cold, collisionless, and unmagnetized plasma (Eq. 1.36), i.e., ϵ p = 1 -(f p /f ) 2 . This value is isotropic and homogeneous in all the volume above the probe surface, identified by the red box in Fig. 2.6c. The simulated reflectance spectra in the presence of such a plasma are shown in Fig. 2.14, for two different electron densities, n e = 10 9 and 10 10 cm -3 , yielding ϵ p = 0.97 and 0.72 if evaluated at the respective resonance frequency. As expected, the resonance frequency of the curling probe is larger than the reference value (vacuum). The figure also pictures two of the solid lossydielectric media spectra shown in Fig. 2.13a to more easier compare them. We can now combine the calibration equation (Eq. 2.10) with the plasma permittivity in Eq. 1.36 to obtain the relationship between the resonance frequency in the presence of plasma and the electron density:

n e = 4π 2 m e ϵ 0 e 2 (1 + α) f 2 r -f 2 0 . (2.11)
This relation is similar to the one proposed by Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] and can be applied in the case of a cold, collisionless, and unmagnetized plasma. (We remind that in their case, the coefficients appearing in the relation are simulation-dependent.) In reality, the effects of collisions and magnetization become non-negligible only beyond a certain threshold value so that this equation can still be used in a quasicollisionless and weakly-magnetized plasma. This point will be further discussed both from a numerical and experimental standpoint. Figure 2.14b shows the superposition of the computed plasma points over the calibration curve from Eq. 2.10 (displaying only two dielectric materials for clarity). The probe response model has a good precision in the plasma domain, too, even though the calibration coefficients α and β are calculated by fitting procedure over the solid dielectric material data only. This proves that an absolute calibration procedure can be built by measuring the response of the probe with solid dielectric samples of a known permittivity value. The resonance frequency in the presence of plasma output of the simulation case presented in Fig. 2.14 and the estimated electron density using Eq. 2.11 are summarized in Table 2.5. Table 2.5: Electron density used in the simulations for the cases presented in Fig. 2.14, f r is the output of the simulation, ϵ p (f r ) is the corresponding plasma permittivity and the last column is electron density (n e ) estimated from Eq. 2.11.
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Probe sensitivity

The resonance frequency in the presence of cold, collisionless, and unmagnetized plasma is calculated using 3D simulations for numerous electron densities, ranging from 10 8 to 10 11 cm -3 . The results are shown in Figure 2.15 and are presented in the form of the computed frequency shift ∆f vs. the electron density (in log-log scale), for the three probes (CP700, CP1400, and CP3000). The probe response is linear for this range of densities, and the slope decreases with the vacuum working frequency. Substituting f 2 rf 2 0 (in Eq. 2.11) with its first order approximation 2f 0 ∆f (valid if ∆f ≪ f 0 ), we obtain the linearized form of Eq. 2.11:

n e ≈ 4π 2 m e ϵ 0 e 2 (1 + α) 2f 0 ∆f (2.12)
where ∆f = f rf 0 is the frequency shift between the resonance frequency in the presence of plasma (f r ) and vacuum (f 0 , i.e., the reference frequency). We define the probe sensitivity as

K = ∆f n e = 4π 2 m e ϵ 0 e 2 (1 + α) 2f 0 -1 , (2.13) 
measured in MHz/10 9 cm -3 . The highest probe sensitivity is obtained for the lowest working frequency. This means that, for a given electron density, the frequency shift induced by a curling probe decreases when increasing the working frequency. Moreover, if the α-coefficient increases, the sensitivity decreases accordingly. Therefore, the best probe sensitivity is found for low α-coefficient and low working frequency f 0 . The probe sensitivity of the CP700, CP1400, and CP3000 shown in Fig. 2.15 is summarized in Table 2.6. The importance of this aspect arises when the diagnostic tool is applied to lowdensity plasmas. For example, if the plasma density to be measured is 10 8 cm -3 , the expected frequency shift ∆f would be 1.2 MHz for the CP700, 0.5 MHz for the CP1400, and 0.2 MHz for the CP3000. If the precision of the frequency detection of the measurement setup is a few hundred of kilohertz, it would be easier to get valid and exploitable results using the CP700 rather than the CP3000. We can also estimate the measurable density range as a function of the probe sensitivity K. Figure 2.16a draws the expected measurable density range chart, i.e., n e,min ≤ n e ≤ n e,max , as a function of the probe sensitivity K, for two values of the α-coefficient. The working frequency is in the range 500-4000 MHz for both cases. The abscissa is the probe sensitivity, calculated with Eq. 2.13, whereas the solid and dashed lines, defining the measurable upper and lower density limits, are calculated with Eq. 2.2 and with Eq. 2.13, respectively. The lower density limit, i.e., n e,min , is estimated assuming a minimum measurable frequency shift of ∆f = 200 kHz according to experimental limitations (cf. section 3.2). Figure 2.16a underlines the importance of the α-coefficient in establishing the probe performance in terms of measurable density range. For a given probe sensitivity, the higher the α-coefficient, the smaller the upper-density limit, therefore a shorter measurable range. On the other hand, the lower density limit is unaffected by the α-coefficient (for a given probe sensitivity). Nonetheless, for a given working frequency (f 0 ), the higher the α-coefficient, the lower the probe sensitivity, as shown in Fig. 2.16b. Thus, when observing the measurable density chart in Fig. 2.16a, it is important to keep in mind that a given sensitivity value on this abscissa corresponds to two different working frequencies according to the value of α.

We can conclude that, for a given working frequency (f 0 ), the lower the αcoefficient, the higher the probe sensitivity (K), and the larger the measurable density range. From an experimental standpoint, it is essential to control and minimize the α value, whose influence is further detailed in the experimental study of the curling probe (see section 3.5).

In the case of a hairpin probe, the value of the α-coefficient is zero. This is consistent to its physical interpretation: α = 0 means that neither a physical structure nor a dielectric material are present in the region of the resonator slot, i.e., where the standing wave exists. This is precisely the case for a hairpin probe. Therefore, its sensitivity can be computed by posing α = 0 in Eq. 2.13, meaning that, for the same working frequency of a curling probe, the corresponding hairpin probe has a higher sensitivity. In addition, we note that Eq. 2.3 can be found from Eq. 2.11, where α = 0. Nonetheless, for very low frequencies (f 0 < 1000 MHz), the hairpin probe is limited in terms of spatial resolution, as the antenna length becomes important, i.e., L > 7.5 cm (cf. section 1.2.1).

In conclusion, low-working-frequency curling probes are better suited for highly accurate measurements in plasmas with a low-density. Nevertheless, they are limited in the maximum measurable density by the underdense criterion (f > f p ). Thus, according to the desired application case, a compromise has to be found when designing a curling probe.

Case of a collisional plasma

Before continuing our discussion on the probe use in a collisionless or quasicollisionless plasma, we briefly address the matter of a collisional plasma. We perform 3D numerical simulations in the presence of cold, collisional, and unmagnetized plasma, with a plasma permittivity from Eq. 1.38. The value of the collisional frequency used in the simulations ranges from 100 to 600 MHz and is estimated from real experimental conditions encountered in the measurements carried out during this thesis. This point is discussed in section 4.5.2 and detailed in App. E. For this analysis we consider the most constraining case of the CP700 that has the lowest working frequency (of the order of 1 GHz) among the studied curling probes.

Figure 2.17 shows the simulation results in the presence of collisionless and collisional plasma for three collision frequencies: f coll = 100, 300, and 600 MHz. The latter is not representative of the conditions encountered in real case experiments but is an extreme case tested to observe the effect on the probe frequency response. The plasma density set in the simulations is 0.5 and 5 ×10 9 cm -3 .

The Lorentzian fittings of the simulated reflectance spectra are shown in Fig. 2.17a for a plasma density of 0.5 × 10 9 cm -3 . The spectrum in the presence of vacuum is also shown for an easier comparison. The frequency shift in the presence of collisionless plasma is 6.4 MHz, whereas it decreases from 6.2 to 3.9 MHz when f coll is increased from 100 to 600 MHz. Moreover, the spectrum flattens when increasing the collision frequency due to larger losses. Indeed, the imaginary part of the plasma permittivity in the collisional case (Eq. 1.38) increases when increasing the collision frequency.

In the case of collisional plasma, Eq. 2.11 is modified by the appearance of the collisional term. By combining the calibration equation (2.10) and the collisional plasma permittivity in Eq. 1.38, we obtain the electron density in the case of a collisional plasma as,

n e = 4π 2 m e ϵ 0 e 2 1 + f coll f r 2 (1 + α) f 2 r -f 2 0 , (2.14) 
where f coll is the collisional frequency and the other terms have the same signification as in Eq. 2.11. Figure 2.17b shows the inferred density (in terms of ratio to the bulk density, i.e., the density set in the simulations) from the simulated frequency shifts for the two plasma densities (n e = 0.5 and 5 ×10 9 cm -3 ) vs. the collision frequency. The density is inferred using both the collisionless model from Eq. 2.11 and the collisional model from Eq. 2.14. Results show no dependence upon the set plasma density. When the plasma collisionality increases the collisionless model significantly diverges from the expected value: the underestimation is 2% and 35% in the case of f coll = 100 and 600 MHz, respectively. In other words, the inferred density may be considerably underestimated if the collisional term is neglected but Figure 2.17: (a) Lorentzian fittings of the simulated reflectance spectra of the CP700 in the presence of vacuum, collisionless plasma, and collisional plasma with three different collision frequency f coll = 100, 300, and 600 MHz. The plasma density is 0.5 × 10 9 cm -3 . (b) Inferred density from the simulated frequency shifts for a plasma with increasing collisionality (f coll = 100, 300, and 600 MHz). The collisionless model is Eq. 2.11, whereas the collisional is Eq. 2.14.

is too large compared to the working frequency. However, if the collisionality is properly accounted for -by using Eq. 2.14 -the density can be properly inferred with an accuracy comparable to that reported in Table 2.5. Finally, we note that for f coll = 100 MHz the collisionless model (Eq. 2.11) can still be used without introducing significant discrepancies (around ±2%). This consideration will be important when interpreting the experimental results presented in chapter 4.

. Use of higher harmonics

One way to overcome the limited measurable density range issue with the first harmonic resonance of a low-working-frequency curling probe is to use its second harmonic resonance. We remind that FHR and SHR stand for the fundamental (first) resonance mode and the second harmonic introduced in section 2.2.1. We note that a similar approach has also been proposed by Liang et al. [START_REF] Liang | Electron density range measurable by microwave resonator probe with higher mode resonance[END_REF] in the case of a hairpin resonator.

Another way to overcome the FHR measuring limitation is to use the curling probe in its surface-wave operation mode. This operational mode has been described in the previous works by Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] and Arshadi et al. [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF], [START_REF] Arshadi | Analytical investigation of microwave resonances of a curling probe for low and high-pressure plasma diagnostics[END_REF], [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF]. They showed that for high density plasmas a surface wave occurs in the central aperture of the probe. In such a case, the probe response model must be adapted (see the description of the surface wave mode in section 1.1.2). Moreover, it is quite difficult to draw the limit between the ordinary wave propagation (i.e., the use of the volume wave inside the resonator slot), and the surface wave mode (i.e., the use of the surface wave inside the central aperture). This is especially the case without the a priori knowledge of the probe response to the plasma conditions through numerical simulations. Furthermore, a proper estimation of the permittivity of the plasma-dielectric interface may be delicate to determine and may lead to important errors in the density estimation. For these reasons, we provide an alternative solution in the ordinary wave mode: the use of the second harmonic (SHR).

Figure 2.18a shows the normalized electric field of the FHR and SHR of the CP700 along the curvilinear abscissa of the spiral resonator. The spiral resonator of the CP700 is characterized by a width-to-diameter ratio of w/d = 0.15, which corresponds, according to what is shown in Fig. 2.4, to a resonator behavior close to the half-wavelength nature. The ratio between the SHR and FHR resonance is 2.37 due to the spurious nature discussed in section 2.2.1. Yet, the SHR electric field wave contains two nodes and two maxima, as would be expected for an ideal case. 

Calibration procedure for the SHR

The calibration procedure developed in section 2.3.3 is applied to both the FHR and SHR, as pictured in Fig. 2.18b, for the case of the PTFE and PMMA solid dielectric etalons. The figure shows the Lorentzian fittings of the numerical simulation of the probe response in the presence of vacuum, PTFE, and PMMA for both the FHR and the SHR. Despite working at approximately twice the natural frequency of the FHR, the SHR responds to the calibration procedure in the same way. The simulated frequency response of Fig. 2.18b is summarized in Table 2.7. Hence, the SHR can be calibrated as well and can be used to perform measurements in densities for which the FHR is limited by the underdense criterion (Eq. 2.2). However, the SHR has degraded performances with respect to the FHR: a lower quality factor in vacuum (70 and 63 for the FHR and SHR of Fig. 2.18b) and a shallow reflectance peak. Hence, a higher uncertainty in the density measurement is expected when using the SHR. In addition, the sensitivity of the SHR is also lower, as can be seen in Table 2.8. Therefore, for a fixed electron density, the SHR frequency shift is expected to be smaller than that of the FHR. The lower sensitivity is mainly due to the working frequency being twice as large as the one of the FHR. Furthermore, the α-coefficient of the SHR is slightly higher than the FHR. The physical insight explaining the difference in the sensitivity between the two harmonics is further discussed in section 4.3.3.

Application of the SHR to the plasma case

We now simulate the CP700 first and second harmonic response in the presence of two different plasma densities: 5 × 10 9 and 10 10 cm -3 . The corresponding plasma frequency is 635 and 900 MHz. For a density of 5 × 10 9 cm -3 , the plasma frequency is lower than both the FHR and SHR working frequency (718 and 1703 MHz, respectively). Therefore, in both cases, a standing wave can exist in the presence of plasma, and a measurement can be performed. In the case of the larger electron density, the plasma frequency is larger than the working frequency of the FHR but lower than the one of the SHR. Hence, in the case of the FHR, a standing wave -propagating following the ordinary wave mode -cannot exist, and the measurement cannot be performed. However, this is not the case at the frequency of the SHR, at which a standing wave occurs, therefore allowing for the measurement of higher electron densities. The simulated frequency shifts of the cases presented in Fig. 2.19 are summarized in Table 2.9.

Table 2.9: Simulated frequency response of the FHR and of the SHR of the CP700 for two plasma densities.

set n e FHR ∆f (∆f /f 0 ) SHR ∆f (∆f /f 0 )

5 × 10 9 cm -3 59 MHz (0.082) 23 MHz (0.014)

10 10 cm -3 N.A.
46 MHz (0.027)

In the real case, other effects, such as plasma sheath effects, collisions, and plasma magnetization, allow for the limit imposed by the underdense criterion (Eq. 2.2) to be moderately exceeded. All these aspects are discussed further in the dissertation. In conclusion, the combined use of the first and of the second resonance modes of a low-working-frequency curling probe allows for the measurable density range to be considerably extended (by approximately four-fold according to Eq. 2.2), while ensuring high accuracy at low values of plasma density.

. Summary

In this chapter, we have studied the curling probe behavior through numerical simulations performed with Finite Element methods.

First, we have studied the nature of the 2D spiral resonator and found that its nature (quarter-or half-wavelength resonator-type) depends upon the geometry parameters defining the spiral. In particular, the quarter-to-half wavelength transition is driven by the ratio between the width of the spiral branches and the diameter of the central aperture. Based on simulation results, we have derived the equation for the 2D natural resonance frequency as a function of the spiral geometry.

Second, we have studied the 3D behavior of the probe with its complete structure, i.e., the coaxial structure underneath the resonator slot. We have found that the coupling that appears when taking into account the structure below the spiral surface alters the value of the resonance frequency. Consequently, the resonance frequency deviates from the value of the 2D case. Nevertheless, the geometrydependency established in the first part (2D analysis) is still qualitatively applicable to the 3D case, and the 2D equation may be used to approximately predict the 3D resonance frequency (at an early design stage). Also, we have shown that the capacitive couplings perturb the electric field inside the resonator and that the perturbation effect of the distance between the spiral branches and of the antenna diameter predominates over the effect of the height of the coaxial structure beneath the resonator.

Third, we have developed an absolute calibration method based on solid lossydielectric materials. For that purpose, we have used five common dielectric etalons (and vacuum) to calibrate the probe frequency response in the dielectric domain (i.e., for permittivities larger than one). Then, we have shown that the calibration equation can be applied even in the plasma case, i.e., with the probe being immersed in the plasma medium, and that the electron density of cold, collisionless, and unmagnetized plasma can be inferred from the observed frequency shift. Furthermore, we have shown that the probe sensitivity in a plasma mainly depends upon the working frequency of the probe, and that low-working-frequency curling probes are better suited for performing measurements in plasmas with a low density.

Finally, since the underdense criterion limits a low-working frequency curling probe maximum measurable density, we have proposed the use of its second resonance mode to extend the measurable density range.

-Experimental study of the curling probe

Main objectives. The goal of this chapter is to present the results of the experimental application of the curling probe. First, we describe the experimental apparatus and detail the uncertainty of the measurement of the resonance frequency, relative permittivity, and electron density. Then, we validate the numerical results presented in the previous chapter: the calibration method, the probe sensitivity, and the use of higher harmonics. The calibration method is experimentally validated in a lossy dielectric medium (liquid and solid) and plasma. The validation in the plasma domain is carried out by comparing the electron density measurements of a curling probe with those of a well-known plasma diagnostic (a hairpin and a Langmuir probe).

Main results. The fabrication process and materials are seen to affect the probe performances. In particular, probes whose resonator is etched on an FR4 dielectric substrate are temperature-dependent, and their reflectance spectrum has a lower quality factor. The temperature-dependency of the FR4-based CPs is considered through a temperature correction method developed experimentally and assessed in the plasma plume of the ECR thruster. The applicability and validity of the calibration method are assessed in the lossy-dielectric and plasma domains (i.e., a relative permittivity larger and lower than one, respectively). In the lossydielectric media range, the calibration is found to be applicable for permittivities up to 80 (tap water). In the plasma domain, curling probe, hairpin, and Langmuir probes are in very good agreement. In general, low-working-frequency CPs with a RO4003-based substrate are better suited for measurements in low-density plasmas. Finally, using the second harmonic resonance of a single low-workingfrequency probe increases the measurable density range. This "dual working-frequency probe" system is seen to lower the perturbation over the local plasma parameters since it reduces the number of probing devices inside the plasma compared to the case where two CPs (one working at low frequency and a second at high frequency) are used.

. Experimental apparatus and methods

This section describes the experimental methods and apparatus used to test the curling probes. We note that, from this chapter on, the reference resonance frequency 1 is measured with the probe immersed either in air or vacuum. This equivalence can be made since the dielectric properties of air at ambient pressure and temperature are almost equal to those of vacuum, i.e., ϵ d,vacuum = 1 ≃ ϵ d,air and tan δ vacuum = 0 ≃ tan δ air .

First, we will describe the manufacturing of the probe and the coatings that may be applied on its surface. Then, we will present the circuitry and methods to measure the frequency response of the probe.

. Fabrication of the probes

In the previous chapter (cf. section 2.3), we have described three curling probes, characterized by different geometries and measuring performances. The probes' geometry and simulated performances have been presented in Tables 2.2 and 2.6. The three probes are the CP700, CP1400, and CP3000, named after their approximate vacuum working resonance frequency in MHz. The probes are based on a printed circuit board (PCB) spiral resonator, consisting of a 35 µm-thick copper layer etched on a dielectric substrate. Two types of dielectric substrates are used: one is a 1.6 mm-thick FR4 layer, and the other is a 0.5 mm-thick RO4003 sheet. FR4 stands for "Flame Retardant 4" and is a composite material made of woven fiberglass cloth with an epoxy resin binder. The RO4003® stands for "Roger 4003", a glass reinforced hydrocarbon/ceramic laminate designed and produced by ROGERS Corp. [START_REF]RO4000 Series Data Sheet[END_REF]. The substrate material and thickness is seen to influence the probe performances in terms of measurements uncertainty (see section 3.2), temperature dependency of the probe frequency response (see section 3.4) and probe sensitivity (see section 3.5). In the following, the probes based on a RO4003 substrate are called "O-Type". Those based on an FR4 substrate are called "T-Type". The PCB is mounted on a coaxial SMA (SubMiniature version A) connector, with the central pin of the connector being the monopole antenna of the exciting aperture. The top copper layer of the PCB substrate is electrically connected to the external conductor of the SMA connector through several small drilled holes, known as via. The vias are plated with copper, ensuring the electrical connection between the top layer and the SMA external conductor. Two manufactured CP1400 are pictured in Fig. 3.1 (a) and (b): the first has a spiral resonator etched on a 1.6 mm FR4 substrate, while in the latter, the substrate is a 0.5 mm RO4OO3 sheet. The diameter of the probes is 10 mm for the CP700 and CP1400 and 8 mm for the CP3000, which enables a limited but possible spatial resolution. Figure 3.2 shows the good agreement between the numerical simulations and the experimental measurements regarding the reflectance spectrum. The numerical values of the minimum (in dB) and the quality factor (Q) are comparable with the experimental ones. The former is -10 and -12 dB in the numerical and experimental case. The latter is approximately 40 and 45 in the numerical and experimental case. The slight discrepancies come from the differences between the simulated and manufactured probe (due to manufacturing imperfections and irregularities). The same agreement is obtained for both the CP700 and CP3000. 

Geometry limitations of the spiral resonator

In the case of the 3D numerical simulations, the dimension lower limits are constrained by the mesh size and the resulting simulation time (simulations with a large number of meshed elements can be excessively time-consuming). In the real case, the limitations on the geometry dimensions related to the technological process are imposed by the manufacturer. These limits are provided in Table 3.1. We note that in the case of the CP700 the geometry limitations of the RO4003 substrate are almost attained. In the case of the CP1400 and CP3000 the geometry dimensions are comparable with the limits of the FR4-based substrate. Therefore, a little margin is available to reduce even more their dimensions. 

Surface coatings

Overall, the manufactured curling probes have a solid structure and can withstand moderately harsh plasma environments and temperatures. However, during the numerous experimental campaigns, we occasionally witnessed unwanted probe degradation due to unexpectedly severe plasma conditions. Therefore, we have slightly customized the probe surface condition according to experimental conditions by applying an additional surface coating. This limits the probe heating and protects the thin copper layer from sputtering and damaging effects resulting from the impinging plasma flux. A BN spray coating applied manually, and with an estimated thickness of a few hundred micrometers best ensures the former. The latter can be achieved with a Kapton© cladding: an adhesive film of thickness between 50 and 75 µm. An example of two curling probes with two different surface coatings is shown in Fig. 3.3. 

The hairpin probe

As mentioned at the beginning of the chapter, the validation of the calibration method in the presence of plasma is carried out by comparing the results of curling and hairpin probes. For this purpose, we manufactured a homemade hairpin probe called HP5000. The probe consists of a U-shaped copper antenna of 12.5 mm in length and a wire spacing of w h = 4.4 mm, yielding a vacuum reference frequency of 4850 MHz. The electron density is calculated with Eq. 2.3.

. Vector Network Analyzer

The probe frequency response is obtained by measuring the power reflection coefficient S 11 with a vector network analyzer (VNA) Rohde & Schwarz ZNB20©. The definition of the power reflection spectrum and the scattering parameter S 11 are provided in section 1.1.1. The VNA is used in the swept frequency mode. The probe is connected to one of the ports of the VNA, which acts as a microwave source and measuring port simultaneously.

Definition of the VNA parameters

Two parameters drive the VNA performances in terms of quality of the swept signal and time-resolution of the instrument: the former is the IF filter bandwidth, and the latter is the frequency resolution.

The frequency resolution is the spectral distance between two output frequencies, or equivalently, is the ∆f = f n+1f n between two subsequent frequency points in the frequency sweep.

The definition of the IF filter is less straightforward and requires a brief understanding of how the output frequency is swept. The output frequency of the VNA is produced by mixing two frequency signals with a mixer. In order to tune the output frequency to the desired value -i.e., to produce the desired frequency sweep -one signal source is a local oscillator (LO). The frequency sweep is very large (up to several gigahertz, typically 1 GHz in our case) the instrument can not analyze those frequencies all at once. So, the instrument has an intermediate filter after the mixer. Changing the IF bandwidth of the instrument changes the bandwidth of that filter. A wider IF bandwidth means that bigger portions of the measurement sweep can be converted to the intermediate frequency of the mixer, resulting in a faster measurement. A narrower IF bandwidth implies that small parts of the measurement are converted to the intermediate frequency, reducing noise at the cost of the measurement speed. In conclusion, decreasing the IF bandwidth increases the resolution of the measurement at the expense of the measurement time.

For all the presented measurements, the VNA intermediate frequency (IF) filter bandwidth is between 10 kHz and 1 MHz, and the frequency resolution is between 40 and 400 kHz, with the resulting sweeping time being in the range 0.1 -1 s. Most measurements are performed with an IF of 10 kHz and a frequency resolution of 100 kHz, with a sweeping time (i.e., temporal resolution) of 0.5 s.

The VNA offers excellent RF performances: repeatability and stability of the measurement. On the other hand, the temporal resolution of a typical scan is limited to some hundreds of ms. Therefore, the VNA measures the probe frequency response time averaged over hundreds of milliseconds. For a lossy-dielectric medium (solid or liquid), the permittivity is time-invariant if the temperature is constant. In that case, the VNA temporal resolution is not essential. In a plasma, temporal variations of its properties (temperature and electron density) may occur in plasma. That is especially the case for electric plasma thrusters, where breathing modes have been observed, and more generally for magnetized plasma, where E × B configurations promote plasma instabilities [START_REF] Esipchuk | Plasma oscillations in Closed-Drift Accelerators with an extended acceleration zone[END_REF]. Hence, all plasma measurements presented here and in chapters 4, 5, and 6 are performed with the VNA, and the electron density is to be considered a time-averaged value over the temporal resolution of the instrument. Time-resolved measurements are presented in section 7.

Calibration of the feeding microwave line

The transmission line connecting the probe to the VNA port, i.e., cables and feedthrough, is corrected for absorption and reflection using a standard OSM (Open-Short-Match) calibration procedure on the VNA. The calibration is performed with the calibration kit ZV-Z235 3.5 mm provided by R&S. An example of a calibrated vs. uncalibrated measurement is shown in Fig. 3.4. For that case, the probe, a CP1400 T-Type, is mounted inside the vacuum chamber and is connected to the VNA through a line composed of two 3 m-long cables with an SMA coaxial vacuum feed-through connector in-between. The frequency response is in the presence of air at ambient pressure and temperature. The microwave line calibration increases the precision and repeatability of the measured resonance spectrum, resulting in a more accurate evaluation of the resonance frequency.

. Determination of the resonance frequency

As mentioned in section 1.1.1, the probe frequency response is the measure of its resonance frequency. The resonance frequency is identified as the minimum of the resonance spectrum of the power reflection coefficient S 11 recorded with the VNA. The minimum of the spectrum is determined following two methods, summarized here below and pictured in Fig. 3.5.

• Fit of the recorded raw data with a Lorentzian function (Eq. 2.6), whose center abscissa is the resonance frequency (f res,fit ).

• Application of a numerical method to the raw data so that the resonance frequency is the average of the center frequency at several levels of the spectrum. This is especially useful for high-noise spectra, for which the Lorentzian fit may lead to substantial errors in determining the minimum. The levels range from 0.6 to 0.9, the minimum value of the spectrum, as shown in Fig. 3.5a. For each level, f lef t and f right are found as the intersection between the spectrum trace and the constant level. Then, the central frequency is the mean between the left and right frequency,

f center = (f lef t + f right ) /2.
Finally, the mean over all these central frequencies represents the resonance frequency,

f res,mean = 1 N N k=1 f center,k .
The two methods return very close results in the vast majority of our measurements. For the case presented in Fig. 3.5, the difference in the resonance frequency is 37 kHz for a resonance frequency of approximately 1425 MHz, which is inferior to 0.01%. In addition, as can be seen in Fig. 3.5b, the center frequency determined with the iterative method oscillates around the mean resonance frequency, and no substantial deviation is observed.

In this work, the resonance frequency is the mean of the values obtained with the two methods for all the experimental measurements presented and if not differently specified.

. Calibration etalons

The calibration method uses a series of solid dielectric etalons of known permittivity ϵ d , placed in contact with the probe surface. For this purpose, it is necessary to have a proper estimation of the dielectric and loss properties of the samples. Table 3.2 contains the values of the real part of the permittivity (ϵ d ), the tangent loss (tan δ), and the references for the solid etalons. Also, we add the properties of the RO4003. The provided values are in the range of 1 -5 GHz. The solid dielectric samples have a thickness of at least 10 mm. This necessity arises from the fact that the characteristic decaying length of the emitted electromagnetic field is a few millimeters, as pointed out by previous studies [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF], but also in this work (cf. section 4.3). Table 3.2: Solid dielectric etalons used for the calibration of the curling probes.

We also display the dielectric and loss properties of the RO4003 for comparison with the FR4. The microwave frequency is in the range of 1 -5 GHz.

material ϵ d tan δ × 10 -3 references PTFE
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Lide [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] and Beker-Jarvis et al. [START_REF] Beker-Jarvis | Measuring the Permittivity and Permebility of Lossy Materials: Solids, Liquids, Metals, Building Material, and Negative-Index Materials[END_REF] PMMA
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Beker-Jarvis et al. [START_REF] Beker-Jarvis | Measuring the Permittivity and Permebility of Lossy Materials: Solids, Liquids, Metals, Building Material, and Negative-Index Materials[END_REF] BN

2

Levinshtein et al. [START_REF] Levinshtein | Properties of Advanced Semiconductor Materials: GaN, AIN, InN, BN, SiC, SiGe[END_REF] (extrapolation) FR4

100

Djordjevic et al. [START_REF] Djordjevic | Wideband Frequency-Domain Characterization of FR-4 and Time-Domain Causality[END_REF] MACOR 5.7 10

Afsar and Button [START_REF] Afsar | Precise millimeter-wave measurements of complex refractive index, complex dielectric permittivity and loss tangent of GaAs, Si, SiO2, Al2O3, BeO, Macor and Glass[END_REF] RO4003 3.4 2.1

ROGERS Co. [132]

. Measurement uncertainty

The accuracy of the permittivity measurements, and ultimately of the electron density, strictly depends upon the uncertainty of the measurement of the probe resonance frequency. The scope of this section is to present the estimation of the measurement uncertainty for the three curling probes, CP700, CP1400, and CP3000, and for the hairpin probe used later in the chapter.

. Error budget

Five sources of error are considered here below and summarized in Table 3.3.

• The VNA accuracy (σ V N A ) is estimated to be less than 100 kHz in the microwave frequency range of the probes. This is considered to be the only systematic error.

• The uncertainty on the measured resonance frequency (σ f ) concerns the values measured in vacuum (reference) and the presence of plasma. It is affected by the spectrum quality factor (Q). σ f is evaluated from the standard deviation of the measured vacuum reference frequency over 500 measurements performed under representative conditions: the probe is mounted in the vacuum chamber using the same transmission line of plasma measurements, and the pressure is in the range 10 -6 -10 -7 mbar-N 22 .

• The error due to the calibration method (σ α ) is the incertitude of the calibration coefficient α. In the plasma domain, 3D numerical simulations show that the deviation between the electron density inferred from the calibration curve and the theoretical density is well below 1% for densities higher than 10 9 cm -3 . In order to be consistent with the experimental calibration, the uncertainty is taken at 2%, which is the mean deviation observed in the solid dielectric range.

• The error on the corrected experimental frequency due to the temperature correction 3 (σ T ) is the mean variance given by the least squares method that returns the linear fit in Fig. 3.12.

• The uncertainty on the vacuum reference frequency (σ f 0 ) results from observed variations of the probe natural frequency that are not corrected (e.g., sputtering of the resonator and heating of cables). The uncertainty depends mainly on the exposure length to the plasma. An approximate value of 200 kHz seems to be a good upper limit for these variations.

The relative uncertainty on the electron density (σ ne /n e ) is evaluated by Eq. 3.1, where we have considered the linearized equation for the density (Eq. 2.13). This is possible since we consider a frequency shift ∆f = f rf 0 in the range 1 -100 MHz that satisfies ∆f ≪ f 0 for all the probes. By using the propagation 

σ ne n e = σ K K 2 + σ ∆fm ∆f m 2 , σ K K = σ α α 2 + σ f 0 f 0 2 , σ ∆fm = σ 2 fm + σ 2 f 0 , σ fm = σ V N A + σ f + σ T , (3.1)
where σ K /K is the error associated with the probe sensitivity coefficient K. Figure 3.6 shows the different contributions (σ X /X) to the total uncertainty of the electron density for the CP1400 O-Type and T-Type. It is seen that the uncertainty on the vacuum reference frequency (σ f 0 /f 0 ) is equally negligible for both probes. That is why σ K /K ≈ σ α /α (and they cannot be distinguished in the figure, where σ K /K is the blue dashed line and σ α /α is the solid green line). Hence, the two major contributions to σ ne /n e are the uncertainty on the measurement of the resonance frequency (σ ∆fm ) and the uncertainty on the calibration coefficient (σ α ). Notably, for low electron density, the uncertainty is mainly due to the variations of the natural resonance frequency and temperature corrections, while the error budget is dominated by the uncertainty of the calibration coefficient for higher densities. Therefore, the relative uncertainty on the electron density tends to an asymptotic value of 2% for all the curling probes.

The error is inferior to 20% for densities larger than 3 × 10 8 and 7 × 10 8 cm -3 for the O-Type and T-Type, respectively. The higher incertitude of the T-Type comes from the larger error in the determination of the resonance frequency in the presence of plasma due to the heating of the probe and the temperature correction (described in section 3.4). 

. Comparison between the different probes

The error budget is calculated for all the probes used in this work. The uncertainty of the CP700 O-Type, CP1400 O-Type and T-Type, CP3000 T-Type, and HP5000 is shown in Fig. 3.7a. In the range ∆f = 1 -100 MHz, the CP700 and the HP5000 estimate the electron density with an error inferior to 20%. It is worth noting that the error is lower than 5% for densities higher than 6 × 10 8 cm -3 . On the other hand, the 20% precision is attained for larger densities with the other probes: 3, 7, and 32 × 10 8 cm -3 for the CP1400 O-Type, CP1400 T-Type, and CP3000 T-Type, respectively.

In addition, we also show the normalized vacuum reference reflectance spectra for all the five probes in Fig. 3.7b. The normalization of the y-axis is done with respect to the spectrum minimum in dB, while for the x-axis, the frequency is re-scaled with the respective resonance frequency (so that probes working at very different frequencies can be easily compared). Table 3.4 summarizes the probe performances and the associated uncertainties. It can be seen that the dielectric substrate affects the probes performances. The T-Type CPs, etched on a thicker FR4 substrate, have a larger 3 dB bandwidth, hence a lower quality factor. This can be explained as the effect of the higher losses in the FR4 substrate compared to the RO4003 loss properties (see the loss tangent of the two materials in Table 3.2).

In conclusion, low-working-frequency curling probes are best suited for measurements in plasmas with a low density because the measuring accuracy is higher com-pared to higher-working frequency CPs. On the other hand, using high-workingfrequency probes for low-dense plasma induces stronger uncertainties in the density measurement. In this work, we will use the power law fits of the curves in Fig. 3.7a to estimate the uncertainty of the electron density measurements and the values given in Tables 3.3 and3 

. Validation of the calibration method

This section presents the experimental validation of the calibration procedure developed in section 2.3.3. The procedure is assessed in the lossy-dielectric range, with ϵ d > 1, and in the plasma domain, with

ϵ d = ϵ p < 1.
The calibration method is experimentally applied to all manufactured curling probes by placing in contact with the probe surface the solid dielectric etalon of known permittivity (see Table 3.2). Then, for each case, the reflectance spectrum is recorded, and the resonance frequency is determined following the two methods detailed in section 3.1.3. Figure 3.8 shows the measured reflectance spectra and the corresponding calibration curve following Eq. 2.10 for the CP1400 T-Type. Table 3.5 summarizes the results of the calibration procedure.

Experimental results show good agreement with the numerical simulations presented in Fig. 2.13 in terms of relative frequency shift (∆f /f 0 ) and β-coefficient. Higher discrepancies between simulations and experiments are seen on the values of the α-coefficient, following the probe surface coating4 (this point is further discussed in section 3.5). In the solid dielectric domain, Eq. 2.10 returns the relative permittivity value within a margin of error of ±2%5 (ϵ d ∈ [1, 5.7]). Approximately the same error is obtained for all the other probes, CP700 and CP3000, T-Type, and O-Type. Yet, deviations up to 4% have been observed for certain probes, whose explanation is found in the quality of the electrical contacts. The calibration method is fast and straightforward, allowing each probe to be calibrated before its utilization. The calibration procedure should be repeated if the probe surface or structure is modified accidentally or due to plasma damage. In general, the probe frequency response does not vary -i.e., the calibration coefficients are unchanged -if no surface or structure changes.

. Application to lossy-dielectric media

The trustworthiness of the calibration procedure as a method to interpret the probe frequency response is first assessed in the lossy-dielectric domain, i.e., ϵ d > 1.

For this purpose, we determine the permittivity of a solid material (Kapton©) and two liquids (tap water and ethanol) with two different curling probes. The probes are two O-Types CPs: a CP700 (f 0 = 717 MHz), and a CP1400 (f 0 = 1833 MHz). The permittivity measurement tests are summarized in Table 3.6. Satisfactory results are obtained, with discrepancies between the measurements and the values found in the literature below 5%. Moreover, the two probes return very similar results. It is worth noting that the calibration equation is accurate and can be applied to media with permittivities much larger than those of the calibrating etalons, which are in the range ϵ d ∈ [1, 5.7]. This is especially the case for ethanol and tap water. 

. Application to the plasma case

The calibration equation has been successfully applied to infer the electron density in the 3D numerical simulations presented in section 2.3.4. We have then concluded that the calibration method can be used to interpret the probe response in the presence of plasma. However, by doing this, we have extrapolated the probe behavior to the plasma domain, which is characterized by a permittivity lower than one. One may object that the real behavior of the probe may be different and that the numerical validation provided in section 2.3.4 does not suffice. The calibration procedure being experimentally validated in the lossy-dielectric media domain, ϵ d > 1, we now assess its experimental correctness and accuracy in the reported in the literature ϵ lit d (value reported at the measured microwave frequency, when available). The literature value from ref. [START_REF] Pavlov | Electromagnetic properties of water on GHz frequencies for medicine tasks and metamaterial applications[END_REF] is that of distilled water. For completeness, we also report the values for tap water and ethanol at 60 Hz (ref. [START_REF] Mohsen-Nia | Dielectric constants of water, methanol, ethanol, butanol and acetone: Measurement and computational study[END_REF]): 80. Petong et al. [START_REF] Petong | Water-ethanol mixtures at different compositions and temperatures. A dieletric relaxation study[END_REF] @ 400 MHz CP1400 tap water -1406 80 79

Pavlov and Baloshin [START_REF] Pavlov | Electromagnetic properties of water on GHz frequencies for medicine tasks and metamaterial applications[END_REF] @ 400 MHz plasma domain, ϵ d = ϵ p < 1. For this purpose, we compare the electron density number obtained with the curling probe and two other known plasma diagnostics: a hairpin probe and a Langmuir probe. The comparison with the HP is carried out inside the electron cyclotron resonance (ECR) plasma thruster. The comparison with the electrostatic probe is conducted inside an inductively coupled plasma (ICP) source. The reader may find further details on the ECR thruster in sections 1.2.2 and 5.1.

Comparison with a hairpin probe

The results presented here include several experimental essays carried out over a couple of months during the summer of 2020. The tests are performed inside the B09 ONERA vacuum facility: a cylindrical vessel of 0.8 m in diameter and 2 m in length. The secondary pumping system, composed of three turbomolecular pumps and one cryogenic pump, allows a background pressure of about 10 -7 mbar-N 2 to be reached. The thruster is operated at a microwave power ranging from 20 to 40 W and at flowrates between 1 and 2 SCCM-Xe. The resulting plasma environment is characterized by electron densities ranging from 10 7 to 10 11 cm -3 and electron temperatures between 10 to 30 eV, according to the position inside the plasma plume. Furthermore, the plasma flux is marked by the presence of a highly-energetic ion beam, whose energy is of the order of 100 -150 eV for the measurements presented here. The reader may find a more thorough description of the B09 facility in section 5.2. The curling and hairpin probes are immersed in the plasma plume of the ECR thruster along its symmetry axis. The probes distance is bounded between 5 and 20 cm from the thruster.

The interpretation of these results demands a simple understanding of the plasma sheath that forms around the probes surfaces. Deeper insights into the plasma sheath, why it occurs, and how it can be modeled are provided in section 1.1.2 and chapter 4. Here, we approach the plasma sheath formation from a qualitative standpoint.

When a floating body is immersed in a plasma it alters the local equilibrium of the charge distribution, resulting in a creation of an electron-depleted sheath near the probe surface. This affects the electron density distribution near the probe walls and, in turn, modifies the measured density value. In other words, if one wants to compare two density measurements performed with two different probes or at two different spatial locations inside the thruster plume, then the different nature of the plasma sheath must be considered. With this, we anticipate the work presented in chapter 4, where we develop a correction method that accounts for the presence of the plasma sheath.

For the moment, we are not interested in taking into account the sheath effects. The results of different probes (CP700 vs. HP5000, and CP1400 vs. HP5000) are compared at specific locations inside the plasma plume, such that the plasma sheath around the probes surface can be considered to have the same effect on the measured electron density with the curling and hairpin probe. Figure 3.9a shows the qualitative representation picturing the conditions under which the results are compared. The probed volume stands for the spatial region in which the changes in permittivity strongly affect the frequency response of the probes, either the curling or the hairpin. For the curling probes CP700 and CP1400, the probed volume has a height of around 4 and 3.5 mm, respectively. For the hairpin HP5000, the probed volume is represented by the spacing between the two branches of the U-shaped antenna (w h = 4.4 mm as described in section 3.1.1). The plasma sheath represents the volume occupied by the locally-perturbed region due to the insertion of the probe inside the plasma. For the measurement points of the CP1400, the plasma properties correspond to a plasma sheath thickness varying between approximately 300 and 800 µm. For the measurement points of the CP700, this length ranges from about 3 to 10 mm. Therefore, knowing this -and with the aid of Fig. 3.9a, it can be seen that the results of the CP1400 are compared to those of the HP5000 at locations such that the plasma sheath is very small compared to their respective probed volume. In this case, we consider that the plasma sheath effect is modest and equally negligible for both the CP1400 and the HP5000.

On the other hand, the results of the CP700 are compared to those of the HP5000 at locations such that the plasma sheath is very large (or at least comparable) with the probed volume. We consider in this case that the plasma sheath effect is more important but equally affects the density measurement of both the curling and the hairpin probe. The validity of this hypothesis is assessed through 3D numerical simulations: the discrepancy on the raw density between a hairpin and a curling probe is below 20% for the tested plasma conditions (a density of 10 9 cm -3 and temperatures varying from 5 to 30 eV). Moreover, we provide the experimental verification in section 4.5.1. The results of this comparison are summarized in Fig. 3.9b. In the interval defined for the comparison between the CP700 and the HP5000, the two probes are generally in good agreement. The same is obtained for the CP1400. We remind that the electron density is calculated from Eqs. 2.3 and 2.11 for the hairpin and curling probe, respectively. Furthermore, in the hairpin case, neither "external" nor "additional" calibration is to be applied, thanks to the simplicity of the hairpin geometry. Globally, the curling probe model (Eq. 2.11) follows the hairpin densities over four orders of magnitude, i.e., from around 10 7 to 10 11 cm -3 , with discrepancies around ±20%. Although, the presence of some outline points with larger discrepancies is still unclear. However, this outcome properly asses the experimental truthfulness of the applicability of the calibration method in the plasma domain over a broad range of plasma conditions, i.e., in terms of electron densities and temperatures.

Comparison with a Langmuir probe

The results presented here are part of a measurement campaign conducted at the end of February 2021 in collaboration with the Laboratoire de Physique des Plasmas (LPP) of the Ecole Polytechnique (IPP -Institut Polytechnique de Paris). The tests are performed inside a cuboid ICP source (of 8 × 12 × 13 cm in inner dimensions), called PEGASES, which consists in a 4 MHz-ICP unmagnetized argon plasma source operated between 3 × 10 -3 and 2 × 10 -2 mbar-N 2 . The absorbed power is varied between 100 and 200 W. Further details on the PEGASES source can be found in refs. [START_REF] Leray | PEGASES: Plasma Propulsion with Electronegative Gases[END_REF]- [START_REF] Marmuse | Iodine Plasmas: Experimental and Numerical Studies[END_REF]. The two probes, a CP3000 and a Langmuir probe, are mounted on a manual translational stage, and their distance to the coupling antenna is varied from 1.5 to 11.5 cm. The experimental setup is schematized in Fig. 3.10a. The source walls are made of aluminum, and an aluminum grid is placed at the exhaust section. Both the walls and the grid are grounded. The resulting plasma environment is measured to be characterized by an electron density in the range 3 × 10 10 to 2 × 10 11 cm -3 and an electron temperature between 3 and 5 eV. The Langmuir probe is a simple cylindrical Langmuir probe, with a metallic tip 3.5 mm-long and of 100 µm in diameter, made of tungsten. A secondary metallic tip is used as a reference to monitor the floating potential and to correct the IV characteristic. The collected current is processed with the Multifunction Plasma Probe Analyzer (MFPA) from Plasma Sensors [147], [START_REF] Godyak | Comparative analyses of plasma probe diagnostics techniques[END_REF]. The electron density and temperature are obtained with the Druyvesteyn method [26], [START_REF] Druyvesteyn | Errata: Mechanism of Electrical Discharges in Gases of Low Pressure[END_REF], [START_REF] Godyak | Probe measurements of electron-energy distributions in plasmas: What can we measure and how can we achieve reliable results?[END_REF]. The y-error bars correspond to the σ-uncertainty detailed in section 3.2, while the x-error bars are calculated according to ref. [28].

Figure 3.10b presents the results of the comparison between the density mea-surements of the CP3000 and the Langmuir probe. The latter is the abscissa of the plot. In this case, the electron density and temperature values correspond to a plasma sheath thickness of 60 to 250 µm, and the probed volume by the CP3000 has a characteristic height of approximately 1.3 mm. Following the same reasoning of the previous section, the sheath effect can be neglected, and the raw measured density from the CP can be compared to that of the Langmuir, as the sheath is very small compared to the probed volume of the CP. Besides, we note that the post-processing method of the Langmuir probe takes into account the formation of a plasma sheath around the probe metallic tip [START_REF] Godyak | Probe measurements of electron-energy distributions in plasmas: What can we measure and how can we achieve reliable results?[END_REF]. Ultimately, the two measurements are in good agreement over the analyzed density range, with discrepancies below 20%.

. Temperature effect

During a plasma measurement, the probe is immersed in the plasma. Consequently, the probe is heated by the energetic particles (ions and electrons) impinging the probe. The increase of the probe temperature affects its frequency response. This is directly correlated to the temperature response of the materials constituting the probe structure. As schematized in Fig. 2.7, the probe is made of air/vacuum, copper, PTFE, and the dielectric substrate. So, a change in the materials properties with the temperature modifies the probe frequency response. The frequency response depends, in turn, on the relative permittivity of the dielectric material surrounding the resonator slot. In other words, when the probe is heated by the surrounding plasma in which it is immersed, the temperature variation modifies the dielectric property of the dielectric substrate on which the spiral resonator is etched. Two dielectric materials are used as substrates: FR4 and RO4003.

During the first tests in the presence of a plasma flux, we observed a stronger effect of the temperature on the T-Type curling probes (FR4 substrate) compared to the O-Types (RO4003 substrate). This is due to the more severe dependency of the relative permittivity of the FR4 with respect to that of the RO4003. Figure 3.11 compares the temperature dependency of the relative permittivity of the two materials. The curve for the RO4003 is taken from the manufacturer data-sheet [START_REF]RO4000 Series Data Sheet[END_REF], while that of the FR4 has been measured with a curling probe in our laboratory. The measurement is carried out by placing in contact with the probe surface an FR4 cylindrical sample of 34 mm in diameter and 15 mm in height. Its temperature is controlled with a heating mat and is measured with a 10 kΩ-thermistor at two points: the side in contact with the probe and the opposite face. The temperature gradient is observed to be less than 1 • C at any moment, so the temperature can be considered uniform inside the sample volume for each measurement.

In the range from 20 to 150 • C, the variation of the RO4003 permittivity with the temperature is negligible: the increase is a few 0.4% (see Fig. 3.11b). On the other hand, in the range from 20 to 110 • C we measure a 4% increase in the FR4 permittivity (see Fig. 3.11a), yielding a 2% decrease in the resonance frequency, since f r ∝ 1 √ ϵ d (cf. Eq. 2.9). Though small, this variation corresponds to a frequency drop of approximately 30 and 60 MHz for the CP1400 and CP3000, respectively. This frequency shift corresponds to an electron density of approximately 1.3 and 4 ×10 10 cm -3 for the CP1400 and CP3000, respectively. In addition, it is noteworthy that the FR4 permittivity follows a quadratic trend with the temperature, meaning that the resonance frequency, inversely proportional to the root square of the permittivity, is expected to vary linearly with the temperature. 3.3.

. Temperature correction

As mentioned, during a plasma measurement, the probe is heated by the surrounding plasma in which it is immersed. Temperatures as high as 120 • C are measured, depending on operating conditions, in terms of power and flowrate, and probe proximity to the plasma source.

We remind that the characterization of the probe frequency response has been carried out at ambient temperature, i.e. T a ≈ 20 • C. In other words, the dielectric calibration procedure is performed under ambient temperature, and a change in the frequency response of the probe makes the calibration inapplicable. Hence, it is necessary to know the temperature and the resonance frequency of the probe precisely when a measurement is performed in the plasma. For this purpose, we develop a correction accounting for the temperature increase of the T-Type curling probes. We call this correction the temperature correction.

The probe temperature is measured through a small 10 kΩ-thermistor embedded in the FR4 substrate. As expected, the vacuum resonance frequency varies almost linearly with the probe temperature (T p ), as shown in Fig. 3.12 for the CP1400 and CP3000 T-Types. The measured frequency drop at ≈ 120 • C is approximately 30 and 60 MHz for the CP1400 and CP3000, respectively. We note that no significant changes in the linear fit coefficients are observed after exposure to plasma.

Another way to confirm that the linear variation observed on the vacuum resonance frequency with the probe temperature is the result of the change in the FR4substrate permittivity is to look at the dimensionless variations of those two quantities with the temperature. As a matter of fact, the dimensionless variation of the resonance frequency with the probe temperature, f 0 (T p )/f 0 (T a ) vs. T p , follows the variation of the inverse square root of the permittivity, (ϵ FR4 (T sample )/ϵ FR4 (T a )) -0.5 vs. T sample . That is, the slope of the linear fit of the resonance frequency is approximately 2.3 × 10 -4 • C -1 , while that of the inverse square root of the permittivity is 2.1 × 10 -4 • C -1 . Once the vacuum reference frequency variation is known, i.e. f 0 vs. T p , the frequency shift due to the temperature variation is corrected according to the following equation:

f m (T a ) = f m (T p ) + (f 0 (T a ) -F (T p )) , (3.2)
where f m (T p ) is the measured frequency at the probe temperature T p , f 0 (T a ) is the vacuum reference frequency at ambient temperature, F (T p ) is the linear fit from Fig. 3.12, and f m (T a ) is the corrected measured frequency at ambient temperature. Then, the relative permittivity and the electron density are estimated from Eqs. 2.10 and 2.11, using f r = f m (T a ).

The temperature correction relies on the hypothesis that the frequency shift between the measured resonance frequency and the vacuum reference frequency is constant with the temperature,

∆f = f m (T p ) -f 0 (T p ) = f m (T a ) -f 0 (T a ), (3.3)
where ∆f is the frequency shift, f m and f 0 are the measured resonance and reference frequencies, and T a and T p are the ambient and probe temperatures. This hypothesis is experimentally validated for probe temperatures up to 44 • C with the solid dielectric etalons used for the calibration procedure (see Fig. 3.13). For this, the probe is heated with heating air flux (forced convection heating) and a heating mat kept in contact with the SMA connector. The probe temperature is measured with a 10 kΩ-thermistor in two spots: one is embedded in the FR4 substrate, just under the resonator slot, and the other measures the temperature of the SMA connector exterior conductor. Thanks to the probe compact dimensions and materials (most of the probe mass consists of the SMA connector, i.e., of conductive material), the temperature gradients are always seen to be lower than 0.5 • C. When the probe reaches the desired temperature, the vacuum reference frequency, f 0 (T p ), is recorded, and, immediately after, the dielectric sample is put in place, and the resonance spectrum is recorded (f m (T p )). The probe temperature (T p ) is also recorded quasi-simultaneously. The measurement is performed rapidly so that the sample can be considered at ambient temperature and its dielectric properties unaffected (by the higher probe temperature). The temperature correction is unnecessary for the O-Type curling probes with a RO4003 substrate. The temperature coefficient of the dielectric constant of the RO4003 is among the lowest of any circuit board material, and the dielectric constant is stable over a broad frequency range [START_REF]RO4000 Series Data Sheet[END_REF]. For probes etched on this material, no temperature correction is necessary for temperature lower than 150 • C, which is enough for the measurements presented in this work.

. Application of the temperature correction

The temperature correction is successfully applied to the T-Type curling probes when performing a plasma measurement, as seen in Fig. 3.14. Figure 3.14a shows a measurement performed with a CP3000 immersed in the plasma plume of the ECR thruster along its symmetry axis. Figure 3.14b shows that performed with a CP1400 and the HP5000 at two symmetrical positions, with respect to the symmetry axis of the plasma plume. Their relative position is chosen so that the two probes are immersed in a very similar plasma environment in terms of electron density and temperature, thanks to the symmetry of the ECR plasma plume (see the description of the ECR thruster in section 1.2.2).

In Fig. 3.14a we show the measured and the corrected frequency shift (∆f = f rf 0 ) and the probe temperature (T p ) against the measurement time. The plasma discharge microwave power is constant (around 30 W), while the xenon flowrate is increased gradually from 0.8 to 2 SCCM-Xe. The different flowrate levels -0.8, 1, 1.5, and 2 SCCM-Xe -are marked by a clean jump in both the frequency shift and the probe temperature. The probe temperature increases from 35 to 60 • C in about 40 minutes. We note that the probe is at approximately 15 cm from the thruster, and higher temperatures are reached when the probe gets closer to the thruster. Larger probe temperatures raising rates induce larger shifts of the measured frequency shift, viz. ∆f = f r (T p )f 0 (T a ). In particular, the measured -or uncorrected -frequency shift decreases as the temperature increases. This behavior is consistent with the temperature calibration shown in Fig. 3.12. Then, when the plasma discharge is turned off, the probe undergoes a sudden cooling, and the frequency shift deviates toward higher values (see the zoom inside the figure). After applying the temperature correction, the shift of ∆f is almost completely rectified. After plasma shut off, ∆f shows a milder shift than the non-corrected value.

Once we have described what happens to the frequency shift, which is the measured physical value, we now look at the effect of the temperature correction on the electron density, the physical quantity of interest. Figure 3.14b shows the comparison between the temperature-corrected and uncorrected density obtained with a CP1400 and that obtained with the HP5000. The CP temperature varies from 40 to 60 • C over a couple of minutes. In this case, the power is around 27 W, and the flowrate is 1 SCCM-Xe. The uncorrected density, i.e., measured with the CP, corresponds to the electron density calculated from the measured (uncorrected) frequency shift. The uncorrected CP density varies from 10 9 to approximately 2.3 × 10 8 cm -3 due to the probe heating and is different from the value measured with the hairpin (of a factor of 2.5 at the beginning of the measurement to a factor of 10 at the end). We note that the density shift is larger than the uncertainty of the measurement. When the plasma discharge is turned off, the uncorrected CP density becomes suddenly negative, whereas the measurement should oscillate around the zero value. After applying the correction, i.e., having taken into account the probe heating, the corrected CP density is in very good agreement with the HP value. After the discharge shutdown, the corrected CP and the HP densities are approximately zero, indicating the absence of plasma. Again, we observe that the temperature correction mitigates the shift caused by the heating of the curling probe.

It is important to note that the density measurements performed with a hairpin probe are not affected by the heating of its U-shaped antenna. This means that the range of temperatures encountered in this work only affects the dielectric properties of the material constituting the probe. That is, the modifications of the probe geometry (e.g., change of the resonator length) that may occur due to the dilatation of the metallic parts are negligible compared to the variations in the dielectric properties of the materials inside the probe. The hairpin probe, made of only a simple U-shaped copper antenna, is insensitive to temperature changes.

. Sensitivity of the probes

In the previous chapter (see section 2.3.4), we have defined the probe sensitivity, K = ∆f /n e , as the measurement of the produced frequency shift for a given electron density number. Hence, the higher the sensitivity, the larger the measured frequency shift. In addition, we remind that, from 3D numerical simulations in the presence of plasma, we have concluded that low-working-frequency curling probes have higher sensitivity, viz. they are best suited for density measurements in low-density plasmas. Also, the sensitivity coefficient is driven by the value of the working frequency and the α-coefficient. Here, we compare the measured sensitivity of all manufactured probes and show a practical example for which a low-working-frequency probe is preferable. Figure 3.15 shows the measured sensitivity of the probes used to perform electron density measurements. For each measurement point, we plot the measured frequency shift (∆f ) vs. the measured electron density (obtained with Eq. 2.11 for the CPs and with Eq. 2.3 for the HP5000). As anticipated in the numerical simulation study section (2.3.4), if ∆f ≪ f 0 , the probe response in the presence of plasma is linear with the density number. Also, high-frequency probes have a lower sensitivity which is consistent with the definition of the sensitivity coefficient given in Eq. 2.13, which, we remind, is inversely proportional to the calibration coefficient α and the working frequency f 0 , viz. K ∝ ((1 + α)f 0 ) -1 . In the figure, the measured probe sensitivities are 7.7, 3.8, 2.9 and 1.2 MHz/10 9 cm -3 for the CP700 O-Type, CP1400 O-Type, CP1400 T-Type, and CP3000 T-Type, respectively. Also, the trends and the values of the sensitivity coefficient K are comparable to the numerical results presented in section 2.3.4. In particular, the ratio between the CP700 and CP3000 computed numerical sensitivities is ≈ 6.3, while the ratio between the experimentally measured value is ≈ 6.4. In addition, the computed values of K are generally 1.5-fold larger than the experimental. The CP700 O-Type has the highest sensitivity, close to that of the employed hairpin probe (8.3 MHz/10 9 cm -3 , equal to the value obtained with Eq. 2.13 by posing α = 0 and f 0 = 4850 MHz), allowing more precise measurements at lower densities. The CP700 sensitivity is consistent with the curling probe (f 0 ≈ 870 MHz) used by Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]. The authors reported a measurement in a plasma with a density of 3 × 10 10 cm -3 inferred from a frequency shift of around 230 MHz, yielding a sensitivity of approximately 7.6 MHz/10 9 cm -3 . The sensitivity coefficient depends not only on the working frequency but also on the α-coefficient. We remind that the α-coefficient is obtained through the calibration procedure developed in section 2.3.3 and assessed experimentally in section 3.3. We observed that the dielectric structure, the substrate material, and the surface coating play an important role in determining its value. The influence of those parameters is presented in Table 3.7. A thicker and more lossy dielectric substrate results in a higher α-coefficient (hence a lower sensitivity): this difference is seen between the T-Type and O-Type probes for a given spiral resonator, viz.

for the same identifier CPXXXX. Likewise, the addition of a dielectric coating layer (either BN or Kapton©) on the upper side of the resonator significantly increases the value of α while only slightly decreasing the working frequency; thus, resulting in a sensitivity loss (cf. same CP-Type with a different type of coating). Lastly, we note that for a given spiral resonator (CPXXXX), the measured values of the working frequency (f 0 ), the calibration coefficient (α) (and the probe sensitivity K) may also vary depending on the homemade manufacturing process. In particular, the quality of the electric contacts is seen to strongly affects these parameters. Consequently, the tendencies and order of magnitudes presented in Table . 3.7 are for a given and unique curling probe. In other words, not all the CP1400 O-Types with a bare copper antenna slot resonate exactly at 1835 MHz and have a sensitivity of 3.9 MHz/10 9 cm -3 . Nonetheless, the actual values would be very close to these (variations of approximately ±30 MHz and ±1 MHz/10 9 cm -3 have been obtained).

These considerations are handy when designing or choosing the appropriate curling probe for a given application. Figure 3.16 helps better understand this aspect. Three curling probes, a CP700 O-Type, a CP1400 T-Type, and a CP3000 T-Type, are employed to perform a density measurement inside the plasma plume of the ECR thruster. The main interest in comparing their density measurement is that three different sensitivities characterize them, i.e., K CP3000 < K CP1400 < K CP700 . The three measurements are performed with the probes placed at the same location with respect to the thruster, and the thruster power and flowrate are 27 W and 1 SCCM-Xe. The measurement takes several dozens of seconds, after which the plasma discharge is turned off. The displayed frequency shift from the T-Types probes is corrected for the temperature shift discussed in the previous section (see section 3.4). The measured plasma density is around 1.3 × 10 9 cm -3 .

The worst performing probe is by far the CP3000: its measured frequency shift (see Fig. 3.16a) is narrow, and its associated incertitude is quite large (in this particular case, they are comparable in magnitude). The error bars of the frequency shift are calculated with the σ-uncertainties of Table 3.4. Under these circumstances, the precision over the inferred electron density is extremely low (see Fig. 3.16b), and a proper estimation of the density number is difficult. In fact, for this range of densities the σ ne /n e is larger than 60%, as seen in Fig. 3.7a. Therefore, for such low densities, a low-working-frequency CP is better suited. We evidence that in this explanation, we do not consider the plasma sheath effect on the measure, whose presence is suggested by the difference in the average density value derived from the three probes. Even so, its influence is minimal, and the gap between the CP700 and the CP1400 densities is around 15%, so it can be momentarily neglected. Plasma sheath effects are discussed later in the dissertation (see chapter 4). We conclude that low-working-frequency probes, with a thinner substrate and a less perturbing surface coating, are better suited for high accuracy measurements in plasmas with a low density. On the one hand, thanks to the higher sensitivity, on the other hand, thanks to the lower measuring uncertainty. Still, as pointed out in section 2.3.5, their measurable density range is limited in plasmas with a high density due to the underdense criterion expressed in Eq. 2.2. For this, we now present how the use of higher harmonics can be of great experimental interest.

. Use of higher harmonics in the ECR thruster

As discussed in section 2.3.5, one way to overcome the measurable density limit of a low-working-frequency curling probe is to employ its higher harmonic resonance: in particular, we focus on the second harmonic (SHR). We remind that both the FHR and SHR can be calibrated with the same calibration procedure (see section 2.3.3), such that their frequency response is interpreted with the same equations: Eq. 2.10 for the permittivity of the probed medium and Eq. 2.11 for the electron density in a plasma. Figure 3.17 shows the application of the calibration procedure to the FHR and the SHR of a CP700 O-Type. The knowledge of the vacuum reference frequency and the α-coefficient of the calibration yield the estimation of the probe sensitivity (following Eq. 2.13). The calibration results are provided in Table 3.8: the experimental results are consistent with what is found in the numerical simulations. First, the SHR resonance frequency is 2.2-fold the FHR value, confirming the spurious nature of the experimental spiral resonator (2.4fold is the corresponding numerical case). Second, the SHR quality factor (Q) is lower (78 vs. 96 of the FHR). Third, the SHR sensitivity is lower than that of the FHR (divided by 3.4 and 2.6 in the experimental and numerical case, respectively). Furthermore, the uncertainty of the α calibration coefficient is slightly higher for the SHR than the FHR (the numerical incertitude is below 0.1% for both the FHR and SHR). Hence, the extension of the measurable range comes at the cost of reduced sensitivity and larger measurement uncertainties. It is noteworthy that the values of f 0 , α-coefficient, and sensitivity K of the SHR are close to those of a CP1400 O-Type, whose sensitivity is around 2 -3 MHz/10 9 cm -3 (cf. Table 3.7). As shown with the numerical simulations (cf. section 2.3.5), the maximum measurable density range for the FHR of the CP700 is attained for densities of the order of 10 10 cm -3 in the ordinary wave operational mode. This upper limit is also observed experimentally, as shown in Fig. 3.18. When the plasma frequency is larger than the analyzing frequency, the relative plasma permittivity becomes negative (ϵ p < 0), and the volume wave inside the resonator slot immersed in the plasma takes the form of a decaying surface wave propagating at the interface. This phenomenon is gradual and can be appreciated by observing the measured reflectance spectra from the FHR of a CP700, shown in Fig. 3.18a. As the plasma density is increased, the resonance frequency shifts to higher values, and the reflectance spectrum flattens, meaning that more power is reflected to the exciting port. When the critical density value is reached, the propagation mode is that of a surface wave abruptly decaying at the plasma-probe interface. The wave is then completely confined inside the structure under the resonator slot, where the plasma is not present, resulting in a negative frequency shift, i.e., f r < f 0 , hence a nonsensical detection of a negative density if Eq. 2.11 is used. This "saturation effect" can be seen in Fig. 3.18b, in the case of the cyan spectrum, which corresponds to a density of 2 × 10 10 cm -3 (obtained from the SHR), yielding a relative plasma permittivity of -2 if evaluated at the FHR working frequency. Figure . 3.18b also shows that when the FHR cannot be used, the SHR frequency shifts toward higher frequencies, allowing the measurement to be performed. The frequency responses and resulting density measurements illustrated in Fig. 3.18 for the FHR are summarized in Table 3.9. As said, at the working frequency of the FHR, the cyan spectrum represented in Fig. 3.18b is interpreted as a surface wave propagation mode. Hence, the electron density can be obtained following Eq. 1.43 in which the density is proportional to the permittivity of the dielectric slab at the plasma-probe interface. In this case, the dielectric slab is made of RO4003 with permittivity ϵ d = 3.4 (from Table 3.2) that is the substrate of the CP700. Using this permittivity value and the measured resonance frequency, f r = 760 MHz, in Eq. 1.43, we obtain around 3.1 × 10 10 cm -3 , close to the value obtained with the SHR (n e ≈ 2 × 10 10 cm -3 ).

. Application to the ECR thruster

The use of the SHR -or, in general, of higher harmonics -can be seen as a convenient "dual working-frequency" probe. We remind that the electron density varies by several orders of magnitude inside the thruster plasma plume: from about 10 8 cm -3 in the plume far field (i.e., 20 cm from the thruster) to 10 11 cm -3 close to the thruster. To obtain accurate and trustworthy measurements in the far field, we should use a low-working-frequency CP, whereas, in the near field, we would need a higher-working-frequency CP to respect the underdense criterion (Eq. 2.2). To better understand this point, let us consider a practical example, illustrated in Fig. 3.19. In this example, we measure the electron density distribution inside the thruster plume while the thruster is operated at 28 W of power and 2 SCCM-Xe in flowrate. The measurements are corrected for the sheath effect following the method described in chapter 4. The measurement is performed with two different setups listed below.

• "2 probes-setup": a CP1400 and a CP700 are placed side by side at a distance of approximately 3 cm, as seen in Fig. 3.19a. This setup represents the case where two probes, a low-and a high-working-frequency probe, are needed to successfully achieve the measurement in the far and near field of the plume.

• "1 probe-setup": only a CP700 is used to probe the plasma volume (in this case, the thruster magnetic nozzle, see Fig. 3.19b). This setup can be adopted if both the FHR and the SHR of the CP700 -a low-workingfrequency probe -are employed.

The 2 probes-setup is more intrusive and introduces more perturbation in the measurement than the 1 probe-setup.

In both setups, the probes are mounted on a two-degrees-of-freedom motorized translational stage (identified by the z and r directions in the figure). This allows two types of measurement to be performed: (i) along the r-axis of the nozzle, called "radial profile", and (ii) along the z-axis, referred to as "longitudinal profile". values measured with the CP1400 and CP700 FHR and SHR are compared. The three are in good agreement for all the measurement range. However, at approximately 5 cm from the thruster, the CP700 FHR reaches its maximum measurable density (indicated by a blue vertical line in the figure). Therefore, the last 5 cm closer to the thruster are measurable only by the CP700 SHR or the CP1400. We observe that, in this range, the two measurements are also in agreement. This measurement validates the use of the CP700 SHR to probe high-density plasmas. Figure 3.19d shows the importance of reducing the number of probing devices immersed in the plasma plume. The radial density profile is shown (i.e., along the r-axis of Fig. 3.19a) at approximately 8 cm from the thruster. The densities obtained with the 2 probes-setup and the 1 probe-setup are compared. Again, for the 2 probes-setup, a good agreement is attained between the CP700 FHR and CP1400 in the central cone (i.e., r ∈ [-40, 40] mm). Now, let us compare the values collected with the two setups. We see the perturbing effects induced by the 2 probes-setup: (i) the maximum of the profile is higher in the case of the 1 probe-setup, and (ii) the lateral wings are perturbed, as highlighted by the red and blue circles. We note that thruster variability may also explain the difference in the profile maximum value. The perturbation of the lateral wings is a non-monotonic decrease of the density along the radial direction, as seen on the left wing (i.e., r < 0, red circle) for the CP1400 and on the right wing for the CP700 FHR (i.e., r > 0, blue circle). This result is not accidental but is observed for all the radial profiles collected with the 2 probes-setup. The explanation for this is found in the relative position of the two probes, as pictured in Fig. 3.19a: for r < 0, the CP1400 "sees" the perturbation induced by the CP700, which is at its right, passing in a higher density zone of the plume (for example when the CP1400 is at r = -8 cm the CP700 is at r = -5 cm, and n(r = -8 cm) < n(r = -5 cm)). In like manner, the same happens for r > 0 for the other probe (blue circle): the CP700 is affected by the perturbation induced by the CP1400 passing in a higher density zone. The perturbing effect may be explained as the presence of secondary electrons emitted from the neighboring probe or the perturbation of the plasma flux close to the measurement point. Contrariwise, the lateral wings of the profile measured with the 1 probe-setup display a monotonic trend.

In conclusion, the use of the fundamental and higher harmonics, i.e., the FHR and SHR, of a single, low-working-frequency curling probe allows measurements over a wide range of electron densities. It ensures high accuracy and precision at low densities and a high measurable density limit. In addition, it reduces the number of probing devices inside the plasma plume of the ECR thruster: this is of great interest as it lessens the perturbing effects on the local plasma properties.

. Summary

In this chapter, we have carried out the experimental study of the curling probe, by performing several measurements in the presence of a lossy-dielectric medium and a plasma. In particular, the diagnostic has been applied to measure the electron density of two different plasma sources. The experimental results are globally in very good agreement with the numerical results presented in the previous chapter (see chapter 2). The experimental/numerical accordance is found in terms of (i) the reflectance spectrum depth (min S 11 ) and quality factor (Q), (ii) the values of the calibration coefficients (α and β) and probe sensitivity (K), (iii) the maximum measurable density limit of a low-working-frequency probe and, subsequently, the use of the SHR to perform a density measurement in a highdensity plasma. Consistently with what we have done in the previous chapter, we have manufactured three curling probes: a CP700, a CP1400, and a CP3000 named after their approximate vacuum working resonance frequency in MHz. The probes resonator is etched on two dielectric substrates: a thicker FR4 layer and a thinner RO4003 sheet, yielding distinct probe performances.

First, we have detailed the experimental apparatus and methods: how the probes are manufactured, how their resonance frequency is determined, and the incertitude of such measurement. We have found that the RO4003-based CPs provide more accurate measurements, especially in low-density plasmas.

Second, we have validated the calibration procedure (first studied numerically), showing that the frequency response model can be applied both in the lossydielectric range and in the plasma domain. In the first case, we have proved that the calibration works for permittivities up to 80 by measuring the dielectric constant of tap water. This result is crucial if we consider that the calibrating etalons have permittivities in the range ϵ d ∈ [1, 5.7]. In the second case, we assessed the reliability of the response model in the presence of plasma in two different sources through the comparison with two diagnostics well-known in the literature. Globally, we have obtained good agreement between curling probe density measurements and those of a hairpin probe (inside the ECR thruster plume) and a Langmuir probe (inside an ICP source). In both cases, discrepancies are below 20% for a broad range of electron densities (10 7 -10 11 cm -3 ) and temperatures (up to dozens of electron volts).

Third, we have shown that the FR4-based probes are temperature-dependent due to the increased FR4 permittivity with the temperature. Therefore, we have developed a simple correction method to account for this dependency, which is assessed with long-time exposure measurements of the probe immersed in the plasma plume of the ECR thruster.

Then, we have found that low-working-frequency curling probes, preferably made in RO4003 and with the resonator slot not coated, are better suited for high-accuracy measurements in plasmas with a low density. Nonetheless, we have seen that their measurable density range is limited. We have also shown that the additional surface coating lowers the probe sensitivity compared to the non-coated version. Still, it aims to limit the probe heating and protect the thin copper layer from sputtering and damaging effects resulting from the impinging plasma flux.

Finally, we have proposed the use of the second harmonic resonance of a lowworking-frequency probe, such as the CP700, to obtain a practical "dual workingfrequency probe". This allows us to use the probe beyond the limited measurable density range of the low-frequency fundamental harmonic while ensuring highaccuracy measurements in low-density plasmas. In addition, using a single probe reduces the perturbations induced over the local plasma properties, providing the major benefit of employing the second harmonic.

-Study of the plasma sheath effect on the density measurements

Main objectives. The scope of this chapter is to study the influence of the plasma sheath effect on the curling probe electron density measurements. Indeed, an electrostatic boundary layer -the plasma sheath -forms at the curling probe surface when the latter is immersed in a plasma. As a result, the raw density measured with the curling probe is lower than the unperturbed plasma density. First, a simple model for the plasma-wall interaction structure is used to describe the electron density profile across the sheath. Then, the capability of the curling probe to probe a medium distant a few millimeter from its surface is used to characterize the frequency response to a sheath. Finally, a correction method for the sheath perturbation on the raw measured electron densities is developed. Its validity is assessed numerically and experimentally in two types of plasma (the ECR thruster plume and an ICP source) and two noble gases (argon and xenon).

Main results. A simple analytical plasma-wall structure model is developed, allowing the characteristics of the plasma sheath forming at the probe surface to be determined, especially in terms of the electron density profile. The dimensionless sheath thickness is found to depend upon the ion Mach number uniquely. Moreover, using 3D numerical simulations, it is found that the CP can probe a medium some millimeters away from its surface. Using this property, which we will call depth factor, the frequency shift can be compared with the raw measured density (i.e., perturbed by the presence of the plasma sheath), and ultimately it is related to the sheath thickness. Then, a correction method for the plasma sheath perturbation is developed by combining the plasma-wall model with the depth factor. The method is assessed first numerically and then experimentally, and the results are compared to Langmuir and hairpin probe density measurements. Globally, a good agreement is obtained with discrepancies around ±20%, provided a rough estimation of the input parameters can be done.

. Motivation

The proper estimation of the plasma parameters is a crucial and challenging issue in plasma diagnostics. This is especially true for parameters like the electron density, for which probe-induced perturbations and sheath effects may alter its measurement. While the former can be reduced using a non-collecting and small probe (electrostatic probe-induced perturbations are discussed in section 5.3.2), the latter can not be avoided when immersing an object inside a plasma. In this chapter, we tackle the subject of the plasma sheath perturbation on the electron density measurements performed with a curling probe (the reader may find more details on the plasma sheath in section 1.1.2).

The EM field emitted by the CP possesses a characteristic decay length of several millimeters above the resonator surface. Hence, a change in the permittivity inside this volume affects the resonance frequency of the probe. In the case of a plasma sheath, the electron density (thus, the plasma permittivity) varies along the sheath (as shown qualitatively in Fig. 4.1a). Furthermore, the average density value in the sheath is lower than in the bulk plasma, resulting in an underestimation of the electron density measurement.

If the sheath is thin compared to the characteristic decay length, the sheath perturbation may be neglected. On the other hand, if the sheath thickness is comparable with the characteristic decay length, its influence must be considered.

Inside the ECR thruster plasma environment, the combination of relatively high temperatures and low densities (dozens of eV and densities of the order of 10 9 cm -3 ) results in sheath thicknesses comparable with the characteristic decay length. Therefore, the measured electron density is lower than the bulk value, and the plasma sheath effect must be accounted for, as shown in Fig. 4.1b. The figure compares the density profiles measured with a CP700, a CP1400, and a Langmuir probe along the thruster plume on the symmetry axis. Globally, the density inferred with the curling probes is lower than the Langmuir probe measurement (between 3-fold and 7-fold at z ≃ 15 cm, to a factor between 3 and 4 at 7 cm), due to the presence of the plasma sheath around the probes. Indeed, while the Langmuir probe post-processing method accounts for the presence of the sheath [START_REF] Godyak | Probe measurements of electron-energy distributions in plasmas: What can we measure and how can we achieve reliable results?[END_REF], the method (Eq. 2.11) to infer the electron density with a curling probe does not.

The scope of this chapter is then to carry out a numerical and experimental study of the plasma sheath effects on the curling probe electron density measurements. More precisely, we aim to develop a correction method accounting for the presence of the plasma sheath that forms at the probe surface when the latter is immersed in the plasma. The correction method is based on:

• a simple model describing the interaction structure in terms of electron density profiles extending from the bulk plasma to the probe wall;

• the characteristic decay length of the EM field emitted by the curling probe that defines the "analyzed" or "probed" region above its surface. This region represents the volume in which a change in the medium permittivity results in a variation of the probe resonance frequency.

First, we will introduce the model we adopt to describe the plasma-wall interaction structure. Second, we will define the depth factor of the curling probe (a parameter describing the characteristic decay length) and how it can be used to develop the correction method. Finally, we will present the correction method and its experimental assessment inside two different plasma environments. 

. Simple model of the plasma-wall interaction structure

Literature is rich in analytical or numerical models describing the plasma density profiles and local plasma behavior at a plasma-wall interface, according to the plasma production mechanisms, e.g., DC, capacitive, inductive, and wave-heated discharges. A comprehensive and exhaustive description of these phenomena can be found in refs. [7], [START_REF] Chabert | Physics of Radio-Frequency Plasmas[END_REF]. Here, we aim to model the plasma-wall structure at the plasma-probe interface for an electrically floating curling probe immersed in the ECR thruster plume. The model is sufficiently representative, but it does not account for the extreme complexity pertaining to the phenomenon of sheath formation. In particular, it combines two existing models for the sheath [7] and the presheath [START_REF] Riemann | Kinetic theory of the plasma sheath transition in a weakly ionized plasma[END_REF]. Below, we summarize the assumptions of the plasma-wall structure whose representation is given in Fig. 4.2.

1. The model is 1D.

2. The plasma-wall structure (and the bulk plasma) is collisionless and weaklymagnetized.

3. The electrons are described by a Maxwellian distribution with an isotropic electron temperature T e,bulk being constant across the plasma-wall structure.

4. The ions are cold, i.e., T i ≪ T e , and singly-charged.

5. The ion kinetic energy distribution is a Dirac function, with the ion velocity uniquely directed toward the probe surface (in the following of this chapter, we will sometimes express the ion kinetic energy E k,i in terms of ion velocity u i or vice versa).

6. If ions are supersonic in the bulk plasma (i.e., their velocity is larger or equal to the ion sonic speed), the plasma-wall structure only consists of a sheath, and the density at the plasma-sheath edge is the bulk electron density.

7. If ions are subsonic in the bulk plasma (viz., their velocity is lower than the ion sonic speed), the plasma-wall structure consists of a sheath and a presheath (in which ions are accelerated at the sonic speed), and the density at the sheath-presheath edge is lower than the bulk electron density.

8. Ion current is constant across the plasma-wall structure.

9. The secondary electron emission (SEE) at the probe surface due to ion or electron impact is neglected. We now briefly comment on these assumptions. First, in the magnetic nozzle, the plasma is weakly collisional, and the magnetic field, varying approximately from 500 G at the thruster exit section to 10 G 20 cm downstream, is considered to play a minor role in the formation of the sheath [START_REF] Chodura | Plasma-wall transition in an oblique magnetic field[END_REF]. Indeed, the author showed that a magnetic field weakly affects the potential drop in the plasmawall interaction structure, especially if it is aligned with the ion velocity. Second, Langmuir probe measurements show isotropic electron temperatures in the range of 10 -30 eV (depending on the thruster operating condition and location inside the plume, as shown in section 6.5). Maxwellian electron energy distributions are then considered. Indeed, electron anisotropy represents a critical measurement, and very scarce data is available: very few measurements in the thruster plume [START_REF] Correyero | Measurement of anisotropic plasma properties along the magnetic nozzle expansion of an Electron Cyclotron Resonance Thruster[END_REF] have shown non-Maxwellian electron energy distributions (especially several dozens of centimeters downstream of the thruster). The electron anisotropy will be addressed in chapter 6. Third, the doubly-charged ion population should not exceed 20% (for most of the studied thruster operating conditions). Fourth, the ion beam inside the plume is characterized by kinetic energies ranging from 100 to 300 eV, in which the ion velocity (i) is aligned with the magnetic field lines inside almost all the plume volume, (ii) is quasi-constant along the azimuthal plume direction, and (iii) at least approximately 50% of the total ion population travels at a velocity between 90 -110% of the measured most probable speed. The considerations about the ion population are inferred from measurements carried out during this thesis with laser-induced fluorescence methods (described in section 5.6) but are not shown here. Finally, we will express the ion velocity in terms of ion Mach number (M ), which can be written in terms of ion kinetic energy and bulk electron temperature:

M = u i u B = E k,i 1 2e m i u 2 B = E k,i T e,bulk 2 
, (4.1)
where m i is the ion mass.

. Sheath

The sheath is modeled as in ref. [7], and the potential profile across the sheath abscissa (z-coordinate) is described by Eq. 4.2 [7], found by combining the Poisson equation with the ion energy and ion flux conservation equations inside the sheath. The only difference with ref. [7] is a non-zero Neumann boundary condition at the sheath edge: the electric field is the one expressed by Godyak and Sternberg [START_REF] Godyak | Smooth plasma-sheath transition in a hydrodynamic model[END_REF] that ensures a smooth plasma-sheath (or presheath-sheath) transition. The sheath size is typically a few Debye lengths; hence, it is not quasi-neutral.

dΦ dz (z) = - 2en s ϵ 0 k B T e e eΦ(z) k B Te -1 + 2E k,i 1 - eΦ(z) E k,i -1 - k B T e eλ D , (4.2) 
where Φ(z) is the electrostatic potential, n s is the plasma density at the sheath edge, k B T e and k B are the electron temperature in joule and the Boltzmann constant, respectively, and where λ D is the Debye length (Eq. 1.44). Equation 4.2 has stable solutions only for sufficiently large ion velocities [7], meaning that ions entering the sheath satisfy the Bohm criterion [11] (at the sheath edge u i (z = s) = u s = u B , where u B is the ion sonic speed, or, Bohm velocity, defined in Eq. 1.49). Equation 4.2 is solved numerically with a Runge-Kutta 4th order method. The electrostatic potential value is zero inside the bulk quasi-neutral plasma and negative inside the sheath. The value at the probe surface is identified by the wall potential defined in Eq. 4.3 [7]. Hence, the sheath thickness (s) is defined as the length over which a potential drop of ∆Φ = -Φ w occurs. The wall potential is obtained by equaling the ion and electron current flux at the probe surface since the probe is electrically floating and no net current is drawn from the plasma.

Φ w = T e ln 4u s ūel , (4.3) 
where u s and ūel = 8k B T e /πm e are the ion velocity at the sheath edge and the electron thermal velocity. The wall potential adjusts as the ion velocity and electron temperature vary. The dimensionless wall potential (eΦ w /k B T e ) uniquely depends upon the ion velocity at the sheath edge. If the latter is increased, the sheath voltage is decreased (i.e., the wall potential is closer to the bulk potential). Therefore, the sheath thickness decreases accordingly. In other words, for a plasma with fast ions, the electrostatic sheath needed to equal the ion and electron current fluxes at the wall is narrower than for a plasma with slower ions. Figure 4.3 shows the results of the model in terms of dimensionless electrostatic potential (see Fig. 4.3a) and ion and electron normalized density profiles inside the sheath (see Fig. 4.3b). The bulk plasma density and temperature are 10 9 cm -3 and 20 eV, respectively. The ions are supersonic with a Dirac kinetic energy of approximately 20 eV (corresponding to an ion velocity of around 5500 m•s -1 , whereas for these conditions in a xenon plasma, the Bohm velocity is around 3800 m•s -1 ). The potential profile in Fig. 4.3a is obtained by solving Eq. 4.2 with the total potential drop given by Eq. 4.3. The ion density in Fig. 4.3b is obtained by combining the energy and ion flux conservation equations and solving for the density, whereas the electron density follows the Boltzmann relation [7]. The electrostatic potential is constant in the quasi-neutral bulk plasma where n e ≃ n i (cf. Fig. 4.3a).

The sheath potential equation (Eq. 4.2) is solved for several conditions of bulk plasma parameters: n e,bulk ranging from 10 8 to 10 11 cm -3 , T e,bulk from 1 to 50 eV, and E k,i from 5 to 300 eV. Two different gases are studied: argon and xenon. Results are shown in Fig. 4.4 in terms of dimensionless sheath thickness (K s ) (defined in Eq. 4.4) and dimensionless wall potential (-eΦ w /k B T e ) against the ion Mach number in the bulk plasma (M ).

K s = s λ D , (4.4)
where s is the sheath thickness and λ D is the Debye length in the bulk plasma obtained with a bulk Xe + plasma with n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV, and supersonic ions (M = 1.4).

(i.e., n e,bulk and T e,bulk are used in Eq. 1.44). It is important to note that this quantity only accounts for the sheath thickness and that the effect of the presheath is discussed in the following section. While the dimensional sheath thickness (s) depends upon the bulk plasma parameters, the dimensionless sheath thickness (K s ) (cf. Fig. 4.4a) allows the explicit dependency upon the bulk electron density and temperature to be removed. Hence, K s uniquely depends upon the ion Mach number in the bulk plasma. Indeed, K s is constant if plotted against the electron density or temperature inside the bulk plasma (not shown here). This normalization will allow us to more easily use K s in the correction algorithm (cf. section 4.4). As said earlier, the sheath thickness (s), or its dimensionless equivalent K s , decreases as the ion velocity in the bulk plasma increases. Furthermore, for a given bulk plasma condition (i.e., n e,bulk , T e,bulk , and M ), the sheath is smaller for the lighter gas, i.e., argon (40 amu), than for xenon (131 amu), with the K s value at the sonic condition (i.e., M = 1) being approximately 2.87 and 2.64 for xenon and argon, respectively.

Likewise, while the wall potential (Φ w ) depends upon the bulk plasma parameters, the dimensionless wall potential (-eΦ w /k B T e ) (cf. Fig. 4.4b) allows the dependency upon the bulk electron density and temperature to be removed.

-eΦ w /k B T e uniquely depends upon the ion Mach number in the bulk plasma. In the subsonic regime, the wall potential is obtained with u s = u B in Eq. 4.3, resulting in a constant value. In the supersonic regime, the wall potential decreases following Eq. 4.3. In addition, similarly to K s , -eΦ w /k B T e is smaller for argon than for xenon.

The difference between the argon and xenon gas can be explained by the different ion mobility of the two species. The ion mobility, described by the Mason-Schamp equation [START_REF] Revercomb | Theory of Plasma Chromatography/Gaseous Electrophoresis -A Review[END_REF], is inversely proportional to the ion mass; hence, Xe + ions have lower mobility than Ar + ions. Therefore, a xenon ion must be submitted to a larger electric field1 than an argon ion to attain the same velocity at the wall (needed for the equality of the ion and electron current fluxes).

. Presheath

In the case of plasma with subsonic ions, the acceleration needed to reach the sonic condition at the sheath edge (i.e., to satisfy the Bohm criterion) occurs inside the presheath. The presheath is larger than the sheath, as it scales with the ionneutral mean free path [7] that can be expressed as λ i (mm) = const/p(Pa) [7], [START_REF] Chabert | Physics of Radio-Frequency Plasmas[END_REF]. The presheath model has been proposed by Riemann [START_REF] Riemann | Kinetic theory of the plasma sheath transition in a weakly ionized plasma[END_REF] and experimentally assessed by Oksuz and Hershkowitz [START_REF] Oksuz | Plasma, presheath, collisional sheath and collisionless sheath potential profiles in weakly ionized, weakly collisional plasma[END_REF]. The boundary conditions for the presheath potential equation are chosen to ensure the continuity of the potential and its derivative (i.e., the electric field) at the sheath-presheath edge. Consequently, the plasma potential becomes slightly higher than the potential at the sheath edge in the subsonic ion regime. Figure 4.5 shows the electrostatic potential (see Fig. 4.5a) and ion and electron density (see Fig. 4.5b) across the presheathsheath structure for a Xe + plasma with n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV, and subsonic ions (M = 0.7). We note that the bulk electron density and temperature are the same for the profiles presented in Fig. 4.3. The subsonic bulk ions are accelerated across the presheath, around 4 mm-long, through a potential drop of approximately e∆Φ ps /k B T e ≃ 0.3 (cf. Fig. 4.5a). Moreover, the sheath thickness is slightly larger than the case presented above in Fig. 4.3, because the ions arrive at the sheath edge at a lower speed (a sonic condition in this case vs. M = 1.4 of the previous). Quasi-neutrality is not respected in the sheath region, whereas it holds in the presheath and the bulk plasma (cf. The presheath accelerates the subsonic ions (0 ≤ M < 1) in the bulk plasma to attain the sonic condition (M = 1) at the sheath edge. Assuming the conservation of the total ion energy (i.e., collisionless plasma and non-ionizing presheath), the presheath potential drop writes as

- e∆Φ ps k B T e = 1 2 1 -M 2 . (4.5)
Hence, in the subsonic case, the sheath-presheath edge-to-bulk density ratio (n s /n e,bulk ) can be computed assuming Maxwellian electrons, using the potential drop given in Eq. 4.5. In the case of immobile ions in the bulk plasma, i.e., M = 0, the potential drop in the presheath is T e /2 (for T e in eV), whereas the density drop at the sheath-presheath edge is the classical value of 0.61 found in literature [7].

In conclusion, the model presented here provides the potential drop and the ion and electron density profiles across the plasma-wall interaction structure. Figure 4.6 shows the dimensionless electron density profiles (n(z)/n e,bulk ) across such structure against the dimensionless sheath abscissa (z/λ D ) for different ion Mach numbers in the bulk plasma. As for the previous cases, n e,bulk = 10 9 cm -3 and n e,bulk = 20 eV (resulting in a Debye length of around 1.05 mm), whereas the ion Mach number is varied between 0 and 2. The plasma-wall interaction structure has a dimensionless thickness of approximately 1.5, 2, 5.9, and 9.3 for the cases with M = 2, 1, 0.7, and 0, respectively. These profiles then provide an adequate qualitative estimation of the electron density evolution from the probe surface to the bulk plasma. Results obtained with a Xe + plasma with n e,bulk = 10 9 cm -3 and T e,bulk = 20 eV.

. Simulation results in the presence of the modeled plasmawall structure

We present the 3D numerical simulations of the curling probe in the presence of the plasma-wall structure modeled in the previous section. Simulations settings are the same as those used in section 2.3, and the electron density profiles correspond to the model presented above.

Figure 4.7 summarizes the results of 3D numerical simulations of a CP in contact with several types of plasma-wall interaction structures in terms of raw-tobulk density ratio (where the raw density represents the density directly measured by the probe). In particular, Figure 4.7a shows the cases in which the ion Mach number is constant (M = 1) and the electron temperature is varied from 1 to 50 eV, for two different bulk densities (10 9 and 10 10 cm -3 ). As expected, the raw measured density is lower than the bulk density due to the perturbation of the sheath. The broader the sheath, the smaller the raw density (this effect can be seen either by keeping n e,bulk constant while increasing T e,bulk , or vice versa).

Figure 4.7b shows two cases in which the bulk electron density and temperature are constant (n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV and n e,bulk = 10 11 cm -3 , T e,bulk = 4 eV), while the Mach is varied between 0 and 2. Consistently with what is predicted in section 4.2, the faster the ions in the bulk plasma, the narrower the sheath and the larger the raw-to-bulk density ratio (i.e., the lower the perturbation of the sheath). For the cases shown in the figure, the raw-to-bulk density ratio is approximately 5% at low density and high temperature (corresponding to large structures, cf. red symbols in the figure), whereas it is around 50% at high density and low temperature (corresponding to smaller structures, cf. green symbols in the figure) when the ions are immobile. On the other hand, when ions are supersonic and the structures are thinner, the ratio is around 25% at low density and high temperature (M = 2). In contrast, it is 67% at high density and low temperature (M = 1.3). In the case of the ECR thruster plume, the electron densities and temperatures are of the order of 10 9 cm -3 and 20 eV with supersonic ions (especially in the near-to-far field transition, i.e., from 5 to 15 cm from the thruster). Accordingly, the density underestimation of a measurement performed with a curling probe immersed in such plasma conditions can be as high as 80%. Hence, the need to develop a plasma sheath correction method.

. Depth factor of the curling probe

As mentioned in the motivation section (4.1), the EM field emitted from the curling probe has a characteristic decay length of some millimeters (above the probe surface). Figure 4.8 pictures the simulated emitted electric field of the CP700 in vacuum (at its working frequency f 0 ≃ 720 MHz) on the xz plane of the probe. The mask of the volume occupied by the probe is added for a better understanding of the image, and the color map is in log-scale. The highest field is encountered (i) above the central aperture, where it extends for around 400 µm from the probe surface; and (ii) above each spiral branch of the resonator, where it extends for approximately 200 µm (in the z-direction on the figure). The field is around 10% of the maximum at approximately 2.5 mm from the probe surface, whereas its intensity abruptly decreases to only 1% around 8.5 mm from the surface. Moreover, the electric field distribution is quite symmetrical, even though the resonator slot is not properly symmetrical along the x-direction of the figure (the slight asymmetry we are referring to can be better appreciated by looking at the cross-section AA' in Fig. 2.7). Both the CP1400 and CP3000 have a similar field distribution but with lower maximum values of the field intensity and steeper decay rates. In this section, we will derive a quantity related to the spatial distribution of the EM field above the probe surface, which will be used in the sheath correction method. Furthermore, we will see that the extension of the emitted electric field a few millimeters above the probe yield the capability to probe a medium some millimeters away from its surface (i.e., not in direct contact with the probe).

. Dielectric case

The frequency response of the curling probe is affected by changes in the permittivity occurring in the volume above its resonator slot due to the extension of its emitted EM field, as mentioned earlier. This property of the CP has already been used by Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF], even though the authors final purpose was different from the one we will discuss later. In particular, they were interested in measuring the thickness of a deposited dielectric layer during plasma processing. For the sake of consistency, we also have briefly conducted an investigation similar to that carried out in ref. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]: our results are presented in App. C and are in good agreement with those presented in ref. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF].

The influence of a non-homogeneous medium (in terms of permittivity) on the probe frequency response can be assessed both experimentally and numerically. This consists in placing a solid dielectric etalon2 (with a thickness of a few centimeters, i.e., much larger than the characteristic decay length of the EM field) at different distances from the probe surface and by recording the frequency response as a function of the distance. The experimental setup (cf. Fig. 4.9a) consists of a solid dielectric etalon (of permittivity ϵ * d and fixed with respect to the probe) and a curling probe movable through a micrometer motorized stage, so that their distance (d s ) can be accurately varied. This volume is vacuum, so the emitted EM field exists in a region with a discontinuous dielectric permittivity,

ϵ d (z) = 1 0 ≤ z < d s , ϵ * d z ≥ d s , (4.6) 
where z = 0 represents the case where the probe surface is in contact with the etalon. The results of this type of measurement are shown in Fig. 4.9b in terms of reflectance spectra measured with a CP700 and where the solid etalon is PTFE (ϵ * d = 2.1, cf. Table 3.2) placed at different distances from the probe surface. The legend indicates the distances of the etalon to the probe surface: d s = 0 mm being in contact (solid black line in the figure), whereas d s = 40 mm is the farthest distance (solid orange line in the figure). The gray spectra represent intermediate distances. We note that at the farthest distance (d s = 40 mm), the recorded spectrum is the same as the one recorded in a complete vacuum (blue dashed line in the figure). The presence of the dielectric material significantly affects the electric field -or, equivalently, the probe frequency response -up to a distance of around 14 mm. Hence, the frequency shift (∆f (d s ) = f r (d s )f 0 ) is maximum when the etalon is in contact with the probe (d s = 0 mm) and decreases as it is moved farther away from the probe surface.

We can therefore establish a relationship between the frequency shift and the distance of the etalon to the probe. For this purpose, we define the depth factor -in the following abbreviated as DF -as,

DF (d s ) = ∆f (d s ) ∆f (d s = 0) = f r (d s ) -f 0 f r (d s = 0) -f 0 , (4.7) 
where f r (d s ) is the resonance frequency with the etalon placed at a distance d s from the probe and where f 0 is the vacuum reference frequency.

Finally, the results presented in Fig. 4.9b can be interpreted in terms of depth factor (DF ), as seen in Fig. 4.10. The figure compares the simulated (red square symbols) and measured dielectric depth factor (solid black line). The simulated depth factor is obtained through 3D numerical simulations using the same settings as in chapter 2 with the numerical setup reproducing the experimental shown in Fig. 4.9a. The DF on the y-axis is in log-scale, and the abscissa is the probe distance to the etalon. Numerical and experimental results are in good agreement over the entire range. However, a slight discrepancy seems to appear for thicknesses larger than 7 mm, probably due to small differences between the simulated and the manufactured probe (as already mentioned throughout chapter 3). The accordance between the numerical and experimental data is remarkable and the numerical simulations are considered representative of the real case. In particular, this approach validates the simulation results in the presence of a non-homogeneous medium (in terms of permittivity) placed in contact with the probe. It is worth mentioning that the same quality of agreement between experimental and simulation results is obtained with both the CP1400 and CP3000.

. Plasma case

We now consider a more realistic plasma sheath in contact with the probe surface. The depth factor is then computed with the curling probe in contact with the non-homogeneous (in terms of permittivity) plasma-wall interaction structure, using the sheath model described in section 4.2. The very good agreement between the numerical and experimental results of the previous section allows this part of the study to be conducted only from a simulation standpoint. The results obtained here will be applied to the real case.

The schematics of the simulation setup is given in Fig. 4.11a (similar to the one presented at the beginning of the chapter in Fig. 4.1a). The probe is in contact with the non-homogeneous layer of thickness s (i.e., the plasma sheath), in which the electron density profile is obtained with the model in section 4.2. An example of the electron density and plasma permittivity evolution across the sheath is provided in Fig. 4.11b. In this case, the bulk plasma conditions are n e,bulk = 10 9 cm -3 , 3D numerical simulations are run for the three probes (CP700, CP1400, and CP3000) and different plasma sheaths, whose thickness and density profile is determined by the bulk plasma conditions: n e,bulk from 10 8 to 10 11 cm -3 , T e,bulk from 1 to 50 eV, and E k,i from 0 to 300 eV. The depth factor is here defined as DF (s) = ∆f (s) ∆f (s=0) , where ∆f (s = 0) is the frequency shift in the presence of uniform plasma (i.e., an ideal case where the plasma sheath do not form), and where ∆f (s) is the frequency shift in the presence of a sheath of thickness s.

Figure 4.12a shows the results of this parametric study in terms of the depth factor against the sheath thickness for the CP700 (the forthcoming conclusions also apply to both the CP1400 and CP3000). The depth factor is compared between two different bulk electron density: n e,bulk = 10 9 and 6 × 10 9 cm -3 . The electron temperature is varied in the range 1 -100 eV, whereas the ion Mach number is constant and equal to 1. The depth factor shows the same dependency upon the sheath thickness with the two different bulk densities. Hence, the DF can be considered a property of the curling probe and can be used without the a priori knowledge of the bulk (unperturbed) plasma conditions. We note that similar results have been obtained for different Mach numbers (M > 1) and different bulk electron densities and temperatures. Furthermore, this approach assumes that the DF is only affected by the sheath layer and that the effect of the presheath is negligible (this point is clarified in section 4.4). Figure 4.12b shows the comparison between the depth factor in the presence of a solid dielectric etalon (the same shown in Fig. 4.10 and hereafter called "dielectric-DF ") and the depth factor in the presence of a plasma sheath (called "plasma-DF " in the following). The bulk plasma conditions (yielding the different sheath thickness shown in abscissa) are varied in the range n e,bulk = 2 × 10 8 -3 × 10 10 cm -3 , T e,bulk = 5 -30 eV, M = 1 -2. The dielectric-DF is globally lower than the plasma-DF (by 17-fold at 8 mm to 1.9-fold and 1.05-fold at 1.5 and 0.4 mm respectively), most probably due to the sudden discontinuity of the permittivity profile in the dielectric case. Indeed, in the former case, the permittivity abruptly changes from 1 to ϵ * d (cf. Eq. 4.6). In the latter case, the plasma permittivity smoothly varies from a value very close to 1 at the probe surface (the wall density is not exactly zero but n e,wall ≪ n e,bulk ), to the bulk permittivity (0 ≤ ϵ p,bulk < 1) without any discontinuity. Also, the probed volume is characterized by an average permittivity closer to the bulk value. Finally, in the first ≃ 0.8 mm, the plasma-DF and dielectric-DF are in agreement. This can be explained considering that at this location of the sheath, the electron density is only 3% of the bulk density yielding a permittivity still very close to 1 (as shown in Fig. 4.11b where the permittivity has only decreased by 0.4% compared to the value at the probe surface).

In Eq. 4.7 we have defined the depth factor (DF ) with the frequency shift, i.e., a measurable quantity. The association with the electron density, viz. our quantity of interest, is possible by considering Eq. 2.12: for frequency shifts small compared to the working frequency (∆f ≪ f 0 ), the electron density is directly proportional to the frequency shift (n e ∝ 2f 0 ∆f ). Hence, the depth factor can be written as

DF (s) = ∆f (s) ∆f (s = 0) = n e (s) n e (s = 0) = n e,raw n e,bulk , (4.8) 
where n e,raw is the raw measured density affected by the presence of the plasma sheath and n e,bulk is the bulk unperturbed density.

In conclusion, the depth factor (i) is the probe sensitivity to a sheath (the larger the DF , the lower the perturbation of the sheath on a measurement), and (ii) uniquely depends upon the sheath thickness3 . In the case of a plasma sheath, the plasma-DF can be used to estimate the bulk (unperturbed) electron density starting from the raw measured value (i.e., affected by the presence of the sheath), whereas using the dielectric-DF would result in an over-correction of the bulk density. This property of the curling probe is the basis of the correction method proposed in section 4.4.

. Depth factor as a property of the working frequency

We have seen that different probes (i.e., with a different identifier CPXXXX) and the higher harmonics of a low-working-frequency probe (i.e., the SHR of a CP700) are characterized by different plasma sensitivities that are mainly driven by the working frequency (cf. Eq. 2.13). Similarly, we study the effects of the working frequency on the depth factor, especially when comparing different probes (CPXXXX) or harmonics of the CP700. Figure 4.13a shows the numerical simulation results for the simulated plasma-DF for the FHR and SHR of the CP700. The bulk plasma conditions (yielding the different sheath thicknesses shown in the abscissa) are varied in the same ranges as in Fig. 4.12b. The plasma-DF of the FHR is globally larger than that of the SHR. In detail, the ratio is close to one for sheath thicknesses below 0.3 mm, whereas it increases by 2.5-fold at 1 mm to 4.5-fold at 7 mm. Therefore, we can predict that the FHR and the SHR would return approximately the same raw density number for a measurement performed in a plasma with a very thin sheath (s ≲ 0.3 mm). A higher discrepancy would be observed in plasmas with a larger sheath (s ≳ 1 mm). The difference in behavior can be better understood by looking at the emitted EM field at the resonance frequency of the two harmonics. .13b shows the contour lines of the emitted EM field in the xz cut plane of the CP700 at the resonance frequencies of its first and second harmonic (approximately 720 and 1700 MHz). The probe mask is added to understand the solid probe frontiers better. The same factor normalizes the FHR and SHR electric fields, and only three levels are shown for clarity: 1, 0.1, and 0.01 a.u. The highest field locates at a maximum distance of around 3 and 0.5 mm for the FHR and SHR, respectively. Consequently, the FHR and SHR have a very similar frequency response for sheath thicknesses smaller than approximately 0.5 mm, as can be seen in Fig. 4.13a. Finally, in the volume between 2.5 and 10 mm, the SHR electric field intensity is almost ten times lower than that of the FHR. This gap is at the origin of the more substantial divergence observed on the depth factors beyond 2 mm (cf. Fig. 4.13a).

We now compare the plasma-DF of the three probes -CP700, CP1400, and CP3000 -as seen in Fig. 4.14. First, the three DF display the same trends, even though the working frequency is multiplied by almost four times when using the CP3000 instead of CP700. Second, the DF is lower for probes with a higher working frequency. On the one hand, the DF of the CP1400 is slightly lower than that of the CP700, meaning that their emitted electric field has a similar spatial distribution and characteristic decay length. On the other hand, the DF of the CP3000 is among the lowest (by 3.5-fold at 2 mm to more than 20-fold at 6 mm if compared to that of the CP700). This significant gap results from the steeper decay of the CP3000 electric field compared to that of the CP1400 and CP700 (not shown here). In conclusion, the plasma-DF -or, equivalently, the probe sensitivity to the plasma sheath -is found to be working-frequency-dependent. In particular, it is lower both in the case of the higher harmonic of the CP700 (SHR) and of higherworking-frequency probes (CP1400 and CP3000) due to the faster decay of the electric field (yielding a shorter characteristic decay length). Furthermore, different probe dielectric substrates are seen to have a negligible effect on the plasma-DF (not shown here). Therefore, the plasma-DF presented in Figs. 4.13a and 4.14 for the CP700 FHR and SHR, CP1400, and CP3000 are used for all the manufactured probes with the same CPXXXX identifier.

. The plasma sheath correction method

We now have all the elements to build our plasma sheath correction method. The plasma-wall structure model presented in section 4.2 (i) leads to the definition of the dimensionless sheath thickness (K s (M ), i.e., uniquely dependent on the ion Mach number in the bulk plasma), and (ii) provides the sheath-presheath density drop (n e,s /n e,bulk ) in the case of subsonic ions. On the other hand, the plasma-DF presented in the previous section (4.3) provides the relationship between the sheath thickness (s) and the raw density (perturbed by the presence of the sheath) measured with a CP (n e,raw /n e,bulk ).

. The correction algorithm

Electron densities are corrected through an iterative algorithm 4 written in Python coding language, whose chart flow is represented in Fig. 4.15. The input parameters are (i) the raw density inferred from measurements, (ii) the estimated electron temperature, and (iii) the estimated ion kinetic energy, as summarized in Table 4.1. The output parameter of this algorithm is then the estimated value of the unperturbed bulk density number (n e,bulk ). The other two input parameters K s (M ) and DF (s) change according to the gas and the used probe, respectively. In addition, K s is piecewise fitted with a logarithmic and a quadratic law in the subsonic and the supersonic regime, respectively, whereas the plasma-DF chart is interpolated via a spline-type interpolation. Q and T ol represent the residual and the desired tolerance on the corrected density value, and ds is the incremental sheath thickness.

A raw density value is corrected as follows. The DF chart is used to estimate the density at the plasma-sheath edge (i.e., the bulk density) in the case of supersonic ions. In details, the sheath thickness is varied until the condition n est e,bulk = DF (s(n est e,bulk , T e,bulk , M ))

• n e,raw is satisfied. In the case of subsonic ions (i.e., in the presence of a presheath), the correction is done in two steps. First, the DF chart is used to estimate the density at the sheath-presheath edge (as detailed above). Then, the bulk density is obtained by accounting for the density drop across the presheath (using the potential drop in Eq. 4.5). The slight difference in the correction steps in the subsonic and supersonic cases comes from the assumption that the DF is mostly affected by the sheath (see section 4.3.2).

Finally, we will see later that the exact knowledge of the electron temperature and ion kinetic energy (to compute the ion Mach number) is not necessary and that a raw estimation is enough (cf. section 4.4.2).

. Numerical validation of the plasma sheath correction method

In this section, the correction method is applied to the raw densities obtained from the 3D numerical simulations presented in section 4.2.3 (cf. Fig. 4.7). For each condition simulated in Fig 4 .7, the algorithm uses the exact T e,bulk and E k,i to correct the raw density values.

Figure 4.16a shows the corrected densities (as ratio to the bulk density) for two bulk densities (i.e., n e,bulk = 10 9 and 10 10 cm -3 ), T e,bulk = 1 -50 eV, and M = 1. Globally, the uncertainties are below ±5% and are arbitrarily distributed (i.e., they do not depend upon the temperature values). Moreover, the bulk density value does not affect the correction's precision.

Figure 4.16b shows the corrected densities (as ratio to the bulk density) for two bulk plasma conditions (n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV and n e,bulk = 10 11 cm -3 , T e,bulk = 4 eV), while M is in the range 0 -2. Again, uncertainties are below ±5% for both the subsonic and supersonic range, and no clear pattern emerges when comparing the results in the subsonic or supersonic regimes. Last, the correction works in the case of large structures (low-density and hightemperature case, cf. red symbols) and thinner structures (high-density and lowtemperature case, cf. green symbols).

In general, we have observed uncertainties of the order of ±5% when applying the correction method to simulation cases where the exact values of the bulk temperature and ion energy have been used. The cause for these low discrepancies comes from the values of the tolerance T ol (first order) and that of the incremental sheath thickness ds (second order). Lower tolerances would significantly increase the solution time while only increasing the correction precision by a few percent.

Hence, we can conclude that the plasma sheath correction method is validated from a numerical standpoint, i.e., in cases where the exact values of the bulk plasma conditions (n e,bulk , T e,bulk , and E k,i ) are known a priori and the sheath model is exact. 

. Sensitivity of the method to the input parameters

In the real case, the electron temperature and ion kinetic energy are generally known as estimations. Hence, estimating the discrepancies generated by using the wrong bulk plasma condition to correct a given raw density measurement is fundamental. Figure 4.17 summarizes the parametric numerical study performed on the output of the plasma sheath correction method (i.e., the unperturbed bulk density) by varying the input parameters (i.e., the electron temperature and ion kinetic energy) to half and double their exact value. The exact bulk plasma conditions 5are n e,bulk = 10 8 -10 11 cm -3 and T e,bulk = 20 eV, whereas E k,i = 5 and 40 eV, corresponding to a subsonic (M = 0.7) and supersonic (M = 2) case, respectively. Figure 4.17a shows the subsonic regime with E k,i = 5 eV, i.e., M = 0.7. The cases with T corr = 0.5 × T e,bulk and E corr = 2 × E k,i correspond to a correction Mach of 1, whereas T corr = 2 × T e,bulk and E corr = 0.5 × E k,i correspond to a correction Mach of 0.5. Likewise, Figure 4.17b shows the supersonic regime with E k,i = 40 eV, i.e., M = 2. In this case T corr = 0.5 × T e,bulk and E corr = 2 × E k,i correspond to a correction Mach of 2.8, whereas T corr = 2 × T e,bulk and E corr = 0.5 × E k,i corresponds to a correction Mach of 1.4.

Globally, the discrepancies are lower in the supersonic ion regime and decrease as the bulk density increases. More in detail, using a wrong Mach number has a relatively small effect on the method accuracy (< 20% in the subsonic and < 5% in the supersonic case at low density), whereas using a wrong electron temperature has a stronger effect, especially at low density. Indeed, errors can be as high as 50% in the subsonic regime and 40% in the supersonic regime if T corr = 2 × T e,bulk is used. Figure 4.17: Errors on the estimation of the bulk electron density with the plasma sheath correction method for a case of (a) subsonic ions (b) supersonic ions.

Two considerations can be made relative to measurements collected inside the thruster plume. On the one hand, densities between 10 8 and 10 9 cm -3 are found in the far field of the plume (cf. section 6.3), where supersonic ions are present. Hence, errors are likely to be relatively contained (of the order of 30 to 40% in the worst case). On the other hand, low densities are also found in the periphery of the plume near field, where the presence of subsonic (or nearly sonic) ions may result in larger errors (≳ 50%). However, the correction uncertainties are lower than the raw density underestimations of an uncorrected measurement. For instance, raw density underestimations can be as high as 90% in a plasma with T e,bulk = 20 eV and M = 0.7 (cf. Fig. 4.7).

Following the propagation of uncertainty, we derive the uncertainty on the corrected density, which is used in this work (similarly to what is done in section 3.2 for the uncertainty of the measurements). The results fit a power law such as

σ ncorr n corr = 1 -an b corr , (4.9) 
where a and b are the fitting coefficients for each curling probe (e.g., a ≃ 0.2 and b ≃ 0.04 for the CP700) and where n corr is the corrected density number.

. Toward a method for the electron temperature estimation

The presented plasma sheath correction method allows a single raw measured density value to be corrected, provided that an adequate estimation of the bulk electron temperature and ion energy is known (even within a half and a double their exact value, as shown in Fig. 4.17). We note that T e,bulk , E k,i , and n e,bulk are the unknowns of the algorithm, and that by fixing T e,bulk and E k,i as input parameters (and also the raw density to be corrected) we solve for the unperturbed bulk density. However, we could solve for two of the unknowns (either T e,bulk and n e,bulk or n e,bulk and E k,i ) by adding a second raw density value as input of the algorithm. This is possible by using both the FHR and SHR raw density measurements of the CP700. Indeed, FHR and SHR measurements are performed at (almost) the same time (within the temporal resolution of the VNA of some hundreds of milliseconds, cf. section 3.1.2). Therefore, the plasma-wall structure and the bulk plasma conditions (n e,bulk , T e,bulk , and E k,i ) are the same for the FHR and SHR density measurements in a stationary plasma. The modifications of the correction algorithm are detailed in App. D.

The results of the application of this modified algorithm to simulation data are shown in Fig. 4.18. The bulk plasma conditions are n e,bulk = 2 × 10 9 cm -3 , T e,bulk = 1 -50 eV, and M = 1, yielding sheath thickness from approximately 0.5 to 3.4 mm. Figures 4.18a and 4.18b show the estimation of the bulk electron temperature (by fixing the ion kinetic energy) and the estimation of the ion kinetic energy (by fixing the bulk temperature to its exact value). Discrepancies are below ±30% for both the temperature and energy. Even though these results are satisfactory, the estimation accuracy of both the temperature and energy is highly dependent on the precision of the fixed variable (either the ion energy or the electron temperature). This correlates to the uncertainty estimation provided in Fig. 4.17: a variation on the temperature or energy of a half or a double provided as input to the correction algorithm "only" produces errors as high as 50%.

Finally, Fig. 4.18c shows the bulk (corrected) electron density estimation. Discrepancies with the "true value" (i.e., that set in the simulations) are below 10% for almost all data points. We also observe that the gap between the raw density from the FHR and SHR increases with the temperature (i.e., for larger sheaths), consistent with the different sensitivity to the plasma sheath visible in Fig. 4.13a. the electron temperature (by fixing E k,i ), (b) the ion kinetic energy (by fixing T e,bulk ), and (c) the corrected bulk density. The bulk plasma conditions are n e,bulk = 2 × 10 9 cm -3 , T e,bulk = 1 -50 eV, and M = 1.

. Conclusion on the plasma sheath correction method

In conclusion, the plasma sheath correction algorithm is numerically validated in the presence of subsonic or supersonic ions. The algorithm can be adjusted to have two different outputs.

1. Estimation of the bulk electron density starting from a single value of raw (perturbed by the sheath) density number. This is achieved by estimating the bulk electron density and ion kinetic energy (within a half and a half of their exact value). The resulting corrected densities (i.e., the estimation of the unperturbed bulk density) are accurate within 50% at low density (≲ 5 × 10 9 cm -3 ) and within 25% at higher density (≳ 5 × 10 10 cm -3 ) in the subsonic case (errors are even lower in the case of supersonic ions). In contrast, the raw values could be underestimated by 95% and 75% in the subsonic and supersonic ion regimes, respectively.

2. Estimation of two parameters simultaneously: (i) bulk electron density and temperature, provided that the ion kinetic energy is approximately known, or (ii) bulk electron density and ion kinetic energy, provided that the electron temperature is approximately known. This is possible by combining the results of the first and second harmonic resonance measurements of the CP700. In this approach, uncertainties on the corrected densities are similar to the first method. On the other hand, this second method requires more precise estimation of the initial parameters (in terms of electron temperature or ion kinetic energy). This modified algorithm opens a wide range of possibilities, especially in plasma environments where the classic methods used to measure the electron temperature are less accessible. Its validity and applicability should be more thoroughly analyzed for a broader range of electron densities and temperatures.

. Experimental assessment of the plasma sheath correction method

In this last section, we provide the experimental assessment of the plasma sheath correction method by discussing measurements performed in two different plasma sources. The first is the ECR thruster plume. Curling probe corrected densities are compared with both hairpin and Langmuir probe measurements. The second plasma source is the ICP source described in section 3.3.2. In this case, curling probe corrected densities are compared with Langmuir probe measurements. For both sources, we also show that the comparison between the corrected densities measured with the FHR and SHR of the CP700 provides an additional evaluation of the correction method.

The density measurements presented in this section are interpreted within the ordinary wave propagation (i.e., using the volume wave-propagation mode of the curling probe), yielding a maximum measurable density for the FHR of the CP700 of the order of 10 10 cm -3 as shown numerically (section 2.3.5) and experimentally (section 3.6.1). However, plasma sheath and collisions effects allow the ideal limit imposed by the underdense criterion (Eq. 2.2, in the case of a collisionless and unmagnetized plasma) to be moderately exceeded, as previously mentioned in section 2.3.5. Indeed, for certain measurements performed in the ICP source, we have measured frequency shifts with the FHR of the CP700 corresponding to densities of around 10 11 cm -3 . These results are briefly discussed in App. E and are not presented in this section.

. Results inside the plume of the ECR thruster

Results include several experimental campaigns performed inside the ONERA facility B09 vacuum chamber. For all measurements shown here, the probes are immersed in the thruster plume, and their location is bounded between 3 and 20 cm from the thruster along the thruster symmetry axis.

Characterization of the plasma environment

Measurements are performed with the ECR thruster being operated at flowrates ranging from 1 to 2 SCCM-Xe and power deposited in the plasma at around 30 W. The dimensionless sheath thickness (K s ) is the one computed in the case of xenon. For these operating conditions, we have measured (i) ion velocities in the range 5 -17 km•s -1 (not shown here), and (ii) electron temperatures in the range 30 -10 eV (cf. section 6.3) when moving from the plume near field to farther downstream and according to the operating condition (in the following, T corr = 20 and 10 eV are considered as representative values to to correct the raw densities at 1 and 2 SCCM-Xe, respectively). Therefore, ion Mach numbers are calculated using Eq. 4.1 and are estimated to be higher than one for the whole measurement range (cf. Fig. 4. 19, where the uncertainties are estimated following the propagation of uncertainty of the temperature and ion velocity measurements). The values shown in the figure are consistent with previous measurements [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] and are then used to correct the raw densities measured with the curling probe. 

Comparison between different probe orientations

Here, we compare the density measurements obtained with a CP700 following two different orientations with respect to the impinging plasma flux. Along the thruster symmetry axis, ion velocity is approximately aligned with the axis, with the drift velocity along a direction perpendicular to it of the order of a few hundreds of m•s -1 (measurements not shown here), yielding M ⊥6 ≃ 0.2 -0.5. The plasma-wall structure will then be very different depending on the orientation of the probe surface with respect to the thruster axis. Figure 4.20a schematizes the two possible probe orientations, defined as "normal" and "parallel" configurations (the xz referential is in the probe frame of reference). The normal configuration corresponds to the case where the normal to the curling probe surface (z-axis in the figure) is perpendicular to the direction of the plasma flow (i.e., the thruster axis aligned as the x-axis in the figure). The parallel configuration corresponds to the case where the normal to the probe surface (z-axis) is parallel to the direction of the plasma flow (z-axis). Therefore, in the parallel configuration, ions impinge the wall at a higher velocity (cf. Fig. 4. 19). On the other hand, in the normal configuration, only the velocity perpendicular to the thruster axis represents the "apparent" ion Mach number in the bulk plasma, which is lower and equal to M ⊥ .

Figure 4.20b shows the comparison between two measurements performed with two7 CP700 in the normal and parallel configuration. The thruster is operated at 1 SCCM-Xe and 30 W, and the probes are located between 5 and 10 cm from the thruster. The raw densities are then corrected using T corr = 20 eV (which is a representative estimation, as said earlier) and M corr = 0.5 and 1.5 for the normal and parallel configuration, respectively. The abscissa in the figure represents the corrected parallel-CP density. First, the normal-CP raw densities are globally lower than the parallel-CP values (by a factor of 1.4 at low density and almost by a factor of 3 at higher density) due to the different plasma sheath structure that forms in each case. Indeed, the normal-CP "sees" slower ions, resulting in a thicker plasma sheath (i.e., a larger perturbation on the measurement). When applying the sheath correction method, the normal-CP corrected densities are in good accordance with the parallel-CP corrected values with discrepancies around 20%.

Comparison with a hairpin and a Langmuir probe

Here, we compare the density profiles obtained with two curling probes (CP700 in normal configuration and CP1400 in parallel configuration) to those obtained with a hairpin (HP5000) and a Langmuir probe. The raw densities from the HP5000 are corrected according to the sheath correction method from Piejak et al. [START_REF] Piejak | A DC Biased Hairpin Resonator Probe[END_REF]. The thruster is operated at 1 SCCM-Xe and 30 W. Curling probes raw measurements are corrected using T corr = 20 eV and the correction ion Mach number is M corr = 1.5 and M corr = 0.5 for the CP1400 and CP700, respectively (as in the previous section). Low variations in the corrected results are observed when using correction temperatures of 10 or 30 eV and 1 < M corr ≤ 3 or 0.2 < M corr ≤ 0.7 for the CP1400 and CP700, respectively. The measurements are taken on three different thruster runs, CP1400 and HP5000 together, CP700 alone, and LP alone, and thruster variability from run to run is not accounted for in the uncertainties. However, through the numerous experimental campaigns carried out during this thesis, we have observed that variations of the density profiles are well within measurement uncertainties.

The electron density measurements with the three diagnostics are shown in Fig. 4.21. First, raw CP and HP measurements are lower than LP measurements for the whole range. Second, raw-CP700 densities are lower than raw-CP1400 densities, consistent with the orientation in the plasma plume (cf. the previous section). Third, HP5000-raw densities agree with raw-CP700 densities in the plume far field (i.e., ≳ 10 cm) and with raw-CP1400 densities in the plume near field (i.e., ≲ 7 cm); hence, validating the assumption made in section 3.3.2 from an experimental standpoint. Furthermore, we note that LP density measurements are limited to the plume far field (i.e., ≳ 7 cm) due to strong plasma perturbation and probe damage observed closer to the thruster, resulting in collected I-V curves difficult to analyze (not shown here). When applying the sheath correction method to raw data, corrected-CPs density agrees well (i) with corrected-HP values (which are corrected using a different method [START_REF] Piejak | A DC Biased Hairpin Resonator Probe[END_REF]), (ii) between each other (in this case, the correction method is the same, but the input parameters DF and M corr are different), and (iii) with LP density measurements. 

Comparison between FHR and SHR measurements

Lastly, we assess the plasma sheath correction method by comparing the corrected densities from the FHR and SHR of a CP700. The thruster is operated at 2 SCCM-Xe and 30 W, and the CP700 is in the normal configuration. The input parameters are then T corr = 10 eV and M corr = 0.5. In addition, the plasma-wall structure is assumed to be the same for both measurements.

Figure 4.22 shows the density profile obtained with the FHR and SHR and with a Langmuir probe. The raw FHR and SHR densities are lower than LP measurements due to the presence of the plasma sheath. Furthermore, the raw FHR density is larger than the raw SHR values, consistent with their respective sensitivity to a plasma sheath (cf. the DF chart in Fig. 4.13a). When the correction method is applied, corrected FHR and SHR densities are in good accordance (i) between them (the input parameters T corr and M corr are equal for both, whereas DF is different for each), and (ii) with LP density measurements.

. Results inside the expansion region of the ICP source

The results presented here are part of a measurement campaign conducted at the end of February 2021, in the framework of a collaboration with the Laboratoire de Physique des Plasmas (LPP) of the Ecole Polytechnique (IPP -Institut Polytechnique de Paris). The main purpose of this collaboration was to compare electron density measurements with a curling probe (raw and corrected values) and a Langmuir probe in an ICP plasma source to assess the sheath correction method. Indeed, this source represents a better described and "more controlled" plasma environment where (i) the magnetic field is absent (and so completely avoiding any possible perturbation of the plasma sheath), and (ii) LP measurements can be considered trustworthy in these conditions (vs. the ECR thruster plume where the presence of a high energy ion beam and the magnetic field make sometimes difficult the interpretation of collected data).

The tests are performed in the expansion region downstream of a cuboid ICP source, fed with argon and already described in section 3.3.2 (the reader may find further details on the ICP source in refs. [START_REF] Leray | PEGASES: Plasma Propulsion with Electronegative Gases[END_REF]- [START_REF] Marmuse | Iodine Plasmas: Experimental and Numerical Studies[END_REF]). The two probes, a CP700 and a Langmuir probe (also described in section 3.3.2), are mounted on a manual translational stage (with their relative distance being 2 cm), and their distance to the coupling antenna is varied from 8.5 to 18.5 cm, as shown in the experimental setup pictured in Fig. 4.23a. The CP700 is used in its parallel configuration so that the probe surface faces the impinging flow. Moreover, the grid separating the cuboid source is not present, allowing plasma to expand in the neighboring chamber (cf. the experimental setup in section 3.3.2 in Fig. 3.10a).

Characterization of the plasma environment

The power deposited in the argon plasma varies from 50 to 100 W with a pressure of approximately 7 × 10 -3 mbar-N 2 inside the cuboid source. The dimensionless sheath thickness is then the curve computed in the case of argon. In the expansion region, the pressure is estimated to be lower and of the order of a few 10 -3 mbar-N 2 . We have measured an expanding plasma characterized by densities between approximately 10 10 to 10 9 cm -3 farther downstream and a mild electron cooling from 4 to 2 eV (not shown here). Ion velocity is inferred from the plasma potential measurements (not shown here) performed with the Langmuir probe (the plasma potential profile is seen to be marginally affected by the power deposited in the plasma). In this case, the ion Mach number estimation is less straightforward than the ECR case, as plasma collisionality must be accounted for and can not be neglected (as in the ECR thruster plume). Indeed, the ion-neutral mean free path is estimated to be 6 -25 mm, whereas the measurement range spans several centimeters. The ion velocity is then computed in two limit cases: collisionless and collisional plasma. In the former case, the ion kinetic energy is assumed to be conserved across the entire measurement range, yielding ion kinetic energies as high as 8 eV downstream of the expansion (corresponding to around 6.2 km•s -1 in the case of argon). In the latter case, the ion kinetic energy is assumed to be conserved only between two collisions occurring across one ion-neutral mean free path distance. The pressure profile is considered to decrease linearly along the expansion. In this case, the maximum ion kinetic energy is approximately 2 eV (corresponding to around 3.1 km•s -1 in the case of argon). The ion Mach number estimated in the collisionless and collisional case is shown in Fig. 4.23b and is compared to results obtained from a 1D fluid code provided by the LPP. Along the expansion region (i.e., the measurement range), the ion Mach number increases from 0.7 to 1 in the collisional and 1.3 to 2.3 in the collisionless case. Our analysis considers that the "real-case" Mach number is bounded between the collisional and collisionless curves since an accurate estimation of the pressure profile along the expansion is not available.

Comparison with a Langmuir probe

Figure 4.24 shows the comparison between the density measured with the CP700 and the Langmuir probe. The abscissa represents LP densities, considered the "bulk density" (the post-processing method accounts for the presence of a plasma sheath around the probe tip [START_REF] Godyak | Probe measurements of electron-energy distributions in plasmas: What can we measure and how can we achieve reliable results?[END_REF]). The raw-CP densities (black squares) are globally lower than LP values due to the presence of a plasma sheath. Nonetheless, for densities of around 3×10 9 cm -3 , the raw-CP values are close to LP values (within the ±20% discrepancy), most probably due to the narrower sheaths forming for those plasma conditions (the sheath thickness is estimated to be less than 0.5 mm for those points). Raw-CP data is corrected using the two Mach number profiles (M (x)) in the collisionless and collisional cases (cf. Fig. 4.23b). This allows an envelope of corrected data to be defined. Globally, corrected-CP data agree with Langmuir probe measurements, and a better agreement is obtained if the collisionless Mach profile is used. Discrepancies are of the order of ±20% in both cases (collisional and collisionless). 

Comparison between FHR and SHR measurements

Lastly, we assess the plasma sheath correction method by comparing the corrected density from the FHR and SHR of the CP700 in like manner to what is done at the end of the previous section (4.5.1).

Figure 4.25 compares FHR and SHR measurements to Langmuir probe densities, with the abscissa being the LP measurement. Raw-FHR and raw-SHR density are globally lower than the Langmuir probe value (the latter is the solid blue line). Moreover, raw-SHR densities are lower than the raw-FHR values (consistent with the behavior observed in Fig. 4.22 and according to the DF chart shown in Fig. 4.13a). For densities of approximately 3 × 10 9 and 10 10 cm -3 (in the case of the FHR and SHR, respectively), the discrepancy between the raw-CP and LP measurements is close to 20%, probably due to the presence of sheaths "thin" compared to their respective sensitivity to a plasma sheath. Raw-CP data is corrected using M corr = 1: globally, corrected-FHR and SHR data agree and are in good accordance with LP values with discrepancies below 20%. 

. Conclusion on the experimental assessment

In conclusion, we have conducted an experimental assessment of the plasma sheath correction method in two different plasma environments and two different gas (argon and xenon) by applying it to the raw densities measured with a curling probe and then comparing the latter with hairpin and Langmuir probe measurements.

• Generally, we have obtained good agreement between the curling probe, hairpin probe, and Langmuir probe density measurements. Consequently, the plasma sheath correction model is globally validated, especially if we consider that the hairpin raw densities are corrected using another method [START_REF] Piejak | The hairpin resonator: A plasma density measuring technique revisited[END_REF]. Moreover, the correction method works quite well if the ions are close to or beyond the sonic condition, even if the input parameters (T e,corr and M corr ) are not provided with high accuracy. However, the method would still need to be improved in the case of subsonic ions since larger discrepancies appear in this case. A possible explanation may be given: the DF is determined only in the presence of a sheath, while the presheath effect is considered negligible. Because of this assumption, the correction of a raw density in the case of a presheath-sheath structure is done in two steps: first, the use of the DF allows for the determination of the density at the sheath-presheath edge. The latter is then corrected according to the density drop inside the presheath. Three points of improvement are identified (i) to improve the 1D plasma-wall structure model in the presence of a presheath, (ii) to consider more complex ion energy distributions, and (iii) to include the effect of the presheath in the computation of the DF , so that the correction would be done in only one step also in the case of subsonic ions (as it is already the case for supersonic ions).

• The good accordance between the corrected densities obtained in the parallel and normal configurations and the case of the FHR and SHR is highly encouraging. In the first case, we have used the same probe, i.e., with a given DF characteristic, and we have changed the plasma-wall structure by varying the relative position of the probe with respect to the plasma flux.

In the second case, we have used two different harmonics of the same probe (i.e., with the plasma-wall structure being unchanged), each having a different DF characteristic. These two examples show that the plasma sheath correction method is sensitive to the DF property of the curling probe and is directly correlated with the perturbation effect of the sheath on a density measurement.

. Summary

In this chapter, we have conducted a numerical and experimental study of the plasma sheath effect on electron density measurements performed with a curling probe. Indeed, the presence of a sheath perturbs the density measurement, and the inferred density is lower than the unperturbed bulk density.

First, we have developed a simple analytical model to describe the plasma-wall structure forming at the probe surface when the latter is immersed in a plasma. We have found that the dimensionless sheath thickness (normalized by the Debye length in the bulk plasma) uniquely depends upon the ion Mach number in the bulk plasma. This allows the sheath thickness to be quickly estimated if the bulk electron density, temperature, and ion velocity are known.

Then, we have characterized both numerically and experimentally the capability of the curling probe to probe a medium some millimeters far away from its surface. We have defined this property as the depth factor of the probe that describes the probe sensitivity to a sheath facing the resonator slot. We have shown that the depth factor is a ratio directly relating the frequency shift (i.e., the measured quantity) with the ratio of the raw measured density to the unperturbed bulk value (i.e., the quantity of interest). The resulting depth factor chart (given as a function of the sheath thickness) is a property of a curling probe and depends on the harmonic resonance mode.

Third, we have developed a correction method accounting for the presence of the plasma sheath by coupling the plasma-wall model results (i.e., the dimensionless sheath thickness) with the depth factor property of the probe. The inputs of the method are (i) the raw measured density and an estimation of the (ii) electron temperature and (iii) ion kinetic energy, with the output being the unperturbed bulk density. The validity of the method has been first assessed numerically, showing that input parameters (electron temperature and ion kinetic energy) can be provided as rough estimations without introducing excessive incertitude in the final output. Furthermore, we have shown that a modified version of the correction method may provide a way to measure the electron temperature and density.

Finally, the correction method has been experimentally assessed by comparing corrected curling probe data with two other well-known diagnostics. Globally, we have obtained good agreement between the corrected curling probe densities and hairpin and Langmuir probe measurements, with discrepancies below 20% (especially in the case of supersonic ions). A more thorough experimental investigation should be carried out in the case of subsonic ions.

Part two

Characterization of an electron cyclotron resonance plasma thruster p

In the second part, we characterize an electron cyclotron resonance plasma thruster through an experimental investigation. The part is structured into two chapters: the fifth and the sixth. The fifth chapter presents the experimental apparatus and methods used for the study of the thruster, while the sixth presents and discusses the experimental results, especially in terms of direct thrust measurements, the 2D spatial distribution of the electron density in the source and plume of the thruster, and electron energy anisotropy inside the source.

-Experimental apparatus and methods for the study of the ECR thruster

Main objectives. This chapter presents the experimental apparatus and methods employed for the experimental study of the ECR thruster discussed in the following chapter. First, the thruster and vacuum facility are presented. Then, we discuss the setups of the different thruster and plasma diagnostics used in the experimental investigation: electrostatic probes, thrust stand, laser-induced fluorescence, and curling probes. Also, perturbation effects due to the insertion of electrostatic probes in the thruster plume and facility and background pressure effects on the thruster performances are examined.

Main results. Electrostatic probes biased at low negative voltages are seen to affect the thruster floating potential, especially if the probe is close to the thruster symmetry axis. In the case of the Faraday probe, the perturbation of the plume is observed even when the probe is not biased. In the case of the Langmuir probe, measurements are limited to the plume far field due to strong plasma perturbations and probe damage. Three different experimental setups are put in place to perform direct measurements of the thrust and its two main contributions. High repeatability and accuracy of the thrust measurements are obtained, even when changing the experimental setup. The investigation of the facility effects shows that variations of the electrical plume boundary condition affect thruster performances. In contrast, facility dimensions are seen to have a negligible effect on the thrust. A parametric study on the collection parameters of the laser-induced fluorescence (LIF) enables optimization of the measurements signal quality according to the position inside the thruster. A good agreement is obtained between the density inferred from LIF and in-situ curling probe measurements, which allows reliable 2D density mappings across the source and plume of the thruster to be performed. Finally, the increase in the background pressure is seen to lower (i) thrust performances, (ii) the electron temperature, (iii) and the fraction of doubly-to-singly charged xenon ions.

. ECR thruster

The ECR thruster used in this thesis is the result of a complex and constant development carried out within the FPA unit (in the DPHY department) at the ONERA Center of Palaiseau (France) since 2010, especially in the framework of the Horizon 2020 MINOTOR European project [START_REF][END_REF]. In particular, this version is the result of years of optimization via numerical and experimental works that have been conducted by F. Cannat [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF], T. Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], and S. Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. The reader is invited to approach these references for further details about the development process and the different versions of the thruster (which are not discussed here).

While the ECR thruster principle has been presented in section 1.2.2, we focus here on the version of the thruster used in this work, whose schematic layout is shown in Fig. 5.1. The figure also shows the two frames of reference used to collect the measurements throughout this thesis: the Cartesian (z, r) and the polar coordinate system (ρ, θ), both centered at the backplate (the angle θ is positive when r is positive).

The thruster is described in terms of (i) geometry and materials, (ii) the configuration adopted for the injection of the propellant, (iii) the microwave feeding line, and (iv) the magnetic field topology produced by the permanent magnet. During this thesis, different versions of the thrusters have been used. In particular, two different magnetic field topologies, two gas injection configurations, and two materials have been used. In the following of the manuscript, the thruster version will be labeled as follows: material-magnetic topology-injection configuration. 

. Geometry and materials of the thruster

The thruster consists of a conductive 20 mm-long cylindrical ionization chamber of 13.75 mm and 20.5 mm inner and outer radii (labeled outer conductor in Fig. 5.1). A central conductor (labeled inner conductor in the figure, also called antenna in some references) of 20 mm in length and 2.3 mm in diameter is clamped at the closed-end of the coaxial chamber, where a dielectric backplate allows for the confinement of the injected gas. The backplate also prevents the plasma from eroding the coaxial microwave transmission line while being transparent to microwaves. This coaxial structure (inner/outer conductor), which is electrically connected to the feeding microwave line, allows for the propagation of microwaves and constitutes the ionization chamber of the thruster. In the remainder of the manuscript, the coaxial ionization chamber will be referred to as thruster source or source.

The optimization of the ECR thruster performances is part of ongoing work led by ONERA. For this reason, during the experimental campaigns performed with the thruster, we have used two different materials for the inner and outer conductor. While the optimization of the thruster materials is beyond the scope of this thesis and is part of a pending patent, we focus here on understanding the physical principles governing the thruster functioning. Hence, in the following sections, we shall name M1 and M2 the two different materials that have been used.

. Gas propellant injection

The propellant gas is fed to the thruster using two different configurations: the axial and radial injection configurations that are described in ref. [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. The radial configuration allows for a more uniform distribution of the propellant inside the source [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF] and is mainly used in this study. The thruster is fed with xenon gas at flowrates ranging from 0.6 to 2.5 SCCM-Xe.

. Microwave circuit

Microwave power is fed to the thruster source through the microwave (coaxial) feeding line, as labeled in Fig. 5.1. The thruster is powered by a Microwave Amps Ltd power amplifier driven by a VAUNIX LMS-402D signal generator at 2450 MHz. The forward and reflected power to and from the thruster are measured with two LB478A (LadyBug Technologies) calibrated power sensors and two directional couplers, following the method developed in [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. Indeed, this setup reduces the uncertainties in measuring the forward power. Uncertainty on power measurements is in the range of 10 -20% [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. Power losses through the feeding line are measured before the measurement campaigns with a VNA so that the power deposited in the plasma can be computed.

The feeding line allows for the wireless propagation of the microwave power from the generator (outside the vacuum facility) to the thruster, which is then left electrically floating with respect to the common ground (vacuum chamber). This is achieved with two facing waveguide-coaxial transitions, whose design results from the continuous improvements developed in previous thesis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. Moreover, it presents an advantage when using the thruster on the thrust balance stand. Indeed, the absence of a mechanical connection between the thruster and the microwave line eliminates an additional stiffness that would otherwise introduce significant uncertainties during a thrust measurement.

. Magnetic field topology

An annular permanent magnet (in red in Fig. 5.1), placed at the back of the thruster source, provides the magnetic field. The source and the magnet are mechanically and electrically connected using screws, and their distance can be adjusted using metallic spacers. As mentioned above, during operations, the thruster body (i.e., magnet and source) is electrically floating with respect to the common ground, so the plasma plume remains current-free.

The magnetic field intensity reaches 875 G at the ECR region, corresponding to an electron cyclotron frequency of 2450 MHz. The magnetic field is purely divergent in the source, with a maximum of around 900 G in the vicinity of the backplate. This magnetic mirror configuration is characterized by the presence of trapped electrons [18] oscillating between the source and the plume (see section 1.2.2), which are then heated to a slightly higher or lower (than 2450 MHz) microwave frequency due to the Doppler-Fizeau effect. For a 30 eV electron, the resulting ECR region corresponds to a magnetic field ranging from 860 and 890 G. Furthermore, the permanent magnet provides the divergent magnetic nozzle in which the plasma expands (also referred to as the thruster plume).

Two magnetic field topologies are used in this study, using two different permanent magnets: the "Small Magnet" and the "Big Magnet", abbreviated with SM and BM. The SM topology is obtained with a samarium-cobalt magnet, whereas the BM with a neodymium magnet. The two topologies mainly differ by the divergence of the magnetic nozzle, whereas the position of the ECR region is very similar, as seen in Fig. 5.2a. The ECR region is between 3 and 3.8 mm and between 1.8 and 2.7 mm for the SM and BM topology, respectively. Measurements collected during this thesis (not shown here) have shown that the position of the ECR has a negligible effect on the thruster performances in such a small range. The more divergent field of the BM topology results in a steeper gradient along the z-axis compared to the SM (cf. Fig. 5.2b). This is especially the case inside the thruster source, i.e., 0 ≤ z ≤ 20 mm, where the gradient of the BM topology is almost 1.5 times higher than that of the SM topology.

The magnetic field is inferred from numerical simulations run on COMSOL Multiphyiscs© (not described here). Experimental profiles along the axial (z-axis) and radial (r-axis) directions have been collected, and the results are in excellent agreement with simulation data (not shown here). The magnetic field B(z, r) is then accurately known on the whole domain in which the measurements are collected. 

. Vacuum facility

All the measurements presented in this and the following chapter are performed inside the B09 vacuum chamber facility at the ONERA Center of Palaiseau. The B09 is a cylindrical vessel of 2 m in length and 0.8 m in diameter, made of stainless steel. The primary pumping system consists of a multi-stage rotary vane pump, whereas the secondary consists of three Pfeiffer Hi-Pace 2300 turbo-molecular pumps and a Sumitomo CH-110 cryo-cooler system, yielding a total pumping speed of about 13, 000 L•s -1 for xenon, with a base pressure of approximately p b = 2 × 10 -7 mbar-N 2 . The pressure inside the tank is measured with an MKS Quattro Series 999 Pirani/hot cathode and a Pfeiffer Pirani/cold cathode PKR361 pressure gauges. The gauges are gas-sensitive, and the displayed pressure is given in equivalent nitrogen pressure (p N 2 measured in mbar-N 2 ). This would correspond to the pressure inside the tank if the predominant species were nitrogen. If the dominating species is xenon, then a correction factor is applied to the pressure readings to obtain the corresponding xenon pressure p Xe ≈ 0.4 • p N 2 (measured in mbar-Xe). This linear relationship is valid for pressures below 10 -5 mbar-N 2 , and the value of the correction factor is gas-dependent. The pressure measurements are collected at the chamber walls at two different locations, allowing pressure uniformity inside the tank to be verified. The typical pressure when injecting 1 SCCM-Xe is around 3.5 × 10 -6 mbar-N 2 . The pumping speed (V p ) is frequently verified using the following relation,

V p L• s -1 = ṁ 60 0.4 • p ṁ N 2 -p b , (5.1) 
where ṁ (measured in SCCM-Xe) is the xenon flowrate accurately measured with a calibrated mass flow meter, p ṁ N 2 is the equivalent nitrogen pressure when injecting ṁ of xenon flowrate, and p b is the base pressure (the pressure values are given in mbar-N 2 ). The mass flowrate ( ṁ) fed to the thruster is controlled with a Bronkhorst "EL-FLOW" regulator (4 SCCM-Xe full range) calibrated for xenon. Uncertainty of the mass flow-meter is below 2% at 1 SCCM-Xe (given by the manufacturer). Moreover, the gas feeding lines (from the gas bottle to the mass flow meter) are evacuated and re-filled with xenon at the beginning of a measurement day, thus reducing gas impurities (mostly nitrogen-oxygen air mix) fed to the thruster. Another calibrated mass flow meter with 10 SCCM-Xe full range has also been used to investigate the background pressure effect.

. Electrostatic probes

Electrostatic probes are extensively used in the literature to measure the local plasma parameters as they give access to spatially-resolved mappings of the plasma properties. In this work, a Langmuir and a Faraday probe are used to measure the electron temperature, the plasma potential, and the ion current inside the thruster plume. Both probes are homemade, and the Faraday probe has already been used in previous ONERA thesis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF].

. Description of the probes

The Langmuir probe is a single cylindrical probe consisting of a tungsten wire of 0.15 mm in diameter and 5 mm in length. The probe body is made of alumina of 10 cm in length and 0.3 mm in diameter. The bias voltage at the probe tip is swept from approximately -200 to +100/+200 V, depending on thruster operating conditions and probe distance to the thruster. The collected current is measured through a 6 kΩ-shunt resistance which can be adjusted according to current intensity. Data is post-processed using the Druyvesteyn method [26] and OML theory. A low discrepancy in the results is obtained from the two post-processing methods. Uncertainties on the derived quantities are estimated as detailed in ref. [28].

The Faraday probe is a planar probe consisting of a collector made of tungsten of 5.9 mm in diameter, biased at -300 V to reject the electron current. The collected ion current is measured through a 33 kΩ-shunt resistance, and the uncertainties are estimated as detailed in ref. [32].

The probes are mounted on a motorized translational or rotational stage to collect axial or angular profiles of the local plasma parameters. Faraday and Langmuir signals are recorded on a National Instruments DAQ board (NI BNC-2110). Their signal is acquired only when the probe is not moving from one location to the next. (The angular profiles obtained with the probes are then profiles collected over a discrete number of data points.) The Faraday signal is collected with an acquisition frequency of 500 Hz and the acquisition time at each spatial location inside the plume is approximately 0.5 s. The Langmuir signal is collected with an acquisition frequency of up to several thousand hertz, and the length of the bias voltage ramp is around 5 to 10 s, according to the location inside the plume. Their bias voltage is controlled with an Applied Kilovolts KS Series with a maximum output of 1 kV at 1 mA.

. Perturbation effects on the thruster

As mentioned in section 5.1, the thruster body is electrically floating (with respect to common ground) at a value dependent upon the operating condition. During a measurement, the thruster floating potential is one of the parameters used to monitor the thruster (especially to verify that the thruster has reached the steady-state condition, as already done in refs. [18], [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF]- [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]). At steady-state, the thruster potential oscillates around a given baseline, with the amplitude of the oscillations being usually lower than a couple of volts (see the solid black line in Fig. 5.3a). On the other hand, when a biased electrostatic probe is inserted in the thruster plume, some effects are observed on its floating potential and are discussed here.

Figure 5.3a shows the temporal recording of the thruster potential at 2 SCCM-Xe and 30 W in the absence and in the presence of a Langmuir probe (black and solid blue lines, respectively) immersed in the plume on the thruster axis at ρ ≃ 16 cm. The Langmuir probe is swept in the range ±200 V with a sweeping time of 10 s. The thruster potential steeply decreases (between 35 and 40 s in the figure) when the probe tip is biased at very large negative voltages (-200 < V b < -150). On the other hand, the thruster potential is barely affected when the tip is biased toward positive voltages (between 40 and 45 s). When the tip is biased at 0 V (i.e., ground potential, before 35 s and after 45 s), the thruster potential is in good agreement with the value recorded when the probe is not immersed in the plume (solid black line).

Figure 5.3b shows the variations of the thruster floating potential (with the thruster being operated at 1 SCCM-Xe and 23 W) during an angular scan (±90 • ) performed with the planar Faraday probe first with the collector left floating and then biased at -300 V (with respect to common ground), at a distance of ρ = 27 cm (the abscissa indicates the probe angle). In the absence of the probe, the signal oscillates around 105 V (not shown here). In both cases (floating and biased collector), the thruster potential oscillates around the mean value (approximately 105 V) when the probe is at large angles (|θ| ≳ 45 • ) and suddenly decreases when the probe is close to the thruster symmetry axis (i.e., θ = 0 • ). Furthermore, when the collector is left electrically floating (orange line), the decrease in the thruster potential is lower compared to the case in which the collector is biased at -300 V (blue line). This indicates that the perturbation seen on the thruster potential due to the immersion of a Faraday probe in the plume is due to (i) the fact that the probe is blocking part of the plume (namely, the plasma flux) and (ii) a pure electrostatic effect, which increases the perturbation induced by the probe, especially close to the thruster axis. The blocking effect of the plasma flux is more clearly visible in the case of the Faraday probe, most probably due to its more significant dimensions than the tiny Langmuir probe. Indeed, in the latter case, the thruster potential is unaffected when the LP is electrically floating but strongly decreases when the probe is (negatively) polarized.

In both cases (Fig. 5.3a and Fig. 5.3b), the thruster potential decreases when a strongly negatively-biased object is close to the thruster symmetry axis. The thruster potential returns to its "unperturbed value" when either the bias voltage increases or the probe is removed from the thruster axis. Indeed, the nozzle electrical boundary conditions are locally modified when a biased probe is immersed in the plume (especially close to the thruster symmetry axis, i.e., θ ≃ 0 • ).

This adjusting mechanism of the thruster floating potential can be explained by the presence of trapped electrons in the ECR thruster. First, we note that the thruster floating potential is the floating potential of the outer conductor wall, corresponding to the potential drop across the sheath between the bulk plasma in the source and the wall. Second, we remind that the potential of a floating wall immersed in a plasma is related to the plasma potential and the electron temperature through Eq. 4.3. Hence, a decrease in the thruster floating potential corresponds to a decrease in the plasma potential or the electron temperature in the source (or a combination of the two).

Furthermore, a trapped electron undergoes an oscillatory motion between the thruster source and a reflection position in the plume and is confined within the convex shape of the "effective potential" (introduced in section 1.2.2 and represented in Fig. 1.14). Therefore, the number of trapped electrons in the source is increased when a negatively-biased object is placed along the oscillatory path in the plume. Assuming that loss mechanisms do not change and that the total power absorbed by the plasma is constant, the more significant number of electrons in the source would result in a lower electron temperature which would ultimately cause the decrease in the thruster floating potential.

Finally, we discuss the limitation of the Langmuir probe use in the thruster plume. Indeed, its application is seen to be limited to the plume far field (i.e., farther than 7 cm) due to strong plasma perturbations (similar to what is shown in Fig. 5.3a but with larger variations) and probe damaging when closer to the thruster. In detail, red-light emission by incandescence has been observed when biasing the probe at very high (positive) voltages in the plume near field, most probably caused by the collection of a strong electron current. Furthermore, the signal quality is generally seen to be steeply reduced when moving away from the thruster symmetry axis, making the interpretation of the collected I-V curves much more difficult.

. Ions energy analyzer

The ion velocity distribution function is obtained with a PSM003 Hiden Analytical mass spectrometer and ion analyzer located at approximately 1.7 m from the thruster, on the thruster symmetry axis. The device is quite extensive and is then embedded in the tank wall. Hence, it does not give access to spatially-resolved measurements. It provides either an accurate measurement of the ion velocity distribution function (referred to as IVDF in the remainder of the manuscript) for a given m i /Z i ratio, where m i and Z i are the mass and the charge of the ion, or a m i /Z i spectrum for a given ion energy.

. Thrust stand

In previous thesis performed on the ECRT at ONERA [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], the authors used the ONERA milli-newton thrust balance designed for the B61 facility. The thrust stand represents the reference diagnostic to evaluate the thruster performances (i.e., the thrust and the related efficiencies). The B61 tank, now dismantled, was a cylindrical vessel 4 m-long and 1 m in diameter, with a secondary pumping system yielding a total pumping speed of 8, 000 L•s -1 for xenon with a base pressure of around 8 × 10 -7 mbar-N 2 . The B61 tank was larger in diameter than the B09; therefore, the thrust stand has been adapted to fit inside the smaller tank. This section will describe the principle of the thrust stand, the modifications to install it inside the B09 facility, and the setups for the direct measurement of the total thrust and its two contributions.

. Principle of the thrust stand

The ONERA milli-newton balance is a vertical pendulum with a quasi-frictionless pivot (see Fig. 5.4), described in detail in ref. [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF]. The thruster is mounted at the end of the pendulum arm, on which it applies a horizontal force (labeled ⃗ T in the figure). Two measurement modes can be used: the open loop and the closed loop mode. In the former, also called free pendulum mode, the arm moves from the initial position to a tilted equilibrium position, where the torque exerted by the thrust cancels out that of the weight of the pendulum arm (and of the thruster). The angle of the new equilibrium position is usually very small (≪ 1 • ) and is, therefore, a linear measure of the thrust. On the other hand, in the closed loop mode, a feedback loop uses a coil actuator to maintain the pendulum at its initial equilibrium position so that its movement is of second order. This is especially important since the perturbing effects of non-linear flexure phenomena (like plastic deformation of gas tubes and cables) are drastically reduced.

The movement of the pendulum is precisely measured with two displacement sensors placed on the pendulum arm: an accelerometer (Honeywell QA 700) for which the axis measures the gravity projection, and a capacitive sensor (Focale MC 900) that measures the linear displacement of the arm. The coil actuator is placed in the middle of the pendulum arm and consists of (i) a permanent magnet fixed to the arm and (ii) a planar coil fixed to the vacuum tank (their distance is around a few millimeters). When a current, controlled with a Proportional-Integrator-Derivative (PID) system, flows through the coil, a force is applied to the arm. Since the movement is tiny and frictionless, the force is proportional to the current. The process variable fed to the PID controller (SRS SIM960) is the signal of the capacitive sensor. When the thruster applies a force on the pendulum, the PID output signal is modified, resulting in the coil actuator applying a force to keep the arm at its vertical position. The output voltage from the PID controller is directly proportional to the force applied by the thruster, provided that the error is small enough.

All thrust measurements performed during this thesis are done in closed loop mode. The thrust is inferred from the PID signal using a calibration factor in this case. The calibration factor is obtained through an absolute and precise thrust calibration before each measurement campaign. The principle is to deposit masses on a small horizontal arm attached to the pendulum (labeled calibration arm in Fig. 5.4). The weights of the masses are calibrated with a Mettler Toledo balance precise to 0.01 mg. The masses are placed on a vertical translation stage and are deposited sequentially on the calibration arm, thus imposing calibrated torques on the balance; then, the masses are removed from the arm. Each mass is deposited on the calibration arm at a known distance from the pivot axis and corresponds to an equivalent thrust ranging from approximately 0.18 to 1.8 mN. The thrust stand is then absolutely calibrated between these two values, and its linearity is verified. An example of the complete calibration procedure is shown in Fig. 5.5a, where Thrust stands are subjected to thermal fluxes (particularly when the thruster is ignited and mostly due to particles impact on the surfaces), resulting in thermal drifts of the thrust signal (i.e., the PID voltage). For this reason, thrust measurements are performed at thruster extinction, where the thrust signal displays a clear step during a very short duration. Figure 5.5c shows an example of a thrust measurement at the thruster extinction (at t ≈ 375 s). The measured PID step is around 1.48 V, corresponding to 0.5 ± 0.024 mN.

The uncertainty on the measured thrust is computed as detailed in ref. [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF] and is of the order of 5% for the thrust ranges measured in this thesis. All thrust measurement results are shown in the following display error bars that represent this uncertainty.

. Modifications of the existing stand

As mentioned, the available thrust stand was mounted inside the larger B61 tank (of 1 m in diameter). Therefore, the thrust balance design is modified to be installed inside the smaller B09 tank (0.8 m in diameter, described in section 5.2).

Figures 5.6a and 5.6b show the CAD visualization and a photo of the more compact thrust balance installed in the B09 tank, with the thruster mounted at the end of the arm. The main modifications are summarized below and are numbered as in Fig. 5.6a. length is 32.2 cm (whereas it was 38.8 cm in the B61 version), allowing the thruster to be centered with respect to the tank diameter.

The length of the arm in the B09 version is reduced, and the resulting lever

2. The coil actuator and its permanent magnet are moved upward (necessary when reducing the arm length). In the B09 version, this part is closer to the thruster than the B61 version.

3. Three wedges lift the whole thrust stand, contributing to the centering of the thruster while not reducing too much the arm length (that is important for the measurement accuracy).

4. The base plate width is reduced to fit inside the smaller tank.

The thruster is then at 40 cm from the tank wall and 28 cm from the supports on which the motion stages are placed, as seen in Fig. 5.6a. The reduction of Several tests are carried out to investigate the behavior of the modified thrust stand and the effect of the smaller chamber. The first thrust measurements1 obtained in the B09 tank show lower thrust values than those measured in the B61 tank. In particular, discrepancies increase when increasing the power. The pressure inside the B09 tank being slightly lower than that inside the B61 (13, 000 vs. 8, 000 L•s -1 in pumping speed), the possibility of the thrust loss due to background pressure effects [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF] is almost immediately discarded.

Facility effects are then investigated to explore the possible causes of the thrust loss (cf. section 5.9.1).

. Separate measurement of the magnetic and thermal thrusts

The main reason for performing direct thrust measurements in this thesis is the measurement of the different contributions of the total thrust. Indeed, the ECR thruster is a magnetic nozzle thruster, and its total thrust can be expressed as the sum of two contributions [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], [START_REF] Fruchtman | A magnetic nozzle calculation of the force on a plasma[END_REF]: the magnetic and thermal thrust,

T T = T B + T S , (5.2)
where T T , T B , and T S are the total, magnetic, and thermal thrusts, respectively. While the origins of these contributions are presented in section 6.2, we are interested in the point of application of these forces to measure them properly. The magnetic thrust results from the interaction of the electrons and the thruster magnetic field: it then applies to the thruster permanent magnet. The thermal thrust results from the thermal expansion of electrons and applies to the walls of the thruster source. The combination of these two quantities allows us to qualitatively infer the electron anisotropy inside the thruster source (see section 6.4.1).

This investigation is conducted with the M2-SM-radial and M2-BM-radial thrusters operated at different flowrates and powers. We test four flowrates (0.7, 1, 1.5, and 2 SCCM-Xe) with the SM topology thruster and three flowrates (0.7, 1, and 1.5 SCCM-Xe) with the BM topology thruster. In both cases, the power is varied between 10 and 70 W approximately.

The scope of this section is to describe the two different setups that are put in place to perform direct measurements of the magnetic and thermal thrust and to present the precision and repeatability of the measurements performed with the setups.

Experimental setups

Figure 5.8 shows the two different setups used for measuring the magnetic and thermal thrusts. For the magnetic thrust (T B ) measurements, the permanent magnet is mounted on the pendulum arm, whereas the thruster source (with the gas injection and the microwave transmission line) is fixed to the B09 tank, as shown in Fig. 5.8a. For the thermal thrust (T S ) measurements, the thruster source is mounted on the pendulum arm, whereas the permanent magnet is fixed to the tank, as shown in Fig. 5.8b. Finally, for the total thrust (T T ) measurements, the whole thruster assembly (source and permanent magnet of the thruster) is mounted on the pendulum arm, as shown in Figs. 5.6a and 5.6b.

In the case of the setups for the magnetic and thermal thrust measurements, the distance between the source and the permanent magnet can be adjusted using a motorized stage. Indeed, their distance determines the position of the ECR region inside the source, which must be kept constant when changing the setup to ensure the highest possible consistency of the final results.

Repeatability and precision of the thrust measurements

The measurement procedure is standardized to ensure highly repeatable (from run to run) and reproducible results. First, the thruster is ignited at a given flowrate and left running until the steady-state condition is attained. The transient time is typically one hour and depends upon the operating condition, as discussed in the next subsection. Then, we perform several on/off measurements at three different powers (usually around 15, 30, and 45 W). This consists in recording the step response of the balance at the thruster extinction (like the one shown in Fig. 5.5c). This first collection of data is quite time-demanding since each point (in terms of power and flowrate) requires a different transient time. The mean value obtained with the on/off measurements at around 30 W represents the "reference" value for the next step.

The second data collection is faster to acquire than the first and allows many thrust values to be collected while varying the power and without shutting down the thruster. This consists in operating the thruster with power actuations: the power is alternatively varied with a step signal between the reference level (i.e., approximately 30 W) and a higher or a lower power level, as shown in Fig. 5.9. The recorded measurement is the variation between the selected power and the reference (i.e., ±∆ thrust signal), and the amplitude of the power actuations is typically in the range 5-30 W. The power levels in the figure are labeled in units of dBm, which corresponds to the set point of the microwave generator. The conversion to watts (power deposited in the plasma) is given in Table 5.1 for the SM topology thruster at 1 SCCM-Xe. Notice that, according to the operating condition and magnetic topology (either the SM or BM), the values of the reflected power from the plasma slightly vary, most probably due to differences in the spatial distribution of the local plasma properties and the power deposition inside the source. As a result, the values provided in the table also slightly vary (of a couple of watts maximum). Moreover, the thrust signal in Fig. 5.9 (solid blue line) features a thermal drift (caused by thermal fluxes, as mentioned in section 5.5.1), with a characteristic variation time much larger than the response time of the balance (over which the signal variation occurs), so that it can be neglected when measuring the ±∆ signal. The thrust is then computed as a ±∆ signal with respect to the reference value (+∆ if higher or -∆ if lower than the reference power). Usually, three to five actuations are recorded for each power data point, and their average represents the final thrust point (the dispersion over the different actuations is well below 1%). All thrust measurements presented in the following are performed with this method. Figure 5.10 shows the comparison between the mean value from the power actuations and the on/off measurements for the total, magnetic, and thermal thrusts performed with the BM topology at 1 SCCM-Xe. Globally, good repeatability and agreement are obtained between the two measurement procedures. Similar results are obtained for all the other studied flowrates with both the SM and BM topology. Figures 5.11a and 5.11b show the accuracy of the thrust measurements for the SM and BM topologies, respectively, at 1 SCCM-Xe. Generally, a very good agreement is obtained between the total thrust and the sum of the magnetic and thermal. Indeed, all the data points that satisfy Eq. 5.2 are considered valid for further analysis (only a couple of data points are excluded from the analysis, especially at high power and low flowrate). and thermal thrusts obtained with the BM topology thruster at 1 SCCM-Xe.

Variation of the thrust with the thruster source temperature

The method of waiting for the thruster steady-state before performing a measurement was already introduced by Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], who observed that several quantities (thruster floating potential, ion current along the axis, magnetic field strength, microwave power coupling, tank pressure, and magnet casing temperature) varied after thruster ignition and reached stable values after approximately one to three hours. Moreover, he observed that the amplitude of the variations of these quantities could explain the dispersion of the results collected in different thruster runs according to the moment of the measurement collection after the ignition.

In this work, we have inherited the method of waiting for the thruster steadystate to collect a measurement. The transient time in terms of thruster potential and source temperature is of the order of the hour and depends upon the operating condition, as shown in Fig. 5.12. The figure shows the temporal evolution after the thruster ignition (at t ≃ 20 s) of the thruster floating potential (green line), source walls temperature (black line), and ion current2 (red line) for two operating conditions: at low power (cf. Fig. 5.12a) and high power (cf. Fig. 5.12b). The values are arbitrarily normalized, and the coefficient is the same at low and high power. Note that the ion current is collected at ρ ≃ 50 cm from the thruster exit at an angle of θ ≃ 20 • with respect to the thruster axis to avoid any perturbation of the Faraday probe being on the thruster symmetry axis (as shown in section 5.3.2).

The transient time is larger at lower power (approximately one hour vs. half an hour at higher power). At low power, while the thruster potential and source temperature have reached the steady-state value, the ion current is still increasing. On the other hand, at high power, the ion current seems to stabilize after around twenty minutes.

During the first measurements, we have noticed that the measured thrust varied with increasing thruster temperature, as shown in Fig. 5.13 for the SM topology operated at around 30 W and for the four flowrates. The thruster temperature is collected with a 10 kΩ thermistor fixed on the thruster source. Figure 5.13a shows the behavior of the total thrust vs. the thruster source temperature. For low flowrates (0.7 and 1 SCCM-Xe), the thrust suddenly increases for temperatures above 110 -120 • C; this effect is not observed for higher flowrates in this range of temperatures.

Figures 5.13c and 5.13b show the same plot for the magnetic and thermal thrusts, respectively. The magnetic thrust seems to feature the same sudden increase for temperatures between 110 -120 • C at low flowrates, whereas the thermal thrust seems independent of the temperature. Lastly, for temperatures above 120 -130 • C, the total and magnetic thrusts are constant with the temperature. We note that the BM topology shows the same trends, even though the dependency upon the temperature is more clearly visible only at a very low flowrate (0.7 SCCM-Xe). It is noteworthy that the sum of the thermal and magnetic contribution is in good agreement with the total thrust (as in Eq. 5.2). For instance, at 1 SCCM-Xe and 120 • C, T B ≃ 0.41 mN and T S ≃ 0.13 mN, whose sum is in good agreement with T T ≃ 0.54 mN.

As seen, the increase of the total thrust is uniquely due to the magnetic contribution. For instance, at 1 SCCM-Xe, the total and magnetic thrusts increase by around 70 -80 µN when the temperature increases from 100 to 120 • C. As mentioned earlier (and also in section 6.2), the magnetic thrust is generated by the interaction between the thruster magnetic field and the magnetized electrons. The magnitude and the spatial distribution of this interaction may vary if the thruster magnetic field varies due to a temperature increase. Other phenomena may play a role in the variation of the thrust: dilatation of the coupling microwave line due to thermal fluxes may affect how effectively and where the power is deposited inside the source, and the interaction between the plasma and the source walls may vary, too (due to variations of the wall surface conditions). Further investigation on this point is ongoing. 

. Laser-induced Fluorescence

This section describes the laser-induced fluorescence (LIF) bench used in this thesis. LIF is particularly useful as it is non-intrusive and gives access to spatially resolved measurements of the ion density and velocity distribution function. This bench has also been used in previous works [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF], [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF].

The measurement of the IVDF is based on the Doppler-Fizeau effect. If the transition frequency is ν 0 for ions at rest, an ion population with a velocity u i -counter-propagating with respect to the laser injection -will be pumped at a lower frequency (ν L ), such as u i = λ 0 (ν 0ν L ), where λ 0 is the transition wavelength for ions at rest. The intensity of the fluorescence signal is proportional to the number of ions with a velocity u i in the probed volume. Therefore, the ion velocity distribution function (f (u)) can be obtained by recording the fluorescence signal when sweeping the laser wavelength around ν 0 .

. Description of the LIF scheme and optical bench

We have used the LIF scheme based on the excitation of the Xe II metastable state 5p 4 ( 3 P 2 ) 5d at 834.955 nm in vacuum (see Table 5.2). In this scheme, the laser pumps the metastable state (5p 4 ( 3 P 2 )5d) to a higher energy state (5p 4 ( 3 P 2 )6p), and the fluorescence signal, resulting from the radiative decay to a third state (5p 4 ( 3 P 2 )6s), is collected at 541.915 nm. 
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The laser source is a SDL-TC10 external cavity tunable diode laser centered at 834.7 nm. The laser wavelength is swept by adjusting the position of the grating with a piezo-driver actuator driven by a voltage ramp. The main difference with the setup presented in refs. [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF], [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] is the presence of a BoosTA pro Semiconductor Laser Amplifier (TOPTICA), allowing the laser power at the measurement point to be significantly increased in comparison to previous works. The higher laser power allows the required acquisition time in regions of "high" ion density (i.e., the source) to be decreased, and the fluorescence signal to be improved; hence extending the measurement region in the "low" ion density regions (i.e., the plume far-field). The laser setup is shown in Fig. 5.14: after being amplified, the laser is sent alternatively in the thruster arm (cf. section 5.6.3) and the reference arm by deflecting the beam with an acousto-optic modulator.

The fluorescence signal from the thruster and reference discharge is collected in optical fibers and fed to Hamamatsu photomultipliers tubes (PMT). The PMTs have an interference filter centered at 540 nm with a 10 nm bandpass to partly reject the parasitic light from the plasma. The collected signal is amplified using two identical lock-in amplifiers (Stanford Research System SR830).

The laser wavelength is monitored with an LM007 4-Fizeau interferometers lambdameter and accurately determined using a Fabry-Pérot interferometer and a reference discharge. Further details on the Fabry-Pérot interferometer and how it is used to determine the laser wavelength can be found in ref. [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF].

The reference discharge is a surface wave plasma source called "surfatron" [START_REF] Moisan | The theory and characteristics of an efficient surface wave launcher (surfatron) producing long plasma columns[END_REF], [START_REF] Dorval | Determination of the ionization and acceleration zones in a stationary plasma thruster by optical spectroscopy study: Experiments and model[END_REF], shown in Fig. 5.15. The source is powered with microwaves at 2.45 GHz at approximately 100 W and is fed with xenon at a pressure around 1 mTorr (≃ 1.3×10 -3 mbar-N 2 ). The source is a quartz-Pyrex T-shaped tube, and the LIF signal is collected approximately along the axis of the "T" (as seen in Fig. 5

.15a).

A few centimeters away from this axis (i.e., moving to either the left or right side 

. Choice of the LIF acquisition parameters

Before the LIF measurement campaigns, we have performed a parametric assessment of the measurement bias introduced by the LIF acquisition parameters. Indeed, the saturation effect and lock-in parameters may play an important role in the accuracy of the derived quantities (i.e., ion velocity and density). In particular, the saturation effect may distort the fluorescence signal intensity, affecting its integral value [START_REF] Hargus | Laser-induced fluorescence measurements of velocity within a Hall discharge[END_REF], [START_REF] Riès | LIF and fast imaging plasma jet characterization relevant for NTP biomedical applications[END_REF]. Lock-in parameters may increase the uncertainty in determining the ion velocity (according to unpublished ONERA internal reports). In this work, the laser power has been varied to probe a large range of ion density in the plume. It is then important (i) to study how the variation of the laser power affects the collected fluorescent signal and (ii) how properly compare the measurements point collected at different levels of laser power.

Saturation effect

The saturation effect only depends upon the transition parameters and the ion velocity if the collisions are neglected (according to unpublished ONERA reports). The saturation effect is investigated by adjusting the input current of the laser amplifier, resulting in a laser power at the measurement point between 0.2 and 3.4 mW. The laser power is varied sequentially at a fixed measurement location. Furthermore, this analysis is performed at two positions inside the thruster (source and plume) to include the effect of the varying plasma conditions (in terms of plasma density and electron temperature). One location is inside the source at (z = 10 mm, r = 5 mm), while the second is in the plume at (z = 70 mm, r = 5 mm). The former corresponds to an ion density of a few 10 11 cm -3 (inferred from electron density measurements assuming quasi-neutral plasma). The latter corresponds to a density of around 10 10 cm -3 .

Figure 5.16 shows the integral of the fluorescence signal collected inside the thruster against the laser intensity at the two locations. The thruster is operated at 1 SCCM-Xe and 32 W. The scatter symbols are the measurements, while the dashed blue line represents a linear fit over the data points at the lowest laser power. The integrals of the LIF signals are normalized to the value obtained at the lowest laser power (1 a.u. roughly corresponds to 0.2 mW). Results indicate that the measurement data points depart from a linear evolution and are probably collected in the transition regime, independently of the laser power and metastable ion density (source or plume).

As said, the saturation effect plays a role when determining the integral of the fluorescence signal, from which the relative ion density is inferred. Therefore, measurements at different locations can be compared if the laser intensity is unchanged or the laser operates in the linear regime. Since we operate in the transition regime, only integral values obtained from measurements with the same laser intensity can be compared. In addition, the measurements inside the source are performed with a laser power of around 1 mW. The measurements in the plume are performed with a laser intensity of approximately 3 mW (the laser power is increased when probing regions with a lower plasma density). Therefore, a "superposition point" is recorded when changing the laser power. This consists in collecting the fluorescence signal at a given location using the two desired laser intensities: at lower and higher power. The ratio of their integral is then the scaling factor.

Lock-in parameters

The raw signals collected with the detection optics system in the reference discharge and thruster arm are amplified through a PMT. The amplified signals are then fed to two identical lock-in amplifiers, whose role is to extract the signal with a known carrier wave from an extremely noisy environment. In this case, the carrier wave frequency equals the chopping frequency of the acousto-optic modulator. This allows for the rejection of the parasitic signal from the natural emission of the plasma while only extracting (ideally) the fluorescence emission due to the laser excitation. Here, we focus on the low-pass filter stage of the lock-in amplifier, which is characterized by a cutoff frequency and its order (defined by the slope in dB/dec). The low-pass filter introduces an "apparent" peak shift (Eq. 5.3) between the signals obtained with a positive ramp (i.e., the increasing laser frequency) or with a negative ramp (decreasing the laser frequency). The two signals should be identical in the absence of causal filter. We say that the shift is "apparent" as it is not related to a physical cause but rather to an instrument-introduced bias, resulting in further incertitude on the ion velocity measurement, which we ultimately try to minimize. ∆ν peak = ν peak,posν peak,neg , (5.3) where ν peak,pos and ν peak,neg are the peak frequencies of the positive and negative ramps, respectively. In the following, we will also express Eq. 5.3 in terms of relative peak shift:

∆ν peak,rel = ∆ν peak ν peak,pos +ν peak,neg 2 
.

(5.4)

First, we study the effect of varying the order of the lock-in low-pass filter, with a slope of either 20 or 40 dB/dec. The signals are collected inside the source and the plume of the thruster. Figure 5.17a shows the effect of the filter slope on the relative peak shift (Eq. 5.4) for two different locations inside the thruster: source and plume. The abscissa of the figure is the product between the filter time constant (T C) and the laser scan speed. In the example shown here, the time constants of the thruster and reference discharge signals are equal. The scan speed is 170 and 270 MHz•s -1 for the measurements inside the source and the plume, respectively. Results show that (i) the relative peak shift is larger in the source than in the plume due to lower ion velocity in the former case, and (ii) the second-order filter contributes to narrowing the peak shift. Therefore, we can conclude that the second-order low-pass filter (40 dB/dec) enables lower uncertainty in the detection of the ion velocity.

The second lock-in parameter we analyze is the low-pass filter time constant T C = 1/ (2πf c ). Figure 5.17b shows the effect of the time constant (T C) on the absolute peak shift for measurements in the source and plume of the thruster. For all measurements, the lock-in amplifiers processing the reference discharge and thruster signals have the same time constant. The scan speed is kept constant to 170 and 270 MHz•s -1 for the measurements inside the source (z = 10 mm) and the plume (z = 70 mm), respectively. As in Fig. 5.17a, the abscissa is the product between the time constant and the scan speed and is measured in MHz. The trend is almost linear (as suggested by the solid red line), with the absolute peak shift increasing as the abscissa increases. Decreasing the abscissa decreases both the scan speed and the time constant drastically. Very low time constants correspond to more noisy signals, whereas very low scan speeds correspond to extremely long sweeping time. For a given scan speed, the larger the time constant, the larger the relative peak shift. Also, the value of the scan is important. Indeed, a value of T C × scan speed close to 10 MHz allows the peak shift to be limited between 10 and 100 MHz (corresponding to a difference in the ion velocity between 10 and 100 m•s -1 approximately), while having acceptable sweeping times of the order of the minute.

Acquisition settings used in this work

The laser and lock-in settings used in this study are then chosen, accounting for the analysis presented in the two previous subsections. The laser tuning frequency is varied up to 20 GHz, allowing for the detection of ion velocities up to 17 km•s -1 , corresponding to kinetic energies up to 200 eV. Both the voltage ramp length (controlling the laser wavelength) and the laser power (at the measurement point) are adjusted depending on the location of the measurement point inside the thruster and thruster operating conditions. The former is varied between 30 and 100 s, whereas the latter is between 1 and 3 mW. The scan speed at which the laser frequency is swept is varied between 100 and 300 MHz•s -1 (the lower value is used in the source, whereas the higher value can be used in plume), and the lock-in time constant is equal for both the reference discharge and thruster signals and is varied from 30 to 300 ms.

Example of a measurement

Figure 5.18a shows an example of the collected fluorescence signal at the thruster exit plane (solid green line in the figure 3 ) and reference discharge (solid black line) against the scan time. The tuning signal is a voltage ramp (solid blue line in the figure) with a length of 50 s and with a laser wavelength sweeping speed of about 300 MHz•s -1 (which corresponds to a laser frequency varied over approximately 15 GHz). When the slope of the tuning voltage ramp is negative, the laser frequency decreases; conversely, when the slope is positive, the laser frequency increases (that is why the peak is found first before and then after the reference discharge signal).

Using the Fabry-Pérot calibration (as detailed in ref. [START_REF] Elias | 3D ion velocity distribution function measurement in an electric thruster using laser induced fluorescence tomography[END_REF]), the time scale of Fig. 5.18a is transformed to the frequency scale of Fig. 5.18b, and the signal from the thruster is zeroed using the reference discharge signal. Indeed, the peak of the thruster signal is found for positive frequencies, as expected for an ion population at a velocity larger than zero. The measured Doppler-Fizeau shift is approximately 1.6 GHz (corresponding to an ion velocity of about 1.6 km•s -1 ). A good consistency is obtained from the fluorescence signals collected during the decreasing and increasing tuning ramps. The small discrepancy between the two signals is around 60 MHz, corresponding to approximately 60 m•s -1 . 

. Setup in vacuum

The laser setup in vacuum, i.e., in the thruster measurement arm, is shown in Fig. 5.19. The focal distance to the measurement point of the detection and the laser is approximately 30 and 50 cm, respectively. The laser and the detection are tilted by 9 • and 28 • respectively, with respect to the z-axis, as shown in the figure, which allows the spatial resolution (of around 1 mm along the r-axis) and the capability to probe as deep as possible inside the source (as close as 2 mm from the backplate) to be maximized. The latter is a "superposition" region in which both curling probe (direct) and LIF (indirect) plasma density measurements are performed and can then be compared.

In addition, LIF measurements farther downstream in the thruster plume are also performed in the framework of another thesis carried out in the FPA unit. Some of these results will be partly used in the following chapter (6) but are not detailed in the manuscript.

. Measurements of the plasma density

The second important line of investigation of the ECR thruster is the measurement of the plasma density in the source and the plume of the thruster. Indeed, the knowledge of the 2D maps of the plasma density coupled with the magnetic thrust measurements allows for further investigation of the electron properties (especially the electron anisotropy, as discussed in section 6.4).

In this section, we present the experimental setup of the curling probe used to collect the 2D maps of the plasma density inside the plume and the methods used to combine the LIF and curling probe density measurements.

. Curling probe setup in vacuum

In chapter 3 and ref. [START_REF] Boni | The curling probe: A numerical and experimental study. Application to the electron density measurements in an ECR plasma thruster[END_REF] we have shown that the curling probe is well suited to perform measurements over a wide range of electron densities and the whole thruster plume. Indeed, the curling probe can be used in the very near field of the thruster, at locations where the interpretation of Langmuir probe results is less straightforward due to strong plasma perturbation and probe damage.

The experimental setup of the curling probe diagnostic is shown in Fig. 5.20. The probe is moved across the whole plasma plume using a two-degrees of freedom motorized stage, allowing 2D maps of the electron density (shown and discussed in section 6.3) to be collected. 2D mappings span from the very near field to the far field of the plasma plume, i.e., a few millimeters downstream the thruster exit plane to several dozens of centimeters downstream along the axial direction (0.5 cm ≲ z ≲ 25 cm) and approximately a couple dozens of centimeters in the radial direction (-10 cm ≲ r ≲ 10 cm). The probe is connected to the VNA via a microwave coaxial cable, with a direct-current blocker (DC-block) placed on the vacuum side of the line to minimize the current drawn from the plasma. The 2D mappings are performed with one probe, a CP700, in normal configuration (for more details, see section 3.6.2 for why only a CP700 is used and section 4.5.1 about its orientation to the plasma).

The 2D mappings are collected along the Cartesian frame of reference defined by the (z, r) referential (defined in Fig. 5.1 and also visible in Fig. 5.20). The spacing of the data points varies with the distance from the thruster source: from 0.5 cm close to the thruster exit plane to 2 cm farther downstream along the z-axis and from 0.5 cm close to the thruster symmetry axis to 1 cm away from the axis along the r-axis. The number of the discrete data points is of the order of 3004 . The resulting discrete grid is interpolated using the Python built-in 2D linear interpolator. The accuracy of the latter has been verified by comparing measured angular profiles (collected along the polar frame of reference (ρ, θ)) with the profiles resulting from the interpolation of the measurements collected along the Cartesian frame of reference (these results are not shown here).

. Combination of curling probe and LIF measurements

Even if well suited to perform 2D mappings of the ECR thruster plume, implementing the curling probe diagnostic inside the thruster source is less straightforward. This is especially true if accurate space-resolved profiles of the density in a plasma volume comparable to the probe dimension are needed (the thruster source is a cylindrical cavity 20 mm long and approximately 26 mm in diameter, whereas the probe is about 10 mm in diameter). LIF measurements are performed inside the thruster source and the very-near field of the plume, and the electron density is inferred from LIF measurements under certain assumptions presented later. Data collected throughout this thesis shows that the plasma expansion is axisymmetric. Indeed, radial profiles are almost symmetric with respect to the symmetry axis. Tiny differences have been observed between the right (r < 0) and left (r > 0) wings of the profiles, probably due to (i) small perturbations induced by the presence of the probing device, (ii) natural asymmetries of the plasma, and (iii) uncertainties of the measurements (it is not trivial to say which effect predominates). Hence, in the remainder of the manuscript, and especially in section 6.3, 2D maps are shown only in half of the measurement domain (either r < 0 or r > 0).

Furthermore, we note that the 2D mappings have been collected with the thruster mounted on the thrust stand so that the electron density values and the direct thrust measurements can be accurately analyzed together. Indeed, slight differences in the axial and radial gradients of the electron density inside the plume have been observed between two different setups (not shown here): the thruster mounted on the thrust stand vs. the thruster fixed to the B09 tank through a dielectric arm (which is the setup used for the majority of the measurements shown in chapters 3 and 4).

Inferring the electron density from LIF measurements

The integral of the measured IVDF is proportional to the ion density in the probed volume as

n i,m ∝ u ′ =+∞ u ′ =-∞ f (u ′ )du ′ , (5.5) 
where n i,m is the probed metastable ion population density.

The density of the ground-state ion population (n i ) is then inferred from the measured metastable density (n i,m ) considering n i ∝ n i,m . If the two populations are at thermal equilibrium, their density ratio is then expressed with a Boltzmanntype law [5] (n i,m /n i ∝ exp (E * /T e ), where E * is the transition energy and T e the electron temperature) and varies by approximately 35% when the electron temperature is varied between 10 and 35 eV. A more accurate description of the different populations densities can be done using collisional-radiative (CR) models. Recent works on CR models of Xe I and Xe II [START_REF] Zhu | A xenon collisional-radiative model applicable to electric propulsion devices: I. Calculations of electron-impact cross sections for xenon ions by the Dirac B-spline R-matrix method[END_REF], [START_REF] Konopliv | Accuracy of Metastable State Measurements in Laser-Induced Fluorescence Diagnostics for Xenon Ion Velocity[END_REF], applied to electric propulsion setups with similar plasma density and electron temperature, have shown that the ratio of the probed metastable state to the ground-state should mildly vary in the range 10 -35 eV. In particular, the metastable to ground-state density ratio approximately varies from 0.3 to 0.5% for T e approximately in the range 5 -35 eV [START_REF] Konopliv | Accuracy of Metastable State Measurements in Laser-Induced Fluorescence Diagnostics for Xenon Ion Velocity[END_REF]. These results show that the ratio n i,m /n i can be considered almost constant. The uncertainty associated with the use of this hypothesis is below 40%, which is larger than that on the density measurements collected with the CP, especially for densities larger than 10 10 cm -3 (cf. section 3.2 and Eq. 4.9). The incertitude of this hypothesis is then used to compute the error bars of the density values inferred from LIF measurements.

Lastly, the spatial distribution of the electron density can be directly inferred from the LIF measurements under the assumption of quasi-neutral plasma. The obtained normalized plasma density profiles are then scaled to their absolute value using electron density values measured with the curling probe in the superposition region, i.e., the region where both curling probe and LIF measurements are performed (very near field of the plume, i.e., 20 mm ≤ z ≤ 30 mm).

Broadening of the ion velocity distribution functions due to Zeeman splitting is observed inside the source, where magnetic field intensity can be as high as 900 G. Due to the Zeeman effect, some degenerate energy levels split into several nondegenerate energy levels with different energies. The integral of the broadened IVDF is conserved with respect to the same non-broadened IVDF since the total energy given to exciting the split levels and the degenerate non-split level is equal.

Assessment of the validity of the density measurements

The validity of the plasma density profiles inferred from the LIF indirect measurements is assessed through the comparison with the curling probe direct electron density measurements.

A good agreement is obtained between LIF and in-situ curling probe density measurements inside the thruster source at z = 10 mm, as shown in Fig. 5.23a. The electron density profiles inferred from LIF measurements at 20 and 32 W (blue and green symbols, respectively) are obtained within the assumptions described above. The curling probe density shown here is an in-situ measurement performed with the probe flush-mounted inside the thruster outer conductor wall at 27 W (see section 7.1.1). The uncertainties of the CP measurements are estimated as detailed in section 3.2 and following Eq. 4.9, whereas those of the LIF measurements are estimated as described in the subsection above.

Figure 5.23b shows the radial profiles of the ion (labeled Xe + ) and electron density (labeled e -) obtained with the LIF and curling probe measurements in the thruster near field at z = 26 and 30 mm. For both measurements, the thruster is operated at 1 SCCM-Xe and 20 W, but the LIF and CP measurements are collected during two distinct thruster runs. Globally, a good agreement is found between the ion and electron density profiles. This is consistent with what is expected in a quasi-neutral plasma. The only noticeable discrepancy is observed at (z = 26 mm, r = -10 mm). Finally, we note that similar trends are globally found in the thruster near field (z ≤ 30 mm) for the other investigated operating conditions. 

. Study of the high energy electrons with electrostatic probes

In previous works [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF], the Faraday probe has mainly been used to infer integral performances from angular measurements of the ion current density. In this work, the planar Faraday probe and the cylindrical Langmuir probe (described in section 5.3.1) are used to investigate the shape of the angular profile of local plasma parameters (plasma current and electron temperature).

To explain the higher values of the thruster floating potential observed with the coaxial-coupling thruster5 vs. those with the waveguide-coupling version, Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF] suggested the existence of a high-energy electron beam in the former version. This hypothesis was justified by measuring the ion current density angular profile variation with the Faraday probe biased at increasing voltages. Indeed, when increasing the collector voltage from -200 to -150 V, he observed a decrease in the ion current due to the collection of electron current, especially in the vicinity of the thruster symmetry axis, suggesting the existence of a high-energy electron beam.

Here, we use a similar approach to investigate further the presence of highenergy electrons in the central beam of the ECR thruster plume. We also try to extract quantitative values of the electron temperature from Faraday probe measurements.

The Faraday probe must be biased at voltages sufficiently low to repel electron current so that the probe is operated in the ion saturation region of the I-V curve and only ion current is collected. Following the analytical current equation [28] for an electrode biased at V b , in a 1D approach and under the assumption of Maxwellian electrons and where the probe perturbation effects are negligible (compared to the observed variations), then the electron current is I e ∝ exp (V b -Φ p ) /T e with V b < Φ p , where I e is the electron current, Φ p is the plasma potential, and where T e is the electron temperature. If the electron energy distribution function (EEDF) is not Maxwellian, than T e stands for an effective electron temperature. During an angular scan, (i) the bias voltage of the Faraday collector is fixed and constant, and (ii) the plasma potential can also be considered almost constant (angular profiles of the plasma potential are inferred from LIF measurements and are not shown here). Hence, a variation of the electron current can be assumed as being uniquely due to a variation in the electron temperature.

Figure 5.24a shows the angular profiles of the current density obtained with the Faraday probe biased at increasing bias voltages (from -300 to -25 V with respect to common ground, as labeled in the legend), and the angular profile of the electron temperature obtained with the Langmuir probe. The thruster is operated at 1 SCCM-Xe and 30 W, and the probes are located at ρ = 25 cm. Both ion and electron currents are collected for bias voltages higher than -300 V. The current decreases as the collector voltage is increased, indicating the collection of electron current, especially in the central cone (|θ| ≤ 20 • approximately). On the other hand, the collector voltage barely affects the current for |θ| ≥ 25 • . Therefore, following the considerations above, we could predict the existence of high-energy electrons, especially close to the thruster symmetry axis. Indeed, the direct measurement of the electron temperature shows a bell-shaped profile, with a peak slight below 20 eV at θ ≃ 0 • , and then decreasing around 10 eV for angles larger than 20 • .

The current profiles in Fig. 5.24a can be further analyzed to extract some quantitative information about the electron temperature, as seen in Fig. 5.24b. The figure shows the current data points (scatter symbols) extracted from the current profiles at 0 • and 10 • . Then, the OML theory in the case of a planar collecting surface is applied to the current raw data points, under the assumption of thick-sheath ion current collection [28] (i.e., r p /λ D ≲ 3, where r p is the collecting radius and λ D the Debye length: at the measurement location the condition is roughly respected as λ D ≈ 1 mm and r p = 3 mm, cf. section 5.3.1). The resulting Boltzmann fit (solid line) of the raw data points, viz. the analytical electron current equation in ref. [28], returns an effective temperature value of approximately 35 ± 10 eV for the curve at 0 • , whereas it is around 26 ± 4 eV for the curve at 10 • . These estimations are in line with the values inferred with the Langmuir probe and also show the same trend, i.e., the temperature decreases when moving away from the axis (|θ| ≳ 0 • ). The electron temperature overestimation may be due to uncertainties of r p /λ D , from which the ion current collection model depends.

In conclusion, using the Faraday probe as a planar collecting probe with the application of the OML theory to the current data points collected at different bias voltages allows qualitative and quantitative information about the electron temperature to be inferred. The latter decreases when moving away from the thruster axis, with values in line with those inferred with a Langmuir probe. In section 5.9.2, this method will be used to analyze the effects of the background pressure on the electron temperature.

. Facility and background pressure effects

. Facility effects

This section investigates facility effects to explore the possible causes for the thrust loss inside the B09 tank. Data is compared to the thrust values previously measured inside the B61 (internal ONERA reports), as anticipated in section 5.5.2.

Facility effects are separately studied in terms of (i) boundary conditions for surfaces in contact with the plume or in the thruster near field environment, (ii) reduction of the facility dimensions, and (iii) effects of the insertion of a perturbing object near the thruster.

Modifications of the plume boundary conditions

The different boundary condition configurations investigated are listed below and are labeled with a capital letter as appearing in the legend of the figures. The configuration labeled N identifies the "normal" configuration, i.e., without modification.

A. Change of the plume axial boundary potential at "infinity". This is achieved by putting a grid at approximately 1.7 m from the thruster, as shown in Fig. 5.25a. The grid can be biased with respect to the ground.

B. Change of the plume lateral boundary potential condition. This is achieved by putting a grid on the lateral chamber wall at around 40 cm from the thruster symmetry axis, as shown in Fig. 5.25b. The grid spans approximately 50 cm along the thruster plume, and it can be biased with respect to the ground or left electrically floating.

C. Change of the thruster near-field electric boundary conditions. This is achieved by covering with Kapton film (75 µm-thick) the thrust stand and the lateral walls of the tank (up to 60 cm downstream of the thruster), as shown in Fig. 5.25c. This configuration is intended to investigate the possible electrical effects due to the thruster being closer to the thrust stand parts (at ground potential) than in the larger B61 tank (cf. Fig. 5.7).

Figure 5.26 shows the comparison between the A, B, C, and N configurations obtained in the B09 and data from B61. The M1-SM-radial thruster is used and is operated at 1 SCCM-Xe with a deposited power in the plasma between 10 and 70 W. First, the thrust measured in the B09 chamber in its normal (unmodified) configuration is well below that obtained in the B61 (cf. configuration N and B61 in the figure) for the whole power range. Second, a biased grid (biased at voltages between -60 and +60 V with respect to common ground) at the end of the chamber (config. A) or around the lateral chamber wall (config. B) does not affect the measured thrust. In addition, varying the grid bias voltage does not affect the thrust (as discussed later). Finally, a good agreement between the C-configuration and the thrust measured in the B61 chamber is obtained for power up to 25 W. Discrepancies start to appear for power beyond 30 W. Similar trends are obtained in the case of lower and higher flowrate (0.6 and 1.5 SCCM-Xe). In the C configuration (thrust stand and chamber walls covered with Kapton), the dielectric nature of the surface in contact with the plasma reduces the current drawn from the plasma compared to the N configuration (metallic grounded thrust stand and chamber walls), resulting in better performances.

Before discussing the effect of varying the grids bias voltage, we remind that variations on the thruster floating potential can be interpreted as variations of the plasma potential in the source (if the electron temperature is almost constant), as previously said in section 5.3.2.

Figure 5.27a shows the effect of varying the grid bias voltage on the thrust measurements in configurations A and B. The thruster is the same as in Fig. 5.26, and the operating condition is 1 SCCM-Xe and 30 W. The bias voltage is varied between -60 and +60 V in both cases (A and B). The thrust is almost constant over the whole biasing range. A possible explanation for this behavior can be found in the trend observed on the thruster floating potential in Fig. 5.27b. For both grid positions (A and B), the thruster potential is not affected when applying negative potential, but it tends to increase with the bias voltage for positive values. In these cases, the thruster floating potential is not affected when applying a negative bias voltage, differently from what is seen when introducing a negatively-biased probe along the thruster axis (cf. Fig. 5.3). This may be explained by the fact that, even if a negative potential barrier repels electrons, this does not affect the number of trapped electrons since the grid is located farther downstream than the reflection location in the plume. On the other hand, when a positive potential is applied, more electrons are attracted, resulting in an electron depletion around the ionization region that increases the electron temperature and, ultimately, the thruster floating potential (consistent with the conclusion provided in section 5.3.2). Furthermore, fewer electrons can reach the tank walls when applying a neg- ative bias voltage. Therefore, the production of secondary electrons at the walls decreases, and their quantity in the plume changes. Indeed, it is well known that electron-induced secondary electron emission (SEE) yield dominates over the ioninduced electron emission (IIEE) yield on various targets in the range of electron temperatures and ion energies relevant to our study. Unfortunately, very little data is available in the literature for steel. However, estimations made on other metallic surfaces give an order of magnitude for the predominance of the two production mechanisms. In the case of a nickel target, Patino [START_REF] Patino | Plasma Inter-Particle and Particle-Wall Interactions[END_REF] reported SEE yields of 0.3 -0.6 for electron temperatures around 30 eV, and IIEE yields of 0.03 for Xe + ions at 1 keV (for the sake of argument, we can provide a conservative estimate by assuming that the IIEE yield is constant for ion energies below 1 keV). In the case of a tungsten target, the author reported SEE yields of 0.4 -0.6 for electron temperatures around 30 eV and an almost constant IIEE yield of 0.02 for Xe + ions below 400 eV. In both cases, the SEE is more than ten times larger than the IIEE yield.

In addition, the thruster potential variation is larger in case B than in case A for the same bias voltage, most probably due to the larger distance of the grid in case A than B. Last, the constant thrust values correspond to constant ion momentum flux, which in turn correspond to constant ion velocity and potential drop along the plume, if we assume that the ion density is almost constant. In other words, the plasma potential in the thruster source adjusts to the downstream electrical boundary condition to maintain a constant given potential drop along the plume.

Finally, we note that facility effects have been observed to be less critical in the case of the M2-material thruster. This thruster is then used for the experimental study presented in chapter 6.

Reduction of the facility dimensions

The causes for the thrust loss observed in the B09 tank are also investigated in terms of reduction of the facility length and diameter (as summarized below). Tests are conducted with the M1-SM-radial thruster with the electrical boundary conditions of configuration C (since data obtained in this configuration show lower discrepancies with data obtained in the B61).

1. Reduction of the chamber length (2 m nominal), achieved by placing a metallic plate (50 cm × 50 cm) at approximately 80 cm from the thruster, as schematized in Fig. 5.28a.

2. Reduction of the chamber diameter (0.8 m nominal), achieved by placing a metallic cylinder of 45 cm in diameter and 30 cm in length around the thruster, as shown in Fig. 5.28b.

The metallic plate and cylinder are (i) left electrically floating, (ii) biased at a given potential (-40, 0, and +40 V with respect to common ground), and (iii) covered with Kapton to simulate the effect of a dielectric chamber wall.

Figure 5.29a shows the effect of the reduction of the B09 diameter and length on the thrust measurements performed at 1 SCCM-Xe, with the plate and the cylinder at ground potential. The reduction of the diameter and length has a negligible effect on the measured thrust (cf. the orange and green with the blue symbols). The same trend is observed at lower and higher flowrate (0.6 and 1.5 SCCM-Xe). Furthermore, we note that these results are in line with those more recently obtained at the University of Michigan with a similar setup [START_REF] Baldinucci | Impact of Facility Electrical Boundary Conditions on the Performance of an Electron Cyclotron Resonance Magnetic Nozzle Thruster[END_REF], in which the authors observed a thrust loss when reducing the length of a large dimension facility from 9 m (nominal length) to 1.7 m, but no loss when further reducing it from 1.7 m to 0.7 m. In addition, no effect on the thrust is seen when (i) changing the bias voltage of the cylinder, (ii) leaving it electrically floating, or (iii) coating it with a dielectric layer, as shown in Fig. 5.29b. This behavior is interpreted in the same way as the data shown in Fig. 5.27. Indeed, the same trends of Fig. 5.27b are observed when analyzing the variations on the thruster floating potential in these cases (not shown here), pointing to the same conclusion of the plasma potential in the source adjusting to downstream electrical boundary conditions of the nozzle. The same results are obtained at lower and higher flowrate (0.6 and 1.5 SCCM-Xe) and in the case of the reduced chamber length (plate at 0.8 m from the thruster).

Finally, we have tried to perturb the very near field of the thruster by replacing the 45 cm cylinder with a smaller one (of around 15 cm in diameter). Comparable results to those presented in Fig. 5.29 are obtained, and no significant effect of the further reduction of the diameter is observed.

Presence of perturbing objects near the thruster

The characterization campaigns of the ECR thruster are conducted using several diagnostics. Therefore, it is important to investigate possible perturbations induced by objects always placed near the thruster, like motorized stages, to move the probes inside the facility. In detail, one possible perturbation with these devices is the presence of a strong magnetic field when the electric motor is activated. Tests performed with and without a motor stage installed approximately 15 cm under the thruster show a negligible effect on the thrust measurements.

. Pressure effects

During the numerous experimental campaigns carried out in this thesis, the level of the residual pressure inside the tank has been seen to affect the thruster performances, with the most notable effect being the thrust loss with the pressure increase. Pressure effects have also been investigated by Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF] and Wachs et al. [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF]. The former observed that the ion current density on the axis decreased by a third and that the thrust decreased by almost a half when increasing the pressure from 2 × 10 -6 to 2 × 10 -5 mbar-Xe, for a given operating condition (1 SCCM-Xe and 24 W). The latter investigated the pressure effects by comparing experimental measurements to theoretical models and observed (i) around 40% decrease in ion energy and (ii) broadening of the IVDF with the formation of a low energy tail ion population when increasing the pressure from 1.3 × 10 -6 to 3.5 × 10 -5 mbar-Xe, for a given operating condition (1 SCCM-Xe and 20 W). The authors [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF] concluded that inelastic electron-neutral collisions are responsible for the ion energy decrease and that charge exchange (CEX) collisions are negligible in the power loss mechanisms in this range of pressure. Furthermore, they suggested that electron temperature may decrease with the pressure.

This section aims to investigate the performance loss when increasing the background pressure, primarily to address the open question of the decrease in electron temperature. This is achieved by analyzing the behavior of (i) the thrust, (ii) the ion current, and (iii) the current drawn from the plasma with the Faraday collector at ground potential for four different operating conditions.

The residual pressure inside the tank is controlled by injecting a known amount of xenon flow through a calibrated flow meter. This additional flow is injected into the tank at a location supposed to minimize its direct perturbation on the thruster plume. The pressure is then varied in the range 1.5 × 10 -6 -1.1 × 10 -5 mbar-Xe for four operating conditions: 1 and 2 SCCM-Xe at 25 and 32 W. The Faraday probe is located at ρ = 26 cm. The ion analyzer (measuring the ion energy) is located at the end of the tank at approximately 1.7 m from the thruster, along the thruster axis.

Figure 5.30 shows the effect of the background pressure on the thrust for the four operating conditions (labeled in the legend). The thrust on the y-axis is normalized by the value at the lowest pressure for each case. Globally, the thrust decreases with the pressure, consistent with the measurements of Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. Furthermore, the pressure effect (i.e., the increase in neutral density) is more critical at a low flowrate and power. In other words, the thrust decrease is sharper for a given power as the flowrate decreases. The thrust loss observed in Fig. 5.30 is related to the decrease in the ion mean velocity (along the thruster axis) as summarized in Table 5.3. The mean velocity (cf. Table 5.3), inferred from the measured IVDF (not shown here), decreases with the pressure, and the magnitude of the decrease is more critical at low flowrate and power, as observed on the thrust (cf. Fig. 5.30). For instance, at 0.6 SCCM-Xe and 25 W and the highest pressure, a mean velocity decrease of around 35% yields a thrust decrease of almost 50%; whereas at 2 SCCM-Xe and 32 W and the highest pressure, the mean velocity decreases of about 18%, corresponding to a thrust loss of approximately 5%. Also, the mean ion velocity decreases linearly with the pressure in this pressure range (cf. Table 5.3), consistent with Wachs et al. [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF].

The mean velocity decrease can be explained by enhanced (i) electron-neutral collisions that allow for the ionization to occur farther downstream in the plume and (ii), to a minor extent, by CEX, ultimately resulting in slower ions (because submitted to a lower potential drop). To further analyze the background pressure effects, we look at the angular profiles of the ion current density and the current density collected with the Faraday collector at ground potential for the case at 1 SCCM-Xe and 32 W (the same trends are observed for the other operating conditions). .31a shows the ion current density for the three investigated pressures. In the central cone (|θ| ≤ 20 • ) the ion current decreases as the pressure is increased. On the contrary, in the "outer cone", the current increases as the pressure increases, especially on the lateral wings of the profiles (|θ| ≳ 45 • ).

Figure 5.31b shows the current drawn from the plasma when the Faraday collector is at ground potential. In the central cone (|θ| ≤ 20 • ), the drawn current decreases when the pressure is increased, i.e., the electron current (I e ) increases at higher pressure. Using the method described in section 5.8, we can infer that this corresponds to an electron temperature decrease, which confirms the prediction made by Wachs et al. [START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF]. The thruster is operated at 1 SCCM-Xe and 32 W.

The decrease in the electron temperature can also be verified by analyzing the decrease in the peak ion current density in the central cone in Fig. 5.31a. For this purpose, the current density is expressed as the contribution of singly and doubly-charged ions as:

j i = j (+) i + j (2+) i = en (+) i u (+) i + 2en (2+) i u (2+) i , (5.6)
where the superscripts (+) and (2+) stand for the singly and doubly-charged ion populations, respectively. We can approximate u

(2+) i ≃ √ 2u (+)
i , since doublycharged ions have twice the kinetic energy than the singly-charged. Then, Eq. 5.6 is rewritten as

j i = en (+) i u (+) i 1 + 2 √ 2α dts , where α dts = n (2+) i /n (+) i
is the doubly-to-singly charged ion density ratio. Now, we can write the ratio of the ion current density between the highest (p H ) and lowest (p L ) pressure as:

j (p H ) i j (p L ) i = en (p H ) i u (p H ) i 1 + 2 √ 2α (p H ) dts en (p L ) i u (p L ) i 1 + 2 √ 2α (p L ) dts , (5.7) 
where we have omitted the superscript for the singly or doubly-charged ions in n i and u i since they only refer to the singly-charged population. On the thruster axis, (i) the ion current density decreases as j

(p H ) i /j (p L ) i
≃ 0.7 (cf. Fig. 5.31a), (ii) the mean ion velocity decreases as u 

(p H ) i /u (p L ) i ≃ 0.7 (cf.
(p H ) i /n (p L ) i
≃ 2 (inferred from plasma density measurements collected with a curling probe placed along the thruster axis but not shown here). Solving Eq. 5.7 for the doubly-to-singly charged ion density ratio with the variations given above, one obtains α

(p L ) dts = 2α (p H ) dts + √ 2/4
, meaning that the doubly-charged ions are lesser when increasing the pressure. The lower average electron temperature can explain the lower quantity of doubly-charged ions, which would result in the lower ionization of Xe + producing Xe 2+ (whose ionization energy is around 33 eV [22], larger than the ionization energy to produce Xe + at around 12 eV [21]).

Finally, two possible causes may be found for the decrease in the electron temperature. First, the larger electron-neutral collision rate acts as an energy loss term for electrons. Second, the pressure (or neutral density) in the thruster source is increased due to the injection of additional xenon in the tank, producing lower-temperature electrons (indeed, previous works by Correyero et al. [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] and measurements performed in this thesis 6 have shown that T e decreases with the flowrate). Nonetheless, the second explanation is the least probable since the pressure increase in the source is estimated to be of around 5% and is not enough to produce a significant T e decrease (the flowrate increase can be inferred by comparing the pressure in the source, which is estimated to be at least of 2 × 10 -4 mbar-Xe for the case at 1 SCCM-Xe, and the neutral background pressure, whose maximum value in this study is around 10 -5 mbar-Xe).

. Conclusion on the facility and background pressure effects

We summarize here the main results of the facility and background pressure effects on the thruster performances.

• Measurements show that the thrust measured inside the B09 facility (smaller in diameter and length than the B61 tank used in the previous ONERA thesis) is lower than that measured in the B61 facility. Facility effects are studied by varying the electrical boundary conditions of the plume and by further reducing the B09 length and diameter. In the former case, the presence of a biased grid either at the end of the tank or on the lateral chamber wall has a negligible effect on the thrust values. A better agreement between the measurements collected in the B09 and B61 facilities, especially for power up to approximately 35 W, is obtained when covering the thrust stand and the lateral walls of the tank with Kapton film. In the latter case, the reduction of the B09 length (from approximately 2 to 0.8 m) or the B09 diameter (from 0.8 to 0.45 m) has a negligible effect on the measured thrust.

• Measurements show that (i) the thrust decreases when the background pressure is increased, (ii) the magnitude of the decrease is more important at low power and flowrate, and (iii) the thrust loss is related to the decrease in the mean ion velocity. Furthermore, the increase in neutral density has two significant effects: the decrease of the electron temperature and of the ratio of doubly-to-singly charged ions.

. Summary

In this chapter, we have presented the experimental apparatus and methods used to investigate the ECR thruster discussed in the following chapter.

First, we have presented the ECR thruster and the vacuum facility used in this study. The thruster design has been inherited from previous ONERA thesis and is composed of a coaxial ionization cavity and a coaxial feeding line for the microwave power. The magnetic field providing both the electron cyclotron region and the magnetic nozzle is created by an annular permanent magnet. Two magnetic topologies are presented: the SM and BM topology, with the latter having a steeper gradient along the thruster symmetry axis and a more divergent nozzle.

Then, we have presented the Langmuir and the Faraday probe used to measure the plasma potential, the electron temperature, and the ion current density in the thruster plume. We have shown that the former has a pure electrostatic perturbing effect when immersed in the thruster plume (at dozens of centimeters from the source), affecting the thruster floating potential. In contrast, the latter has an electrostatic and blocking effect on the plasma flux in the plume, meaning that, even if not biased, the presence of the Faraday probe affects the thruster potential.

The perturbations observed are explained through alterations in the periodic motion between the thruster source and the plume of the trapped electrons.

Third, we have presented the thrust stand, a quasi-frictionless pendulum used in closed-loop mode, and its design modifications to make it fit inside the B09 tank. Next, we have discussed the experimental setups used to separately measure the magnetic and thermal contributions to the total thrust, which enable repeatable and precise measurements (indeed, the sum of the magnetic and thermal thrusts is equal to the total thrust for the investigated conditions).

Fourth, we have presented the Xe II scheme used and the optical setup for the laser-induced fluorescence to measure the ion density inside the thruster. We have also briefly discussed how the choice of the LIF setting parameters could affect the measurements.

Fifth, we have presented the methods used to measure the plasma density inside the thruster source and plume, using a combination of the curling probe and LIF. A good agreement is obtained between in-situ curling probe and LIF measurements. This allows 2D maps of the whole thruster volume to be obtained, whose results will be analyzed together with the magnetic thrust contribution (cf. the next chapter).

Finally, we have discussed the facility size and background pressure effects. We have shown that modifications of the electrical boundary conditions of the plume may affect the thruster performances, whereas when further reducing the B09 diameter (from 0.8 to 0.45 m) and length (from 2 to 0.7 m) none to little effect is observed. Pressure effects are seen to reduce the thrust and the mean ion velocity. Furthermore, we have experimentally shown, for the first time, that (i) the electron temperature and (ii) the doubly-charged ions decrease with the background pressure (along the thruster symmetry axis). Last, we have used a combination of Faraday and Langmuir probe measurements to show that a highly energetic electron beam, up to a few dozen electron volts, characterizes the plume a few dozen centimeters downstream of the source.

-Thrust production mechanisms and plasma properties in the ECR plasma thruster

Main objectives. This chapter presents the experimental investigation of the ECR thruster performances and the spatial distribution of plasma parameters. This falls within the efforts to understand the complex mechanisms governing the ECR thruster, which was already started in previous ONERA thesis. First, we will analyze the thrust production mechanisms, especially the two main contributions (magnetic and thermal) to total thrust and thruster efficiency. Also, we will investigate how the different regions of the thruster (source and plume) contribute to the production of magnetic thrust. Second, we will discuss how the magnetic topology, power, and flowrate affect the plasma expansion by discussing the 2D maps of the electron density inside the source and the plume. Further insights about propellant gas ionization inside the source will also be discussed. Third, we will address the electron energy anisotropy inside the source by providing quantitative estimations of the electron properties. Finally, we will compare the experimental electron density and temperature profiles inside the plume with the isothermal and polytropic analytical models.

Main results. Globally, while the total thrust is seen to increase with the power, the magnetic contribution is found to saturate at high power, especially at low flowrate. On the other hand, the thermal thrust increases almost linearly with the power. Furthermore, high efficiencies are found when the magnetic thrust contribution is large (above 70% of the total thrust). The magnetic thrust is mostly produced (around 70% of the total value) inside the source. The ionization of propellant gas is shown to occur along the whole source length. Electron density spatial distribution is seen to vary when changing the magnetic topology, power, and flowrate. Electron density is increased close to the backplate in the presence of a more divergent field or when the flowrate increases. In contrast, it increases halfway inside the discharge channel when increasing the power. Electron density drastically decreases outside the source. The larger electron density in the plume is found in the more divergent magnetic topology when the power and flowrate increase, especially along the symmetry axis. When moving farther away from the axis, the effects of the magnetic field, power, and flowrate on the density profiles are considerably milder. A significant electron anisotropy is found inside the thruster source, with values of the perpendicular electron temperature almost six times larger than parallel values. Electron anisotropy is seen to vary when varying the magnetic topology and the flowrate. Qualitative analysis of the anisotropy suggests a weaker dependency on power. Last, the electron temperature decreases with the flowrate, and a mild electron cooling is observed along the symmetry axis downstream of the source. An isothermal expansion adequately describes electron density profiles inside the plume. A polytropic law well describes electron temperature profiles.

. Motivation

This chapter is motivated by three primary purposes: first, a better understanding of the thrust production mechanisms; second, direct experimental observation of the plasma expansion; and third, the investigation of the electron energy anisotropy inside the ECR thruster.

Thrust production mechanisms have been recently investigated using fluid models and experimental measurements by Takahashi et al. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] in a helicon thruster (another type of magnetic nozzle thruster) and by Fruchtman et al. [START_REF] Fruchtman | A magnetic nozzle calculation of the force on a plasma[END_REF]. The authors identified two main contributions to the total thrust: the thermal thrust, a surface force due to the electron expansion (i.e., related to the electron pressure), and the magnetic thrust, a volume force due to the interaction between the azimuthal electron current and the externally applied magnetic field (of the thruster). Preliminary measurements of the magnetic and thermal components of the total thrust have been obtained with another version of the ECR thruster by Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], although leaving some open questions. Indeed, improving the understanding of the thrust production mechanisms would guide the optimization design of the ECR thruster.

Plasma expansion is a critical aspect in numerical simulations of magnetic nozzle thrusters. An accurate experimental description of the plasma behavior in such systems could improve the current understanding of the governing physical phenomena, ultimately helping the development of more accurate models. Numerical codes for plasma thrusters can be roughly split into two categories: fluid and particle codes. In the former case, simplifying assumptions on the velocity distribution functions of the particle species are made such that they can be described using known distribution functions (e.g., isotropic Maxwellian distributions). This enables dealing with a set of more tractable fluid-like equations, ultimately allowing for the simulation of a part (or the whole) of an electric propulsion system within a reasonable amount of time. For a 2D simulation, the computational time scales as N 2 , where N is the number of nodes. However, the fidelity of fluid models to accurately describe plasma behavior must be assessed through experimental measurements. In the latter case, no assumptions are made on the velocity distribution functions, so they must be computed for each temporal and spatial step of the simulation, yielding an accurate description of the microscopic phenomena but resulting in extremely massive computational times. For example, for a 2D simulation where three velocity components are computed, the computational time scales as N 5 , which is then three orders of magnitude larger than the time needed a fluid simulation.

Electron energy anisotropy represents a fundamental aspect of the ECR thruster. Indeed, the thruster principle rests upon the heating of electrons in a direction perpendicular to magnetic lines and converting perpendicular gyro energy into parallel energy and ultimately into ions axial momentum. A high perpendicular to parallel energy ratio indicates efficient electron heating, while its drastic decrease inside the magnetic nozzle somehow represents the nozzle efficiency in converting the energy. Investigating electron anisotropy dependency on parameters, such as operating condition (power and flowrate) and magnetic field topology, may help improve MN thruster performances. However, measurements of electron energy anisotropy are not easy to perform. For example, Correyero et al. [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] did not observe any difference when measuring the parallel and perpendicular electron temperature by placing the Langmuir probe aligned or perpendicular to magnetic lines. In previous works, electron energy distribution functions have mainly been described using Maxwellian (or almost Maxwellian) distribution functions. Electron temperatures have been measured with Langmuir probes under the assumption of isotropic temperature. To our knowledge, very few studies [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF], [START_REF] Correyero | Measurement of anisotropic plasma properties along the magnetic nozzle expansion of an Electron Cyclotron Resonance Thruster[END_REF] have investigated electron energy anisotropy through experimental measurements of the electron energy distributions and electron pressure inside the ECR thruster or other MN thrusters. In detail, the authors [START_REF] Correyero | Measurement of anisotropic plasma properties along the magnetic nozzle expansion of an Electron Cyclotron Resonance Thruster[END_REF] observed electron energy distributions that could be described with bi-Maxwellian functions, especially in the far field of the thruster plume. Later [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF], they also provided a first estimation of the perpendicular electron pressure inside the thruster source using a diamagnetic loop.

In this chapter, we investigate the thrust production mechanisms, plasma expansion, and electron energy anisotropy by performing an experimental study of the ECR thruster. The investigation consists in (i) performing the direct measurement of the magnetic and thermal thrust contributions and (ii) collecting 2D mappings of the electron density in the whole ECR thruster (i.e., its source and plume). Thrust and electron density measurements are combined to infer information about the anisotropic electron properties inside the source. Moreover, the access to the electron density spatial distribution in the source and plume enables the effects of the magnetic topology, power, and flowrate on the plasma expansion to be discussed.

. Analysis of the thrust production mechanisms

As said earlier, the total thrust of a magnetic nozzle thruster, like the ECR thruster, can be described as the sum of two components [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], [START_REF] Fruchtman | A magnetic nozzle calculation of the force on a plasma[END_REF] (see Eq. 5.2): the magnetic and the thermal thrusts.

The magnetic thrust (T B ) is generated from the interaction between the expanding plasma (more accurately, the azimuthal current) and the magnetic nozzle and can represent the major contribution (see section 6.2.1). On the other hand, the thermal thrust (T S ) is generated from the thermal expansion of electrons and is proportional to the axial electron pressure.

The experimental apparatus used to perform direct measurements of these two contributions has been described in section 5.5.3. In particular, the magnetic thrust is inferred by measuring the force exerted on the permanent magnet of the thruster. In contrast, the thermal thrust is inferred by measuring the force exerted on the thruster source (the coaxial cavity shown in Fig. 5.1). Moreover, in the case of the setup for the thermal thrust measurements, the measured thrust corresponds to the total force exerted on the walls of the source. The former is the sum of the axial force on the backplate (due to electron pressure) and the axial momentum on the cylindrical walls (due to ions). Measurements on a helicon thruster [START_REF] Takahashi | Approaching the theoretical limit of diamagnetic-induced momentum in a rapidly diverging magnetic nozzle[END_REF] have shown that the force due to ions on the radial walls becomes negligible when the magnetic field in the source is high enough (above a few hundred gauss). Considering the high magnetic field in the coaxial source of the ECR thruster (between 500 and 1000 G) and the low axial ion velocity observed in this region [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF], the force exerted on the source walls can then be considered as due to the electron pressure contribution only.

Before discussing the results, it should be noted that the performances shown in this chapter are slightly lower than previous results obtained in the larger B61 tank [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF], mainly due to facility effects, as discussed in section 5.9.1. In optimum testing conditions, the thrust efficiency is seen to significantly increase [START_REF] Désangles | ECRA thruster advances, 30W and 200W prototypes latest performances[END_REF]. Indeed, the work carried out during this thesis is motivated by improving the understanding of the physical phenomena governing the thruster rather than its performance optimization.

In this section, we will first discuss the results of the thrust measurements and the inferred thruster efficiency when varying the magnetic topology, power, and flowrate. Then, we will focus on the magnetic thrust term by observing how its production is spatially distributed inside the thruster regions.

. Thrust contributions and thruster efficiency

The total thrust and the magnetic and thermal components have been measured as a function of microwave power (between 10 and 60 W) for different mass flowrates (from 0.7 to 2 SCCM-Xe). Two magnetic field topologies have been compared: the Small Magnet (SM) and Big Magnet (BM). We remind that the BM magnetic topology is characterized by (i) a larger and steeper gradient and (ii) a more divergent nozzle compared to the SM topology (cf. section 5.1.4).

Total thrust and thrust efficiency

Figures 6.1a, 6.1b, 6.1c, and 6.1d show the comparison of the total thrust measured with the SM and BM topology thruster at 0.7, 1, 1.5, and 2 SCCM-Xe, respectively. The error bars correspond to the thrust uncertainty around 5% for the thrust values presented here, as detailed in ref. [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF].

Globally, for all flowrates, the thrust increases with increasing power. Furthermore, a slightly higher thrust is obtained at low flowrates (0.7 and 1 SCCM-Xe) with the BM topology. In contrast, it is comparable between the two cases when the flowrate is increased (1.5 SCCM-Xe), consistent with the results obtained by Peterschmitt [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF] in a larger vacuum tank with a similar version of the thruster. For the SM topology, at a low flowrate (0.7 and 1 SCCM-Xe), the thrust seems to saturate above 40 W at 0.45 mN at 0.7 SCCM-Xe and 0.6 mN at 1 SCCM-Xe. For the BM topology, this saturation effect is observed mainly at the lowest flowrate (0.7 SCCM-Xe), whereas for higher flowrates, the saturation probably occurs for power values above the tested range. These results indicate that the optimum magnetic configuration depends upon the flowrate and the power.

Further insights into the influence of the magnetic topology on thruster performances can be discussed by looking at the total thrust efficiency (Eq. 1.60). Figures 6.2a and 6.2b show the thrust efficiency for the SM and BM magnetic topologies, respectively. Globally, the thrust efficiency decreases with the flowrate for the two topologies. Moreover, higher efficiencies are found for the BM case, especially at low flowrates (below 1 SCCM-Xe). For both the SM and BM topology, at low flowrates (0.7 and 1 SCCM-Xe), the thrust efficiency is bell-shaped, with maxima around 4% at 30 -35 W in the SM case. In the BM case, maxima are around 5-5.5% at 25 W for the lowest flowrate (0.7 SCCM-Xe) and approximately 40 W at 1 SCCM-Xe. In the SM case, for higher flowrates (1.5 and 2 SCCM-Xe), the thrust efficiency increases with the power and seems to saturate beyond 45 W, especially at 1.5 SCCM-Xe. In the BM case, the thrust efficiency slightly varies with power for the larger flowrate (1.5 SCCM-Xe). At high flowrates (2 SCCM-Xe with the SM case and 1.5 SCCM-Xe with the BM case), the maximum thrust efficiency is probably reached beyond the tested power range.

Magnetic and thermal thrusts

Further interpretation of these results can be provided by looking at the different contributions to the total thrust for the two magnetic topologies. The sum of magnetic and thermal components is used to verify the thruster repeatability when changing the measurement setup. Indeed, as shown in section 5.5.3, T B + T S and T T are in good agreement for all operating conditions, meaning that good repeatability of the thruster is obtained when changing the thrust measurement setup. The respective contributions of the two thrust components can then be considered reliable for further analysis. Figures 6.3a, 6.3b, 6.3c, and 6.3d shows the total, magnetic, and thermal thrust measurements for the SM magnetic topology thruster at 0.7, 1, 1.5, and 2 SCCM-Xe, respectively. As mentioned above, the thrust increase rate tends to saturate for power above 40 W, especially for the low flowrates (0.7 and 1 SCCM-Xe), mainly due to the behavior of the magnetic thrust (T B ). Indeed, for the lowest flowrate (0.7 SCCM-Xe), the magnetic thrust seems to saturate around 0.36 mN at 43 W. Further increasing the power at 55 W results in a decrease of T B to 0.33 mN. A similar trend is observed at 1 SCCM-Xe, even though the magnetic thrust decrease is less important (from 0.48 mN at 43 W to 0.47 mN at 55 W). On the other hand, for the largest flowrates (1.5 and 2 SCCM-Xe), T B increases with the power, and no saturation is seen in this power range. Last, the thermal thrust (T S ) increases steadily (almost linearly) with the power for all operated flowrates. Figures 6.4a, 6.4b, and 6.4c show the total, magnetic, and thermal thrust measurements for the BM magnetic topology thruster at 0.7, 1, and 1.5 SCCM-Xe, respectively. Globally, the same tendencies observed for the SM topology are found. First, the total thrust increase with the power for all flowrates. Second, the magnetic thrust seems to saturate for power between 40 and 50 W, especially at the lowest flowrate (0.7 SCCM-Xe). However, the saturation effect on T B is less marked than with the SM topology, with a value of 0.34 mN at 40 and 52 W. Finally, for larger flowrates (1 and 1.5 SCCM-Xe), the magnetic thrust slightly increases beyond 40 W. Last, similar to the SM case, the thermal thrust (T S ) steadily increases with the power for all flowrates. Figures 6.5a and 6.5b show the percentage of the magnetic contribution to the total thrust (T B /T T ) for the SM and BM magnetic topologies, respectively. Generally, T B /T T decreases with the flowrate and is slightly larger in the SM case (despite the lower magnetic field divergence). For the SM and BM topology, at low flowrates (0.7 and 1 SCCM-Xe), the magnetic-to-total ratio is bell-shaped (though slightly flatter in the BM case), with maxima around 70 to 80% at approximately 30 -35 W. For the SM case, T B /T T is larger than for the BM case. (The absolute values of T B are comparable in the two topologies, cf. Fig. 6.3a with 6.4a and Fig. 6.3b with 6.4b.) In the SM case, for larger flowrates (1.5 and 2 SCCM-Xe), T B /T T is almost constant (around 60 -65%) with the power. In contrast, it decreases from approximately 65% to 50% in the BM case at 1.5 SCCM-Xe. (The latter has lower T B at 1.5 SCCM-Xe, cf. Fig. 6.3c with 6.4c.) The trends and magnitudes are in line with the first measurements conducted by Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF] of the magnetic thrust in an ECR thruster similar to the one used in this study. Indeed, the author found that T B /T T was almost constant (at around 70%) for the 1 SCCM-Xe case and power between 20 and 60 W. The dependency on the flowrate of the magnetic thrust contribution can be more accurately observed in Figs. 6.6a and 6.6b for the SM and BM topology, respectively. The figures show the variation with the flowrate (varied from 0.7 to 2.5 SCCM-Xe) of T B /T T at low (20 W) and high (40 W) power. Globally, in both the SM and BM cases, the trends at low and high power are quite similar: T B /T T decreases with the flowrate. Also, the decrease is sharper in the BM case (from around 70 to 35%) compared to the SM case (from 75 to 55%) when the flowrate increases from 0.7 to 2.5 SCCM-Xe. Furthermore, these drops correlate with the efficiency loss seen in Fig. 6.2. Indeed, in the SM case, the thrust efficiency decreases from around 4 to 3% (a drop of 25% similar to the 20% drop in T B /T T ). In contrast, it decreases from around 5.3 to 3% in the BM case (a drop of almost half when also T B /T T decreases by almost a half) when the flowrate is increased from 0.7 to 1.5 SCCM-Xe. These trends and magnitudes are in line with previous measurements [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF], in which the author observed a T B /T T drop from around 80 to 55% at 40 W, with a thruster configuration similar to the SM case.

The saturation of magnetic thrust, especially observed at low flowrates (cf. Figs. 6.3a, 6.3b, and 6.4a), leads to a decrease of the thrust efficiency (cf. Fig. 6.2), probably due to higher power losses in the source. The best thrust efficiencies (η T ≃ 4% and around 5.5% at low flowrates in the SM and BM case, respectively) are obtained for the largest T B /T T ratio. Indeed, larger thrust efficiencies are obtained when increasing the magnetic-to-total thrust ratio. Moreover, the magnetic thrust contribution decreases with the flowrate, probably due to the increase in electron-neutral collisions. When the propellant flowrate is increased, the neutral density in the source increases, yielding a higher collision rate, probably resulting in a higher conversion rate of the electron gyrokinetic energy (i.e., perpendicular to the magnetic line) into longitudinal energy (i.e., parallel to the magnetic line). Last, the larger efficiency of the BM case at low flowrates seems justified by the presence of a larger thermal thrust compared to the SM case rather than by a different magnetic thrust. (For instance, at 1 SCCM-Xe and 30 W, T SM S ≃ 0.18 mN vs. T BM S ≃ 0.14 mN, whereas T SM B ≃ 0.40 mN vs. T BM B ≃ 0.39 mN.) This is counter-intuitive if we consider that the magnetic thrust is the component that should be mainly affected by a change in the thruster magnetic field, whereas the thermal thrust should not.

. Axial to radial magnetic thrust comparison

We continue the analysis of the thrust production mechanisms by analyzing how the regions of the thruster contribute to the magnetic thrust. As we will describe more in detail in section 6.4.1, the magnetic thrust is the force resulting from the interaction between the magnetized electrons and the external magnetic field produced by the permanent magnet of the thruster. The local expression of the force describing the interaction between the electrons and the applied magnetic field is given in Eq. 6.7. It is proportional to the electron density (n e ) and the gradient of the magnetic field (∇ ⃗ B). The projection of Eq. 6.7 along the axial direction (zaxis) expresses the measured magnetic thrust (T B ), whereas the projection along the thrust production efficiency. Figure 6.7c shows a zoom inside the source of dF ′ z /|dF ′ r | ratio for the SM and BM topologies (bottom and top half, respectively). The spatial distribution of dF ′ z /|dF ′ r | is similar in the SM and BM case. For both topologies, the ratio mildly varies in the source and is in the 1.5 -2 range, with the largest values found near the exit plane (z = 20 mm) and close to the outer conductor walls (r ≃ 14 mm). The electron gyrokinetic energy is then efficiently used to produce axial thrust in the source.

The 2D spatial distributions shown in Fig. 6.7 are integrated along the radial direction (r-axis) and the resulting cumulative integral along the axial direction (z-axis) is shown in Fig. 6.8 for the SM and BM topology at 1 SCCM-Xe and 32 W. The curves are normalized with their (respective) maximum value (found at z ≃ 20 cm). The cumulative integral on the y-axis of the figure is proportional to the magnetic thrust. Absolute thrust values cannot be given without an a priori knowledge of electron magnetic moment, which can differ for each case.

In both the SM and the BM case, the largest contribution to the magnetic thrust is produced inside the source, with values around 63% in the SM case and 70% in the BM case. The source contribution to the magnetic thrust only slightly varies when changing the power and the flowrate. This difference is most undoubtedly due to the more significant magnetic field gradient of the BM topology, especially inside the source (z ≤ 20 mm), as seen in Fig. 5.2b. 95% of the cumulative integral final value, or, equivalently, of the magnetic thrust, is reached at approximately z ≃ 50 mm. This means that the source and the first 30 mm of the plume produce almost the totality of the magnetic thrust. The remaining portion of the plume (z ≥ 3 cm) contributes almost insignificantly to the magnetic thrust term, which can be explained by the fact that both the magnetic field gradient and the electron density drastically decrease in the plume, especially a few centimeters downstream of the thruster exit plane. Further quantitative analysis can be done by integrating along r and z the terms appearing in Eq. 6.1 and by taking the following ratio:

Π B = z f 0 re 0 dF ′ z (z, r)drdz z f 0 re 0 |dF ′ z (z, r)|drdz + z f 0 re 0 |dF ′ r (z, r)|drdz , (6.2)
where z f is the farthest (electron density) data point collected downstream (cf. section 5.7) and r e is the source radius for z ≤ 20 mm (i.e., inside the source) and r e = 85 mm inside the plume is the outermost (electron density) data point collected along the radial direction (cf. section 5.7). The parameter Π B can then be interpreted as a sort of magnetic performance of the thruster that quantifies the "effectiveness" in producing a magnetic force that is directed along the thruster axis and positively contributes to the magnetic thrust. In the limit of Π B = 1, the whole force term arising from the electron-field interaction generates magnetic thrust. If 0.5 < Π B < 1, part of that interaction is "lost" in the radial direction. If 0 < Π B < 0.5, the axial term is smaller in magnitude than the radial, but dF ′ z is still predominantly directed toward positive z values. If electrons were strongly attached to magnetic lines, the value of Π B would be close to zero. At 1 SCCM-Xe and 32 W, the performance Π B is around 0.66 for the SM topology, whereas it is 0.54 for the BM case. This is counter-intuitive if we consider that, even though the BM topology is more efficient than the SM topology, especially at low flowrates (cf. Fig. 6.2a vs. 6.2b), the former results in larger regions of the thruster (plume) that do not "actively" contribute in the production of the magnetic thrust.

. Conclusion on the thrust production mechanisms

• For both the SM and BM topologies, (i) the total thrust globally increases with the power, (ii) the magnetic thrust tends to saturate at low flowrates (below 1 SCCM-Xe), and high power (beyond 40 W), and (iii) the thermal thrust steadily increases with the power. The magnetic thrust saturation is correlated with a decrease in thrust efficiency. Generally, higher efficiencies are found when the magnetic contribution is large (above 70%). Finally, the BM topology thruster is slightly more efficient than the SM topology, especially at low flowrates. This suggests that the optimum magnetic configuration may depend upon the flowrate and the power.

• The magnetic thrust is the product of the interaction between the azimuthal current of magnetized electrons and the applied magnetic field. For both the SM and BM topologies, (i) the magnetic thrust is mainly produced inside the source, whereas the plume accounts for only a few tenths, and (ii) in the lateral regions of the plume, the electron-field interaction is also directed in the radial direction. Therefore, these regions do not entirely contribute to the magnetic thrust production but result in a "lost" radial force (i.e., normal to the axial direction).

. Plasma expansion from the source to the magnetic nozzle

As mentioned in the motivation section (6.1), plasma expansion is fundamental in accurately describing MN thrusters. Knowledge of electron density profiles from the source to the magnetic nozzle could help improve understanding of MN governing phenomena. The combination of the curling probe and LIF measurements enables 2D mappings of the electron density (as detailed in section 5.7) to be performed in a reasonable time (a couple of hours per operating condition of power and flowrate), giving access to the density spatial distribution inside the whole thruster plume and source. Hence, these measurements allow (i) for the investigation of the experimental plasma expansion and (ii) for the analysis of the electron energy anisotropy if coupled with the direct measurements of the magnetic and thermal thrust contributions (see section 6.4). This section will investigate propellant gas ionization inside the source by analyzing the ion current inferred from LIF measurements. Then, we will discuss how the 2D electron density spatial distribution varies when changing the power, flowrate, and magnetic field topology and how it correlates to the operating conditions of maximum efficiency. Further investigation is conducted by comparing the plasma expansion along different magnetic lines when moving farther away from the thruster axis.

. Ion current and ionization axial profiles

Ion current axial profiles inside the thruster source (along the z-axis) can be computed using the ion density and velocity profiles inferred from LIF measurements. Assuming axisymmetry of electron density in the source and singly-charged ions, the total ion current (I(z)) flowing through the source cross-section at a given z-location is

I(z) = e rsource 0 u i (r, z)n i (r, z)2πrdr, (6.3)
where u i (r, z) is the average ion velocity and n i (r, z) is the ion density inferred from LIF measurements, and where r source = 13.75 mm is the inner radius of the coaxial cavity constituting the thruster source. Figure 6.9 shows the first (indirect) measurement of the normalized ion current along the ECR thruster source for two operating conditions (1 SCCM-Xe and 20 W and 2 SCCM-Xe and 32 W, indicated in the figure) obtained with the SM and BM topology (in blue and red, respectively). The current sign indicates the direction: positive values correspond to a current flowing in the +z direction, while negative values correspond to -z propagation. The maximum current values at the thruster exit plane (z = 20 mm) for the four cases are given in Table 6.1. For the cases presented in Fig. 6.9 for both the SM and BM topology, three regions can be distinguished: (i) negative ion current close to the backplate (z ≲ 3 mm), indicating the ion losses at the back-wall, (ii) linear increase of the ion current between z ≃ 3 and z ≃ 15 mm, and (iii) saturation of the current close to the exit plane (z ≳ 15 mm). Three significant differences can be noticed when changing the magnetic topology or the flowrate/power. First, in the SM case, the absolute value of the current at the exit plane is approximately two times lower than in the BM case (cf. Table 6.1), whereas it is comparable at z ≃ 3 mm (we note that the graph may be misleading since the profiles are normalized). Second, the gradients toward the backplate (z ≲ 3 mm) are stronger in the SM case than in the BM case, suggesting higher losses in the former case. This is consistent with the energy efficiency (Eq. 1.58) inferred from measurements of the ion current collected with a Faraday probe inside the plume and of the ion energy (measured with the ion energy analyzer). For instance, at 1 SCCM-Xe and 20 W, the energy efficiency is lower in the SM case: around 28% vs. 36% for the BM case. (At 2 SCCM-Xe the energy efficiency is around 28% and 26% for the SM and BM topology, respectively.) Third, when increasing the flowrate and power, the saturation effect (occurring close to the exit plane for abscissae larger than 15 mm) is more apparent than at low flowrate and power. The current profile can provide information about the ionization inside the thruster source. While precise information about the ionization rate profile is not straightforward to obtain (mainly due to non-negligible losses to the walls that preclude assuming perfect conservation of charges), we can say that this data demonstrates the ionization of the propellant occurs along the whole source length. The latter was one of the hypotheses made by Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF] to explain the effect of the source length on the thruster performances. The author observed an increase in the thrust and total ion current when increasing the source length from 10 to 20 mm (with constant absorbed power). Furthermore, the almost constant slope of the ion current (especially at low flowrate and power, i.e., 1 SCCM-Xe and 20 W) may indicate that the ionization process continues outside the source in the thruster plume. Preliminary measurements performed with a Faraday probe placed at different distances from the source (inside the plume) seem to confirm this hypothesis: the total beam current (Eq. 1.55) slightly but steadily increases farther downstream from the thruster source. The current value increases by 20 -30% when the distance increases from 15 to 30 cm. Further investigation on the subject is ongoing.

The difference in the total ion current close to the backplate in the SM topology has two different origins, depending upon the flowrate. At low flowrate, measurements (not shown here) indicate the presence of an ion density in the SM case comparable to the BM. In contrast, the ion velocity is larger in the SM case (and is directed toward the backplate). At a higher flowrate, the observed trend is the opposite: ion velocity is comparable at the backplate in the SM and BM case, whereas the SM case presents a larger ion density. Therefore, while the fraction of total ion current lost at the backwall and the normalized profile slightly depend on operating conditions, local plasma profiles and parameter magnitude (ion density and velocity) vary when changing the power and flowrate.

Last, the strong gradients of the ion current and velocity close to the backplate (z ≲ 3 mm) allow a first-order estimation of the power losses due to the ions lost at the backplate. The values of current and velocity at the backplate are extrapolated from the measured gradients in Fig. 6.9. They are estimated to be around 5 -10 mA and 2000 m•s -1 , respectively, yielding power losses of around a tenth of a watt. However, this estimation does not account for the presence of the plasma sheath at the backplate and the corresponding potential drop. Under the assumption that the whole backplate (dielectric) surface is at a uniform wall potential, and considering an average electron temperature inside the source of 30 eV, then the potential drop across the sheath is around 150 V using Eq. 4.3, yielding power losses (for the ions) between 1 and 2 W.

. 2D maps of the electron density in the source and plume

We focus here on how the power, flowrate, and magnetic field topology affects the 2D electron density spatial distribution. Measurements are collected on a Cartesian grid (Fig. 5.21) over a large domain covering the source and the plume, as detailed in section 5.7. Additional measurements of the electron density have also been collected in a "lateral" region of the thruster source (corresponding to 0 mm ≤ z ≤ 20 mm and 40 mm ≤ r ≤ 100 mm in Figs. 5.21 and 6.10), showing the presence of electrons inside the vacuum facility. These measurements are presented in App. F.

Spatial variations of the electron density may provide some kind of support to theoretical conjectures or ideas inferred from numerical simulation results. For instance, in the previous section (6.3.1), we have shown that the ionization is likely to occur along the whole source length but without any guess on its spatial distribution along the radial direction. Furthermore, using self-consistent numerical simulations for this type of thruster, Sanchez et al. [106] have shown that the power deposition is distributed in the volume of the ECR region and mainly concentrates close to the inner conductor surface. Even though direct and precise information about power deposition can not be inferred only from electron density spatial distribution, the latter still provides an interesting insight into plasma behavior. (We remind that in the SM and BM magnetic topologies, the ECR regions are very close and located approximately between 2 and 4 mm from the backplate.)

The analysis of the plasma density spatial distribution that we will carry out in this section aims to understand how the local plasma density adjusts when the conditions vary. In particular, it may yield helpful information about the different effects of the power, flowrate, and magnetic field on the ionization inside the thruster and, ultimately, how these parameters can be related to variations of the thruster efficiency.

Effect of the magnetic field topology

Figure 6.10 shows the 2D map of the electron density inside the thruster source and plume for the SM and BM topology at a given flowrate and power (1 SCCM-Xe and 32 W). The spatial distribution in the SM case is plotted in the lower half of the image, whereas the BM case is in the upper half. Also, the figure pictures the outer and inner conductors of the source (in gray and black, respectively) and the thruster symmetry axis (dash-dotted white line). Three contour-lines, corresponding to three density values, are represented to help the reader more easily grasp the differences between the two topologies: 10 9 cm -3 (solid line), 10 10 cm -3 (dashed line), and 10 11 cm -3 (dotted line).

In both the SM and BM case, the density is a few 10 11 cm -3 in the source, and decreases from 10 10 cm -3 in the plume near field (around 5 to 7 cm downstream the exit plane) to 10 9 cm -3 in the plume far field (at about 20 cm downstream). Moreover, the profiles are bell-shaped both in the source and the plume, as also shown in Figs. 5.23 and 5.22. In the source, maxima are located around half the distance between the inner and outer conductor. In the plume, they are approximately located on the thruster symmetry axis. The slight discontinuity in the density values observed in the first millimeters downstream of the source (20 mm ≤ z ≤ 26 mm) is most probably due to uncertainties of LIF measurements at low density.

In the SM topology, the density decreases more rapidly than in the BM case along the axial direction (z-axis). Also, in the plume near field (z ≲ 5 cm), higher densities are found for large r locations (i.e., 2 cm ≲ |r| ≲ 5 cm) in the SM case. In the BM topology, larger density values are found away from the symmetry axis when moving farther downstream: the contour-line 10 9 cm -3 is found at |r| ≃ 5 cm for 7 cm ≤ z ≤ 20 cm, whereas it is located at |r| ≃ 3 cm in the SM case in the same z range. This difference could be explained as the effect of the more divergent BM field, which tends to deviate the electrons farther from the axis more importantly, especially when moving farther away (cf. the distribution of magnetic lines in Fig. 6.

14).

Further insights into the differences between the two configurations, especially in the source, can be observed by plotting the ratio between the two cases: n e (BM)/n e (SM). Figures 6.11a shows the ratio of densities between the BM and the SM case in the source region (for the same operating condition as in Fig. 6.10). The figure also pictures the outer and inner conductor walls (gray and black, respectively). The density in the BM case is globally larger than in the SM case in the probed volume. The largest ratio is found when moving closer to the backplate and the antenna (-5 mm ≤ r ≤ 0 mm and z ≤ 5 mm), where the BM topology features densities two to three times larger than the SM topology, which a stronger ionization may explain at these locations. Indeed, in the BM topology, the estimated location of the ECR region, where the power deposition is concentrated [106] and ionization is likely to be higher than in other parts of the source, is a couple of millimeters closer to the backplate than in the SM topology (see Fig. 5.2a). Furthermore, the ion current density, inferred from LIF measurements (see section 6.3.1 for the 1D profile along the source length), is concentrated in the first 5 mm from the backplate in the BM case, whereas it appears more "evenly" distributed from the backplate to z ≃ 10 mm in the SM case.

On the other hand, when moving closer to the outer conductor wall (in gray in the figure), the density in the BM case is slightly lower than in the SM case (with values between 0.5 and 1). One possible explanation is the presence of larger sheaths in the former case, which can be justified by looking at the radial density profiles given in Fig. 6.11b. The figure shows the electron density profiles inferred from LIF measurements for the two topologies at two z locations inside the source (z = 5 and 10 mm). For the BM topology, the radial density gradient (∂n e /∂r), when moving toward the outer conductor, is larger than in the SM case. Ion current density (inferred from LIF measurements but not shown here) decreases more drastically when moving closer to the outer conductor in the BM topology than in the SM. Larger sheaths would correspond to larger potential drops, yielding a lower value of the outer conductor floating potential. This analysis is valid if one assumes that the plasma potential is comparable in the SM and BM case, as suggested by the fact that the total ion energy (measured with the ion analyzer) is comparable in the two cases. Indeed, the thruster floating potential (the outer conductor floating potential) has been measured to be a few tens of volts lower in the BM case than in the SM. For instance, at 1 SCCM-Xe and 32 W, it is around 180 V in the SM topology and 140 V in the BM case. Last, a few millimeters downstream of the exit plane (in the very near field of the plume, between 20 and 30 mm), the density in the BM case is approximately 1.5 times larger than in the SM case. The trends featured by the density ratio in the plume are less straightforward to interpret. In the BM case, the density is approximately 1.5 -2 times larger than in the SM topology, especially close to the thruster axis, as shown in Fig. 6.10. Plasma expansion inside the plume is further analyzed in the next section (6.3.3).

Effect of the power

Figure 6.12a show the density ratio (n e (52W)/n e (20W)) between a high (52 W) and a lower (20 W) power inside the source and the very near field (20 mm ≤ z ≤ 26 mm). The flowrate is 1 SCCM-Xe, and the SM topology is used. Globally, at high power, the density is 2 to 2.5 times larger than at low power. Inside the source, the density seems to increase significantly with power almost halfway between the inner and outer conductor when moving toward the backplate. Following the same reasoning given in the previous subsection (where the effect of the magnetic field is discussed), this increase could be related (but not limited to) to an enhanced ionization in that region, meaning that the effective ionization region is radially extended when increasing the microwave power. Closer to the antenna (the inner conductor in black in the figure), the density at high power is comparable to that at low power (the ratio is around one). In the very near field, a few millimeters downstream of the exit plane, at high power, a high-density "cloud" is seen between -20 mm ≤ r ≤ -10 mm. Figure 6.12b shows the 2D map of the electron density absolute value at 52 W (upper half of the image) and 20 W (lower half) inside the plume. Two contour lines (10 9 and 10 10 cm -3 ) help the comparison. Interestingly, the power increase only slightly affects the broadening of the plume: for both cases, the 10 10 cm -3 contour is found for r ≃ 20 -25 mm, while the 10 9 cm -3 is at approximately r ≃ 45 -50 mm. The main difference is the long extension of a higher-density cloud along the axial direction. At high power, the 10 10 cm -3 is found as far as z ≃ 9 cm, whereas it extends only up to 6 cm at low power. Likewise, the 10 9 cm -3 extends up to 20 cm at low power, while it seems to continue outside the measurement domain (i.e., for z ≥ 22 cm) in the higher power case.

Effect of the flowrate

Figure 6.13a show the density ratio (n e (2SCCM)/n e (1SCCM)) between a high (2 SCCM-Xe) and a low (1 SCCM-Xe) flowrate inside the source and the very near field (20 mm ≤ z ≤ 26 mm). The power is 32 W, and the SM topology is used. Globally, the density at high and low flowrate is comparable inside the source (ratio between 1 and 1.5). At high flowrate, the density increases substantially close to the inner conductor and the backplate (i.e., close to the propellant injection). This increase may be related to a thinner sheath close to the backplate. Thinner sheaths may appear due to a decrease in electron temperature and an increase in electron density. Indeed, previous measurements [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] inside the plume have shown that the electron temperature decreases with increasing flowrate. This tendency is also found in the results shown later (cf. sections 6.4 and 6.5). On the other hand, when moving closer to the outer conductor wall, the density at high flowrate features a stronger decrease than at low flowrate. This trend can be better visualized in Fig. 6.13b, where the radial profiles of the electron density inside the source at z = 5 (left half of the image) and 10 mm (right half) are shown for the 1 and 2 SCCM-Xe case. Toward the outer conductor, the radial gradient of the density is steeper at a high flowrate, which may be explained by (i) the presence of a larger sheath, (ii) better-confined electrons, or (iii) lower plasma transport along the radial direction. The first hypothesis is the least probable because, as mentioned above, T e decreases and n e increases when the flowrate increases, yielding thinner sheaths. The second hypothesis could be a possible explanation: electron confinement is proportional to their magnetization. The latter is proportional to B 2 /T e (where B is the applied magnetic field and T e is the electron temperature). Therefore, as T e decreases with increasing flowrate, electron magnetization is stronger, yielding better electron confinement that ultimately results in lower losses to the outer conductor wall. Qualitative information about the latter can be inferred from the values of the ion current density (inferred from LIF measurements) and the potential drop across the sheath. Close to the outer conductor wall, the values of the ion current density at high and low flowrate are comparable, whereas the potential drop across the sheath is likely to be lower at 2 SCCM-Xe than at 1 SCCM-Xe (T e decreases with the flowrate). Hence, power losses to the outer conductor wall are also lower at a higher flowrate. Last, the third hypothesis is the most difficult to assess: plasma transport phenomena represent a challenging subject in ECR thrusters as their modeling is difficult to validate with experimental data. Figure 6.13c shows the 2D map of the electron density absolute value inside the plume at 2 SCCM-Xe (upper half of the figure) and at 1 SCCM-Xe (lower half). The flowrate increase seems to have two major effects: the plume broadening along the radial direction and its extension along the axial direction. For instance, at 2 SCCM-Xe, the 10 9 cm -3 contour is found at r ≃ 50 mm and it extends along z beyond the measurement domain (i.e., z ≥ 22 cm), whereas at 1 SCCM-Xe the same contour is found at r ≃ 30 mm, with an extension "only" down to approximately z = 19 cm.

. Plasma expansion along magnetic lines

As mentioned above, 2D or 3D numerical simulations require complex models of electron transport that are difficult to validate. Also, most of the plasma expansion models in magnetic nozzles are one-dimensional and do not provide any information about the radial direction. The analysis of the plasma expansion along magnetic lines moving farther away from the thruster axis may provide interesting insights into plasma expansion and electron transport inside a magnetic nozzle.

In this section, we shall discuss the plasma expansion moving away from the thruster axis and the effect of the magnetic field topology, power, and flowrate on electron density profiles.

Four magnetic lines that have their origin at the backplate (z = 0) are considered and are labeled "SL" (for streamline), followed by a number that identifies the r-coordinate of the line origin at z = 0. SL0 is the symmetry axis with origin at (z = 0, r = 0), SL4 is an inner line with origin at (z = 0, r ≃ 4 mm), SL7 is an intermediate line with origin at (z = 0, r ≃ 7 mm), and MDML is the most divergent magnetic line (also used in ref. [START_REF] Chen | Compositions and distributions of the azimuthal currents in the magnetic nozzle[END_REF]) that intersects the outer conductor at (z = 20 mm, r = 13.75 mm) and identifies the current flux tube intersecting the whole thruster cross-section at the exit plane. The magnetic lines are represented in Fig. 6.14 for the SM (in blue) and BM topology (in red). The electron density profiles along the magnetic lines are extracted from the 2D maps shown in the previous section using a 2D linear interpolator in Python.

The curvilinear abscissa of the line is computed as s = z 2 SL + r 2 SL , where z SL and r SL are the Cartesian coordinates of the magnetic line. The curvilinear abscissa (s) corresponds to the axial Cartesian coordinate (z) for SL0 (since this line is characterized by r = 0). Figures 6.15a and 6.15b show the experimental electron density profile for the SM and BM topology at 1 SCCM-Xe and 32 W, respectively, along the four magnetic lines defined above (SL0, SL4, SL7, and MDML). The error bars are computed as detailed in section 3.2 and following Eq. 4.9 and are represented as colored envelopes.

In the SM case (see Fig. 6.15a), the electron density decreases from approximately 10 11 cm -3 inside the source (s ≃ 10 mm) to 10 8 -10 9 cm -3 at s ≃ 20 cm downstream for the four lines. The profile (i.e., the density decrease) along SL0 is comparable to that along SL4 (the inner line). Furthermore, the profile along SL4 features a local maximum at 10 11 cm -3 at around s = 8 mm (corresponding to z ≃ 6 mm for this line). This trend is not observed along the other lines. When moving farther away from the axis (SL7 and MDML), the density decreases more drastically compared to the inner line and the axis (SL4 and SL0, respectively). Last, we note the existence of two regions identified by a sudden change in the density gradient (∂n e /∂s). For s ≲ 6 cm (this value ranges from 5 to 7 cm depending on the line considered), the density dramatically decreases with a gradient around 20 × 10 9 cm -3 /cm, whereas the gradient is hundred times lower (∂n e /∂s ≃ 0.2 × 10 9 cm -3 /cm) in the remaining of the probed plume length (s ≃ 6 -20 cm). In the BM case (see Fig. 6.15b), the electron density decreases from approximately 3 × 10 11 cm -3 inside the source (s ≃ 10 mm) to around 10 9 cm -3 at s ≃ 20 cm downstream for the four lines. When moving away from the axis (SL7 and MDML), the density decreases more drastically compared to the inner line and the axis (SL4 and SL0), especially for s ≳ 3.5 cm. Last, no drastic variation of the electron density gradient (∂n e /∂s) is observed.

In both the SM and BM case, the expansion along SL0 and SL4 is similar, whereas electron density decreases more rapidly along SL7 and MDML than along the innermost lines. The discrepancy starts for curvilinear abscissae larger than 2.5 cm in the SM case and 3.5 cm in the BM case and becomes more marked for s ≳ 6 cm, with density values three to four times larger along SL0 and SL4 than SL7 and MDML. This may indicate the existence of electron detachment yielding additional electron depletion along the expansion, primarily occurring farther away from the symmetry axis.

Further insights into the different trends of the density profiles of the two topologies can be given by observing the electric field inferred from LIF measure-ments collected along the symmetry axis as

E ∼ - ∂Φ ∂z ∼ - ∂ ∂z 1 2 u 2 i = -u i ∂u i ∂z , (6.4)
where E is the electric field, Φ is the electrostatic potential, and u i is the mean ion velocity. Figure 6.16 shows the normalized electric field along the symmetry axis for the SM and BM topologies at 1 SCCM-Xe and 32 W. The figure represents the ambipolar electric field inside the plasma that accelerates the ions inside the plume. In the SM topology (blue symbols), two distinct regions appear and are separated by a local minimum at around 5 cm: for z ≤ 5 cm, the electric field decreases, whereas it increases for z ≥ 5 cm. Furthermore, the largest portion of the electric field increase, corresponding to a region of concentrated acceleration, is found for 5 cm ≤ z ≤ 7.5 cm. On the other hand, in the BM topology (red symbols), the local minimum is found at z ≃ 3 cm. Two regions appear in this case, too, but the change in the electric field slope is less marked than in the SM case. The consistency between the trends of the ambipolar electric field (inferred from LIF measurements) and the electron density profiles gives a certain degree of confidence in interpreting the density results. It would appear then that electrons are submitted to a more pronounced acceleration in the first centimeters downstream of the source in the SM topology compared to the BM case.

Effect of the magnetic field topology

Figure 6.17 shows the experimental electron density profile along SL0 (i.e., the thruster symmetry axis) and MDML (i.e., the most divergent magnetic line) for the SM and BM magnetic topologies at 1 SCCM-Xe and 32 W.

As seen in Fig. 6.15, in the SM case, the electron density profile features two regions characterized by a change in the density gradient. In the BM case, the density values along SL0 are larger than in the SM case. Along the MDML, the density decrease in the SM topology is comparable to the BM case. Last, for both topologies, the density decrease is more marked when moving farther away from the symmetry axis, i.e., along MDML. As seen in Fig. 6.12b, electron density is larger at higher power along SL0, especially for s ≤ 10 cm. Along MDML, the slope of the density profile is comparable at both high and low power. At both high and low power, the electron density decreases more dramatically when moving away from the axis (i.e., along MDML). In addition, only the profiles along MDML show two regions (at 32 W these two regions are visible along both SL0 and MDML, see Fig. 6.17): the first, characterized by a strong density gradient, extends down to s ≃ 7.5 cm, whereas the second is characterized by a lower gradient and extends until the end of the measurements domain. (We note that s ≃ 20 cm does not correspond to z ≃ 20 cm for MDML per its definition.) Along both SL0 and MDML, the electron density is larger at 2 SCCM-Xe: at s ≃ 7.5 cm, it is four times larger along the axis and three times larger along MDML than at a lower flowrate. Along SL0, the density profile is characterized by two regions only at low flowrate, while at high flowrate the slope (in a log-lin scale) is roughly constant. Along MDML, the two regions are visible at low and high flowrate. 

Effect of the flowrate

. Conclusion on the plasma expansion from the source to the magnetic nozzle

• The ionization is seen to occur along the source length. Its spatial distribution in the source is seen to vary when changing the power and flowrate.

Power losses due to ions lost at the backplate are estimated to be as large as a couple of watts. These results especially address a hypothesis made by Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF]: he conjectured that the ionization would occur along the whole source length to explain the variations in thruster performances when varying the source length.

• Electron density spatial distribution is seen to be strongly dependent upon the magnetic topology, power, and flowrate. In particular, inside the source and in the case of the more divergent field (BM topology), the electron density is seen to increase close to the backplate when increasing the flowrate (from 1 to 2 SCCM-Xe). On the other hand, it drastically increases in the center of the discharge channel (approximately halfway between the inner and outer conductor walls) when increasing the power. These spatial variations can be related to (but are not limited to) variations in the ionization inside the source, the presence of plasma sheaths near the source walls, and variations of the electron confinement.

• The electron density profile inside the plume features two regions characterized by a change in the density gradient, especially in the case of the SM topology. This phenomenon seems correlated to the shape of the ambipolar electric field inferred from LIF measurements. When moving away from the thruster symmetry axis, the electron density decreases more dramatically than the decrease along the axis. Globally, a more divergent field, a higher power, and a higher flowrate result in a larger electron density along the axis. Farther from the axis, electron density is comparable in magnitude when varying the magnetic field, power, or flowrate. Last, the mass flowrate and magnetic field topology influence the electron density profile but not the power.

. Electron energy anisotropy inside the thruster source

As mentioned in the motivation section (6.1), electron energy anisotropy is fundamental in the physics of ECR thrusters, where electrons are heated preferentially along a direction perpendicular to magnetic lines. The magnetic nozzle converts the perpendicular gyro energy into parallel energy that accelerates electrons outside the thruster source, ultimately producing the ambipolar electric field that accelerates ions.

Analytical models that predict the thruster performances and the plasma expansion developed in previous works [19], [START_REF] Cannat | Optimization of a coaxial electron cyclotron resonance plasma thruster with an analytical model[END_REF] are based on the values of the plasma parameters inside the source. In those works, the authors used electron density and temperature values collected a few centimeters downstream of the thruster source to describe the source conditions. In addition, these and other numerical models [106] are based on an isotropic value of the electron temperature and assume an isotropic Maxwellian distribution function to describe electron energy.

As seen in the previous section (6.3), electron density values dramatically decrease inside the thruster plume, likely indicating that other plasma parameters, such as electron temperature and pressure, may vary according to the location inside the thruster. It is then clear that investigating electron anisotropy could significantly help the development of more accurate analytical and numerical models and, ultimately, more efficient thrusters.

In this section, for the first time in an ECR thruster and, more generally, in an MN thruster (to our knowledge), we experimentally quantify electron energy anisotropy inside the thruster source. First, we estimate the perpendicular and parallel electron temperature and pressure by analyzing the magnetic and thermal thrust contributions combined with the 2D electron density maps. Then, we assess the accuracy of the results by applying the analytical model proposed by Takahashi et al. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] (developed for a helicon thruster) to the ECR thruster. Last, we show that electron anisotropy can be qualitatively inferred uniquely from the magnetic and thermal thrusts.

. Quantification of the electron anisotropy

Perpendicular and parallel electron energy, temperature, and pressure can be quantitatively estimated by combining the magnetic (T B ), and thermal (T S ) thrust direct measurements and the 2D maps of the electron density spatial distribution (n e (z, r)) inside the thruster. Below, we briefly describe the mathematical background on which the combined analysis is based.

The magnetic thrust (T B ) is a volume force resulting from the interaction between the magnetized electrons (specifically, the electron azimuthal current) and the magnetic field of the thruster. When an electron is immersed in a magnetic field, it follows an orbital motion around a magnetic line, known as cyclotron gyration. In this case, a quantity associated with the cyclotron gyration can be defined: the magnetic moment [6] 

µ = 1 2 m e u 2 e,⊥ B = E e,⊥ B , (6.5) 
where m e is the electron mass, B is the magnetic field intensity, u e,⊥ is the component perpendicular to the magnetic field of the electron velocity, and E e,⊥ is the corresponding perpendicular electron kinetic energy. Furthermore, the magnetic moment is an adiabatic invariant, a quantity approximately conserved in the motion in the absence of collisions [7].

The plasma magnetization resulting from the cyclotron gyration of dN = n e dV electrons contained in an infinitesimal plasma volume dV is then [6]:

⃗ dM p = k=dN k=1 ⃗ µ k ≈ n e ⃗ μdV, (6.6) 
where n e is the electron density and μ is the average magnetic moment over the dN electrons. The plasma magnetization interacts with the external magnetic field (i.e., that of the thruster that induced the electron gyration in the first place), resulting in a force opposed to the external magnetic field and written as [START_REF] Jackson | Classical Electrodynamics[END_REF] 

⃗ dF = ⃗ dM p • ∇ ⃗ B. (6.7) 
Indeed, this force results from the magnetic interaction between the electrons in the plasma and the external field. Its projection along the axial z-axis (viz. the thruster symmetry axis) corresponds to the magnetic thrust, i.e., dF z ≡ dT B , as already discussed earlier in section 6.2.2. The integral force is then obtained by integrating the projection along the z-axis of Eq. 6.7 over the whole plasma volume (V ):

T B ≈ V n e μ ∂B z ∂z dV . (6.8) 
As said in section 6.2.2, the integration of the radial projection of dF is zero, i.e., no net "magnetic radial thrust" is applied on the thruster.

The thermal thrust (T S ) is a surface force generated by the thermal expansion of the electrons and is proportional to the electron pressure. Indeed, in the fluid model interpretation [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] this force is written as:

T S = rsource 0 p e,∥ (r, z 0 )2πrdr, (6.9) 
where p e,∥ is the component of the electron pressure aligned with the magnetic line, and z 0 is the axial location of the maximum pressure inside the ionization chamber.

In the remainder of this chapter, the subscript (.) 0 indicates the values of the energy, temperature, and pressure inside the source at the resonance condition (i.e., B 0 = 875 G), which are also referred to as "reservoir conditions".

In axisymmetric geometry, Eq. 6.8 can be rewritten as

T B ≈ μ z f 0 rp(z) 0 n e (z, r) ∂B z ∂z (z, r) 2πrdrdz, (6.10) 
where z f is the downstream end of the magnetic nozzle, r p (z) is the coordinate of the MDML (most divergent magnetic line, defined in section 6.3.3), and where μ is the average magnetic moment of electrons in the plasma volume. In this work, z f = 22 cm is the farthest data point at which the electron density has been measured (cf. Fig. 5.21), n e (z, r) is the 2D map of electron density (discussed earlier in section 6.3.2), T B has been directly measured (see the results in section 6.2.1), and the magnetic field topology ⃗ B(z, r) = B z ẑ + B r r is known for both the SM and BM cases. Therefore, μ can be estimated since (i) the electron density, (ii) the magnetic topology, and (iii) the magnetic thrust are known in the considered plasma volume.

From the average magnetic moment of electrons (μ), the average perpendicular electron energy at the resonance condition (E e0,⊥ ) is computed with Eq. 6.5 in the resonance region (B 0 = 875 G). This is an arbitrary choice, but it represents a characteristic magnetic field value for the thruster. Assuming that the motion in the perpendicular and parallel direction to a magnetic line is described by a Maxwellian energy distribution function [5], the notion of perpendicular and parallel electron temperatures is introduced. In this case, the average electron kinetic energy is Ē = 1/2k B T in each of the three directions of space, which gives E e0,⊥ = k B T e0,⊥ , since there exist two directions perpendicular to a magnetic line. Then, the perpendicular electron pressure (p e0,⊥ ) is obtained using the ideal gas law with the electron density at the resonance condition n e0 (inferred from the 2D maps).

The thermal thrust in Eq. 6.9 is expressed as:

T S ≈ p e0,∥ A source , (6.11) 
under the assumption of uniform radial distribution of the electron pressure in the thruster source. The parallel electron pressure (p e0,∥ ) is calculated using Eq. 6.11, as the thermal thrust (T S ) and the source geometry (A source ) are known. Then, the parallel electron temperature (T e0,∥ ) is computed using the ideal gas law. Table 6.2 summarizes the derivation of the quantities discussed above. Finally, the equivalent isotropic electron temperature (T e0 ) and pressure (p e0 ) are calculated as

T e0 = 2 3 T e0,⊥ + 1 3 T e0,∥ , p e0 = 2 3 p e0,⊥ + 1 3 p e0,∥ . (6.12) 
The equivalent isotropic electron temperature will be used in section 6.5, where we will compare the experimental expansion to that computed with analytical models. Tables 6.3 and 6.4 show the anisotropic electron properties estimated with the combined analysis discussed above (in terms of average magnetic moment of electrons, perpendicular, parallel, and isotropic electron temperature and pressure) for three xenon flowrates (1, 1.5, and 2 SCCM-Xe) at 32 W of power for the SM and BM topology, respectively. The magnetic moment, temperature, and pressure uncertainties are estimated from the measured thrust and density uncertainties. T S measured and A source is known

T e0,∥
ideal gas law estimation of p e0,∥ and n e0 inferred from measurements Globally, the SM topology is characterized by larger values of perpendicular temperature and pressure than the BM topology, with values as high as 63 eV and 1.4 Pa in the former case vs. 46 eV and 1.1 Pa in the latter case for the lowest flowrate. Furthermore, these values increase as the flowrate decreases. On the other hand, the parallel temperature and pressure are comparable in the SM and BM case. Parallel pressure increases with the flowrate, consistent with the trends observed in the thermal thrust. The isotropic temperature and pressure decrease with the flowrate in both SM and BM cases, consistent with the trends observed by Correyero et al. [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF], [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF].

The T e0,⊥ /T e0,∥ ratio decreases with the flowrate with values ranging from around 6.3 to 3.4 in the SM case, and from 4.2 to 1.3 in the BM case when increasing the flowrate from 1 to 2 SCCM-Xe.

In the SM case, the values of the isotropic temperature (T e0 ) are almost twice larger as Langmuir probe temperature measurements (cf. in section 6.5). Indeed, the latter indicates temperatures of 27 and 15 eV at low and high flowrate (1 and 2 SCCM-Xe, respectively). Two factors may cause this discrepancy: first, the Langmuir probe is located 5 cm downstream of the thruster exit plane. It would then measure a lower temperature (due to the electron cooling occurring in the first centimeters of the plume). Second, the combined analysis may overestimate T e0,⊥ due (i) to uncertainties in assuming the electron properties computed at the ionization region (i.e., B(z 0 ) = B 0 = 875 G) uniform inside the source, (ii) to underestimations of the electron density coming from the uncertainties of the correction method accounting for the presence of the plasma sheath (cf. chapter 4), or (iii) to uncertainties in assuming a Maxwellian energy distribution function in both the perpendicular and parallel directions.

In conclusion, the analysis highlights a strong electron anisotropy inside the source. Globally, the dependency on the flowrate and the order of magnitude of the isotropic electron temperature (T e0 ) are consistent with previous experimental measurements inside the magnetic nozzle of a similar version of the thruster [19], [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF]. Also, Sanchez et al. [106] found values around 1 Pa for the isotropic electron pressure and approximately 20 -40 eV for the isotropic electron temperature inside the source using self-consistent numerical simulations of an ECR thruster operated at 2 SCCM-Xe and 30 W. It should be noted that background pressure effects were not taken into account in the simulation and that, as discussed in section 5.9.2, the increase in background pressure results in a decrease in the thruster performances and especially in the electron temperature.

On the other hand, previous estimations of the perpendicular electron pressure based on measurements of plasma-induced magnetic flux at the thruster extinction using a diamagnetic loop [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF] had indicated values of around 0.2 Pa at 1 SCCM-Xe (vs. approximately 1 Pa here). However, that value is inconsistent with the orders of magnitude of the electron density measured inside the source in this work (section 6.3.2). Using the ideal gas law with n e0 between 1 and 3 × 10 11 cm -3 (inferred from 2D maps of the electron density) and p e0 ≃ 0.2 Pa, values of T e0 between 4 and 12 eV are obtained. These values are smaller than the values of around 20 eV reported in their work [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF], and also than those measured outside the source inside the plume with a Langmuir probe in this work (see Fig. 6.29a). Moreover, following the fluid expression of the thermal thrust in Eq. 6.11, we could express the magnetic thrust to be proportional to the perpendicular plasma pressure times an "effective" area. By taking A source as the reference area (as done in Eq. 6.11), values of the order of 0.7 Pa are obtained, in line with the estimations presented in Tables 6.3 and 6.4.

. Assessment of the accuracy of the combined analysis

In 2011, Takahashi et al. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] proposed an analytical fluid model to describe the thrust production in magnetic nozzle helicon thrusters. The axial and radial components of the momentum equations for electrons and ions were derived assuming an axisymmetric current-free expanding plasma in a divergent magnetic field, quasi-neutrality, negligible electron inertia, cold ions, and negligible ion inertia along the radial direction (i.e., ions are mainly accelerated along the thruster axis). Moreover, electrons are described by parallel and perpendicular components of the pressure and temperature, with T e,∥ = T e,⊥ (yielding also p e,∥ = p e,⊥ using the ideal gas law). The corresponding axial and radial forces are obtained by integration of the differential equations of the momentum. They also performed direct measurements of the total, magnetic, and thermal thrust and obtained a good agreement between experimental measurements and numerical results inferred from their fluid model (of the total, magnetic, and thermal thrust).

In this section, we shall use the same approach in the ECR thruster to assess the accuracy of the temperature and pressure values obtained with the combined analysis in the previous section by comparing the experimental values of the magnetic thrust (see section 6.2.1) with those computed following their model. While the model is described in detail in ref. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], we recall here the expression for the magnetic thrust contribution:

T B = - z 0 rp(z) 0 B r B z ∂p e,⊥ ∂r 2πrdrdz, (6.13) 
where r p (z) is the radial coordinate of the most divergent magnetic line (MDML, defined in section 6.3.3), B r and B z are the radial and axial components of the magnetic field of the permanent magnet of the thruster, and where p e,⊥ is the perpendicular electron pressure. In ref. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], the magnetic field is known and the electron pressure is modeled as p e (r, z) = p e0 f (r)g(z), where p e0 is the maximum value of the electron pressure, and f (r) and g(z) are normalized functions describing the pressure evolution along the radial and axial direction, respectively. In their work, p e0 , f (r), and g(z) are obtained from the axial and radial profiles of the electron pressure inferred from Figures 6.21a and 6.21b show the comparison between the computed and the measured magnetic thrust contribution for the SM and BM topologies at a given flowrate (1 SCCM-Xe) and power (32 W), respectively. Globally, the model reproduces the measured T B values, with discrepancies below 30% for thrusts between 0.3 and 0.5 mN. The model generally reproduces the trends found in the experimental measurements: the computed T B increases with the power (cf. Fig. 6.21a) and decreases with the flowrate (cf. Fig. 6.21b). Last, slightly lower discrepancies between experimental and computed data are found for the SM topology compared to the BM case. The agreement between experimental T B values and those inferred from the model assesses (i) the model applicability to an ECR thruster and (ii) the accuracy of reservoir condition values inferred from the combined analysis in the previous section. Takahashi's model [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] may be particularly interesting for estimating the thruster performances as a function of the magnetic field topology, thruster geometry dimensions, and operating condition, ultimately providing a valuable tool for optimizing the thruster. Such preliminary analysis is presented in App. G.

The term inside brackets in Eq. 6.15 is a characteristic of the applied magnetic field and thruster geometry and is computed for both the SM and BM topologies. Therefore, the ratio of the mean perpendicular electron temperature to the mean parallel electron temperature (T e0,⊥ /T e0,∥ ) is estimated for all thrust measurements discussed in section 6.2.1 and is shown in Figs. 6.22a and 6.22b for the SM and BM topology, respectively.

Globally, for both the SM and BM topology, the degree of anisotropy of the electron temperature (T e0,⊥ /T e0,∥ ) decreases with the mass flowrate over the whole power range, consistent with the increase in the collision rate that tends to thermalize electrons, i.e., to equalize the electron gyrokinetic and parallel energies. At low flowrates (0.7 and 1 SCCM-Xe), the ratio is bell-shaped, with maxima around 5 at approximately 32 W in the SM case and between 3 and 3.5 at around 30 W in the BM case. In addition, T e0,⊥ /T e0,∥ maxima are approximately located at the same power values of thrust efficiency maxima shown in Fig. 6.2. On the other hand, at higher flowrates (1.5 and 2 SCCM-Xe), T e0,⊥ /T e0,∥ is almost constant with the power in the SM topology, whereas it decreases from 2.5 to 1.5 in the BM case when the power is increased from 12 to 60 W. For a given flowrate and power, the ratio is larger in the SM case compared to the BM configuration, e.g., around 5 at 30 W and 1 SCCM-Xe in the SM case, whereas it is around 3 in the BM case for the same condition. This could be explained by higher losses in the perpendicular direction in the latter case. Last, T e0,⊥ /T e0,∥ values are in line with those obtained with the combined analysis: in the SM case 6 ≳ T e0,⊥ /T e0,∥ ≳ 3.5 and in the BM case 4 ≳ T e0,⊥ /T e0,∥ ≳ 1.5 when increasing the flowrate from 1 to 2 SCCM-Xe at 32 W, as seen in Fig. 6.22. 

Figure 6.22: Ratio of the mean perpendicular electron temperature (T e0,⊥ ) to the mean parallel electron temperature (T e0,∥ ) for the different operating conditions for the (a) SM and (b) BM topologies.

. Conclusion on the electron anisotropy

For the first time, electron anisotropy has been experimentally quantified in an ECR thruster in terms of both parallel and perpendicular components of the electron energy, pressure, and temperature.

• The combination of electron density spatial distribution and direct thrust measurements (called combined analysis in the section) allows for the quantitative estimation of electron properties in the thruster source. This study is performed for the two magnetic topologies (SM and BM) and three xenon flowrates at constant power. A simpler approach only based on thrust measurements allows qualitative information about the anisotropy to be inferred in terms of the ratio between the perpendicular and parallel electron temperatures. This approach allows for the effect of the power on the anisotropy to be inferred. The combined analysis results and the simpler approach are in adequate agreement.

• The ECR thruster is characterized by a strong electron anisotropy that mainly depends upon the magnetic topology and the flowrate. Anisotropy tends to be lower in a more divergent magnetic field (BM topology). Also, it is larger at low flowrates, consistent with the assumption that at higher flowrate the larger number of collisions tend to thermalize the parallel and perpendicular components (with respect to magnetic lines direction) of the electron energy.

For instance, at 1 SCCM-Xe and 32 W, the energy anisotropy is characterized by perpendicular temperatures almost six times larger than parallel values.

• A fluid model to describe the magnetic thrust production inside a magnetic nozzle thruster, firstly proposed for a helicon thruster [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], is applied to the ECR thruster. Input parameters are the pressure profile and the magnetic field topology in the zr plane. The former is built using the results of the combined analysis. The good agreement between the computed and measured T B values (discrepancies below 30%) assess (i) the validity of the combined analysis results and (ii) the interest in applying such a model to ECR thruster. Future applications of such a model may provide an approach to optimize thruster performances.

• In some cases, the combined analysis seems to overestimate the values of electron temperature. Three reasons may be the cause: uncertainties coming from the non-uniformity of electron properties inside the source, the plasma sheath correction method, or uncertainties in assuming a Maxwellian energy distribution function both in the perpendicular and parallel directions. The accuracy of the combined analysis could then be improved (i) by considering a non-uniform spatial distribution for the electron temperature and pressure inside the source, (ii) by iterating the method, or (iii) by assuming non-Maxwellian distribution functions. The first point would challenge the assumption that the reservoir conditions computed at the ionization region (i.e., B(z 0 ) = B 0 = 875 G) are uniform inside the source, whose validity may strongly depend upon the operating condition (power and flowrate).

The second point (ii) arises from the fact that the plasma sheath correction method uses a certain value of T e0 to correct raw density data. The resulting corrected density data is used in the combined analysis, from whose results T e0 = 2/3T e0,⊥ + 1/3T e0,∥ is computed. The iteration would then consists in correcting raw density data with a certain value of T e0 , performing the combined analysis and computing T e0 = 2/3T e0,⊥ + 1/3T e0,∥ , and use this value to correct raw densities. The third point (iii) would imply using a different relationship between T e0 , T e0,⊥ , and T e0,∥ .

. Experimental plasma expansion compared with analytical models

In this last section, we compare the plasma expansion, especially in terms of electron density and temperature, with profiles computed using two simple analytical models. Electron density measurements are collected as described in section 5.7, whereas electron temperature is inferred from Langmuir probe measurements (the probe and the post-processing methods are detailed in section 5.3). As mentioned earlier, electron temperature inferred from Langmuir probe measurements is an isotropic temperature, which can be used in fluid models. Electron density has been measured in the thruster source and the plume (up to approximately 20 cm downstream) with SM and BM topologies. Electron temperature has been collected from 5 to 20 cm along the symmetry axis in the plume only for the SM case.

The isothermal and polytropic models are often used in the literature to describe plasma expansion in magnetic nozzles [19], [20]. The former assumes that electron conductivity is very large and isotropic, yielding an electron population described by a unique temperature along the whole expansion. The latter is an intermediate case between the isothermal and the adiabatic case. In an adiabatic flow, no heat transfer is considered to occur along the expansion. The flow temperature decreases according to the adiabatic relationships with an index γ = 5/3 for a monoatomic gas. (Further details on these expansion models and their assumptions are recalled in section 1.1.2.) A certain amount of heat transfer is considered in a polytropic flow, yielding a polytropic index bounded between the isothermal (γ = 1) and adiabatic case. While both allow for describing the plasma dynamics inside the magnetic nozzle and dealing with a more tractable set of equations, they present critical drawbacks. The former leads to an infinite potential drop and ion energy [19] (thus an infinite thrust). The latter rests on a fit returning an expansion coefficient bounded between the isothermal and adiabatic case.

Here, we shall assess the accuracy of isothermal and polytropic models describ-ing plasma expansion in the magnetic nozzle of an ECR thruster. This will consist in comparing experimental data along the thruster symmetry axis with the profiles computed following the models.

. Computation of the analytical models

The computation of the isothermal (Eq. 1.51) and polytropic expansion models (Eq. 1.52) requires the knowledge of three quantities: the reservoir electron temperature (T e0 ), the plasma potential profile and its reservoir value (Φ p (z) and Φ p0 ), and the polytropic index (γ). In the following, we describe the estimation of these parameters.

Value of the reservoir electron temperature

The value of T e0 is inferred (i) with the combined analysis described in section 6.4.1 and whose results are reported in Tables 6.3 and 6.4, for the SM and BM case, respectively, and (ii) by fitting experimental data with the isothermal equation (1.51) yielding

log n e (z) ∼ 1 T e0 Φ p (z), (6.16) 
where log n e is the Napierian logarithm of the electron density profile measured with the CP (see section 6.3) and Φ p is the plasma potential inferred from LIF measurements and is discussed in the next subsection. An example of the fit is shown in Fig. 6.23 for the SM (solid blue line) and BM (solid red line) cases at 1 SCCM-Xe and 32 W. The black dotted line are the fits of Eq. 6.16 and the reciprocal of the slope is T fit e0 = 30 and 36 eV for the SM and BM case, respectively. The comparison of the values of T e0 inferred with the two methods is shown in Figs. 6.24a and 6.24b, for the SM and BM topology, respectively. Globally, for both the SM and BM cases, the values of T e0 inferred with the two methods decrease with the flowrate. In the SM case (cf. 6.24a), the values inferred with the combined analysis (blue circles in the figure) are larger than the values obtained with the fit of Eq. 6.16 (orange diamonds), with discrepancies as high as almost 50% at high flowrate (2 SCCM-Xe). On the other hand, in the BM case (cf. 6.24b), the values inferred with the two methods are in good agreement, with discrepancies below 7%, for the three studied flowrates. and with the fit of Eq. 6.16 using experimental data of electron density and plasma potential for (a) SM and (b) BM topology.

The possibility that the combined analysis may overestimate the values of the equivalent isotropic temperature has already been discussed in section 6.4.1, by observing the discrepancy with Langmuir probe measurements inside the plume and by noting the limitations introduced with the analysis assumptions. Here, the discrepancy observed in the SM case between the results of the combined analysis and the fit of Eq. 6.16 may also be due to the fact that the isothermal expansion (described by Eq. 1.51) could not be adequate to describe the experimental plasma expansion in the SM case. We observe, for instance, that the red curve (BM topology) in Fig. 6.23 displays a trend much closer to the linear trend expressed in Eq. 6.16 than SM topology data (blue curve).

Plasma potential profile along the expansion

The plasma potential profile (Φ p (z)) is computed using the ion velocity along the axis inferred from LIF measurements collected up to approximately 17 cm downstream of the thruster. For the cases at 1 and 2 SCCM-Xe with the SM topology, we have also measured axial profiles of the plasma potential with the Langmuir probe farther downstream. In these cases, the plasma potential profile combines LIF and Langmuir probe measurements. The ion velocity inferred from LIF measurements provides the relative potential drop as ∆Φ p (z) = -1/(2e)m i u 2 i (z), that is scaled to the absolute drop (with respect to common ground) using a value of the plasma potential measured with the Langmuir probe at a given location. Figures 6.25a and 6.25b show the plasma potential profile inferred using the combination of LIF and LP measurements at 1 and 2 SCCM-Xe, respectively. At both low and high flowrate, the plasma potential decreases when moving away from the thruster axis due to the acceleration of ions in the magnetic nozzle. (LIF measurements show ion velocities of 17 and 12 km•s -1 , corresponding to ion kinetic energies of approximately 200 and 100 eV, at 1 and 2 SCCM-Xe, respectively.) At low flowrate, the potential drop is around 130 V, whereas it is around 60 V at high flowrate. Results are aligned with previous works [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF] on a similar ECR thruster. For the cases where Langmuir probe measurements of the plasma potential have not been collected, the plasma potential profile (Φ p (z)) is inferred by subtracting the relative drop (∆Φ p (z) ∝ -u 2 i (z) from LIF measurements) from the value of the total ion energy measured 1.7 m downstream the thruster, i.e., Φ p (z) = E it +∆Φ p (z). This approach is valid if (i) ion kinetic energy is negligible compared to their potential energy inside the thruster source and (ii) the total ion energy is conserved along the plasma expansion from the source to far downstream in the plume (Eq. 1.54). The validity of the first assumption can be assessed by comparing ion kinetic energy inferred from LIF measurements and plasma potential inside the source. The former is below 3 eV, corresponding to ion velocities not exceeding 2 km•s -1 , at both low and high flowrate, while the latter ranges from 100 to 200 V at high and low flowrate (see Figs. 6.25a and 6.25b). The second assumption considers collisionless (or weakly-collisional) ion flow. Its validity can be assessed by looking at the ion collision probability. The probability of a collision event P (p * ) (where p * is the pressure) can be estimated at lowest order by taking

P (p * ) = 1 -exp (-d/λ * i ) [151]
, where d is the total distance covered by the particle and λ * i = λ i (p * ) is the particle mean free path. In our case, the total distance is around 1.7 m, while λ i ≃ 10 m [START_REF] Chabert | Physics of Radio-Frequency Plasmas[END_REF] in the case of xenon ions at a pressure of 5 × 10 -6 mbar ≤ p * ≤ 10 -5 mbar, yielding P (p * ) ≃ 0.15.

The accuracy of this approach can be quantified by looking at the profiles in Fig. 6.25: the reservoir value of the plasma potential inside the source is Φ p0 ≃ 225 V at 1 SCCM-Xe, and 115 V at 2 SCCM-Xe, whereas the total ion energy (collected with the ions energy analyzer 1.7 m downstream the thruster) is E it = 200 eV and 95 eV at 1 and 2 SCCM-Xe, respectively. A good agreement between Φ p0 and E it is obtained at low and high flowrate. At 2 SCCM-Xe, the higher discrepancy (around 20%) between Φ p0 and E it can be explained by the larger collision rate inside the plume at a higher flowrate that weakens the assumption of the conservation of the total ion energy. For instance, at 2 SCCM-Xe p * ≃ 10 -5 mbar (which is the average neutral pressure measured inside the tank during measurements) yields P ≃ 0.21, whereas at 1 SCCM-Xe p * ≃ 5 × 10 -6 mbar yields P ≃ 0.11.

Value of the polytropic index

Last, the polytropic index (γ) is estimated from experimental data of electron density and plasma potential by extracting the logarithm from the polytropic equation (1.52) and by taking the slope as (γ -1) log 10 n e (z) ∼ log 10 Φ p (z).

(6.17)

An example of such a procedure is shown in Fig. 6.26 for the SM (blue line and symbols) and BM (red line and symbols) topology. The symbols are the experimental data, while the solid line is the fit of Eq. 6.17. For the SM topology, the estimated polytropic index is γ SM = 1.18 ± 0.05, whereas it is γ BM = 1.34 ± 0.04 in the BM topology. Notably, the variation of these values when changing the operating condition (flowrate and power) is below their uncertainty value. γ SM < γ BM is consistent with the findings of Lafleur et al. [19] who investigated the effect of magnetic field strength in an ECR thruster and observed that γ increased with an increasing magnetic field.

In addition, in a polytropic flow, information about the maximum ion energy can be inferred from the polytropic index as [19]: E i,max ∝ γ/ (γ -1). Using the values of γ inferred above we obtain E SM i,max > E BM i,max , consistent with experimental observations. For instance, at 1 SCCM-Xe and 32 W, measurements show E it ≃ 200 eV in the SM case and E it ≃ 180 eV in the BM case. Figure 6.26: Fit of experimental data of electron density and plasma potential using Eq. 6.17 for the SM and BM topology.

. Comparison along the symmetry axis

We compare the experimental plasma expansion in terms of electron density and temperature along the thruster symmetry axis, i.e., (z, r = 0), with isothermal and polytropic models. Their accuracy in describing the plasma behavior inside the magnetic nozzle is discussed. Figures 6.27a (SM topology) and 6.27b (BM topology) show the experimental electron density profiles compared to those computed with the isothermal (Eq. 1.51) and polytropic (Eq. 1.52) models using T e0 inferred from the combined analysis and whose values are reported in Tables 6.3 and 6.4. The thruster is operated at 1 SCCM-Xe and 32 W. The error-bars are computed as detailed in section 3.2 and according to Eq. 4.9 and are plotted as colored envelopes.

While we have discussed and described these profiles in section 6.3.3, we focus here on the precision of the two models in describing the experimental expansion. In the SM case (see Fig. 6.27a), both the isothermal and polytropic models underestimate the density decrease compared to experimental data. The polytropic coefficient is γ = γ SM ≃ 1.18. This discrepancy may be caused by an overestimated value of T e0 (as discussed earlier in section 6.4.1. In the BM case (see Fig. 6.27b), the isothermal model adequately describes experimental data, while the polytropic model overestimates the density decrease, especially in the plume far field (farther than 6 cm). The polytropic coefficient is γ = γ BM ≃ 1.34.

We momentarily focus on the BM topology results as the SM results may be affected by the overestimation of T e0 . In the BM case, experimental data is more adequately described by the isothermal rather than by the polytropic model for all investigated operating conditions. We now compare the experimental density profile with the isothermal model using the two values of reservoir electron temperature given in Fig. 6.24: that inferred with the combined analysis (cf. Tables 6.3 and 6.4) and that inferred with the fit of Eq. 6.16 with experimental data of density and plasma potential. Figures 6.28a and BM topology, respectively, at 1 SCCM-Xe and 32 W.

In the SM case (see Fig. 6.28a), the isothermal expansion computed with the T e0 value inferred from the fit of Eq. 6.16 more adequately describes experimental data than the profile computed using T e0 from the combined analysis (the former is lower than the latter, see Fig. 6.24a). We note that the polytropic expansion (blue line in the figure) strongly underestimates the electron density in the plume far field (farther than 9 cm) even when computed with the fitted value of T e0 . The isothermal and polytropic models overestimate the density between 5 and 7.5 cm, which corresponds to the zone where the density gradient drastically varies (this effect is discussed in section 6.3.3). In the BM case, the isothermal expansion computed with both values of T e0 is in good agreement with experimental data. Indeed, the two values of T e0 are very similar (with a difference of 2 eV in the worst case), as seen in Fig. 6.24b. Similarly to what is observed in the SM case, the polytropic expansion (blue line in the figure) overestimates the density decrease in the BM case, especially for z ≥ 7 cm. The same trends are observed when increasing the flowrate to 2 SCCM-Xe for both topologies.

While electron density profiles seem more adequately described with an isothermal rather than a polytropic model, electron temperature measurements collected with the Langmuir probe along the symmetry axis show electron cooling downstream of the thruster. Figures 6.29a and 6.29b show the experimental electron temperature profile (black symbols) along the axis at 1 and 2 SCCM-Xe for the SM topology. The figures also show the computed temperature profiles using the polytropic model (Eq. 1.52) with the two values of T e0 : that inferred with the combined analysis (blue line) and that inferred from the fit of Eq. 6.16 (orange line). At low flowrate (see Fig. 6.29a) electron temperature varies from around 27 eV at 5 cm, to 15 eV at 22 cm. At high flowrate (see Fig. 12.5 eV at 7 cm, to 8 eV at 22 cm. When increasing the flowrate, electron temperature globally decreases along the plume. In addition, the increase in flowrate has a small effect on the electron cooling: the ratio of the upstream to downstream temperatures is around 1.8 at 1 SCCM-Xe and 1.6 at 2 SCCM-Xe. Data values and trends are consistent with previous experimental investigations on a similar ECR thruster [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF]. in the plume compared with the polytropic profile using T e0 from Table 6.3 and that inferred from the fit of Eq. 6.16 for (a) 1 and (b) 2 SCCM-Xe using the SM topology.

Remarkably, the polytropic model (with γ = γ SM ≃ 1.18) accurately describes the experimental profile both at low and high flowrate when using T e0 from the fit of Eq. 6.16. This same value of T e0 used with the isothermal model ensures an adequate description of the experimental electron density profiles. On the other hand, the polytropic model with T e0 from Table 6.3 overestimates the experimental temperature profiles at both low and high flowrate. This also points in the direction that the combined analysis (detailed section 6.4.1) could overestimate the values of T e0 in the SM case. The most probable causes and possible actions to undertake to improve the combined analysis are discussed in section 6.4.4.

In conclusion, electron density is more adequately described along the symmetry axis with an isothermal expansion rather than a polytropic model for both the SM and BM topologies. On the other hand, electron temperature measurements (collected only with the SM topology) show electron cooling along the expansion and that electron temperature decreases when the flowrate increases. Moreover, electron temperature profiles are properly described using a polytropic law. Temperature measurements with the BM case would further assess the precision of the reservoir temperature inferred from the combined analysis and the relevance of using the polytropic law to describe the (expected) electron cooling in the plume.

. Summary

In this chapter, we have conducted an experimental investigation of the ECR thruster performances and local plasma parameters spatial distribution using the apparatus and methods presented in chapter 5.

First, we have discussed the direct measurements of the total thrust and its magnetic and thermal contributions. While the total thrust globally increases with the power, the magnetic contribution tends to saturate, especially at low flowrates (below 1 SCCM-Xe) and high power (above 40 W). Also, higher efficiencies are generally obtained when the magnetic thrust contribution is above 70%, and the BM topology is slightly more efficient at low flowrates. Then, we have shown that the magnetic thrust is mainly produced inside the source (up to 70% depending on the operating condition) and that larger portions of the plume in the BM case do not contribute to its production compared to the SM topology.

Second, we have discussed the 2D maps of the electron density inside the thruster source and plume and ion current measurements inside the source. The latter have shown that propellant gas ionization occurs along the source length. We have seen that electron density spatial distribution strongly depends upon the magnetic topology, power, and flowrate. Inside the source, electron density is especially increased near the backplate in the BM case and when increasing the flowrate. In contrast, it increases in the center of the discharge channel with increasing power. The electron density expansion inside the plume features a sudden change in the density gradient, especially in the SM topology. This trend seems well correlated to the shape of the ambipolar electric field. In the SM topology, the acceleration of ions in the first centimeters is more pronounced than in the BM case. Last, electron density drastically decreases when moving away from the symmetry axis. The presence of electron detachment inside the plume is likely one of the causes.

Third, we have investigated electron anisotropy inside the source by performing a combined analysis of the magnetic and thermal thrusts and the 2D electron density maps. Results show that a strong electron anisotropy characterizes the ECR thruster source with perpendicular electron temperatures approximately two to six times larger than parallel temperatures, depending on the flowrate and magnetic topology. Furthermore, electron anisotropy decreases with increasing flowrate. This analysis also estimates the reservoir conditions in terms of uniformisotropic electron temperature and pressure (T e0 and p e0 ), under the assumption of a Maxwellian electron energy distribution function along the perpendicular and parallel directions. Finally, some points that could improve the accuracy of the combined analysis are identified: considering a non-uniform spatial distribution of the electron properties in the source and assuming non-Maxwellian distribution functions. A qualitative analysis uniquely based on thrust measurements shows agreement with the results of the combined analysis. It enables insights about the effect of the power on the electron anisotropy to be provided. The latter is seen to be mildly dependent upon the former.

Last, we have compared the experimental plasma expansion, in terms of electron density and temperature along the thruster symmetry axis, with the profiles computed following the isothermal and polytropic models. Electron density is adequately described by an isothermal expansion using the reservoir electron temperature estimated from the combined analysis. On the other hand, electron cooling along the plume downstream of the thruster source is observed at low and high flowrate. A polytropic law well describes the electron temperature profile.

The investigation conducted here has highlighted the complexity of the plasma expansion inside the plume of the ECR thruster. A strong electron anisotropy characterizes the ECR thruster and certainly plays a role in determining its performance. Also, electron cooling should be accounted for when performing numerical simulations based on fluid or hybrid models. A fully polytropic model for the electron flow (temperature and density) would appropriately describe temperature profiles but would yield important underestimations of the electron density (and ultimately of the plasma potential), especially in the plume far field. Results shown here indicate that the best agreement with experimental data would be achieved using a "hybrid-flow" modeling, where the electron density expansion would be described using an isothermal expansion and the electron cooling with a polytropic law.

Part three

Extension of the curling probe diagnostic capability p

In the third part, we present the extension of the curling probe diagnostic capability. This part only consists of one chapter, the seventh, where the possibility of obtaining non-intrusive electron density measurements is discussed. Time-resolved electron density measurements applied to electric propulsion systems and transient plasmas generated by pulsed electrical discharges are also presented.

-Extension of the curling probe diagnostic capability

Main objectives. This chapter presents two further developments that have allowed us to extend the diagnostic capabilities of the curling probe: the integration of the probe in the wall of a plasma source and time-resolved measurements with a high repetition rate. First, we will describe a version of a curling probe covered with a dielectric layer that would allow probe perturbations to be minimized during a measurement in plasma, and we will show an example of measurement collected inside the ECR thruster. Second, we will describe a modified microwave circuit that allows time-resolved electron density measurements to be performed with the curling probe. We will show its applicability and interest to electric propulsion systems and transient plasmas generated by pulsed electrical discharges.

Main results. The first in-situ measurement of the electron density performed with the curling probe flush-mounted inside the thruster source is presented. The density value decreases during the transient after the thruster ignition. It has been observed that the probe can be damaged after exposure to the ECR plasma, which has motivated the idea of protecting the probe surface with a dielectric wall. The possibility of performing a density measurement through a dielectric wall less than one millimeter thick is demonstrated numerically and experimentally. A circuit is proposed as an alternative to the VNA circuit to perform curling probe measurements, using a voltage-controlled oscillator controlled with a fast-varying voltage ramp enabling density measurement rates up to 100 kHz (i.e., a time resolution of 10 µs). Measurements of forced density oscillations inside the thruster plume are successfully performed. Natural electron density oscillations are observed for the first time in an ECR thruster. Measurements are performed with the curling probe immersed in the thruster plume a few centimeters downstream of the source. The frequency of the measured density oscillations is around a few dozen kilohertz. In addition, the oscillation frequency is seen to depend upon the flowrate. Timeresolved electron density measurements are also used to characterize the expanding plasma bubble generated during an electrostatic discharge on a solar panel. Results show a varying plasma density as the bubble reaches the probe. Measurements collected at different distances from the panel allow for the estimation of the electron density and temperature at the spot: around 10 19 cm -3 and 10 eV, respectively, in line with numerical models.

. Toward a non-intrusive diagnostic

The work presented in this section stems from the effects observed on the curling probe after exposure to the ECR plasma inside the thruster source. The main reason to perform measurements inside the source is that, at that time, the electron density inside the ECR thruster had never been measured, and more accurate estimations than those available were needed. The knowledge of the plasma properties inside the source is, in fact, fundamental to the development of models that can help describe and understand the complex phenomena of the ECR thruster, as also discussed in sections 6.4 and 6.5.

In this section, we will present the first in-situ measurement of the electron density inside the thruster source with a curling probe and the effects observed on the probe. Then, we will propose a possible solution to reduce plasma-probe interactions, ultimately making the curling probe a non-intrusive diagnostic. Its potential applications to other plasma thrusters will also be briefly discussed.

. Curling probe flush-mounted in the thruster source

The planar geometry of the CP has allowed for its insertion inside the thruster source, giving access for the first time to an in-situ measurement of the electron density inside the source [START_REF] Boni | The curling probe: A numerical and experimental study. Application to the electron density measurements in an ECR plasma thruster[END_REF]. For this purpose, the CP3000 T-Type, of 10 mm in diameter, is flush-mounted inside the outer conductor wall, which is 27.5 mm in inner diameter, as shown in Fig. 7.1a. In this configuration, the uncoated probe surface (copper and FR4 dielectric substrate) is in direct contact with the plasma inside the source, and its axial location is approximately between z = 5 and 15 mm. The CP3000 is used for its large maximum measurable density, which is approximately a few 10 11 cm -3 using Eq. 2.2 with f 0 ≃ 3000 MHz. Indeed, at the time of the measurement, the plasma density inside the thruster had never been measured. Its value was estimated between 1 -5 × 10 11 cm -3 , so using a CP with a high measurable limit was necessary.

Figure 7.1b shows the temporal recording of the electron density measured inside the source during the first half hour after the ignition, with the thruster being operated at 1 SCCM-Xe and 27 W. The reflectance spectra of the CP are recorded with the VNA with a scan time of 0.8 s and a frequency step resolution of 200 kHz (cf. section 3.1.2). Five spectra per minute are recorded. Figure 7.1c shows the probe temperature (T p ) increasing with the time. Moreover, the gradient dT p /dt decreases over time as the probe reaches its steady-state temperature. The temperature is around 95 • C after half hour, which is in line with the temperature of the outer conductor wall recorded in subsequent measurements. (The thruster outer conductor temperature has not been recorded for this measurement.) The measured frequency shift is corrected using the temperature correction presented in section 3.4. The raw density values are corrected with the correction method using T e,corr = 30 eV and M corr = 0.3 (cf. section 4.4). The Mach number is inferred from LIF measurements of the ion velocities inside the source (not shown here) and from the electron temperature estimations obtained in section 6.4.1. The uncertainties are estimated as detailed in section 3.2 and following Eq. 4.9. The figure also shows the thruster floating potential (black symbols, right y-axis). After a slight increase during the first minute, the electron density decreases along with the time (cf. Fig. 7.1b), from a maximum value around 1.6×10 11 cm -3 to a steady-state value after half hour around 8.6 × 10 10 cm -3 , in good agreement with LIF measurements inside the source (as shown in section 5.7.2). The thruster floating potential increases almost steadily in the first tens of minutes and then stabilizes to approximately 160 V (consistent with the behavior discussed in section 5.5.3).

Figure 7.1d shows the damaged surface of the CP3000 after three hours of operational time inside the thruster source. The copper and dielectric parts are heavily damaged, with noticeable portions of the copper layer (35 µm in thickness) sputtered. This has probably been caused by (i) surface discharges triggered by the non-uniform potential between the conductive and dielectric regions of the probe surface, (ii) surface-plasma interactions (especially erosion due to ion impact), or (iii) generation of a discharge due to strong power absorption by the probe due to a sudden coupling between the microwave power exciting the thruster (dozens of watts at 2.45 GHz) and the probe resonator (excited with the VNA with a microwave power of few milliwatts in a range of frequencies 2.5 -4.5 GHz).

. Dielectric-embedded curling probe

The damages observed on the curling probe after its use inside the source show the importance of protecting the surface when performing measurements inside the source harsh environment. One possible solution to this problem is to place a protective cover layer between the probe surface and the plasma, so they are not in direct contact. This way, plasma-induced damages on the probe and probe-induced perturbations on the plasma are minimized. The protective cover layer must be made of dielectric material so that the electric field can propagate through the layer and the plasma above it. Suppose a conductive layer is put in contact with the probe surface. In that case, the electric field emitted by the CP will not propagate through the layer as its amplitude would exponentially decrease by 1/e (around 37%) over one skin depth length δ skin = 2/ (ωµ 0 σ) [2], where ω is the angular frequency of the propagating wave, µ 0 is the permeability of free space, and where σ is the conductivity. (For example, in the case of a microwave with a frequency of 1 GHz and copper with σ = 6 × 10 7 S•m -1 , the skin depth is approximately 2 µm.) Hence, assuming that losses inside the conductive layer are negligible, all the microwave power reaching the resonator would be reflected toward the exciting source (i.e., the VNA port), resulting in a completely flat reflectance spectrum.

Boron nitride is chosen as a protective layer thanks to its strong chemical and heat resistance and relatively low loss properties (cf. Table 3.2).

3D numerical simulation

The feasibility and applicability of a curling probe embedded in a BN cover layer are first assessed through 3D numerical simulations. The simulation settings are the same as those described in chapter 2 (section 2.3) and the simulation setup is schematized in Fig. 7.2a. The curling probe is the CP3000, and the dielectric cover is a BN layer of 1 mm in thickness.

First, the applicability of the calibration method is assessed, and results show that it can be successfully applied to the dielectric-embedded CP, i.e., recording the frequency response with different dielectric samples in contact with the probe, as detailed in section 2.3.3. In this case, the α coefficient of the calibration appearing in Eq. 2.10 is larger while the working frequency (f 0 ) is lower than the case where the probe is uncovered, consistent with the conclusions discussed in section 3.5. As a consequence, the probe sensitivity K is drastically reduced in the case of the dielectric-embedded CP compared to the uncovered case, as shown in Fig. 7.2b. Scatter symbols are the computed data points inferred from simulations, while the solid lines are the linear fit of Eq. 2.13. The simulated dielectric-embedded sensitivity is K sim d-e = 0.3 MHz/10 9 cm -3 , whereas the uncovered sensitivity is K sim u = 1.8 MHz/10 9 cm -3 . Even though the probe sensitivity of the dielectric-embedded CP is almost ten times lower than the uncovered probe, the former can still provide exploitable and accurate results for densities larger than 10 10 cm -3 , which is enough to perform the measurement in the thruster source characterized by high densities (around 10 11 cm -3 ).

Furthermore, the applicability of the correction method in the case of a dielectriccovered CP is also assessed. Similar to what is found in the case of the probe calibration, the correction method can be applied if the DF curve is computed by taking into account the BN cover layer over the probe in the simulations. Results show that the DF is also dramatically reduced compared to the uncovered probe case due to the additional losses of the EM field inside the cover layer.

Experimental assessment

A dielectric-embedded curling probe is manufactured to assess the validity of numerical results. A dielectric cover made of BN of 0.7 ± 0.1 mm in thickness is fixed to a CP3000 O-Type in the same way as shown in Fig. 7.2a.

Consistently with numerical simulations, the working frequency of the BNembedded CP3000 compared to the uncovered version decreases by almost 500 MHz, whereas the α calibration coefficient is increased by approximately five times, yielding an experimental sensitivity of around K exp d-e = 0.35 MHz/10 9 cm -3 in the former case vs. K exp u = 1.5 MHz/10 9 cm -3 in the latter case.

The experimental assessment of the dielectric-embedded CP is performed inside the plume of the ECR thruster. Measurements are collected along the symmetry axis a few centimeters downstream of the thruster source with an uncovered CP1400 O-Type and a dielectric-embedded CP3000 O-Type. (The sensitivity of the uncovered CP1400 is 3.2 MHz/10 9 cm -3 .) The thruster is operated at 2 SCCM-Xe and 30 W.

The first measurements have shown that the temperature of the BN layer strongly affects the resonance frequency of the dielectric-embedded probe, as seen in Fig. 7.3a. The figure shows the normalized frequency shift (∆f (t)/∆f (t 0 ), where t 0 ≃ 20 s is the begin of the measurement) vs. the time for a measurement collected with the uncovered CP1400 and BN-embedded CP3000 immersed in the plasma plume. We note that this measurement has been collected after the transient time required to stabilize the thruster parameters so that the electron density at the location of the probe is expected to be constant in time (we remind that the temporal resolution of these measurements performed with the VNA is of the order of 0.5 s). In the case of the uncovered probe, the frequency shift is constant with time, even if the probe is heated by the impinging plasma flux, which increases the substrate temperature, as is expected in the case of an O-Type probe (cf. section 3.4). In the case of the BN-embedded probe, the frequency shift decreases with time (see the orange symbols in Fig. 7.3a). The resonance frequency variation is due to the relative permittivity variations of the BN cover layer heated by the impinging plasma flux. Indeed, we note that in the BN-embedded probe, the emitted electric field exists the resonator slot, in the dielectric cover layer, and the plasma, such that a variation of the permittivity of either the dielectric cover layer or the plasma affects the probe resonance frequency. We have measured variations of the relative permittivity of a BN sample of approximately 2.4% when increasing the sample temperature from room temperature to around 120 • C with an experimental setup similar to that used in the case of an FR4 sample presented in section 3.4. For the BN-embedded case shown in the figure, the absolute frequency shift variation (from t 0 to t end ≈ 3 min) is very small (about 3 MHz) but results in high incertitude on the density value (almost 10 10 cm -3 ) due to the very low sensitivity of the BN-embedded probe.

Therefore, it is necessary to account for the effect of the BN cover layer permittivity variation with the temperature (T d-e ) on the probe vacuum resonance frequency (f 0 ). This is done (i) by placing a 10 kΩ thermistor inside the cover layer, (ii) by measuring the characteristic curve f 0 vs. T d-e (similar to what is shown in Fig. 3.12b), and (iii) by applying the temperature correction detailed in section 3.4. The resonance frequency (f 0 ) has been measured to vary almost linearly with the temperature (T d-e ) for values up to 70-80 • C (not shown here). The following measurements have then been corrected, taking into account the temperature increase of the BN cover layer, which has enabled more accurate density measurements. .3b shows a density measurement collected with the uncovered CP1400 and the BN-embedded CP3000 placed at the same location inside the plume (thus, approximately the same plasma density). The density values inferred with both probes are corrected for the sheath effect (cf. section 4.4), and only those inferred with the BN-embedded probe are also corrected for the temperature increase of the BN cover layer. Error bars are computed as detailed in section 3.2 and following Eq. 4.9. Data points before t ≈ 40 s are collected with the probes exposed to the plasma jet, whereas at t ≈ 45 s, the thruster is shut down. Globally, a good agreement is obtained between the uncovered and the BN-embedded probe, with a measured density value in the range 2 -3 × 10 10 cm -3 . In the case of the BN-embedded probe, the density value slightly decreases over time (for t ≤ 40 s) due to uncertainties in the temperature correction. Both signals oscillate around the zero density value (as expected) when the plasma is shut down (t ≥ 45 s).

This first test represents the proof of feasibility for performing measurements of the electron density with the curling probe surface not directly in contact with the plasma but rather through a thin dielectric layer (less than one millimeter in thickness). This would minimize the possible plasma-probe interactions and perturbations and ultimately allow for a non-intrusive diagnostic. In particular, the BN-embedded CP could be flush-mounted inside the ECR thruster source (as done in the previous section with an uncovered probe). To further minimize possible alterations of the plasma parameters and equilibrium inside the thruster source, the inner wall of the outer conductor could be coated with the same dielectric material of the protective layer of the CP, resulting in a more homogeneous surface condition "seen" by the plasma. Nonetheless, further investigation should be conducted to evaluate the influence on the thruster performances of such coating on the source walls. Another interesting possibility would be to develop plasma sources with a curling probe embedded in the wall to perform real-time monitoring of the plasma properties.

. Time-resolved electron density measurements

Fast oscillations of plasma parameters, such as electron density and temperature, are essential in understanding and controlling electric propulsion systems and may play a role in determining thruster performances. In Hall effect thrusters, natural plasma oscillations have been observed since the mid-70s [START_REF] Esipchuk | Plasma oscillations in Closed-Drift Accelerators with an extended acceleration zone[END_REF], [START_REF] Choueiri | Plasma oscillations in Hall thrusters[END_REF]. For instance, one of the most documented [START_REF] Boeuf | Low frequency oscillations in a stationary plasma thruster[END_REF], [START_REF] Lazurenko | Determination of the electron anomalous mobility through measurements of turbulent magnetic field in Hall thrusters[END_REF] is the breathing mode: a natural plasma oscillation at low frequency (around a few dozen of kilohertz).

To date, time-resolved measurements of plasma parameters are mostly performed with electrostatic probes, such as Langmuir, triple, or Faraday probes [START_REF] Dale | Non-invasive time-resolved measurements of anomalous collision frequency in a Hall thruster[END_REF] or spectroscopy methods, such as optical emission spectroscopy or Thomson scattering [47]. Though giving access to a large range of plasma densities and enabling a good spatial resolution, the former can be quite intrusive due to the collection of charges, especially in the near field of a plasma thruster. The plasma density fluctuations are usually analyzed through the ion current fluctuations and collection sheath models. The latter is non-intrusive and enables a good spatial resolution but can be difficult for self-generated non-triggered phenomena when averaging over several fluctuations periods is necessary and for non-periodical phenomena. Moreover, it is time-demanding in terms of acquisition periods for low densities plasmas and needs complex optical benches.

So far, in the case of the ECR thruster and, more generally, for magnetic nozzle thrusters, very few studies have been conducted on plasma oscillations. Hepner et al. [START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF] have investigated non-classical electron transport by measuring the oscillations of the ion current with a dual ion saturation probe [START_REF] Jorns | Propagation of ion acoustic wave energy in the plume of a high-current LaB6 hollow cathode[END_REF]. Further investigation of the plasma oscillation in this device may help the understanding of small-scale plasma transport phenomena.

This section aims to demonstrate the technical feasibility and the capability of performing time-resolved electron density measurements with the curling probe, especially in the case of the ECR thruster. We will present a possible circuit configuration to obtain time-resolved electron density measurements and apply this technique to the ECR thruster and a transient plasma (generated by electrostatic discharges on satellites).

. High time resolution circuit

As mentioned in chapter 3 (section 3.1.2), the curling probe microwave circuit, used to collect the majority of the measurements shown in this thesis, consists of the probe, the VNA, and a computer. (The latter is not necessary, but it is useful to control and monitor the instrument during a measurement remotely.) While the VNA circuit enables highly accurate and repeatable recordings of the reflectance spectra of the probe (yielding highly accurate and repeatable measurements of the electron density), it has a low temporal resolution (around half a second, cf. section 3.1.2).

Pandey et al. [START_REF] Pandey | Curling probe measurement of a large-volume pulsed plasma with surface magnetic confinement[END_REF] have performed time-resolved electron density measurements with a curling probe using the VNA in on-point mode synchronization (with a time resolution of around 0.2 µs) in a pulsed DC discharge. The reader may find more details on the previous works on the curling probe in the state of the art (cf. section 1.2.1). However, the on-point mode of the VNA can be quite problematic if the phenomenon is non-periodical or a trigger signal is unavailable, especially in the case of the ECR thruster.

Here, we propose using a fast-frequency sweep method using a voltage-controlled oscillator (VCO), whose output frequency is tuned with an external voltage signal. The circuit consists of a VCO, a power detector diode, and a low-loss circulator, as shown in Fig. 7.4a. The VCO output frequency is swept using a sawtooth command tuning signal produced with a function generator. The microwave power is sent to a circulator that feeds the curling probe. The reflected power from the probe is measured through a diode detector. The reflected power and the tuning signal are recorded with a high sampling oscilloscope (maximum 5 GS/s).

In this work, measurements are performed with a CP700 O-Type with a working frequency of around 800 MHz. We then use a commercial VCO from Mini-Circuits® (ZOS-1025+) with a microwave frequency band in the 685 -1025 MHz range (optimized to work with the CP700). The VCO power output is between -13 and 8 dBm (corresponding to 0.05 -6 mW, which is comparable to the range of output powers of the VNA). The (relatively) large frequency band ultimately allows measurements over a large range of electron densities. This VCO has a maximum 3 dB modulation bandwidth of 100 kHz, enabling time resolutions as high as 10 µs. The power detector diode is a CRYSTEK power detector, and the circulator is optimized for the frequency band swept by the VCO.

An example of the tuning and diode signals time-resolved at 10 µs is shown in Fig. 7.4b. The measurement is collected with the CP700 in vacuum (without plasma). The experimental setup is similar to that used to perform a measurement in plasma. The total length of the feeding line is approximately 2 m. The line is not calibrated for reflection and absorption inside the cables (contrarily to what is done when using the VNA circuit, cf. section 3.1.2), hence the small amplitude wavelets observed on the diode signal (i.e., the reflected power from the CP in orange line). Generally, good repeatability of the recorded spectra is obtained.

The value of the standard deviation of the resonance frequency in vacuum inferred from 500 acquisition is around 100 kHz, which corresponds to an uncertainty of the measured electron density of approximately 2 × 10 7 cm -3 . The latter is evaluated with the CP700 sensitivity of around K ≃ 7 MHz/10 9 cm -3 . The data sheet from the manufacturer reports a linear behavior of the VCO output frequency response with the input voltage signal (f out (V in )). However, discrepancies between the measured output frequency and the data sheet value have been observed, most probably due to a non-linear response of the VCO when increasing the sweeping rate of the scan (i.e., when increasing the frequency of the input signal or, equivalently, the time resolution). The non-linear response is related to the low-pass filter of the electronic circuit of the VCO. Moreover, the span of the output signal frequency reduces when increasing the velocity of the scan. For instance, we have measured that the frequency span is reduced from approximately 750 -950 MHz to 820 -910 MHz when increasing the time resolution from 1 ms to 10 µs while keeping constant the minimum and the maximum values of the command voltage. Hence, it is not straightforward to find an accurate way to properly calibrate f out (V in ).

However, for a given time resolution, the frequency ramps are highly repeatable and precise, even though f out (V in ) can not be accurately known. A possible way to infer accurate electron density measurements is as follows. First, the calibration f out (V in ) is assumed linear, and the slope coefficients are inferred from measurements, minimizing additional uncertainties from discrepancies between the response provided in the data sheet and that of the real component. Then, the curling probe is calibrated using the VCO circuit for a given time resolution, and the f 0 and the α calibration coefficient are determined (cf. section 2.3.3). The electron density is then inferred using (f 0 , α) VCO , instead of using the calibration results inferred from a probe calibration performed with the VNA circuit (i.e., (f 0 , α) VNA ). Generally, the density measurements collected with the VCO circuit and the VNA circuit are in good agreement for a given experimental condition, as we will see in the following subsections.

. Application to the ECR thruster

The VCO-based high repetition rate circuit is used to perform time-resolved electron density measurements inside the ECR thruster plume. The experimental setup is almost the same as the one used to collect the electron density profiles in the plume with the curling probe (described in chapter 5). The only difference is that the VCO circuit (cf. previous subsection) is now used instead of the VNA circuit outside the vacuum facility (cf. section 3.1.2). The measurements presented in this section are collected with the CP700 placed along the thruster axis a few centimeters downstream of the thruster source. In this part, we will only show the results obtained with the thruster operated at a constant 1 SCCM-Xe; other flowrates have been tested, and similar results have been obtained.

First, the technique is assessed by measuring the forced oscillations of the electron density when operating the thruster with a sinusoidal modulated input power. Then, the technique is applied to measure the natural oscillations of the electron density with the thruster operated with constant power.

Forced oscillations on the ECR thruster

The capability of the curling probe combined with the VCO circuit to perform accurate time-resolved electron density measurements is assessed inside the thruster plume. Curling probe measurements are performed with a time resolution of 10 µs. The thruster is operated at a constant flowrate and with a varying input power signal. The microwave circuit powering the thruster is different from that presented in section 5.1 and is exclusively used in this subsection: it is a Kuhne solid state microwave generator whose output power signal can be tuned in frequency and amplitude. More details about this microwave circuit can be found in the thesis of Vialis [START_REF] Vialis | Développement d' un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF]. The forward and reflected power (to the thruster) is accurately measured using two power detector diodes (JFW-50D-052), enabling to follow the fast variations of the power so that the power deposited in the plasma can be computed with a high time resolution. The thruster floating potential signal is also recorded.

Figure 7.5 shows the measurement of the forced oscillations of the electron density (black scatter points) due to the oscillating input power (forward power to the thruster) that is a sinusoidal signal at a frequency of 20 kHz. The figure also shows the computed power deposited in the plasma (blue line) and the thruster floating potential (red line). The three signals are normalized by their average value. The power deposited in the plasma oscillates between approximately 17 and 31 W. The thruster floating potential oscillates between 80 and 120 V. The electron density oscillates between 8 × 10 8 and 2.2 × 10 9 cm -3 , with a mean value around (1.5±0.3)×10 9 cm -3 , in good agreement with the density value of around (1.2 ± 0.2) × 10 9 cm -3 inferred using the VNA circuit averaged over 500 ms (i.e., the temporal resolution of the instrument). The three recorded signals oscillate at a frequency of 20 ± 0.1 kHz. The 10 µs time resolution of the CP measurements (corresponding to 100 kHz measurement rate) allows five electron density points per power cycle. The phase shift of the thruster potential and the electron density signals relative to the deposited power signal is considerably small. The amplitude of the oscillations of the power and the thruster potential signals is between ±25%, whereas the electron density signal oscillates between ±50%.

The presented measurement assesses the curling probe capability to follow the electron density oscillations in a plasma, using the proposed VCO circuit with a maximum time resolution of 10 µs. It should be mentioned that the VCO-based high repetition rate circuit can also be used for other resonant probes like the hairpin probe.

Natural oscillations of the ECR thruster

Once the diagnostic capability to follow density oscillations in a plasma is assessed, the CP700 with the VCO circuit is used to investigate the natural oscillations of the ECR thruster. In this case, the thruster is powered with a constant power using the microwave circuit described in section 5.1. As done in the previous subsection, the forward and reflected power is accurately measured with two detector diodes, and the thruster floating potential is also recorded. In addition, a photomultiplier tube (PMT) collecting visible light emitted from the plasma is used. The PMT is placed at approximately 50 cm from the thruster at an angle of θ ≃ 45 • to reduce the intrusiveness in the plume. The PMT is focused on the thruster exit plane.

While a thorough analysis of the plasma oscillations in the ECR thruster will be part of future investigations at ONERA, the goal of these measurements is primarily to show the potential of the presented technique. Figure 7.6 shows time-resolved electron density measurements (with a resolution of 10 µs, in blue scatter symbols) collected inside the thruster plume along the symmetry axis 8 cm downstream of the thruster source. The forward power (P fwd ) and the flowrate are constant: around 30 W and 1 SCCM-Xe, respectively. The figure also shows the measurement performed with the VNA circuit with a 500 ms time resolution (solid orange line with the uncertainty in pink). The average value of the 10 µs time-resolved measurement is in good agreement with the value inferred from the VNA measurement: the former is around (1.7 ± 0.3) × 10 9 cm -3 while the latter is around (1.2 ± 0.2) × 10 9 cm -3 . The time-resolved measurement features some fluctuations. As expected, the forward power is almost completely flat in the 1 -100 kHz range, meaning that the thruster input power signal has only a DC component (i.e., it is a constant value). The electron density signal features a peak around 26 kHz. This is the first direct observation of electron density oscillation in an ECR thruster and, to our knowledge, in a magnetic nozzle thruster. The validity and accuracy of this measurement can be assessed by observing that three other signals (reflected power from the plasma, thruster floating potential, and the PMT) also show a peak at approximately the same frequency, with discrepancies below 0.1 kHz. Indeed, this measurement indicates that the captured density oscillations are not due to oscillations in the input power signal nor to uncertainties in the measurement technique but are rather related to intrinsic plasma oscillations. Variations of the reflected power may be caused by (i) microscopic electron transport phenomena affecting the power deposition, or (ii) electron density fluctuations cause variation of the plasma impedance, resulting in a time-varying matching between the plasma and the microwave line. Similar measurements (not shown here) collected with approximately the same average power deposited in the plasma (around 27 W) and for different flowrates show that the oscillation frequency (i.e., the peak observed on the Fourier spectrum in Fig. 7.7) decreases with increasing flowrate, as summarized in Table 7.1. This suggests that plasma oscillations depend upon the operating condition of the thruster. These results can be compared with the findings of Hepner et al. [START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF], who used a dual ion saturation probe to measure the fluctuations of the ion current density in the plume of an ECR thruster. They showed the existence of oscillations at approximately 13 kHz with the thruster operated at 2 SCCM-Xe and 17 W.

In conclusion, the technique presented here could be used to collect experimental data that may help investigate plasma oscillations and transport phenomena in plasma thrusters and, more generally, for magnetized plasmas. Measurements should be performed for a larger set of operating conditions and at different locations inside the thruster (plume and source) to capture better the relations between local plasma parameters (such as electron density, temperature, and ion velocity) and plasma transport properties.

. Application to the characterization of ESDs on spacecrafts

Fast time-resolved measurements of the electron density performed with the curling probe are used to characterize another type of plasma that is of interest for space applications: electrostatic discharges (ESD) on spacecrafts.

When orbiting in the outer magnetosphere, spacecrafts are subject to a constant flux of charged particles that characterizes the space environment. In particular, this flux produces a potential difference between the metallic structure and the dielectric parts of the satellites, which can ultimately cause electrostatic discharges. These discharges are a local and extremely fast phenomenon and do not generally represent a significant risk for the satellite. However, when ESDs are triggered on a solar panel, whose top surface mainly consists of the dielectric coverglass that protects the solar cells, they generate a plasma bubble that expands over the solar panel surface. This phenomenon has a typical duration of several hundred microseconds and is known as flashover [START_REF] Okumura | Flashover discharge on solar arrays: Analysis of discharge current and image[END_REF]- [START_REF] Inguimbert | Measurements of the flashover expansion on a real-solar panel -Preliminary results of EMAGS3 project[END_REF]. The expanding plasma bubble acts then as a conductor and allows for the propagation of an electric current that can short-circuit two strings of solar cells. This secondary arc can severely affect the satellite, such as damage to the electronic components and degradation of solar cells. It can ultimately lead to power losses of the solar generator for the satellite.

The primary discharge (ESD) is characterized by a blow-off (BO) current that is emitted to space (emission of the charges stored by the satellite capacitance) and a flashover (FO) current, which neutralizes the dielectric surface, as shown in Fig. 7.8. In ground testing, a solar panel inside a vacuum facility is biased at a negative voltage and is bombarded with plasma or electrons, simulating the conditions encountered in space. After a certain amount of time (depending on the testing conditions), the coverglass would charge, creating a potential difference with respect to the conductive surfaces of the panel, ultimately producing the ESD. Usually, during ground tests, the occurrence of ESD events is facilitated by placing a cathodic spot on the panel. The expanding plasma consists of ions and electrons, mainly emitted from the spot (metallic ions) and a tiny fraction emitted from the dielectric surface (simulating the coverglass). The blow-off current (blue arrows in Important efforts are being conducted by groups in Japan [START_REF] Okumura | Flashover discharge on solar arrays: Analysis of discharge current and image[END_REF], NASA [START_REF] Ferguson | Flashover current pulse formation and the perimeter theory[END_REF], and DPHY/CSE team at ONERA [START_REF] Inguimbert | Measurements of the flashover expansion on a real-solar panel -Preliminary results of EMAGS3 project[END_REF]- [START_REF] Monnin | Étude de l'expansion d'un plasma de décharge à la surface de panneaux solaires de satellites[END_REF] to study and characterize electrostatic discharges and their effects on satellites. The ESD consists of a cathodic spot on the solar panel (where the plasma is produced) and a plasma expansion region. While plasma characteristics (density and temperature) in the plasma bubble resulting from the flashover are complex to predict [START_REF] Sarrailh | Plasma bubble expansion model of the flash-over current collection on a solar array-comparison to EMAGS3 results[END_REF], they play a significant role in the FO propagation and duration, and hence in the arcing risk. Therefore, accurate experimental measurements of the plasma parameters inside the bubble are needed to understand and model these phenomena better.

As mentioned above, ESD events are extremely fast phenomena with a few hundred microseconds duration. Hence, the characterization of the plasma (flashover) must be done with diagnostics that enable a good time resolution. Time-resolved measurements with electrostatic probes (mainly triple probes) have given access only to averaged densities at a given distance from the panel but are not always straightforward to interpret [START_REF] Inguimbert | Measurements of Physical Parameters Characterizing ESDs on Solar Cell and Correlation Between Spectral Signature and Discharge Position[END_REF]. On the other hand, optical diagnostics is complicated since the phenomenon is non-periodical, has low repeatability, and cannot be externally triggered. We propose applying time-resolved electron density measurements with the curling probe to characterize the expanding plasma. The measurements discussed here have been performed during a test campaign conducted at the ONERA center of Toulouse in the framework of the EMAGS 4 project.

Experimental apparatus

Measurements have been collected inside the ONERA JONAS vacuum facility, a cylindrical vessel 3.4 m-long and 2 m in diameter, with a background pressure of 10 -7 mbar. The pressure is around 5 × 10 -6 mbar during experiments.

The solar panel (solar cells and coverglass) is simulated with a 1.5 m × 0.8 m (length times height) rectangular panel covered with aluminized Kapton film placed at one end of the vacuum facility. The conductors (i.e., the aluminized side) are biased at around -700 V, whereas the dielectric side is exposed to the plasma produced by a Kaufman source [179]. This source, placed at the opposite end of the facility, accelerates ions at approximately 20 eV, and a neutralizer heated filament placed after the source emits electrons. The plasma density at the location of the panel is of the order of 10 6 cm -3 . This setup allows the reproduction of an inverted potential gradient (IPG) situation typical of the electrostatic discharges that occur on spacecrafts in charging environments (e.g., geostationary orbit).

The ESD is triggered on a specific coupon placed at the center of the panel. Two metals are tested for the electrode: aluminum and silver, yielding two different behaviors of the expanding plasma bubble.

The curling probe is a CP700 in parallel configuration (cf. section 4.5.1), placed in front of the panel, with the setup used for the experiments schematized in Fig. 7.9 (lateral view). The CP is placed approximately at the same z-coordinate of the cathodic spot (which is the origin of the 3D frame of reference pictured in the figure), and the distance CP-cathodic spot is varied between 10 and 40 cm in the xy plane. The BO and neutralization currents (of the plasma expanding over the panel) are collected with a batch of synchronized oscilloscopes, allowing for the precise detection of the start and end of the discharge event.

Results

When the difference in electric potential between the conductive part of the panel and the dielectric is high enough, an electrostatic discharge occurs. According to the model of Benilov and Marotta [START_REF] Benilov | A model of the cathode region of atmospheric pressure arcs[END_REF] that describes the region near the cathodic spot, right after the discharge, thermal plasma (T e = T i ) is created inside the plasma sheath that forms near the cathodic spot on the panel surface. Ions are then accelerated to sonic velocity through a presheath forming between the sheath region and the quasi-neutral plasma inside the cloud. The resulting plasma expands at the ion sonic speed, which, in the case of a plasma with T e = T i , is written as:

c s = 2k B T e m i , (7.1) 
where m i is the ion mass. The plasma production stops when the cathodic spot extinguishes, i.e., when the current drawn from the panel is not high enough to maintain the spot. Electron temperature should be in the 3-10 eV range, according to previous works [START_REF] Ferguson | Flashover current pulse formation and the perimeter theory[END_REF], [START_REF] Sarrailh | Plasma bubble expansion model of the flash-over current collection on a solar array-comparison to EMAGS3 results[END_REF], [START_REF] Monnin | Étude de l'expansion d'un plasma de décharge à la surface de panneaux solaires de satellites[END_REF]. Figure 7.10 shows an example of electron density measurements (blue scatter symbols) with a time resolution of 10 µs collected with the CP700 placed at 30 cm from the panel. The figure also shows the blow-off current (I BO ) flowing from the cathodic spot (in this case, aluminum) to the ground and defining the start (t 0 ) and end (t 2 ) of the discharge event on the solar panel. t 0 = 0 µs corresponds to the instant at which the ESD self-triggers. t 2 ≃ 112 µs is the instant when the plasma bubble has covered almost all the panel surface, neutralizing the differential potential existing between the dielectric layer (in this case, Kapton, in the real case, the coverglass) and the conductive parts. The curling probe captures a varying plasma density (with an average value of 2.5 × 10 8 cm -3 ) from t 1 ≃ 50 µs to approximately t 3 ≃ 160 µs, with the variations being probably due to non-uniformity inside the plasma bubble. According to the measurements in the figure, the expanding plasma velocity is estimated to be around 5500 -6500 m•s -1 . The electron temperature is estimated between 4 -6 eV using the definition of the ion sound speed in Eq. 7.1. The density value significantly increases after approximately t 1 = 50 µs, indicating that the bubble has reached the probe (placed at 30 cm from the emitting spot). Similarly, the measured density drops to around zero for t 3 ≥ 160 µs, in agreement with the fact that the "last" part of plasma produced before the discharge extinction (t 2 ≃ 110 µs) has traveled the 30 cm separating the spot and the probe. The slight density peak around 0.75 × 10 8 cm -3 detected at the beginning of the discharge at t 0 could be the measurement of the high-speed electron burst (with an energy of a few hundreds of electron volts) that corresponds to the BO current [START_REF] Galofaro | Electrical breakdown of anodized structures in a low Earth orbital environment[END_REF] and would then almost instantly reach the probe. It is noteworthy that this peak has been detected on all measurements (around 70 ESDs) collected during the test campaign.

Other measurements with the probe placed at different distances from the panel and with the aluminum and silver coupons are collected, and the results are shown in Figs. 7.11a and 7.11b in terms of average electron density and average bubble propagation velocity, respectively, against the distance to the cathodic spot. We have collected measurements of five to ten ESD events for a given probe location and spot material to account for the substantial variability that characterizes each discharge. The data points shown at each location are the average over the several acquisitions.

The average electron density (cf. Fig. 7.11a, scatter symbols) is computed as the mean value between t 20% and t 80% that correspond to the instants when the cumulative integral of the density signal reaches 20 and 80% its final value, respectively. For instance, for the profile given in Fig. 7.10, t 20% and t 80% approximately correspond to t 1 and t 2 . The error bars represent the sum of the measurement uncertainty (cf. section 3.2) and the standard deviation over the N measurements performed at a given location.

The electron density globally decreases with the distance and is larger in the case of aluminum. Furthermore, the density roughly decreases as n ∝ ρ -2 (where ρ is the distance from the cathodic spot) as shown by the solid lines in the figure, consistent with the assumption generally made on the plasma bubble. The density values align with previous works from Inguimbert et al. [START_REF] Inguimbert | Measurements of Physical Parameters Characterizing ESDs on Solar Cell and Correlation Between Spectral Signature and Discharge Position[END_REF]. Moreover, from the profiles in the figure, the average density at the cathodic spot is estimated to be around 0.6 -2.5 × 10 19 cm -3 in the case of aluminum and 2.5 -9 × 10 18 cm -3 in the case of silver. These estimations assume an initial bubble radius around 2 µm, a typical value considered in the literature. These values are in line with the estimations made with the cathodic spot model [START_REF] Monnin | Étude de l'expansion d'un plasma de décharge à la surface de panneaux solaires de satellites[END_REF] assuming a current around 3 A (which is the average current drawn from the cathode during the tests): in the case of aluminum, the density at the cathodic spot is around 2 × 10 19 cm -3 , whereas it is slightly below 10 19 cm -3 in the case of silver. .11b shows the average bubble velocity for the two coupon materials. The average velocity is inferred from the distance at which the measurement is collected and the time of arrival of the plasma on the probe. The error bars are computed as the sum of the measurement uncertainty and the standard deviation over the N measurements performed at a given location.

For both the aluminum and silver coupons, the velocity is roughly constant. In the case of aluminum, the velocity is larger, with a mean value of 6500±800 m•s -1 , whereas it is about 3880 ± 400 m•s -1 in the case of silver. From the average velocity, the electron temperature can be computed using Eq. 7.1, assuming that the plasma expands at the ion sound speed. In the case of aluminum, electron (and ion) temperature is then estimated to be around T Al e ≃ 6 ± 1.5 eV, while in the case of silver, T Ag e ≃ 8 ± 2 eV. These values are in good agreement with results obtained with the cathodic spot model [START_REF] Monnin | Étude de l'expansion d'un plasma de décharge à la surface de panneaux solaires de satellites[END_REF], which also indicate T Al e ≃ 4 eV T Ag e ≃ 6 eV for values of the current drawn from the cathode around 3 A.

. Summary

This chapter deals with two significant extensions of the diagnostic capabilities of the curling probe: the possibility to perform non-intrusive measurements and time-resolved measurements of the electron density.

First, we have shown the first in-situ measurement of the electron density inside the thruster source performed by flush-mounting the probe inside the outer conductor wall. The risks of severe damage to the probe have been outlined. Then, we have demonstrated, first numerically and then experimentally, that it is possible to perform electron density measurements through a thin dielectric wall. When the curling probe is covered with a thin dielectric cover layer (of around 1 mm in thickness, for example), the probe surface and the plasma are not in contact, minimizing the possible perturbations (and damage) of the probe on the plasma and vice-versa. The dielectric-embedded CP would indeed allow nonintrusive measurements in harsh plasma environments. An interesting application would be to embed the probe inside the walls of an electric propulsion device to monitor the electron density.

Second, we have shown that accurate time-resolved measurements can be performed with the curling probe using a voltage-controlled oscillator. This technique can be easily applied in cases where a trigger signal is unavailable and for nonperiodical phenomena. A time resolution of 10 µs is achieved. The capability of the method to follow plasma oscillations is experimentally assessed in the plume of the thruster. Then, we have proposed the application of time-resolved measurements of the electron density to investigate the natural oscillations of the ECR thruster. This development may provide interesting insights for studying the electron transport phenomena in magnetic nozzle thrusters or, more generally, electric propulsion devices.

Finally, we have used the high time-resolution circuit to characterize a fast transient plasma: the expanding plasma bubble created during an electrostatic discharge on a spacecraft. These events can indeed be disruptive, and the need for accurate measurements is primordial to predict severe effects that may affect satellite operations. Density measurements have enabled an estimation of the initial electron density and electron temperature in the cathode spot. In this work, the curling probe, a microwave resonant probe that was first proposed for measuring the electron density in reactive plasmas used in industrial plasma processes, has been developed for performing electron density measurements in weakly collisional, weakly magnetized, and low-pressure plasmas through a numerical and experimental study.

-Conclusion and future works

1. A numerical study has helped solve the ambiguity in the literature about the nature of the spiral resonator capacitively coupled with an exciting central aperture. The quarter/half-wavelength nature is demonstrated to depend upon the geometry parameters of the spiral, and an analytical equation for the resonance frequency of the planar (2D) spiral resonator as a function of the spiral geometry is derived. An absolute calibration method, setting the relationship between the frequency shift of the probe and the permittivity of the medium in contact with it, is developed using solid dielectric etalons of known permittivity. It offers a valid alternative to the simulation-dependent method available in the literature before this thesis to infer the electron density in a plasma. The working frequency of the probe determines measurement accuracy, sensitivity, and maximum measurable density. We have shown that the lower the frequency, the higher the accuracy at low density, but the smaller the maximum measurable value.

2. The second harmonic resonance, which corresponds to the second harmonic of the standing volume wave inside the resonator slot, can be used to extend the measurable density range while keeping a very high accuracy for low density. This is also a simpler and unambiguous alternative to the surface wave operational mode of the probe proposed in previous works, whose density threshold for the transition between the volume wave and the surface wave at high densities is less straightforward to identify.

3. The validity of the calibration equation (resulting from the calibration method) has been assessed with two methods. First, the permittivity values of solid and liquid lossy-media with relative permittivities as high as 80 (tap water) have been measured with the probe. Second, the accuracy of the calibration curve for plasma density measurements is assessed in the presence of lowpressure plasmas with electron density in the range 10 7 -10 11 cm -3 , electron temperature in the range 5 -20 eV, collision frequency below 100 MHz, and magnetic field below 500 G. Curling probe measurements are compared to results of a hairpin and a Langmuir probe, and a very good agreement is obtained in both cases (discrepancies below 20%).

4.

A correction method accounting for the plasma sheath forming at the probe surface is developed. The method is based on a simple plasma-wall structure model and the capability of the CP to probe a medium placed a few millimeters away from its surface. The correction method takes the raw electron density (i.e., affected by the presence of the sheath) and a rough estimation of the bulk electron temperature and ion kinetic energy as inputs.

A fair agreement is obtained when comparing corrected CP densities with Langmuir probe measurements, with discrepancies below 30%. The largest discrepancies are observed in the presence of subsonic ions.

5. The first in-situ electron density measurements inside the thruster source are performed with a curling probe flush-mounted inside the source walls. Due to the damage observed after the measurement (probably caused by surface discharges), a dielectric-embedded CP enabling in-situ and non-intrusive measurements is proposed and tested inside the thruster plume. Timeresolved measurements (with a time resolution of 10 µs) performed with a CP inside the thruster plume have shown, for the first time in an ECR thruster, electron density fluctuations at a few dozen of kilohertz.

. Experimental study of an electron cyclotron resonance thruster

In the second part of this work, an electron cyclotron resonance (ECR) plasma thruster, developed at ONERA, has been experimentally investigated using the curling probe and other diagnostics (thrust stand, laser-induced fluorescence, and electrostatic probes).

6. Facility effects are investigated in terms of electrical boundary conditions and finite tank dimensions. The presence of metallic walls at common ground close to the thruster is seen to decrease the thrust. The reduction in diameter and length of the vacuum chamber has a negligible effect on the thrust. Consistently with previous works, thrust decreases with increasing background pressure inside the facility. Moreover, electron temperature decreases with increasing background pressure, answering a conjecture made in previous work.

7. Thrust production mechanisms are investigated by analyzing direct measurements of the total, magnetic, and thermal thrusts. The total and thermal thrusts increase with power for a given flowrate. In contrast, the magnetic thrust saturates above 40 W, especially at low flowrates. High thrust efficiencies are obtained when the magnetic contribution exceeds 70% of the total thrust. 60 to 70% of the magnetic thrust is produced inside the thruster source due to high magnetic fields and electron density values.

8. LIF measurements inside the thruster source have shown that ionization of propellant gas is likely to occur along the whole source length and not only in the resonance region, confirming a hypothesis made in a previous ONERA thesis. Electron density spatial distribution inside the source is seen to be dependent upon magnetic field topology, power, and flowrate, which could be related to variations of the ionization, electron temperature, or electron confinement. The ECR source is characterized by a strong electron anisotropy, estimated with a combined analysis of magnetic and thermal thrust measurements and 2D electron density maps. Perpendicular electron temperature can be six times larger than the parallel term, depending on the flowrate and power. Correlation is observed between thrust efficiency and electron anisotropy.

9. Electron density decreases drastically outside the source. In the plume, the shape of the electron density profile (measured with the curling probe) along the axis seems to correlate with the shape of the ambipolar electric field inferred from LIF measurements. Farther from the symmetry axis, the electron density gradient is steeper than along the axis. Experimental electron density can be adequately described along the axis with an isothermal expansion model. On the other hand, electron cooling has been measured along the plume, and experimental electron temperature profiles are well described with a polytropic law.

This investigation has outlined the potential of the curling probe diagnostic for characterizing an ECR thruster and, more generally, electric propulsion systems.

. General perspectives

Future works on the curling probe should include the improvement of the measurement accuracy and further extending the diagnostic applicability and capability.

Curling probe measurement accuracy could be improved following three main points.

• The determination of an analytical equation for the resonance frequency in the 3D probe configuration would allow a faster and more accurate optimization of the probe detection performances according to the expected plasma conditions (electron density and temperature). Two possible approaches could be followed: to conduct a parametric investigation of the 3D geometry parameters using 3D numerical simulations, or to develop the equivalent circuit model of the probe.

• The accuracy and applicability to other plasma environments of the plasma sheath correction method should be extended by improving the fidelity of the plasma-wall interaction model, especially in the subsonic case. Three points are identified (i) to improve the 1D plasma-wall structure model in the presence of a presheath, (ii) to consider more complex ion energy distributions, and (iii) to include the effect of the presheath in the computation of the depth factor of the probe (so that the correction would be done in only one step also in the case of subsonic ions, as it is already the case for supersonic ions).

• The method to simultaneously infer the corrected (bulk) electron density and either the bulk electron temperature or the ion kinetic energy using a single curling probe proposed in this work should be finalized and assessed experimentally. Furthermore, a set of two curling probes could potentially give access to the three parameters (electron density, temperature, and ion kinetic energy), provided that the two probes are located Concerning the extension of the curling probe diagnostic applicability and capability, three possibilities can be explored.

• The applicability and accuracy of the calibration equation should be assessed when utilizing the probe in other plasmas environments, such as strongly magnetized or thermal plasmas. This would require additional experimental measurements comparing curling probe results with other well-established diagnostics.

• The miniaturization of the probe, using novel manufacturing technologies such as 3D printing or laser cutting, would enable finer spatial resolutions.

• Time resolution could be increased with a higher performance VCO, giving access to even faster time-varying phenomena, and temporally resolved electron density measurements could be used to detect plasma instabilities allowing further investigation of plasma transport phenomena in electric propulsion devices.

In the framework of scientific and technological development of electric plasma thrusters, the curling probe diagnostic may give access to two (or three) dimensional maps of the spatial distribution of plasma parameters like the electron density, temperature, and ion kinetic energy, ultimately bringing helpful insights into electron anisotropy and plasma transport phenomena to develop more efficient devices. Further experimental investigation of the ECR thruster should be performed with the thruster operating in optimum testing conditions (lower background pressure and larger vacuum facility), where the thruster has already shown a significant increase in performance. In particular, we propose investigating other magnetic field topologies, especially in axial gradient and field divergence. Two critical aspects most surely affected by testing conditions should be further investigated: thrust production mechanisms and electron anisotropy. The method described in chapter 6 could be used for the thruster characterization. We also suggest performing direct measurements of the anisotropic electron temperature and pressure terms inside the source using non-intrusive diagnostics, such as Thomson scattering. Moreover, further investigation of the plasma expansion inside the magnetic nozzle along magnetic lines would help develop more accurate models for numerical fluid simulations and contribute to understanding plasma transport phenomena. A more thorough analysis of plasma electron anisotropy and transport phenomena could be completed by comparing experimental data with numerical simulation results performed with the 2D3V PIC code currently developed at ONERA.

Last, developing plasma sources with a dielectric-embedded curling probe would enable non-intrusive, real-time, and temporally resolved monitoring of the plasma parameters, which may be highly appealing in various industrial applications. The probe compactness, ease of operation and implementation, and low power needs make the curling probe a suitable candidate for onboard monitoring of electric thruster operation on satellites.

B -Maxwell's equations solved by COMSOL Multiphysics©

In a source-free, linear, isotropic, and homogeneous medium, Maxwell's equations can be written in their phasor form as [1]:

∇ × Ẽ = -jω B, ∇ × H = jω D + J, ∇ • D = ρ, ∇ • B = 0, (B.1)
with the constitutive relations being D = ϵ Ẽ and B = µ H. Combining the two curl equations of Eq. B.1, we obtain the Helmholtz equation for the electric field:

∇ × 1 µ r ∇ × Ẽ -k 2 0 ϵ r -j σ ωϵ 0 Ẽ = 0, (B.2)
where k 0 = ω √ ϵ 0 µ 0 = ω/c, c, ϵ 0 and µ 0 are the wavenumber, speed of light, permittivity and permeability of free space, respectively; and where µ r and ϵ r are the relative permeability and permittivity of the medium, and σ is its conductivity. The time-harmonic and eigenfrequency problems are solved using the Helmholtz equation.

B.1 . Eigenfrequency analysis in the case of the 2D resonator

The eigenfrequency study is the modal analysis of the dynamic properties of a system in the frequency domain. Here, the application is to determine which electromagnetic wave modes can generate a standing pattern within the conducting enclosures of the resonator. The numerical solver solves the Helmholtz equation (Eq. B.2) in each mesh element of the domain to find the solution to the linearized eigenvalue problem. When solving Eq. B.2 as an eigenfrequency problem, the eigenvalue is the complex eigenfrequency λ = -jω + ζ, where ω is the real frequency, and ζ is the damping of the solution. The fundamental harmonic is the first eigenfrequency with zero damping if the materials used in the simulation are ideal (i.e., lossless).

The wave (Helmholtz) equation is solved in the dielectric domain of the simulation, while the boundaries are treated as perfectly electric conductor (PEC) boundary conditions. The PEC boundary condition writes

⃗ n × Ẽ = 0, (B.3)
where ⃗ n is the normal to the surface boundary.

B.2 . Time harmonic analysis in the case of the 3D resonator

The time-harmonic study in COMSOL© solves the Helmholtz equation (Eq. B.2) for a given value of real frequency ω. The discrete number of values represents the frequency sweep performed by the solver, and for each frequency value, the electromagnetic fields are computed in the total meshed volume. The computation of the steady-state solution to the problem is made with a non-linear stationary solver, which uses the BiCGStab (BiConjugate Gradient Stabilized) iterative method.

The wave (Helmholtz) (Eq. B.2) equation is solved in the simulated domain, with the conductive parts made in copper having a finite conductivity (σ Cu ≈ 6 × 10 7 S/m). The metallic boundaries are modeled as PEC boundary conditions, satisfying Eq. B.3. The microwave power exciting the probe resonator is injected through a coaxial port (similarly to the real case) that is governed by the following equation

S = ∂Ω Ẽ -Ẽ1 • Ẽ1 ∂Ω Ẽ1 • Ẽ1 , (B.4)
where S is the scattering matrix and where Ẽ1 is the injected electric field at the feeding point. The probe is enclosed in a big "ambient" box (cf. section 2.3) that has the dielectric properties of the vacuum and whose walls are modeled with the scattering boundary condition so that the waves can (ideally) pass through the interface without any reflection. The scattering condition is written as follows:

⃗ n × ∇ × Ẽ -jk⃗ n × Ẽ × ⃗ n + ⃗ n × Ẽ0 × jk ⃗ n -⃗ k dir e -j ⃗ k dir •⃗ r = 0, (B.5)
where Ẽ0 is the incident electric field, ⃗ n is the normal to the surface boundary, and ⃗ k dir is the wavevector of the plane wave traveling through the boundary, and where ⃗ r is the position of the boundary element in the spatial frame of reference (of the simulation).

Both the eigenfrequency and the time-harmonic analysis employ the default linear system solver, available in COMSOL©: the MUltifrontal Massively Parallel sparse direct Solver (MUMPS), which solves the general sparse linear system of the form A ⃗ E = B and use LU factorization on the matrix A to compute the solution of the electric field ⃗ E. Here, the matrix A and the vector B represent the electromagnetic properties of the materials and the known terms of the initial field values. D -Toward a method for the electron temperature and ion kinetic energy estimation

This section presents the details of the modified plasma sheath correction algorithm presented in section 4.4. The modifications presented here allow us to estimate the bulk electron density and temperature (or the bulk electron density and the ion kinetic energy) if the FHR and SHR density measurements and the ion kinetic energy (or electron temperature) are provided as input. As mentioned in section 4.4, the bulk plasma conditions (n e,bulk , T e,bulk , and E k,i ) are the same for both the FHR and SHR measurements in a stationary plasma, since their collection is quasi-simultaneous. Therefore, the following system of equations can be written: n e,bulk DF FHR (s(n e,bulk , T e,bulk , E k,i )) = n FHR e,raw , n e,bulk DF SHR (s(n e,bulk , T e,bulk , E k,i )) = n SHR e,raw ,

(D.1)
where n e,bulk , n FHR e,raw , and n SHR e,raw are the bulk electron density and the raw density measured with the FHR and SHR, respectively; and where DF FHR and DF SHR are the depth factors of the FHR and SHR, respectively. Also, (s(n e,bulk , T e,bulk , E k,i )) is the sheath thickness resulting from the bulk plasma conditions. Since the bulk density is the same for both measurements, the system in Eq. D.1 can be rewritten in the form:

n FHR where r dd (s) is the ratio between the measured densities -or, equivalently, between the depth factors of the FHR and SHR -and will be called depth factor ratio in the following. Like the depth factor, r dd (s) is also a function of the sheath thickness (s). Then, the sheath thickness (s) can be estimated from the depth factor ratio knowing both the raw FHR and SHR densities. Figure D.1 shows the depth factor ratio vs. the sheath thickness, where the blue diamond symbols are the r dd (s) data points computed using the FHR and SHR depth factors (cf. Fig. 4.13a); whereas the vertical red solid line identifies the change in behavior. Indeed, r dd (s) is not a monotonic function over all the abscissa range: it increases for s ≲ 3 mm, and then decreases for s ≳ 3 mm. In other words, a given value of r dd (s) corresponds to at least one value of the sheath thickness (s). Hence, the solution to the system (Eq. D.2) is not unique, and the algorithm must be bounded to be precisely solved. Indeed, a guess on the final sheath thickness must be given (either larger or lower than approximately 3 mm). Once the sheath thickness (s) is known, the bulk density is estimated using one of the two equations of the system D.1. Then, the electron temperature (or the ion kinetic energy) is found by solving the loop shown in Fig. 4.15 and by fixing the ion kinetic energy (or the electron temperature). 

E -Surface wave operational mode of the curling probe

This section presents some of the measurements collected inside the ICP source during the measurement campaign at the LPP of the Ecole Polytechnique (cf. section 4.5.2). The source is described in the manuscript (see section 3.3.2 and in refs. [START_REF] Leray | PEGASES: Plasma Propulsion with Electronegative Gases[END_REF]- [START_REF] Marmuse | Iodine Plasmas: Experimental and Numerical Studies[END_REF]). The plasma is non magnetized and is characterized by electron densities up to 10 11 cm -3 and temperatures as high as 5 eV (cf. sections 3.3.2 and 4.5.2). The ICP source is operated at pressures between 10 -2 and 10 -3 mbar-N 2 with argon, yielding ion-neutral mean free paths in the range 6 -25 mm. This suggests that the effect of collisions should not be neglected when interpreting the collected measurements. The measurements shown here have been obtained with the FHR of the CP700 and with probe distance to the coupling antenna between 8.5 and 14.5 cm (cf. the experimental setup shown in Fig. 4.23a), and with the ICP source powered at 100 W.

On the one hand, we have mentioned throughout the manuscript that the maximum measurable density with the FHR of the CP700 is around 10 10 cm -3 , corresponding to frequency shifts of the order of 100 MHz. On the other hand, for the measurements presented here, frequency shifts of more than 300 MHz have been obtained (cf. the blue and red spectra in Fig. E.1). These frequency shifts correspond indeed to electron densities of the order of 5 × 10 10 and 10 11 cm -3 , which are beyond the maximum FHR measurable limit. The plasma permittivity in the legend of Fig. E.1a is computed assuming the collisionless ordinary wave propagation (Eq. 1.36), yielding values of 0.4, -2, and -4. In these cases the corresponding densities are 0.4, 3.5, and 9 ×10 10 cm -3 if Eq. 2.11 is used (i.e., assuming collisionless ordinary wave propagation). Finally, we note that the noisy peaks in Fig. E.1a are not characteristic of all the other CP measurements. Indeed, during the collection of these spectra, we have observed a sort of "traveling wavelet" along the spectrum trace. This phenomenon may be possibly explained by (i) plasma collisionality higher than in other measurements, which could alter the broadening of the spectrum, or (ii) a very slow plasma density variation occurring at the probe surface.

Figure E.1b shows the results in terms of electron density computed following three different equations: collisionless ordinary wave (Eq. 2.11), collisional ordinary wave (Eq. 2.14), and surface wave (Eq. 1.43). The collisional frequency is estimated from measurements (following the method proposed in ref. [START_REF] Godyak | Comments on plasma diagnostics with microwave probes[END_REF]) and using numerical codes (BOLSIG+1 ) and is of the order of 100 MHz in this case. As seen in (red symbols), most probably due to a collision frequency (around 100 MHz) small compared to the working frequency (around 700 MHz). Furthermore, for these two cases, the inferred density is slightly larger than LP measurements for values beyond 10 10 cm -3 , which is non-sensical if we consider that the equations used to infer the density in these two cases (Eqs. 2.11 and 2.14) do not account for the presence of the plasma sheath, whereas the method used to post-process LP data does [START_REF] Godyak | Probe measurements of electron-energy distributions in plasmas: What can we measure and how can we achieve reliable results?[END_REF]. Therefore, accounting for the plasma collisionality in the ordinary wave propagation mode may not be enough to interpret this data set properly.

On the other hand, the electron density inferred with the surface wave propagation mode shows a different trend (cf. green symbols): values are larger than LP measurements for densities below 10 10 cm -3 , whereas they are slightly lower than LP measurements for values above 2 × 10 10 cm -3 , consistent with the fact that CP measurements are affected by the presence of the sheath.

We can conclude that the curling probe operational mode switched to the surface wave mode for densities larger than a few 10 10 cm -3 (and for these measuring conditions), consistent with what has been found in previous works [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF], [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF], [START_REF] Arshadi | Analytical investigation of microwave resonances of a curling probe for low and high-pressure plasma diagnostics[END_REF], [START_REF] Arshadi | A simple and straightforward expression for curling probe electron density diagnosis in reactive plasmas[END_REF].

F -Presence of electrons inside the vacuum facility

We present here the 2D map of the electron density in the "lateral" region of the thruster source. While this region is not commonly investigated, it can help understand the possible interactions of the thruster with the testing facility. Indeed, the magnetic lines that have their origin at the thruster backplate do not intercept this region, as seen on Fig. 5.2a. Hence, electrons should be absent in this region, assuming strongly magnetized electrons attached to magnetic lines and neglecting possible plasma detachment phenomena. Figure F.1 shows the 2D map of electron density collected in the lateral region of the thruster (0 mm ≤ z ≤ 20 mm and 40 mm ≤ r ≤ 100 mm) with the CP700, with the thruster being operated at 1 SCCM-Xe and 30 W. The figure also shows the inner and outer conductor of the thruster source and some of the magnetic lines of the SM topology used in this case. The outermost magnetic line is the MDML (defined in section 6.3.3) that intersects the outer conductor at (z = 20 mm, r = 13.75 mm) and whose origin is at (z = 0 mm, r ≃ 10 mm). The density data points are obtained as the average value over five measurements performed with highly accurate VNA sweeps (as described in section 3.1.2) to ensure the highest precision on the very low densities expected in this region. For this range of density, the uncertainty on the measurements is dominated by the uncertainty on the measured resonance frequency (cf. section 3.2) and vary from 70 to 20% for densities in the range 10 7 -10 8 cm -3 . The electron density ranges from a few 10 6 to almost 10 8 cm -3 when moving from (z = 0 mm, r = 100 mm) to (z = 20 mm, r = 40 mm), where z = 0 mm and z = 20 mm are the backplate plane and the thruster exit section, respectively. In the plume, i.e., z > 20 mm, the density increases by five-fold in the first dozens of millimeters from the exit plane (not shown here). Measurements show the presence of a relatively "higher" density than expected, showing the (non negligible) presence of electrons that are not attached to magnetic lines whose origin is inside the source (as seen in the figure). One of the possible causes for their presence in this region may be the multiple collisions of the electrons in the central cone of the plume with the tank walls and the thrust stand (e.g., secondary electrons, back-scattered electrons). Moreover, the presence of the positively-biased outer conductor may also play a role in attracting these electrons in this lateral region. This hypothesis can be supported by looking at the radial gradient of the density (∂n e /∂r). Indeed, at the exit plane (z = 20 mm), the density increases by twenty-fold when moving closer to the thruster from r = 100 to 40 mm, whereas it increases by merely three-fold when moving from the backplate to the exit plane (at r = 40 mm).

In the future, the investigation of this region for different configurations may yield interesting insights on how the magnetic nozzle interacts with the testing facility.

G -Guiding an optimization of the thruster geometry

As discussed in section 6.2, the magnetic thrust can represent the major contribution to the total thrust of the ECR thruster (up to 80% for the SM topology), especially at low flowrates. Optimizing the magnetic thrust contribution may be essential in optimizing the total thrust. The fluid model proposed by Takahashi et al. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], which describes the thrust production in a magnetic nozzle thruster, has been used in section 6.4.2 to assess the accuracy of the electron temperature and pressure inside the source estimated with the combined analysis of the magnetic and thermal thrusts and the 2D maps of the electron density (see section 6.4.1).

Based on what is done in section 6.4.2, we show the potential of such a model as a "predictive tool" to guide thruster optimization, especially in terms of maximizing the magnetic thrust contribution. This consists in performing a simple preliminary parametric investigation on the dimensions of the thruster source to optimize the magnetic thrust contribution. The study is performed using the geometry described in section 5.1.1 and the operating condition 1 SCCM-Xe and 32 W as the "reference" case.

The source diameter and length are varied by a tiny quantity with respect to the reference case. For the sake of argument, we will assume that a variation of ±5% will not affect the normalized shape of the local plasma profiles. In this case, the electron pressure profiles inferred from measurements (as detailed in section 6.4.2) can be used even when slightly varying the thruster geometry. Results are normalized to the magnetic thrust value obtained for the reference case and are summarized in Table G 

+3% +5%

The magnetic thrust increases if the source diameter is increased or the source length is reduced, most probably related to lower wall losses in both cases. In detail, fewer magnetic lines would intercept the lateral source walls in the former case. In the SM case, gain and loss are comparable when either increasing or reducing the diameter and the length. In the BM case, thrust loss is always larger than the thrust gain, probably due to the more divergent magnetic field. The different behavior between the SM and BM topology indicates that the effect of the magnetic field is primordial when optimizing the thrust.

Further experimental investigation of the source geometry effects on the plasma profiles should be conducted to assess the accuracy of such an approach. 

I. INTRODUCTION

The diagnostics of plasma parameters, such as the electron density and temperature, is a key issue in understanding the plasma features and controlling it for application optimizations, e.g., plasma-aided materials processing and electric propulsion plasma
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scitation.org/journal/rsi thrusters. Available electron density diagnostic tools suited for electric plasma thrusters include electrostatic probes, such as the Langmuir probe (LP), spectroscopy techniques, and microwave resonant probes. The Langmuir probe (LP) is the simplest and most commonly used method to measure local values of electron density and electron temperature in plasmas. Several models have been validated for the analysis of experimental data, and there is extensive literature on the LP use in various types of plasmas. 1 Although appropriate for spatially resolved measurements, Langmuir probes can be quite intrusive due to the presence of a voltage-biased metallic tip in the plasma and to the collection of a current up to a few mA. Plasma perturbation and probe damage may become problematic in regions of high particle density and temperature or if the probe is exposed to particles beams, either energetic electrons or ions. Chen et al. 2 pointed out that LP electron density measurements are subject to uncertainty because the several theories commonly used to interpret data may give a wide range of different results. They compared several LP analysis theories with microwave interferometry 3 and plasma-oscillation probes 4 and concluded that Langmuir original OML (Orbital Motion Limited) theory works best if the probe is made as thin as possible.

Non-invasive diagnostics based on spectroscopy or interferometry techniques are also available. Optical emission spectroscopy involves the analysis of spectral lines of excited species. The diagnostic is simple to implement but it is line-of-sight based and it relies on complex collisional-radiative models that require that all spectroscopic constants and cross sections are known. 5,6 The interferometry technique uses the phase shift of a radiation through a plasma to determine electron density. This line-of-sight technique can be very accurate and uses a simple analysis method, but the plasma volume must be large enough and uniform, and the spatial resolution is limited by the frequency range of the interferometry wave. Thomson scattering 7 is largely used for fusion devices diagnostics and allows the determination of the electron density and temperature. It is non-invasive and allows for spatially resolved measurements. It is a complex system owing to the need of an optical bench composed of multiple elements and it may require long acquisition time for densities under 10 10 cm -3 due to low signal intensities. Typical measured values 8,9 are between 5 × 10 10 and 10 15 cm -3 for the density and a few eV for electron temperatures. Recently, Vincent et al. 10 designed a new Thomson scattering technique giving access to electron densities down to 10 10 cm -3 .

In 1976, Stenzel 11 proposed a microwave resonator probe, later called hairpin (HP): a quarter-wavelength open-ended transmission line in the form of a U-shaped antenna inductively excited by a loop. Microwave probes are characterized by a resonant frequency that depends on the dielectric constant of the surrounding medium. The resonant frequency shifts in proportion to the plasma electron density. This technique allows spatially resolved density measurements in weakly magnetized low-temperature plasma. The hairpin has since been revisited, with a dc-biased version proposed in an unpublished work 12 and different coupling modes and operating modes. 13 The length of the antenna arm, which depends on the working frequency, limits the spatial resolution and can disturb the measurements. 14 In 2011, Liang et al. 15 proposed a new type of microwave resonator probe: a spiral-shaped slot-type antenna, also called the curling probe (CP), for measurements in reactive plasmas. The resonator is excited by a monopole antenna in its central aperture. The planar geometry allows the probe to be directly embedded in a reactor wall, for instance, as opposed to the hairpin probe. The probe behavior was simulated in the presence of plasma using 3D Finite Difference Time Domain (FDTD) computing. Two types of resonances were distinguished: the high frequency resonance (HFR), which is produced by the quarter-wavelength standing wave inside the resonator slot and occurs at densities up to 10 11 cm -3 , and the low frequency resonance (LFR), which is a surface wave resonance inside the aperture region that happens even for densities larger than 10 11 cm -3 .

Arshadi and Brinkmann 16 studied the unfolded 2D curling probe by means of 2D FDTD simulations and the mode matching technique. They demonstrated that LFR frequencies match with the surface wave equation. 17 Later, they 18 completed this analysis for the HFR in a simulated argon-discharge reactive plasma. The frequency shift increased as the pressure decreased. They concluded that the CP is well suited for low-pressure plasma: at higher pressures, the plasma becomes a lossy medium due to the strong increase in the collision frequency, resulting in an exponential decay of the electromagnetic (EM) field inside the probe.

Recently, the curling probe has been applied to the characterization of reactive plasmas for industrial processing, 14,19-21 where LP measurements were found to be difficult to use. 19 Time-resolved measurements of the electron density have been performed in a pulsed DC discharge in various gases under surface magnetic confinement. 14 Densities as low as 10 9 cm -3 have been measured with a 100 mm-long and 16 mm in diameter CP coated with alumina (Al 2 O 3 ). Most recently, the group of Chubu University in Japan performed CP measurements to monitor the dielectric layer deposited during plasma processing in a 13.56 MHz RF inductive plasma discharge. Hotta et al. 20 used a CP in the chamber wall of the reactor and measured a frequency shift of 230 MHz, corresponding to a density of approximately 2.9 × 10 10 cm -3 using the CP method proposed by Liang et al. 15 Ogawa et al. 21 developed a technique to measure the thickness of the deposited film and the electron density simultaneously using two different-sized CPs. The measured density was of the order of 10 9 cm -3 , in agreement with the typical values encountered in their conditions.

Application to electric propulsion. The measurement of the electron density for plasma thrusters and more generally for electric thrusters has mainly been performed using Langmuir probes. 22 Lobbia and Beal 23 have given insight into the recommended practices when applying the LP technique to electric propulsion testing. Microwave techniques may also be employed: interferometry, allowing non-invasive measurements, 24 and resonant probes, such as the hairpin. Electric thruster performances are quite sensitive to the local perturbation induced by a diagnostic probe: current collection and secondary electron emission from a bare metallic surface. Moreover, when dealing with low-powered thrusters, a good spatial resolution is required.

The objective of this work is to improve the physical understanding of the curling probe and to assess its performances for the characterization of a plasma thruster. First, 2D numerical simulations are used to analyze the resonant behavior of the spiral slot as a function of geometrical parameters. Then, more complex 3D simulations are performed with the full probe structure. These
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scitation.org/journal/rsi simulations are used to propose an absolute calibration method. In Sec. III, we present an experimental validation of the calibration and an analysis of the probe performances as a function of working frequency, including sensitivity and measurement uncertainty. Finally, in Sec. IV, the curling probe is applied to the measurement of electron density in an electron cyclotron resonance (ECR) plasma thruster, both in the plume and in the plasma source.

II. THE CURLING PROBE: PRINCIPLE AND NUMERICAL STUDY

Active plasma resonance spectroscopy includes microwave resonant probes techniques. They rely upon the creation of a stationary volume wave in-between resonator ends and are available in underdense plasma, i.e., f > f p , with f p being the plasma frequency [Eq. (1)] and f being the microwave frequency,

f p = 1 2π √ e 2 n e m e ε 0 , (1) 
where m e , e, and ε 0 are the electron mass and charge and the permittivity of free space, respectively. Plasma properties, such as the electron density, can be evaluated from the resonant frequency. In the case of a hairpin probe, the resonator is a parallel-wire quarterwavelength U-shaped antenna, defined by a length L and a wire spacing w. This resonator is usually excited by an inductively coupled loop, and the electric field is maximum at the open end and zero at the short end, yielding a resonant frequency at f λ/4 = c/4L. Another common case of resonator is the half-wavelength resonance between two shorted ends: the maximum electric field is then located at the center of the resonator, while the field is null at the closed ends, yielding a resonant frequency at f λ/2 = c/2L. In the case of a HP immersed in a uniform medium of relative permittivity ε r , volume waves yield a dipole resonance at

f R = c 4L √ ε r . ( 2 
)
In a cold plasma with permittivity ε r = ε p , the resonance frequency is increased from the vacuum reference value f 0 = c 4L to f 2 R = f 2 0 + f 2 p , and hence, the plasma density written as

n e = 4π 2 m e ε 0 e 2 (f 2 R -f 2 0 ). (3) 
We remind that Eq. ( 3) stands for a cold, uniform, and low magnetized plasma.

The behavior of a curling probe is less straightforward: it presents an exciting capacitive coupled aperture connected to a shorted-end spiral, and therefore, coupling effects may appear due to the spiral geometry. One open question when designing a curling probe is the value of the vacuum reference resonant frequency, which appears to be a key parameter for the upper and lower plasma density limits that can be measured. In this work, we propose a numerical study performed via the Finite Element Method based electromagnetic (FEM-EM) simulation to investigate the nature of the CP resonator. The selected approach is that of increasing complexity: starting from a 2D model to investigate the nature of the resonator and then focusing on the full simulation of the probe in 3D.

A. Two-dimensional analysis

The simple 2D configuration is studied here: an exciting aperture with a monopole antenna added to a 2D spire [Fig. 1(a)]. FEM based eigenfrequency analysis have been performed for several geometries of the curling probe in order to determine the nature of the resonator. Simulations have been run on a data pool ranging from 10 to 25 mm for the resonator length (L) for three aperture diameters d (1, 2, and 3 mm) for different width-to-aperture ratios (w/d) and antenna-to-aperture ratios (d ant /d).

Nature of the resonator. Results, shown in Fig. 2, indicate that the quarter or half-wavelength nature mainly depends on the widthto-aperture ratio (w/d) for a given resonator length L. Figure 3 gives insight into the formation of the standing wave inside the spiral slot: the normalized electric field along the center line of the spiral resonator slot is shown for three different width-to-aperture ratios (x/L = -1 and x/L = 1 correspond to the closed end and the exciting aperture of the spiral, respectively). When the width-to-aperture ratio (w/d) is small, the spiral behaves like a quarter-wavelength resonator: the "open end" is connected to a closed domain several times larger than the resonator width. On the other hand, when the width-to-aperture ratio (w/d) is large, the exciting aperture domain is comparable in dimension with the resonator width and a halfwavelength standing wave occurs. For an intermediate case, the waveform would be in-between the half and the quarter-wavelength resonance.

Analytical expression of the resonance frequency in the case of a 2D resonator. An analytical equation [Eq. ( 4)] for the 2D resonant frequency is derived from simulation data as a function of three geometrical parameters, w/d, d ant /d, and d/L,

f 2D R = f λ/2 - f λ/4 1 + w/d B , B = 2 d L (1 -( d ant d ) 2 ). (4) 
Equation ( 4) has been tested outside the original database with satisfying results (prediction error ≤ 3%), with resonator lengths (L) ranging from 5 to 50 mm and aperture diameter (d) from 0.5 to 5 mm, yielding frequencies up to 18 GHz. Furthermore, no pattern emerges when the error associated with the prediction of Eq. ( 4) is plotted against the three different ratios: diameter-to-length (d/L), width-to-length (w/L), and antenna-to-width (d ant /w), which may be physically important for the quarter or half wavelength nature. These conclusions are consistent with previous studies on the CP. Using 3D FDTD simulations, Liang et al. 15 concluded that the aperture works as an "open end," i.e., the resonator is a quarterwavelength type. The authors considered a curling probe having a slot width w = 300 μm and aperture diameter d varying from 2.4 to 3.6 mm, corresponding to a width-to-aperture ratio (w/d) of 0.125 and 0.083, respectively. This set of parameters yields a quarterwavelength nature. Moreover, they also found that when the aperture diameter is increased, the frequency decreases. On the other hand, Arshadi et al. 25 showed that the aperture acts as a "short end" for practical probe dimensions (L = 35-50 mm, d < 5 mm, and w < 500 μm), therefore concluding that the curling probe acts as a half-wavelength resonator. Their parametric study (Fig. 5 in Ref. 25) shows that for a given length L, as the aperture diameter approaches zero, the resonant frequency tends to the half-wavelength resonant value, while as it increases, the resonant frequency tends toward the quarter-wavelength value. Besides, this effect is enhanced when the slot width (w) is increased from 50 to 500 μm.

B. Three-dimensional analysis

Proceeding in the numerical analysis, the 3D effects of the probe are here discussed. Figure 4 shows the computer aided design (CAD) model of the curling probe and the cut plane visualization of the computed electric field with the tetrahedral mesh used by the solver. 3D numerical simulations are performed with frequency sweep studies: the solver evaluates the power reflection coefficient at the feeding coaxial port over a discrete range of frequencies. The minimum of the reflectance spectrum identifies the resonant frequency of the probe.

The resonance frequency in the 3D case. The vacuum reference frequency in the 3D case differs from the 2D value of Eq. ( 4). The 3D resonant frequency is a few hundred MHz lower, depending on substrate thickness, substrate permittivity, and cavity height. Figure 5 shows how the aperture (at x/L = 1) perturbs the electric field inside the 3D resonator slot. The normalized E-field in the 2D case is plotted by the dashed line for an immediate comparison. It is worth mentioning that the dependency on the 2D-parameters, w/d, d ant /d, and d/L, is unaltered. The analytical relationship between the 3D and the 2D case is currently under investigation: cavity height, probe-to-antenna diameter ratio, and substrate thickness seem to have a major role.

Design of the curling probes. As previously mentioned, the measurable electron density range is strongly affected by the vacuum reference frequency. For this purpose, in this work, we propose to study three different curling probes with different working frequencies (approximately 700, 1400, and 3000 MHz), yielding three different behaviors in the presence of plasma. In this paper, we refer to the three probes as CP700, CP1400, and CP2965, having a resonator length of 106, 44, and 18 mm, respectively. The geometry used for 3D numerical simulations is fixed as showed in Fig. 4(a) and summarized in Table I. Calibration procedure. The response of the probes when exposed to a medium [analyzed medium in Fig. 4(b)] was simulated for different cases:
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• lossy-dielectric materials (and air) with permittivity ε r = ε d (1 j tan δ), where tan δ is the loss tangent accounting for the dielectric losses, and • homogeneous, collisionless, and unmagnetized cold plasma with permittivity ε r = ε p = 1 -(

f p f ) 2 .
Typical simulated spectra are shown in Fig. 6(a). As expected, the resonant frequency is shifted toward higher frequencies (with respect to air) in the presence of plasma and toward lower values in the presence of a solid lossy-dielectric medium.

As in the well-known operational mode of the HP, the CP can be immersed in the plasma medium to be operated. In the case of a curling probe, one of the main differences with respect to the hairpin probe is that only one face of the probe is exposed to the plasma so that the resonant frequency not only depends on the permittivity of the analyzed medium but also on the permittivity (and geometry) of the structure underneath the resonator slot, partly because of 3D coupling effects between the spiral branches. With the analytical relationship between the 3D and the 2D resonant frequency [Eq. ( 4)] being still unknown, we proceeded with the following path. Equation ( 4) is rewritten in the following form:

f R = c 2Lβ √ ε r +α 2 , (5) 
where

β ∝ (1 -1/2 1+ w/d B ) -1
contains the 2D geometric factor appearing in Eq. ( 4) and the effective dielectric constant ε eff = (ε r + α)/2 accounts for both the dielectric medium upright the probe (ε r ) and the dielectric substrate structure underneath the resonator slot (α).

It is worth mentioning that α is an equivalent permittivity, i.e., a calibration parameter that takes into account the permittivity and the spatial distribution of the wave in the probe structure. The geometrical dependency (to probe diameter and aperture diameter d) of the resonant frequency is consistent with what is found in previous studies. 15 First, we simulated probe response for different analyzed medium: vacuum, polytetrafluoroethylene (PTFE), PMMA, Boron Nitride (BN), and MACOR. These materials have been chosen to have different dielectric and loss properties; the α and β factors are therefore obtained by fitting procedure following Eq. ( 6) over the computed dielectric data points (f R , ε d ):
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ε r = (1 + α)( f 0 f R ) 2 -α, (6) 
where

f 0 = c/(2Lβ √ (1 + α)/2) is the vacuum reference frequency.
Equation ( 6) is the explicit form of Eq. ( 5) giving the relative permittivity of the medium analyzed by the probe. Figure 6 presents the results of 3D simulation of CP1400 with solid dielectrics and plasma. It can be seen that the probe response model [Eq. ( 6)] has a very good precision for the relative permittivity in the lossy-dielectric range (ε d > 1) as well as in the plasma domain, ε p < 1, even though the probe parameters α and β are calculated from solid dielectric material data only. This proves that an absolute calibration procedure can be built by measuring the response of the probe with solid dielectric samples of a known permittivity value. Experimental results can then be analyzed without the need for numerous time-consuming numerical simulations. Moreover, 3D numerical simulations are prone to error if the exact geometry of the probe and material properties is not perfectly known.

Behavior in presence of plasma. In the plasma domain, Eq. ( 6) can be combined together with the plasma permittivity resulting in the following relation, similar to the one proposed by Liang et al.:

15 n e = 4π 2 m e ε 0 e 2 (1 + α)(f 2 R -f 2 0 )(m -3 ). (7) 
The resonant frequency in the presence of cold and collisionless plasma was calculated using 3D simulations for numerous electron densities, ranging from 10 8 to 10 11 cm -3 . Figure 7 compares the computed frequency shift vs the electron density for the three probes. The probes response appears to be linear for this range of density, and the slope decreases with the vacuum reference frequency (i.e., the working frequency). The best CP sensitivity is obtained for the lowest natural frequency. This means that, for a given electron density, the frequency shift induced by a CP decreases when increasing the vacuum reference frequency. The probe sensitivity is defined in Eq. ( 8), and it is further discussed in Sec. V A,

K = Δf n e (MHz/10 9 cm -3 ). (8) 
The importance of this aspect arises when the diagnostic tool is applied to low-density plasmas. For example, if the plasma density to be measured is 10 8 cm -3 , the expected frequency shift Δf would be 1.1 MHz for the CP700, 0.5 MHz for the CP1400, and 0.2 MHz for the CP2965. Letting the precision on frequency detection of the measurement setup be a few hundreds of kHz, it would be easier to get valid and exploitable results using the CP700 rather than the CP2965. The three manufactured probes CP700, CP1400, and CP2965 are based on a PCB (printed circuit board) spiral resonator: it consists in a 35 μm-thick copper layer on a dielectric substrate. Two types of dielectric substrate have been used: one is a 1.6 mm-thick FR4 layer and the other is a 0.5 mm-thick RO4003 sheet. 26 FR4 stands for "Flame Retardant 4" and is a composite material made of woven fiberglass cloth with an epoxy resin binder. The influence of the substrate on the probe is detailed in Sec. III C. The PCB is mounted on a coaxial SMA (SubMiniature version A) connector, with the central pin of the connector being the monopole antenna of the exciting aperture [Fig. 1(a)]. Figure 1(b) shows an example of the manufactured probe: CP1400 on a RO4003 dielectric substrate. The diameter of the probe is 10 mm, which enables a limited but possible spatial resolution. The resonant spectrum of the probe is obtained by measuring the scattering parameter S11 (power reflection coefficient) with a vector network analyzer (VNA-R&S © ZNB20) used in the swept frequency mode. For all measurements presented in this paper, the VNA intermediate frequency (IF) filter bandwidth is set to 10 kHz and the frequency resolution is 100 kHz. The transmission line (cables and feed-through) is corrected for absorption and reflection using a standard OSM (Open-Short-Match) calibration procedure on the VNA.

B. Probe calibration

The calibration method presented in Sec. II B is applied to the probes: resonant spectra are recorded, while a solid dielectric sample (with a known permittivity, see Table II) is placed in contact with the probe surface. In Fig. 8, the measured spectra used for the calibration of the CP1400 and the derived calibration curve [Eq. (6)] are presented: experimental data show good agreement with the numerical simulations. In the solid dielectric domain, Eq. ( 6) returns the relative permittivity value within a margin of error of ±2%. With the calibration method being fast and straightforward, each probe was calibrated before the measurement tests described in Sec. IV. The solid dielectric samples have a thickness of at least 10 mm. This necessity arises from the fact that the characteristic decaying length of the emitted EM field is of a few mm. 20 

C. Temperature dependency

It is noteworthy that the probe temperature can have a significant influence on the reference resonant frequency. This is especially the case for the PCB based on the classical FR4 substrate. This effect arises from the temperature response of the dielectric substrate: we measured a 4% increase in FR4 permittivity at 110 ○ C, yielding a 2% decrease in the resonant response (since f R ∝ 1/ √ ε d ). Although small, this variation corresponds to a frequency drop of approximately 30 MHz for the CP1400. The probe is heated by the surrounding plasma in which the probe is immersed. Temperatures as high as 120 ○ C were measured, depending on thruster operating conditions (power and flow rate) and on probe proximity to the thruster.

Correction of the measured resonant frequency. It is important to point out that the dielectric calibration process is performed under ambient temperature and that a change in the response of the probe makes the calibration inapplicable. Hence, it is necessary to precisely know both the temperature and the resonant frequency of the probe when a measurement is performed in the plasma. For this purpose, a small 10 kΩ-thermistor is embedded in the FR4 substrate. The vacuum reference frequency is found to vary almost linearly with the temperature, as shown in Fig. 9. It is noteworthy that no significant changes in these coefficients have been observed after exposure to plasma. The frequency shift due to the temperature is corrected through the following equation:
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f m (T a ) = f m (T p ) + (f 0 (T a ) -F(T p )), (9) 
where F(T) is the linear fit from Fig. 9 and f m (T a ) is the corresponding measured frequency at ambient temperature. Then, the electron density number can be estimated from Eq. ( 7) using f R = f m (T a ). The temperature correction relies on the hypothesis that the frequency shift (Δf ) between the measured resonant frequency (f m ) and the vacuum reference frequency (f 0 ) is constant with temperature [Eq. (10)]. The hypothesis has been experimentally validated for temperatures up to 44 ○ C with different solid dielectric samples, as shown in Fig. 10,

Δf = f m (T p ) -f 0 (T p ) = f m (T a ) -f 0 (T a ). (10) 
Another possible solution is to etch the antenna-slot resonator on a dielectric substrate having a permittivity that is less affected by temperature. This is the case of the RO4003 probes. The temperature coefficient of the dielectric constant of the RO4003 is among the lowest of any circuit board material, and the dielectric constant is stable over a broad frequency range. 26 For probes etched on this material, no temperature correction is necessary for temperature lower than 150 ○ C, which is more than enough for the measurements presented in this paper. In this paper, we refer to the FR4-etched probes as "T-type" and to the RO4003-etched probes as "O-type."

D. Measurement uncertainty

We present here an estimation of the measurement uncertainty for the probes presented in this paper. Five sources of error are considered and summarized in Table III.

• VNA accuracy (σ VNA ) is estimated to be less than 10 kHz in the microwave frequency range of the probes. • The uncertainty on the measured resonant frequency (σ f ), which concerns the vacuum reference and the measurements in presence of plasma, is affected by the spectrum quality. σ f has been evaluated from the standard deviation of the measured vacuum reference frequency over 500 measurements performed under representative conditions: the probe is mounted in the vacuum chamber using the same transmission line of plasma measurements and the pressure is in the range 10 -6 -10 -7 mbar.

• The error due to the calibration method (σ α ) is the incertitude of the α-coefficient in Eq. ( 7). In the plasma domain, 3D numerical simulations show that the deviation between the electron density inferred from the calibration curve and the theoretical density is well below 1% for n e higher than 10 9 cm -3 . In order to be consistent with the experimental calibration, the uncertainty is taken at 2%, which is the mean deviation observed in the solid dielectric range. 
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• The error on the corrected experimental frequency due to the temperature correction (σ T ) is the mean variance given by the least squares method that returns the linear fit in Fig. 9. • The uncertainty on the vacuum reference frequency σ f 0 results from observed variations of the probe natural frequency that are not corrected (sputtering of the resonator and heating of cables). The uncertainty depends particularly on the exposure length to the plasma. An approximate value of 200 kHz seems to be a good upper limit for these variations. It should be noticed that the dielectric substrate affects probe performances. Figure 11(a) shows the normalized reference reflectance spectra-with respect to the spectrum minimum in dBfor the four manufactured probes and the hairpin HPw44 (described in Sec. IV A). Table IV summarizes probes performances and the associated σ f and σ T uncertainties. The electron density relative uncertainty (σ n /n) is evaluated by the following equation:

σ n n = ( σ K K ) 2 + ( σ Δf m Δf m ) 2 , σ K K = ( σ α α ) 2 + ( σ f 0 f 0 ) 2 , σ Δf m = √ σ 2 f m + σ 2 f 0 , (11) 
where

σ f m = σ VNA + σ f + σ T .
The error budget for the different probes is shown in Fig. 11(b). The T-type probes (etched on a thicker FR4-substrate) have larger spectra than the O-types, which results in a lower quality factor. As shown in Fig. 11(b), in the range of frequency shift 1-100 MHz, the CP700 and the hairpin HPw44 give an estimation of the electron density with an error inferior to 20% for almost all the range, and the error on n e is less than 5% for densities higher than 6 × 10 8 cm -3 . On the other hand, the 20% precision is only attained for larger densities with the other probes: 4 × 10 8 , 10 9 , and 4 × 10 9 cm -3 for the CP1400 O, CP1400 T, and CP2965 T-type, respectively. It is noteworthy that, for low electron density, the uncertainty is mainly due to the variations of the natural resonant frequency and to temperature corrections, while the error budget is dominated by the error on the calibration method for higher densities. Therefore, the relative uncertainty on n e tends to an asymptotic value of 2% for all curling probes.

IV. APPLICATION TO THE MEASUREMENT OF PLASMA DENSITY ON AN ECR PLASMA THRUSTER A. Experimental setup

The CP performances have been assessed by performing measurements on an Electron Cyclotron Resonance (ECR) plasma thruster. The ECR plasma thruster, which has been developed at ONERA since 2010, is an electrodeless thruster that is based on the resonant absorption of microwaves by electrons to produce the plasma and on the acceleration of electrons and ions in a magnetic nozzle. The originality of this ECR thruster lies in its coaxial geometry that allows a reduction in its diameter and an increase in its performances compared to conventional waveguide ECR sources. 31 Thruster efficiencies between 10% and 15% have been obtained with direct thrust measurements. More details about the ECR plasma thruster can be found in Refs. 32-35. To date, few studies on electron density measurements in the plume and the source of electrodeless 36 Theoretical models and numerical simulations of the electron dynamics in the plume of the ECR thruster can be found in the work of Correyero et al., 36 who used a kinetic approach, and in the work of Porto and Elias, 37 who performed a 1D full-PIC simulation of both the source and the magnetic nozzle. They found the plasma plume to be quasi-neutral and densities ranging from 10 11 cm -3 , close to the thruster exit section, to 10 9 cm -3 in the far field region.

The thruster version that is used in this study consists of a 20 mm long and 27.5 mm in diameter semi-open coaxial structure, with a back plate made of boron nitride. The magnetic field is provided by an annular permanent magnet placed at the back of the ECR source. The thruster is powered with a microwave generator at a frequency of 2.45 GHz. The power absorbed by the plasma was varied between 15 and 45 W. The thruster is fed with xenon at a flow rate between 0.8 and 2 SCCM. Tests have been carried out inside the ONERA B09-vacuum chamber, which is a cylindrical vessel 2 m long and 0.8 m in diameter. The secondary pumping system consists of three turbomolecular pumps and one cryogenic pump, yielding a total pumping speed of 13 000 l/s for xenon, with a base pressure of 10 -7 mbar.

Two types of measurements have been performed: spatial distribution of electron density in the magnetic nozzle plume, where the probe is moved using motorized translation stages, and electron density measurements inside the plasma source, where the probe is flush-mounted in the walls of the ECR source. CP700 and CP1400 have been tested along with a hairpin probe and a Langmuir probe. A home-made hairpin probe, called HPw44, is used for electron density measurements in the plume. It consists of a U-shaped copper antenna of 12.5 mm in length and with a wire spacing of w = 4.4 mm, yielding a vacuum reference frequency of 4850 MHz. The Langmuir probe consists of a tungsten wire of 0.1 mm in diameter and 2 mm in length. A varying bias voltage from -60 V to +100 V/+200 V (according to thruster operating point) was applied at the probe tip and the collected current measured through a 10 kΩ-shunt resistance.

The experimental setup for the measurement of plasma density in the plume is shown in Fig. 12. The signals of the thermistor embedded in the "T-type" CP and the Langmuir probe are recorded with a National Instruments acquisition card (DAQ device NI BNC-2110). The resonant probes (CPs and HP) are connected to a 4-port VNA and are left floating at their own potential by insertion of a DCblock in the transmission line so that no current is drawn from the plasma. The VNA and the DAQ device are connected and remotely controlled by a computer, allowing a good synchronization between the measurements of the CPs temperature and the collection of their resonant spectrum.

B. Density measurement at a fixed position

This section presents the density measurements in the thruster plume over a few tens of minutes time span, showing the stability of the diagnostic method together with the effectiveness of the temperature correction for the "T-type" CPs. The position of probes is given with respect to the thruster exit section and thruster axis (Xaxis and Y-axis of Fig. 12, with X = 0 and Y = 0 corresponding to the thruster exit plane and the plume axis, respectively). The thruster is operated with absorbed microwave power (P abs ) between 16 and 42 W and xenon flow rates between 0.8 and 2 SCCM. The results are shown in Figs. 13 and14 for the CP700 and CP1400.

The measured frequency shift Δf of the T-type CP (hollow squares) is strongly affected by the probe temperature and a significant frequency drift occurs during the probe thermal transient (Fig. 13). The temperature correction proposed in Sec. III C is applied to the measured Δf : the thermal drift is properly corrected over all the acquisition (even during the first phase at 0.8 SCCM where a strong temperature gradient is encountered), and the electron density (filled circles) goes back to zero at thruster extinction, with a negligible drift that is in line with the measurement uncertainty (see Sec. III D for numerical values). The measurement is stable in time and the CP is seen to be sensitive to small variations of electron density.

Figure 14 shows the density measurement performed with the CP1400 T-type corrected for the probe temperature and CP700 Otype for various thruster operation set-points. Overall, the density increases with the absorbed power and the flow rate. Electron densities from 8 × 10 8 to 9 × 10 9 cm -3 have been measured. It can be seen that HP and CP results are in good agreement. The CP700 allows more sensitive measurements far from the thruster exit section and is capable of detecting lower densities.

C. Spatial distribution of electron density in the plume

In this section, we present the results of the measurements performed in the plume of the ECR thruster along the thruster axis. CP700 and CP1400 O-type are compared with HP and LP measurements. Figure 15 show the longitudinal electron density profile along the thruster axis measured with the different probes in the same conditions (2 SCCM, 27 W). LP measurements can only be performed in the far field region (X > 70 mm) because the probe becomes incandescent when exposed to the plasma flow close to the thruster exit. Nonetheless, LP measurements confirm the hypothesis of quasi-neutral plasma 37 in this region of the magnetic nozzle. Resonant probes are in good agreement with LP results for X > 70 mm. The electron density is decreased from 10 11 at the thruster exit to 10 9 cm -3 at X = 140 mm. The region of measurement of the CP700 is limited to X > 30 mm because the plasma frequency is close to the natural resonant frequency of the probe (this point is developed in Sec. V A).

D. Measurement in the ECR source

The measurement of electron density inside the cylindrical source of the ECR thruster has never been performed before this study as it is a harsh environment for traditional probes (the electron temperature is believed to be of the order of 40 eV, with a plasma density that can reach a few 10 11 cm -3 ). The CP2965 T-type is flushmounted in the cylindrical wall, leaving the probe surface in contact with the plasma. The thruster is operated at 1 SCCM and 27 W. The time evolution of the electron density and thruster potential is measured every 10 s during the thruster startup, as shown in Fig. 16. During the first 10 min after ignition, a transient is observed during which the thruster potential U p increases, while the electron density decreases. The plasma density in the ECR source is about 6 × 10 10 cm -3 after stabilization, which is consistent with values measured during longitudinal scans at 1 SCCM in the vicinity of the thruster exit section (n e ≥ 5 × 10 10 cm -3 , not shown here). It should be noticed that the ECR source is characterized by the presence of a strong magnetic field (around 500 G at the position of the probe), which is not taken into account by our model [Eq. ( 7)].

V. DISCUSSION

A. Sensitivity and measurement range of the curling probe

We discuss now the experimental results presented in Sec. IV, starting from the measured probe sensitivity K [defined in Eq. ( 8)],
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shown in Fig. 17. The trend and the orders of magnitude are comparable with the numerical computed values in Fig. 7. The linear trend is a first order approximation of Eq. (7),

n e ∝ (f 2 R -f 2 0 ), (f 2 R -f 2 0 ) = (Δf 2 + 2f 0 Δf ), n e ∝ 2f 0 Δf if Δf ≪ f 0 . (12)
Hence, the probe sensitivity K is quantified as follows:

1 K = ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩
4π 2 m e ε 0 e 2 (1 + α)2f 0 for the CP, 4π 2 m e ε 0 e 2 2f 0 for the HP.

(

) 13 
We remind that, in the case of a CP, the α-coefficient is obtained by the mean of the calibration procedure (Sec. III B). The measured probe sensitivities are 7.7, 3.8, 2.9, and 1.2 MHz/10 9 cm -3 for the CP700 O-type, CP1400 O-type, CP1400 T-type, and CP2965 T-type, respectively. Ergo, for CPs with a similar α-coefficient, lowworking-frequency probes are better suited for high-accuracy measurements in plasma with a low density. Moreover, the dielectric structure and coating plays an important role: its influence is expressed by the 3D-correction factor α-coefficient (see Table V). A thicker dielectric substrate results in a higher α-coefficient (hence in a lower sensitivity). Similarly, the addition of a dielectric coating layer (BN) on the upper side of the resonator significantly increases the value of α. The CP700 O-type has the best sensitivity, close to the employed HP (8.3 MHz/10 9 cm -3 ), allowing more precise measurements at lower densities. The CP700 sensitivity is consistent with the CP (f 0 ≈ 870 MHz) used by Hotta et al.: 20 a density of 3 × 10 10 cm -3 induces a frequency shift of about Δf = 230 MHz. The temperature correction is efficient and it yields stable and consistent measurements when compared to the probes that are not affected by temperature changes, such as the HP or the CP O-type, as shown in Fig. 14 signal becomes important when measuring low densities, where a small perturbation on the measured frequency shift could lead to a significant error (which could even result in negative densities if the thermal drift on the frequency shift is larger than the shift produced by the presence of the plasma). The correction effect is observable in Fig. 13 at the thruster extinction (plasma OFF): the corrected frequency shift stabilizes over zero, while the measured frequency shift significantly drifts.

Hairpin and curling probe measurements are always in good agreement, as shown in Fig. 14, where the electron density is plotted against the thruster absorbed power. The longitudinal profiles along the thruster axis presented in Fig. 15 are consistent with previous LP measurements. 38 The electron density that is inferred from LP results is slightly higher (20%-27%) than resonant probes measurements. It may be possible that OML theory, which is used for the analysis of LP results, is not perfectly suited to the plasma that can be found in the plume of the ECR thruster. This kind of plasma is composed of a high energy ion beam 33,39 and electrons with a complex energy distribution function and a high temperature. 38 On the other hand, resonant probe results are affected by the formation of a plasma sheath over the probe surface that could lead to an underestimation of the electron density.

The curling probe that is the most adapted to the characterization of the ECR plume in this range of flow rate is the CP1400, as it allows density measurements both in the near field and in the far field plume. The CP700 may be used further away in the plume or at lower flow rates (<1 SCCM). The lowest densities that have been measured with the CP700, CP1400, and CP2965 are of the order of 10 7 , 10 8 , and 10 9 cm -3 , respectively. These threshold values result from the sensitivity and the quality factor of the probes.

On the other hand, we observed a limited analyzing range for the CP700. When the plasma density is too high, i.e., when the plasma frequency is larger than the analyzing frequency, the relative plasma permittivity becomes negative (ε p < 0) and the volume wave takes the form of a decaying surface wave propagating at the interface between the plasma and the probe. This effect can be appreciated by observing the measured reflectance spectra from the CP700 for different plasma densities [Fig. 18(a)]: as the plasma density increases, the resonant frequency shifts to higher values and the reflectance spectrum flattens, meaning that less power is dissipated in the resonator (Table VI). When the critical density value is reached, the surface wave abruptly decays at the plasma-probe interface and is completely confined inside the structure under the antenna slot, where plasma is not present, resulting in a negative frequency shift (f R < f 0 ). This effect can be observed on Fig. 18(b): as the plasma density approaches the critical value, the surface wave is constrained at the probe interface, being reflected by the mirroring plasma. That is the case for the blue spectrum that measures a density of 2 × 10 9 cm -3 , whereas the expected value is 3.3 × 10 10 cm -3 (CP1400 O-type), yielding a relative plasma permittivity of -2 (if evaluated at the CP700 working frequency). When the plasma density is larger than the critical value (5.8 × 10 10 cm -3 measured with the CP1400 O-type, yielding ε p = -5), the wave only exists inside the probe, where the substrate permittivity larger than 1 induces a left-shift of the resonant frequency, resulting in the nonsensical detection of a negative density (red spectrum).
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B. The second harmonic resonance

One way to overcome the issue of limited measurable density range of the CP700 is to use its second harmonic resonance (SHR). The ratio between the SHR and the first harmonic resonance (FHR) is 2.3 due to the spurious resonant nature, i.e., in-between the quarter-and the half-wavelength resonance. The SHR has been simulated and validated by experiments. The SHR behaves as the FHR (Fig. 19), so that the calibration procedure (Sec. III B) can be applied to the SHR as well. Therefore, SHR could be used to perform measurements in conditions where the FHR fails, but with degraded performances: the reflectance spectrum has a reduced amplitude with respect to FHR and has a larger bandwidth, hence a higher uncertainty on the measured frequency. Table VII gives the absolute and relative frequency shift in presence of PTFE and PMMA (solid dielectrics samples): the SHR relative frequency shift is lower than the FHR. In addition, the calibration coefficient α differs (6.3 and 11.4 for the FHR and the SHR respectively), yielding a plasma sensitivity lower than the FHR (K FHR = 7.7 MHz/10 9 cm -3 and K SHR = 1.9 MHz/10 9 cm -3 ). Figure 20 shows an example of application during a plasma measurement where FHR could not be used. Electron density obtained from SHR (9 × 10 9 cm -3 ) is in line with measurements performed with CP1400 (10 10 cm -3 ). Further investigations on the possibilities of performing plasma measurements using the SHR are ongoing. It is worth mentioning that the use of similar higher resonance modes has been proposed by Liang et al. 40 for a hairpin resonator.

C. Toward a fully non-intrusive diagnostic method

CP2965 small-dimensions allowed its insertion inside the plasma source (of outer diameter 41.5 mm). The probe being in direct contact with the plasma, it strongly suffered from plasma etching and surface interaction with plasma. To avoid direct contact with the high-density, high-temperature plasma inside the source, the CP could be embedded in the dielectric wall of the thruster source chamber, leaving a dielectric layer of a few mm between the CP surface and the plasma. Thus, a fully non-intrusive diagnostic tool could be obtained, as the CP surface would not be in contact with the plasma. Figure 21 shows the numerical simulation of the immersed-in-plasma vs wall-embedded frequency shift for different plasma densities for a CP2965 embedded in a 1 mm-BN chamber wall. The frequency shift is reduced by roughly 10 times with respect to the immersed-in-plasma probe case; even so, probe response is still exploitable for plasma densities higher than 10 10 cm -3 . In such case, the calibration process should take into account the wall thickness by covering the probe surface with a 1 mm-thick BN layer, prior to the placement of the solid dielectric sample.

VI. CONCLUSION

In this work, we presented the numerical and experimental study of the curling probe: 15 a spiral slot-type planar resonant probe. The 2D numerical study led to a better understanding of the spiral resonator, establishing the equation governing the 2D resonant frequency as a function of three non-dimensional geometrical parameters. The 3D analysis led to the determination of a calibration process, returning the 3D correction factors (α and β) that account for the structure and the coupling effects. This calibration process is based on solid dielectric etalons with known relative permittivities (between 2.1 and 5.7). Numerical simulations show that the resonant frequency shift in the plasma domain is well predicted by the calibration curve, meaning that no reference plasma source is required to calibrate the probe. Moreover, the probe calibration is validated by the comparison of electron density measurements with other techniques (hairpin and Langmuir probes). Three CPs at different working frequencies have been designed: CP700, CP1400 and CP2965, with the number being approximately the vacuum reference frequency in MHz. Simulations indicate that the low frequency probes have a higher sensitivity while being limited in their electron density measurement range. The CPs have been manufactured by the etching process on two different dielectric substrates: FR4 and RO4003. FR4-based CPs are embedded with a thermistor in order to measure their temperature, while the probe is exposed to the plasma. This allows us to correct the resonance frequency drift due to the variation of permittivity with temperature. The resonance drift on RO4003-based CPs is seen to be negligible.

This paper shows the interest of the microwave-resonant probe technique by means of a curling probe for the measurement of electron density in electric propulsion systems. The CPs have been tested in the plume and in the source of an ECR plasma thruster fed with xenon. The reliability and the stability over time of the measurement have been proven both in the plume and in the source of the thruster: at low electron densities and background pressures (10 8 -10 10 cm -3 and 10 -6 -10 -5 mbar) and at higher electron densities and background pressures (10 11 cm -3 and 10 -3 mbar), respectively. Tests showed that low-working frequencies probes (CP700) are better suited for measuring low density plasma but suffer from a low critical density (∼10 10 cm -3 ). On the opposite end, the CP2965 proved to withstand high density and high electron temperature plasma. A totally non-intrusive diagnostic technique
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The analytical relation between the 3D and the 2D resonant frequency is currently under investigation as well as the impact of the plasma sheath that may form at the probes surface. Along with time-resolved electron density measurements and the integrability of a high-frequency CP inside a thruster plasma source, these subjects are part of the on-coming works on the curling probe and its applications to electric propulsion diagnostics.

Comparison of a hybrid model and experimental measurements for a dielectric-coated coaxial ECR thruster

Álvaro Sánchez-Villar, Electrostatic probe and thrust balance measurements of a coaxial electron-cyclotron-resonance plasma thruster with magnetic nozzle are compared against numerical simulations of the device that solve self-consistently the plasma transport problem with a hybrid particle-in-cell/fluid approach and the microwave electromagnetic fields using mixed finite elements. A simple phenomenological anomalous transport model similar to those used in Hall thruster modeling is applied. Reasonable average relative errors are reported on the ion current density (8.7%) and plasma density (12.8%) profiles along the plume. Good agreement is found in terms of relative errors on thruster performance parameters as the 90%-current divergence angle (0-3%), utilization efficiency (3-10%), peak ion energy (9-15%), and energy efficiency (2-17%). The comparison suggests that enhanced cross-field diffusion is present in the plasma. Differences in the experimental and numerical behavior of electron temperature point to the areas of the model that could be improved. These include the electron heat flux closure relation, which must correctly account for the axial electron cooling observed.

I. INTRODUCTION

The Electron Cyclotron Resonance Thruster (ECRT) belongs to the family of electrodeless plasma thrusters with magnetic nozzle, together with the Helicon Plasma Thruster (HPT) [1,2] and the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) [3]. The first research efforts on the ECRT concept took place in the 1960s [4,5] and the late 1980s [6]. These first prototypes consisted of a waveguide with a microwave generator and a cylindrical ionization chamber with a propellant gas supply, separated by a dielectric window, and an essentially-axial applied magnetic field that diverged outside of the device to form a magnetic nozzle. The magnetic field allows the propagation of the microwave into overdense plasma and generates an Electron Cyclotron Resonance (ECR) region inside the ionization chamber, which serves as the main power delivery mechanism.

Later works [7,8] developed and characterized a coaxial version of the ECRT, where the waveguide is replaced by a coaxial line whose core is terminated in a rod, immersed in the ionization chamber. This new version has been seen to generate high ion energy beams (up to 300 eV) and thrust levels up to 1 mN at low powers (below 50 W of absorbed power). The experimental study of this device continues in Europe [9][10][11][12][13] and in the USA [14][15][16]. Of particular interest to the present study is the work of Hepner et al. [16], who reported evidence supporting the existence of wave-enhanced cross-field transport in the magnetic nozzle of a coaxial ECRT similar to the one investigated here. Those authors identify a lower hybrid drift instability along the plume, which would reduce * Present address: Princeton Plasma Physics Laboratory, 100 Stellarator Rd, Princeton, NJ 08540.; asanche2@pppl.gov † alvaro.sanchez.villar@uc3m.es; http://ep2.uc3m.es ‡ federico.boni@onera.fr the effective Hall parameter by several orders of magnitude, enhancing the radially-outward electron transport, which would ultimately increase plasma losses and increase plume divergence.

Despite the extensive experimental work carried out on the ECRT, the modeling and simulation efforts remain scarce, in part due to the complexity of the involved physics. A 0D global model simulating the perpendicular electron energy distribution function using diffusion coefficients in a Fokker-Planck equation was tuned to reproduce the experimental ion ejection energy trend within a parametric study and to stress the importance of the backplate secondary electron emission influence [17]. An analytical quasi-1D model designed for HPTs was adapted to the ECRT case and applied to estimate successfully the overall thruster performance for high flow rate values (the model was less successful for low flow rates) [18]. However, the model underestimated the electron temperature and lacked modeling of both cross-field diffusion as well as radio-frequency source/plasma power coupling. A more complete two-dimensional axisymmetric model of the ECRT including these two last features has been developed and applied recently to obtain coupled simulations of the plasma wave interaction and the plasma transport [19]. The plasma transport is modeled using the Particle-in-cell (PIC) method for the heavy species (i.e. neutrals and ions) and a fluid scheme for the magnetized electrons [20][21][22]. Turbulent-based crossfield transport of electrons was modelled empirically. The electromagnetic response of the plasma is modeled with Maxwell inhomogeneous wave equation and a collisional cold plasma dielectric tensor formulation [23], solved in the variational form using mixed finite elements [24,25].

Crucially, this ECRT model must be validated against experimental data to assess the validity of its assumptions and the overall simulation approach, and to identify areas of improvement. This requires a dedicated test campaign to measure the steady-state plasma profiles and the thruster performance figures, against which the model predictions can be compared. Capturing these parameters reliably is a challenging task, complicated by the limited access to certain plasma regions such as the interior of the ionization chamber, the inherent uncertainty associated to plasma measurements, and the repeatability of the thruster firings.

The main objective of this work is to perform a first validation of the ECRT model presented in [19] by carrying out a comparison of its results with experimental measurements of thrust, plasma density, ion current density, electron temperature, electrostatic potential, and ion energy distribution function, in a wide plume region of the ECRT prototype investigated in [10], using different types of plasma diagnostics. Angular and axial scans of these properties are compared with simulation results.

A tunable, one-parameter model of cross-field electron diffusion, which is based on existing empirical models of anomalous transport in Hall-effect Thrusters (HETs) [21,[26][27][28], is used to fit the simulation results to the experimental data or, in other words, to estimate the real values of the cross-field diffusion coefficients. The enhanced diffusion decreases the effective Hall parameter and causes a larger radially-outward transport of plasma, in qualitative agreement with the observed transport in [16]. It will be shown below that certain augmented diffusion is needed to reproduce the measurements, supporting the idea that some form of anomalous transport is also present in ECRTs.

The rest of the paper is structured as follows. Section II describes the thruster configuration, experimental setup, and simulation model. Section III presents and discusses the experimental results and their comparison with the simulations. Finally, section IV gathers the main conclusions of this work.

II. METHODOLOGY

This section details the thruster prototype and the facilities and diagnostic techniques used for the validation. Additionally, a brief overview of the simulation model presented in [19] is provided.

In the following, the right-handed orthonormal magnetic vector basis {1 ⊥ , 1 ∥ , 1 θ } displayed in Fig. 1a is used, where 1 ⊥ and 1 ∥ represent the perpendicular and parallel directions to the local magnetic field vector B in the meridional plane, and 1 θ is the azimuthal direction. Coordinates (z, r) refer to the cylindrical coordinates about the thruster centerline, while (ρ, ψ) are the polar coordinates of the angular measurement system, with origin at the center of the thruster backplate. 

A. Thruster configuration

The ECRT prototype developed at ONERA since 2010, and more recently within the framework of the H2020 MINOTOR project [12,13,[29][30][31], has been used as the reference thruster for the study.

Figure 1a shows the simulated meridian cross section of the plasma source and plume, and figure 1b presents the ECRT prototype in operation. The prototype consists of a L = 2 cm long coaxial ionization chamber with R = 1.375 cm outer radius and 0.115 cm inner radius, connected to a coaxial feed line. The inner and outer conductors are made of metal and a boron nitride (BN) backplate, transparent to microwave power, is located at z = 0. The magnetic field is provided by an annular permanent magnet placed at the back of the ECR source, so that the magnetic field intensity reaches 875 G inside the ionization chamber, corresponding to an electron cyclotron frequency of 2.45 GHz. The thruster is powered by a microwave generator operating at this frequency. The microwave power deposited in the plasma (P a ) is kept constant by measuring the injected and reflected power at the output of the microwave generator. The thruster is fed with xenon mass flow rate ṁ with a radial injection configuration [32].

For this study, the thruster inner and outer walls are coated with BN spray in order to be compatible with the dielectric boundary conditions of the simulations. The antenna is made of graphite with a 50-100 µm pyrolytic BN coating from Stanford Advanced Materials. The operating conditions are fixed at P a = 30 W and ṁ = 2 sccm, though this is not the optimum identified in previous studies [10]. Although similar performances in terms of thrust F , thrust efficiency η F and ion beam current I b have been obtained with the dielectric wall thruster compared to the conductive wall thruster at 2 sccm and 30 W, a higher variability has been observed in terms of ion current density j i and electron density n e . Finally, it has been noticed that the experimental setup in the B09 vacuum chamber at ONERA (the one used in this study) tends to lower the thruster efficiency with respect to the B61 larger vacuum chamber (used in [10]). The relative figures are summarised in Tab. I and their repeatability is assessed in terms of relative standard deviation (RSD). The higher variability observed in the maximum ion current measured on the dielectric wall thruster compared to the conductive wall thruster is understood as an ageing effect of the coating during thruster operation. However, while the maximum ion current density values differ, both the ion beam current and the normalized ion current density profiles are essentially similar. Given this similarity, we choose to carry out the comparison with the numerical results in terms of normalized profiles, rather than the peak values of specific experimental data.

B. Experimental setup

As mentioned above, experiments are carried out in the ONERA-B09 facility, a stainless-steel cylindrical vacuum chamber of 2 m in length and 0.8 m in diameter. The pumping system consists of three turbomolecular pumps and one cryogenic pump, yielding a total pumping speed of 13000 l/s for xenon, with a base pressure of 10 -7 mbar-N 2 . The typical pressure when injecting 2 sccm of xenon is in the order of 2.5 × 10 -6 mbar-Xe. Slightly higher pressures are measured during thruster operation due to increased chamber wall out-gassing under the effect of high-energy ions. The first 60 cm of the vacuum cham-ber were covered in dielectric Kapton to mimic the dielectric boundary conditions used in the numerical model described in the next section.

The microwave power line consists of VAUNIX LMS-402D signal generator and a Microwave Amps Ltd power amplifier. The forward and reflected power to and from the thruster is measured with two LB478A (LadyBug Technologies) power sensors and directional couplers. Power losses through the feeding line are measured before the test campaigns to compute the total absorbed power by the thruster. Thrust measurements are performed with the thrust balance developed at ONERA [10], which is a pendulum balance with a frictionless pivot.

Plasma parameters are collected along angular and axial profiles in the plume region. The diagnostics are performed with three different probes constructed in-house, plus a commercial ion analyzer. The electron density n e is measured with a microwave resonant probe and a Langmuir probe (LP). The latter also allows the electron temperature T e and the electrostatic potential ϕ to be measured. The resonant probe is a curling probe (CP), called CP700 in [33], consisting of a 35 µm-thick spiral copper resonator of 106 mm in length, etched on a 0.5 mm-thick RO4003 sheet. The local electron density is calculated following the plasma permittivity [33]. The LP consists of a tungsten wire of 150 µm in diameter and 5 mm in length. The bias voltage at the probe tip is swept from -100 V to +100/+120 V, depending on the probe distance to the thruster. The collected current is measured through a 6 kΩ-shunt resistance. Data are post-processed using the Druyvestein method [34] and OML theory to determine electron density and temperature. A low discrepancy in the results is obtained from the two post-processing methods. The ion current density j i is measured with a gridded Faraday probe (FP), which consists of a stainless steel collector of 6 mm in diameter biased at -350 V. The grid, placed between the plasma and the collector, is electrically-floating and limit the increase of the collection area of the probe when increasing its bias voltage [10]. The low bias potential value of the collector is necessary to reach the ion saturation current in the central part of the thruster plume due to high electron temperatures. The collected ion current is measured through a 33 kΩ-shunt resistance. The Faraday and Langmuir signals are recorded on a National Instruments DAQ board (NI BNC-2110). Error bars, accounting for measurement uncertainties for the curling, Faraday, and Langmuir probes, are estimated as detailed in refs. [33,35,36], respectively. The presented error bars do not account for thruster operation variability.

The ion energy distribution function is measured with a PSM003 Hiden Analytical ion analyzer, which faces the thruster and is mounted at approximately 1.7 m from the thruster exit plane.

The angular profiles are obtained with the probes mounted on a motorized rotational stage with the rotation axis centered at the thruster backplate, as shown in Fig. 1a, following the polar coordinates (ρ, ψ). The profiles are taken 16 cm downstream from the backplate, and the angle ψ is varied between -70 deg and 70 deg. Faraday probes are oriented such that the collecting (i.e., measuring) surface normal is along the ρ-direction for all ψ angles. For the axial profiles, the probes are moved using motorized translational stages, allowing the measurement along the z axis defined in Fig. 1a.

C. ECRT model

The model detailed in [19] allows to compute steadystate solutions of the coupled plasma transport and electromagnetic plasma response in ECRTs. The reader is referred to that work for the details of the model and its numerical implementation. In the following, only its main aspects are reviewed.

The simulation domain corresponds to that shown in Fig. 1a. The source with dimensions R and L is simulated in a domain with a plume of length L p = 18 cm and radius R p = 13 cm. The model is composed of three main modules: a particle-in-cell (PIC) module to simulate the heavy species (ions and neutrals), a fluid module for the electrons, and a full-wave module to compute the electromagnetic fields.

The PIC module uses a structured grid mesh where the electrostatic field is computed and the magnetostatic field is interpolated. Macroparticle trajetories are integrated using a 3D Cartesian leap-frog algorithm for advancing a time step ∆t, and their position is then projected to the meridian plane of the axisymmetric simulation. A boundary cross checking algorithm identifies the macroparticles leaving the domain. The PIC-module also includes the effect of (i) ionization (single, double, and single to double) by electron bombardment, and (ii) neutral accommodation and re-emission and ion recombination at the walls. A weighting algorithm computes the integrated macroscopic properties on the PIC mesh of characteristic cell size of 1 mm inside the thruster and few millimeters in the plume, every ion time step (50 ns). Roughly 500 macroparticles per cell are set in the simulation as target for the population control algorithm. Time-averaging of the weighted properties is used to limit numerical noise.

The electron fluid module considers the continuity equation and the electron momentum, energy, and heat flux equations with appropriate source terms for ionization, excitation and elastic electron collisions with ions and neutrals. The closure of the hierarchy of fluid equations is done at heat flux level. The system of equations is solved numerically using the finite volume method and a time marching scheme. A magnetic field-aligned mesh is used to reduce numerical diffusion [37]. Plasma properties are interpolated between the Cartesian PIC mesh and the magnetic field aligned mesh as needed. Around the material walls, a sheath module solves a planar unmagnetized collisionless kinetic model of the Debye sheaths [22], including secondary electron emission and non-Maxwellian features of the electron velocity distribution function.

As explained in the Introduction, a simple phenomenological model of turbulent anomalous transport [21] is included, which increases the perpendicular diffusion of electron momentum and energy. The model is based on an empirical parameter α t representing the average turbulence level. Specifically, this means that an extra force, F ano = α t B 0 j θe 1 θ , and an extra heat flux, Y ano = -α t B 0 q θe 1 θ , are introduced in the electron fluid equations. A multi-parametric version of this approach is being used successfully in modeling HET axisymmetric discharges [21,22]. Here, an α t homogeneous over the simulation domain is applied as a first approach to tackle the anomalous transport in ECRTs. Simulations will find α t = 0.035-0.08 as a suitable range, which is similar to the one found in HET simulations.

If ω ce = eB/m e is the electron cyclotron frequency and ν e is the electron overall collisionality with ions and neutrals, a non-zero α t reduces the Hall parameter from χ = ω ce /ν e to [22] 

χ ef f = χ 1 + α t ω ce /ν e ≃ χ α t , (1) 
In the ECRT investigated here the values of χ are found to vary approximately in the range [10 3 -10 5 ]. For α t chosen in the range [0.01 -0.1] the values of χ ef f are decreased by one or two orders of magnitude. This effect is comparable to the quasilinear wave-driven decrease of χ ef f computed in [16], and also to the decrease in χ ef f applied to the magnetic nozzle simulations in [38], where χ ∼ 10 6 is artificially capped to χ ef f = 3 • 10 4 . The PIC and the electron fluid modules enable computing the slow plasma dynamics inside the thruster and in the magnetic nozzle. The weighted ion and electron densities on the underlying mesh are used to compute the quasi-static part of the electric field. Plasma sheaths are modeled at the walls. The walls are treated as dielectric surfaces, and the sheath potential fall is computed accordingly to maintain the local charge current balance. An algorithm watches the fulfilment of Bohm's condition at the sheath entrance and corrects the presheath voltage initially (i.e., the voltage in the cells near the walls) to enforce it until it is automatically satisfied in subsequent time steps [21].

Lastly, the (fast) fields in the plasma are computed using an electromagnetic wave module, which solves Maxwell's inhomogeneous wave equation in its variational form, with a cold-plasma collisional dielectric tensor model [23]. The module utilizes Galerkin's finite element method applying a mixed vector and nodal finite element discretization scheme [25,39]. The dielectric tensor is computed locally based on the magnetic field, and the electron density and collisionality obtained by the transport modules. Electromagnetic fields are excited by introducing the transverse electromagnetic mode in the coaxial line at the back end of the thruster, which then accesses the plasma source through the dielectric window. The effect of the thin dielectric coating on the metallic thruster walls is neglected in the wave propagation problem, and the thruster walls are treated as perfect electric conductors within the electromagnetic module. Most of the power is absorbed at the electron cyclotron resonance, and the electromagnetic power reaching the open boundaries of the domain is negligible. The model computes the electromagnetic power density distribution deposited in the plasma, which enters as an input in the electron energy equation. The electromagnetic fields are updated every 10 4 ion time steps until convergence to a stationary, self-consistent solution is achieved. This typically requires a total of 3-4 electromagnetic field updates and a total of 1.5-2 ms simulation time.

III. RESULTS AND DISCUSSION

In this section, we present the experimental results obtained in the near plume of the ECRT prototype and find the best fitting of cross-field diffusion for the numerical simulations.

A. Ion current density and electron density

Figure 2 shows the comparison between the numerical and experimental angular profiles for both the ion current density perpendicular to the FP collection surface j i , normalized with its peak value, and the electron density n e , at ρ = 16 cm from the thruster backplate. Figure 3 shows the comparison along the thruster symmetry axis (r = 0). Numerical simulations are carried out for three different values of the turbulent anomalous transport parameter α t (0.035, 0.05 and 0.08). Reasonable agreement is found on both the normalized j i and n e profiles. It is noteworthy that also the lateral plume wings (which show the presence of a low density plasma on angles higher than 20 deg) are well reproduced by the simulation results for both j i and n e .

The (integrated) ion beam current I b (ψ max ) is computed from j i (ψ) as

I b (ψ max ) = πρ 2 ψmax -ψmax j i (ψ) sin(|ψ|)dψ. (2) 
The ion beam current I b is compared for ρ = 16 cm and ψ max = 45 deg, as [START_REF] Ogawa | A novel technique for in-situ simultaneous measurement of thickness of deposited film and electron density with two curling probes[END_REF] The results obtained by the model suggest that at least some anomalous cross-field diffusion is needed to reproduce the profiles found experimentally. The simulation with the lower value of α t displays a double-peaked angular profile, not observed experimentally. Values around α t = 0.05 seem to yield an adequate fit of these experimental results.

The overall effects of increasing α t are (i ) decreasing the gradients in the perpendicular direction, resulting in a single-peaked angular profile, and (ii ) decreasing the peak value of j i and n e . In other words, the enhanced cross-field transport acts as to homogenize the plasma quantities in the perpendicular direction by allowing more plasma to diffuse radially-outward, resulting in smoother gradients in this direction and increasing the plume divergence. The larger plume divergence leads to a faster decrease of plasma density, ion current density, and other properties in the axial direction, as shown further below.

Axially, the three simulations exhibit a similar behavior in the region where measurements are available, and show a good match with them, as shown in Fig. 3. A slightly faster expansion rate is suggested by the experimental measurements of n e than the one predicted by the simulations. The major differences among simulations arise further upstream, and are due to the varying plume divergence angle, which is larger as α t is increased, and results in a faster-decaying j i and n e in the axial direction.

To gain further insight into the behavior of the simulations upstream, Fig. 4 displays the angular profiles of the electron density at ρ = 8, 12, and 16 cm, for the different cases of α t presented. A double-peaked angular profile is predicted by all simulations upstream to some extent, and this feature becomes more evident and survives longer downstream the smaller the value of α t . The depression in the central part of the plume is attributed to the presence of the inner rod inside the thruster ionization chamber, which is seen to lower the plasma density in its wake, until cross-field diffusion refills this region and a single-peaked profile forms. As cross-field diffusion increases with increasing α t , this concavity is erased away earlier in the expansion. Double-peaked profiles have been observed experimentally in the ion current density measurements for similar coaxial ECRT prototype versions and lower mass flow rates [10,40]. This feature has also been reported in other thrusters with magnetic nozzles, but are likely due to other reasons as a radially-uneven power absorption profile [2,41].

B. Ion energy

Figure 5 shows the measured ion energy distribution function (IEDF) by the ion analyzer, located at the end of the vacuum chamber. The distribution features an asymmetric peak at approximately 65 eV, and a smaller (∼ 5%) secondary bump at around 30 eV. Figure 5 also depicts the numerical weighted-averaged IEDF of Xe + exiting the simulation domain through its end boundary (18 cm downstream from the thruster exit, which is less than the vacuum chamber length). The IEDF averaging is performed over the end boundary panels, with a weight corresponding to the panel area. The peak ion energy for the simulation cases are 71, 75 and 74 eV for α t = 0.035, 0.05, 0.08, respectively. This is a 9-15% difference with respect to the measured peak.

As the experiment takes its measurements further downstream than the end of the simulated plume, a slightly higher ion energy is expected in the test results than in the simulations. However, the experimental peak ion energy is lower than the numerical one, meaning that the simulations marginally overestimate the ion energy. As the ion energy and the electrostatic potential drop in the plume are closely related to the electron temperature, the difference in peak values is a first indication that the simulation may be overestimating T e , as further discussed in section III D. However, part of this difference could also FIG. 6: Comparison of the ion energy distribution functions of Xe + for the case of α t = 0.05 at three different regions, corresponding to the regions centered around the end of streamlines S1 (red), S2 (black) and S3 (blue) shown in Fig. 1a.

be attributed to the background pressure effect present in the experiment and which is absent in the simulation. Indeed, Wachs et al. [15] recently showed laser induced fluorescence measurements in a similar ECRT device to the one analyzed in this work, featuring a 37% ion energy drop for an increase in background pressure from 1.3 × 10 -6 to 3.5 × 10 -5 mbar-Xe. Notwithstanding this, the width of the IEDF primary peak is in good agreement with the experimental measurement, especially for the lower values of α t . The effect of α t in the IEDF is otherwise minor. Figure 6 shows the IEDF for the simulation with Page 7 of 13 AUTHOR SUBMITTED MANUSCRIPT -PSST-105538

A c c e p t e d M a n u s c r i p t α t = 0.05 at three different radii. The IEDF averaging is carried out over the neighbouring boundary panels on three radii spans [0-1.5, 1.5-7, 7-13] cm. These regions are selected so that their weighted-average radii correspond with streamlines S1, S2 and S3 at the end boundary (see Fig. 1a). It can be noticed that the peak ion energy is barely affected by the radial location. However, a low energy tail of approximately 45% of the peak value is found around 45-50 eV at S1, closest to the thruster axis. The existence of this lower energy ion population in the central part of the plume is explained as follows. Fig. 7 shows the evolution in this simulation of the electrostatic potential ϕ, the singly-charged xenon ions (Xe + ) mean kinetic energy mu 2 i /2 where u i is the macroscopic fluid velocity, the Xe + mean total energy H i = mu 2 i /2 + eϕ + 3T i /2, and the volume ionization source S ion , along the arc length s of the three representative ion streamlines shown in Fig. 1a.

In an ideally collisionless, steady-state expansion, the bulk ion total energy is conserved along streamlines. However, in the simulated ECRT plume, significant ionization takes place in the acceleration region and near plume, and results in newly generated ions with lower kinetic energy, which increase the width of the IEDF and the ion temperature T i , and decrease the mean total ion energy of the ion population along that streamline.

The ionization source term, representing the source of singly-charged ions generated by simple ionization per unit time, is proportional to the neutral and plasma densities and the ionization reaction rate, which depends on the local electron temperature [42]. It has been previously observed that the electron temperature on each streamline is dependent on the electromagnetic radial power absorption profile upstream [19]. Moreover the neutral density in the near plume is larger near the axis than in the periphery. As a result, S1 features greater ionization and the mean total ion energy decreases down to approximately 65 eV near the thruster, while ion temperature increases mildly to T i = 1.5 eV. This explains the presence of the lower energy ion population in figure 5. Overall, ions moving along streamlines with higher divergence angles feature a smaller drop in their mean total energy as ionization becomes insignificant earlier in the acceleration. Finally, observe that further downstream (roughly from s = 10 cm onward) the ionization rate has decreased to a point that H i remains essentially constant on all streamlines, as corresponds with the nearcollisionless behavior.

C. Thruster performance

Table II shows the comparison of experimental thruster performance and other figures of merit with their numerical estimations.

Numerically, thrust is computed as the sum F = F l of the momentum flux of each species l through the free TABLE II: Thruster performance figures measured experimentally and obtained in the three simulations with α t = 0.035, 0.05 and 0.08.

The ion beam current is computed with a maximum angle of 70 deg. The maximum T e measurement is taken at z = 10 cm (indicated with * ), while the numerical maximum T e refers to global values.

boundaries of the domain S f ,

F l = S f 1 z • (m l n l u l u l + Pl ) • 1 n dA, ( 3 
)
where dA is the area element, 1 n the outward normal vector, and Pl the pressure tensor of species l. Specific impulse is then defined as

I sp = F ṁg 0 , (4) 
where g 0 is the standard gravity constant at sea level, and the thrust efficiency is computed in terms of the absorbed power as

η F = F 2 2 ṁP a . (5) 
It is noted that the trend is toward lower numerical values of F , I sp and η F for increasing values of α t . Simulations overpredict the thrust value and derived quantities such as the specific impulse and thrust efficiency with respect to the experimental measurements for all values of α t . This disagreement is likely due to limitations in the current model. In particular background pressure, present in the experiments and not in the simulations, can affect thrust measurements of EP devices. Previous works [43] have reported a decrease in thrust measured from 800 to 400 µN for an increase in background pressure from 10 -7 to 10 -5 mbar-Xe. A background pressure of the order of 3 to 4 × 10 -6 mbar-Xe is measured at the ONERA-B09 facility during thruster operation. This value lies within the range of values reported modifying ECR performance in the previous ECRT experiments mentioned. Thus, it can be expected that thrust value measured in perfect vacuum conditions (i.e. free space), which represents the simulated case, would be larger than the one obtained in the current experimental conditions.

Moreover, the equivalent Xe neutral density corresponding to the measured background pressure around 3 to 4×10 -6 mbar-Xe is 0.7 to 1×10 17 m -3 . In the simulations, Xe neutral density in the range of 10 17 > n n > 10 16 m -3 for 5.8 < z < 15.3 cm is found at the axis. The larger background pressure is expected to alter the collisions along the plume, specially electron-neutral collisions [15], and also the plasma expansion along the magnetic nozzle. Therefore, the inclusion of the background pressure effect in the simulations may lower thruster performance.

The numerical ion beam current in table II is computed using Eq. ( 2) with the ion current density profile at ρ = 13.5 cm in order to match the maximum angle accessed by measurements (i.e. 70 deg). In order to have a rough estimate of the error of this approximation, it is verified that for all the simulation cases I b at ρ = 13.5 cm matches the values obtained at ρ = 16 cm. A good agreement is found between the numerical and the experimental ion beam current.

Three other figures are compared between numerical and experimental results. First, the utilization efficiency

η u = ṁib ṁ , (6) 
where ṁib represents the total ion beam flow rate downstream, and ṁ the injected neutral mass flow rate. Second, the energy efficiency defined as

η en = I b E i,max P a , (7) 
where E i,max is the peak ion energy of the IEDF. Third, the 90% divergence angle ψ 90% , which is defined as the cone where 90% of the total ion beam current is collected:

πρ 2 ψ 90% -ψ 90% j i (ψ) sin (|ψ|) dψ = 0.9I b . (8) 
Overall, good agreement is found as well in these three figures of merit, and the weak trend observed with increasing α t is toward lower utilization and energy efficiency, and higher beam divergence. A value around α t = 0.05 yields a good fit with the experimental results in this regard.

D. Electrostatic potential and electron temperature

Angular and axial Langmuir probe measurements of electrostatic potential ϕ and electron temperature T e are shown in Fig. 8. The reference potential ϕ * is taken at ρ = 16 cm, ψ = 0 deg. The angular profile of ϕ exhibits a valley around the centerline, which seems to originate in the wake of the metallic rod in the plasma source. In contrast, the measured angular profile of T e is essentially flat. Small asymmetries on both variables may be attributed to experimental uncertainties. The electrostatic potential decreases along the axis, consistently with a plasma expansion. The electron temperature also decreases, indicating the existence of electron cooling in the downstream direction, dropping from 10.7 to 5.2 eV in 10 cm. Both variables decrease with a slower rate farther downstream. Figure 8 also displays the comparison with numerical results for α t = 0.035, 0.05, 0.08. The electrostatic potential also displays a valley around the axis, but is flatter within the central part of the plume than the experiments, until roughly ψ = 20 deg; beyond that angle, it increases gradually toward the plume periphery, similarly to what is measured experimentally. The axial behavior rate of ϕ agrees well with the experimental results and no differences are observed between the different α t cases.

In the simulations, the electron temperature features a maximum about the centerline, along the magnetic lines where most microwave power absorption is observed in the model [19], which is not observed experimentally. This peak decreases as α t is increased. Along the ρ direction, the model is near-isothermal, differing from the experimentally-observed electron cooling. Indeed, the behavior of T e in the simulations is consistent with the heat flux closure relation used, detailed in [21], in which parallel conductivity is much larger than perpendicular (cross-field) conductivity. These discrepancies may suggest that the anomalous transport coefficient in the momentum equation and in the energy equation need to be different. Moreover, a full kinetic treatment of electrons may be needed to correctly model electron cooling in the near-collisionless plume [44][45][46][47].

While in the works just cited it is argued that poly-tropic closure relations of the form T e ∝ n γ-1 e are not theoretically justified for a near-collisionless plasma expansion in a magnetic nozzle, this approach has been used in the past to account approximately for electron cooling in plume expansions [30,48,49], and nevertheless it is instructive to estimate the effective polytropic exponent γ of the expansion, as a first measure of the cooling rate in the plume. From the axial experimental results, γ is equal to 1.34 ± 0.04, a value which is close to others obtained in the past [50]. This value can be used with the numerical electron density axial profiles and the initial value of T e to project the corresponding cooling behavior in the model for the different α t cases, as shown in Fig. 8(d). While this last computation is not self-consistent, it evidences that a better agreement with the axial T e measurements may be achieved once an improved electron cooling model is implemented into the model.

On the one hand, the near-flat angular profile of T e measured suggests that either the radial power absorption profile at the ECR surface differs substantially from the one reproduced by the model, or that a much higher perpendicular mobility exists for electrons in the source region of the ECRT. Indeed, as evidenced in figure 8(b), larger cross-field diffusion α t leads to a flatter T e angular profile, and smaller maximum value of T e (see also Tab. II). This suggests that a non-homogeneous map of α t may be needed to reproduce the experimental results.

Lastly, we note that the electrostatic field map and the meridian electron currents may depend on the position and nature of the boundary conditions (here dielectric conditions both in the experiment and in the simulation). The analysis of the effect of other alternative boundary conditions remains open to future studies.

IV. CONCLUSIONS

Experimental angular and axial probe measurements of ion current density, electron density, electron temperature, and electrostatic potential, as well as thrust measurements, have been compared with self-consistent numerical simulations of an ECRT prototype, which integrate the slow plasma dynamics and the fast electromagnetic fields. Effort has been put into experimentally reproducing the thruster setup and operating conditions used in the numerical simulations, in particular by adding a dielectric coating inside the thruster chamber to favor the comparison with numerical dielectric boundary conditions. The main goal of this study was to benchmark the numerical model of this device. This work is part of the ongoing endeavor toward the improvement and validation of our current understanding of the phenomena involved in this thruster operation, essential for an optimization of the technology.

The presented results show a reasonable to good agreement between the model and the experimental data, although only for some variables, and for certain values of the coefficient α t used to model anomalous transport. Ion current density, electron density and electrostatic potential are properly captured by the model, both in the angular and axial directions. An annular-shaped plasma profile is seen to form in the source region in the model due to the presence of the central antenna pole, which gradually evolves into a single-peaked profile downstream. The electron density expansion in the far plume is underestimated by the model, which also predicts a flat electrostatic potential until roughly ψ = ±20 deg which is not observed experimentally. Values of the ion beam current, utilization and energy efficiencies, and the 90%-current angle are found in good agreement with experiments, specially for the case with α t = 0.05. Simulations overestimate thrust, and therefore also specific impulse, thrust efficiency, and, to a minor degree, the peak Xe + energy in the plume.

While the present work represents a partial validation of the model, a full, direct validation is hindered by the inherent limitations of experimental measurements, namely (1) the error associated to probe measurements, (2) the inability to bring the electrostatic probes too close to the thruster ionization chamber without introducing an excessive perturbation, (3) the influence of background pressure on the magnetic nozzle expansion, and (4) the effect of wall coating ageing on the repeatability of the measurements.

On the other hand, numerical simulations are limited by the available computational resources, which forbid extending the simulation domain too far. It has been shown that the cross-field plasma transport is larger than the one predicted by classical models, and that some form of enhanced (anomalous) transport is needed to correctly reproduce the plasma and thrust measurements. The present work has explored this matter with a simple, phenomenological, uniparametric anomalous transport model, which lowers the effective Hall parameter in the plasma, finding that values of α t ≃ 0.05 adequately reproduce the behavior found in the measurements. While the mechanisms (e.g. instabilities) leading to anomalous transport in HETs and ECRTs may differ substantially, the application of this model to the present case is justified here as a first approach to control crossfield transport, aiming to facilitate the fitting of the numerical results to the experimental measurements. To our knowledge, this is one of the first works to explore the effects of anomalous transport in ECRT simulations, even if the model used (based on HET modeling heritage) may only be considered a first empirical approximation for these devices.

Evidently, the development of accurate models of anomalous transport in ECRTs requires a dedicated investigation, and is outside of the scope of the present work. More advanced anomalous transport models are needed to properly reproduce the complexities of their physics and this constitutes an open area of research. Measurements closer to the ionization chamber with non perturbative diagnostics would bring interesting insight to challenge the uniparametric anomalous transport hypothesis and refine the understanding of anomalous transport in ECRTs. Furthermore, simulations here suggest that anomalous diffusion coefficients for particle and energy diffusion are likely different.

The comparison has also enabled the identification of key areas of improvement of the model. Firstly, the electron heat flux closure relation presently employed must be corrected, and possibly incorporate the latest kinetic modeling results [46,47], to accurately predict the observed electron cooling along the magnetic nozzle. Secondly, boundary conditions must be designed carefully to better represent the expansion of a plasma plume to infinity. Thirdly, background pressure and other facility effects could be included in the model, as this would lead to a better understanding of their influence on the measurements. This will also be an interesting tool to facilitate the vacuum-chamber to in-flight data comparison and improve the understanding of the effect of the test facilities on the measured performance on ground.

Introduction

Electrodeless magnetic nozzle thrusters have received a great deal of attention these last few years for their ability to produce thrust without the need of an external cathode neutralizer, the possibility to work with various propellants (including reactive gases like water vapor [1,2] or other molecular propellants [3], and the theoretically lower wall erosion in the plasma source. The principle of the magnetic nozzle (MN) is the conversion of the gyrokinetic energy of charged particles (i.e., perpendicular to the direction of the magnetic lines) into parallel energy (i.e., along the direction of the magnetic lines). Most of electrodeless thrusters use an electron-driven magnetic nozzle: only electrons are magnetized and undergo conversion of their gyrokinetic energy, whereas the ions are accelerated by the ambipolar electric field resulting from the difference in mobility between electrons and ions.

Because of the high complexity of electron-driven MN physics, there is still a low understanding of the parameters (geometry, magnetic field topology) that could help improve MN thrusters performance. In particular, there is a lack of experimental observation of phenomena like electron energy anisotropy due to strong magnetic fields (from 0.1 to 1 kG), whereas it is considered a key parameter for describing *Correspondence: julien.jarrige@onera.fr 1 Physics Instrumentation and Space Department, ONERA, Université Paris-Saclay, 91123 Palaiseau, France 2 Physics Instrumentation and Space Department, ONERA, Université Toulouse, 31055 Toulouse, France plasma expansion in a magnetic nozzle and the production of thrust. Several theoretical works have investigated the thrust production mechanisms in MN thrusters [4][5][6][7][8]. These works have shown that the thrust has two main contributions: the pressure (thermal) and the magnetic thrust. The thermal thrust ( T S ) is a surface force due to the electron pressure exerted on the backwall of the thruster. The magnetic thrust ( T B ) is due to the Lorentz force exerted on the externally applied magnetic field. T B is a volume force exerted on the whole plasma volume, including the plume, due to the interaction between the diamagnetic electron current and the externally applied magnetic field.

Experimental measurements of electron pressure thrust components T B and T S on a helicon thruster have been compared with a full 2D analytical model [6] and a 1D analytical paraxial model [9]. The magnetic thrust increases with the magnetic field strength, and T B contribution to total thrust can be as high as 50%. A good agreement has been found globally between measurements and the models. The accuracy of the 1D paraxial model tends to decrease when the radial variations of the magnetic field are important. In those works, direct measurements of the electron temperature and density allow for the separate computation of the magnetic and thermal contributions. It should be noted that the electron temperature is considered isotropic ( T e,⊥ = T e,� ) in these works.

The electron cyclotron resonance (ECR) plasma thruster is an electrodeless MN thruster that uses microwave power to ionize the gas and heat the electrons. ECR thrusters are characterized by a high magnetic field strength in the resonance region (~ 1 kG) and a different electron heating process than in helicon thrusters: the energy is initially injected mainly in the gyrokinetic mode. This heating mode introduces anisotropy in the electron energy distribution function, such that T e,⊥ > T e,� is expected in the electron population, at least inside the discharge chamber.

These features are favorable for the production of thrust with good efficiency. First, the higher magnetic field intensity improves the confinement and reduces the losses on the walls of the source. Second, the gyrokinetic energy mode enhance the number of ionizing collisions before the electrons escape from the source or are lost at the walls. Third, the magnetic mirror configuration converts perpendicular electron energy into parallel electron energy preferentially directed toward the thruster exit.

Recently, numerical results obtained with a self-consistent 2D hybrid code (particle in cell for heavy species and fluid for electrons) have been implemented by Sanchez-Villar et al. [10] on an ECR thruster. In their model, plasma temperature is isotropic, and the large parallel electron conductivity results in almost isothermal electrons along magnetic lines. The authors found that the magnetic thrust accounts for approximately 60% of the total axial momentum at 2 sccm and 27 W of absorbed power, in line with experimental results reported by Vialis et al. [11] at 2 sccm and 40 W.

In the present work, an experimental investigation of the thrust production mechanisms is carried out on a low-power ECR plasma thruster operated with xenon. Direct measurements of the total thrust, the force exerted on the plasma source, and the force exerted on the permanent magnet have been performed with a thrust balance. Two different magnetic field topologies (with a different divergence) have been studied. The contribution of T B and T S to total thrust and thruster performances are investigated as a function of the operating parameters (mass flow rate and microwave power).

Apparatus ECR thruster

The thruster investigated is the electron cyclotron resonance (ECR) plasma thruster that has been developed at ONERA since 2010 [11][12][13][14]. The originality of this thruster is its coaxial geometry that allows a compact geometry (27 mm diameter) while being operated with microwaves at frequencies of 2.45 GHz. The ECR thruster version characterized in this work is the 30 W model, shown in Fig. 1. The plasma source is 20 mm long and consists of an inner rod (2.3 mm in diameter) and an outer cylinder (27.5 mm in diameter). The end of the source is closed with a boron nitride (BN) disk (transparent to microwaves) that prevents the plasma from eroding the coaxial microwave transmission line. The propellant gas is injected into the source with two alumina tubes (1 mm diameter) through the BN backplate. In this study, only xenon was used for the experiments. This thruster version has been chosen for its good stability and repeatability [15,16]. Similar versions of the thruster have already been used in previous works performed at ONERA [11,13,14].

The magnetic field is provided by an annular permanent magnet located at the back of the plasma source. Two different magnetic field configurations (called BM and SM) have been used for this study. The topology of the magnetic field lines in the source and the magnetic nozzle is shown in Fig. 2. The position of the resonance region (around 875 G) with respect to the backplate is similar for both configurations. However, the BM configuration displays a more divergent magnetic field, hence a steeper magnetic field axial gradient: ∂B ∂z in the source is about 1.5 times higher for configuration BM than for configuration SM.

The thruster is powered by a Microwave Amp Ltd amplifier driven by a VAUNIX LMS-402D signal generator. The forward and reflected power (to the thruster) are measured with two LB478A (Ladybug technologies) calibrated power sensors using directional couplers. The reflected power is dissipated through a 50 Ω load. The transmission line is characterized (in terms of power losses) with a vector network analyzer before the experiments so that the deposited power absorbed by the plasma can be computed. At large flowrates (1, 1.5, and 2 sccm), reflected power remains below 4% of incident power for all tested microwave power. At 0.7 sccm, a higher reflected power is observed, but values are always less than 10%. Uncertainty of the absorbed power is around 10-20% for the measured values of reflected power [13].

The thruster body and the inner rod are electrically floating, so the plasma plume remains current-free.

Thrust balance

The total thrust and the magnetic and thermal components of the thrust are measured using the ONERA milli-newton thrust balance. This balance, which is described in detail in [11], is a vertical pendulum of compound type with a quasi-frictionless pivot (see Fig. 3). The thruster is mounted at the end of the pendulum arm, on which it applies a horizontal force. In the free pendulum mode, the arm moves from its initial position to a new, tilted equilibrium position, where the torques exerted by the thrust and by the weight of the pendulum arm cancel each other. The angle of the pendulum is then a linear measure of the thrust, given that the angle is usually very small (< < 1 degree).

Two displacement sensors are placed on the pendulum arm: one is an accelerometer (Honeywell QA 700) for which the axis measures gravity projection; the other is a capacitive sensor (Focale MC 900) that measures the linear displacement of the arm.

A coil actuator is placed at the bottom of the pendulum. It consists of a permanent magnet fixed on the arm near a planar coil placed on the vacuum tank. A force is applied on the arm when making a current flow through the coil. The force is proportional to the current since the movement is tiny and frictionless.

Two measurement modes can be used.

1. Open loop: as described above, where the pendulum is free to move. 2. Closed loop: a feedback loop uses the coil actuator to maintain the pendulum at its initial equilibrium position. This mode has one clear advantage: the movement of the pendulum becomes second order. This is important if the movement is perturbed by non-linear flexure phenomena (like plastic deformation of gas tubes and cables) because these effects will be reduced dramatically.

All thrust measurements performed during this campaign were done in closedloop mode. The current flowing through the coil actuator is controlled with a Proportional-Integrator-Derivative (PID) system. The process variable is the signal of the capacitive sensor, which is fed to the PID controller (SRS SIM960). When the thruster applies a force on the pendulum, the PID output signal is modified, and the resulting magnetic field interacts with the permanent magnet to produce a force. The output voltage from the PID controller is directly proportional to the force applied by the thruster, provided that the error value is small enough. Knowing the calibration factor, the thrust can then be measured from the PID signal.

A wireless microwave transmission technique is used on the balance. It consists of two facing coaxial-to-waveguide transitions separated by a distance of a few millimeters. This system prevents from using microwave cables that would add stiffness to the pendulum. Moreover, it allows the thruster to be electrically floating.

The pendulum balance allows an absolute and precise thrust calibration. The principle is to deposit masses on a small horizontal arm attached to the pendulum. The weights of the masses are calibrated very precisely with a Mettler Toledo balance precise to 0.01 mg. The masses are placed on a vertical translation stage and are deposited sequentially on the calibration arm, thus imposing calibrated torques on the balance.

In the past few years, ONERA milli-newton balance has been used successfully for direct thrust measurements of ECR thruster [11] as well as other low-power electric propulsion technologies: gridded ion engine [17], helicon [18], HET [19]. A method has also been developed to measure the impulsion of a pulsed thruster and applied to a vacuum arc thruster [20].

Facility and setup

The experimental characterization of thrust production mechanisms has been performed in the B09 vacuum chamber (0.8 m in diameter, 2 m long) at the ONERA center of Palaiseau. The secondary pumping consists of three turbo-molecular pumps (Pfeiffer Hi-Pace 2300) and a cryogenic pump (Sumitomo CH-110 cryo-cooler), yielding a total pumping speed of 13 000 L/s for xenon, with a base pressure of around 2 × 10 -7 mbar . In the conditions of this study (xenon flowrate between 0.7 sccm and 2 sccm), the background pressure is in the range of 1-2.6 × 10 -6 mbar.

The propellant mass flowrate injected in the thruster is controlled with a Bronkhorst El-Flow controller with a full scale of 4 sccm calibrated for xenon.

For this test campaign, the thrust balance has been adapted to the B09 vacuum chamber, whose diameter is smaller than the chamber used for previous tests (1 m) [11]. To maintain the position of the thruster at the center of the vessel, the pendulum arm was shortened, which resulted in a more compact setup with the thruster being located closer to the balance structure.

Three different setups are used.

1. The whole thruster assembly (coaxial cavity and permanent magnet) is mounted on the pendulum arm for total thrust measurements. 2. For the measurement of the thermal thrust T S (produced by thermal expansion of electrons), the coaxial cavity (with the gas injection and the microwave transmission line) is mounted on the pendulum arm while the permanent magnet is fixed to the vessel. 3. For the magnetic thrust T B measurement, the permanent magnet is mounted on the arm while the coaxial cavity is fixed to the vessel.

It should be noted that, for the second setup, the measured thrust corresponds to the total force exerted on the walls of the source, i.e., the sum of the axial force on the backplate (due to electron pressure) and the axial momentum on the cylindrical walls (due to ions). Separate measurements of these two contributions are difficult without adding a high uncertainty. The axial momentum on the cylindrical walls (termed T w in Refs. [6,[21][22][23]) is given by the ion axial momentum ( m i u z ) imparted by the radial ion flux lost at the wall ( n w u r ), where m i is the ion mass, u z and u r are the ion axial and radial velocity, and where n w is the plasma density at the wall. Direct measurements of the axial force on the backplate and on the radial walls have been performed by Takahashi et al. [21][22][23] on a helicon thruster. It was found that T w is not always negligible and can be almost as high as T S (and in the opposite direction) in some cases. Estimations of T w for the ECR thruster have been made using plasma density profiles and ion velocity measurements (inferred from laser induced fluorescence measurements) that are not presented here [28]. The axial velocity close to the cylinder walls is less than 1000 m/s for the investigated operating conditions. The integration of ion axial momentum on the radial walls gives a majoring estimation of T w between 10 and 30% of the measured T S . The axial force on radial walls is found to be in the opposite direction to thermal thrust T S , as in the works of Takahashi.

For the separate thrust measurements, special attention was paid to have the shell of the permanent magnet and the source outer cylinder electrically floating. Furthermore, they were electrically connected (with flexible wires) to be consistent with the electrical configuration of total thrust measurements. The absolute position of the resonance region with respect to the source backwall was set accurately for each mounting.

Results

The total thrust and the magnetic and thermal components have been measured as a function of microwave power (between 10 and 60 W) for different xenon mass flowrates (0.7 sccm to 2 sccm). The results obtained with configurations SM and BM are shown in Fig. 4 and Fig. 5, respectively. The error bars correspond to the uncertainty calculated with the error budget detailed in [11]. In the range of thrust levels measured in this work, the budget error is dominated by the uncertainty of the calibration coefficient. The uncertainty ranges from 4% (for thrust levels higher than 600 µN) to 8% (at 200 µN). The sum of magnetic and thermal components is also computed and used to verify the thruster repeatability when changing the balance and thruster setup. It can be seen that total thrust and the sum of T B and T S are in good agreement for all operating conditions, so the respective contributions of the two thrust components can be considered reliable for further analyses.

Overall, the total thrust increases with power for all xenon flowrates and the two magnetic configurations. The thrust increase rate tends to saturate above a power of 40 W, especially for the lowest flowrates. This is mainly due to the behavior of magnetic thrust. On the one hand, for all flowrates and the two magnetic configurations, the thermal thrust T S (red circles) is seen to increase steadily with microwave power. On the other hand, the magnetic thrust T B (green triangles) seems to have a limitation, especially for low flowrates (0.7 and 1 sccm). With configuration SM at 0.7 sccm, T B has a maximum value of around 355 µN at 43 W, and a further increase of power to 55 W results in a Finally, it can be observed that the magnetic thrust and thermal thrust values are very similar with configuration BM at 1.5 sccm. The saturation of magnetic thrust, which probably corresponds to higher power losses in the source, leads to a decrease in thrust efficiency, as shown in Fig. 6. The best thrust efficiency (5.5%) is obtained with the most divergent magnetic field configuration (BM) at low flowrate (0.7 sccm) and a microwave power of 25 W. Several operating conditions (at 0.7 sccm and 1 sccm) yield efficiency values higher than 5% for BM configuration. In comparison, the best efficiency is around 4% with configuration SM. For low flowrates, thrust efficiency displays a bell-shaped curve that is correlated with the saturation of magnetic thrust. For higher flowrates (1.5 and 2 sccm), the maximum thrust efficiency would probably be reached beyond the tested range of power. These performances are globally lower than previous results obtained in the larger vacuum chamber (length ~ 4 m), where thrust efficiencies of up to 9% have been measured [11]. The background pressure being similar in both chambers, the discrepancy is due to inevitable facility effects. First, the thruster is placed closer to the grounded structure (i.e., balance parts) than in previous experimental setups [11,13]. Additional experiments (not presented here) have shown that the interaction of the plasma plume with lateral walls and the electrical/dielectric boundary condition plays a role in the thruster operation. The physical processes yielding such an effect are currently being investigated. Second, recent works have shown a decrease in ECR thruster performances when the test chamber length is reduced from 7 m to 1.7 m (~ length of the B09 vacuum chamber) [24]. The influence of background pressure and facility effects on ECR thruster performance is discussed in Ref. [16]. In optimum testing conditions, the thrust efficiency is seen to increase significantly [16]. The contribution of magnetic thrust component to total thrust is shown in Fig. 7. For a given flowrate, the fraction of magnetic thrust is globally higher with SM configuration (up to 80%) than with BM configuration (maximum around 70%) despite the higher magnetic field divergence of BM. Generally, the contribution of T B decreases when increasing the mass flowrate. Electron-neutral collisions could explain this: as the propellant flowrate is increased, the neutral density in the source is increased, which results in a higher collision rate, and hence a conversion of electron gyrokinetic energy into longitudinal energy and electron pressure in the source. This results in a decrease in the electron perpendicular pressure. The trends and magnitudes are in line with the first measurements conducted by Vialis et al. [11] with an ECR thruster similar to that used in this work. The author found that T B /T T was almost constant (around 70%) for the 1 sccm case and power between 20 and 60 W.

These results are also in line with numerical simulations of an ECR thruster similar to that used in this work, where the magnetic thrust is approximately 60% of the total axial momentum at 2 sccm and 27 W [10]. Direct thrust measurements on a helicon thruster combines thrust measurements with electron density 2D maps has shown that the magnetic thrust produced in the source ( T B,source ) represents around 70% of the total magnetic thrust ( T B ) [28]. The magnetic thrust can then be approximated:

where µ S is the average magnetic moment of electrons in the source, and n e,S is the average (uniform) electron density in the source. The ratio of magnetic thrust to thermal thrust can then be written as where p e,⊥ is found using Eq. 2 and the ideal gas law.The integral term into brackets in Eq. 6 is a characteristic of the applied magnetic field and is computed for both magnetic configurations. Using this approach, the ratio of mean electron perpendicular pressure to mean electron parallel pressure is directly proportional to the ratio of T B over T S and can be computed for all thrust measurements. The results are shown in Fig. 8 (with electron perpendicular pressure calculated for a magnetic field of 875 G in Eq. 6). A high electron anisotropy is observed, with values of p e,⊥ p e,� ratio up to 5 for configuration SM and up to 3.5 in the BM case. As discussed above, in this work, we consider that the force measured on the solid walls of the thruster corresponds uniquely to the thermal thrust contribution ( T S ). Considering the estimation of the ion axial momentum ( T w ) lost at the radial walls, this approximation results in a possible overestimation of p e,⊥ p e,� between 10 and 30% (in the worst case): a lower anisotropy would be obtained if T w were not neglected when computing the effective value of T S . Indeed, if T w is negative, the effective T S is larger, as seen in Ref. [21].

For both configurations, on the whole range of microwave power, p e,⊥ p e,� decreases with increasing mass flowrate. This is consistent with the increase of the collision rate, which tends to equalize electron gyrokinetic and longitudinal energies. A higher electron anisotropy is found globally for the configuration SM, which can be seen as the effect of better confinement in the source, hence a reduction of electrons losses on the walls. The dependency of p e,⊥ p e,� on microwave power is more difficult to interpret. For configuration SM, the ratio is almost constant with power at 1.5 and 2 sccm, whereas the curve is bell-shaped at lower flowrates, with a ratio between 3 and 5 at 0.7 sccm. For configuration BM, at 1.5 sccm, the ratio drops from 2.4 (at 12 W) to 1.4 (at 60 W), which probably reveals the limits of such an approach. One could expect that perpendicular electron temperature and, in turn, electron anisotropy increase with power. However, there exist complex interactions that may explain the observed trends. First, the increase of T e,⊥ leads to an increase of propellant ionization, so an increase of plasma density. Indeed, it has been observed that electron density increases almost linearly with power [29]. But it also leads to higher losses on the walls, as a result of the higher Larmor radius. Second, the variation of electron density spatial distribution inside the source with the power may affect power deposition and electron heating processes. In the ECR thruster, power is deposited as a combination of right and left-hand polarized waves. The former primarily heats electrons in a direction perpendicular to magnetic lines, resulting in high perpendicular electron temperature. The absorption of the latter is possible through conversion into other wave modes that can be absorbed [30]. Detailed ECR heating models are required to provide a precise physical explanation.

Interestingly, for low flow rates, a good correlation is observed between the maximum of thrust efficiency and the maximum of p e,⊥ p e,� ratio. This suggests the existence of a point of optimum in terms of power deposited in the plasma, flowrate, and resulting power losses to the walls. Further investigation is ongoing.

The results presented in this work can be compared with previous investigations on electron properties inside an ECR thruster performed by Correyero et al. [31,32]. The authors measured the perpendicular electron pressure inside the thruster source using a diamagnetic loop. Values between 0.2 and 1 Pa were found depending on the computation method and the hypothesis on plasma density profile [32]. From the results presented in this work, it is also possible to estimate the magnitude of the perpendicular electron pressure inside the source, assuming uniform plasma properties inside the source. This can be done by estimating the parallel electron pressure using Eq. 4 and the measured values of T S and then using the p e,⊥ p e,� ratio given in Fig. 8. Values of p e,⊥ are seen to increase with the power for a given flowrate, and to decrease with the flowrate for a given power, consistent with the findings presented in Ref. [32]. However, the values obtained in this work are slightly larger than those in Ref. [32]: from around 0.5 to 1.2 Pa over the tested power range at 1 and 2 sccm for both topologies.

Furthermore, an equivalent isotropic electron pressure inside the source can be estimated assuming Maxwellian energy distribution functions to describe separately the perpendicular and parallel electron motions: (7) p e0 = 2 3 p e,⊥ + 1 3 p e,� Such a value allows for a comparison with the numerical results reported by Sanchez-Villar et al. [10] computed using self-consistent hybrid simulations of an ECR thruster. The authors indicate an isotropic electron pressure ( p e0 ) around 1 Pa inside the source at 2 sccm and 27 W of absorbed power. In this work, p e, is estimated with Eq. 4 around 0.4 Pa and p e,⊥ is estimated around 1 Pa in the conditions of the simulation. This yields an equivalent isotropic pressure of 0.8 Pa, close to the value in Ref. [10].

A more accurate model, accounting for the 2D spatial distribution of the electron density inside the thruster source and plume, would allow for a more precise estimation of the electron energy anisotropy inside the thruster source. Investigation on this point is still ongoing, and preliminary results are presented in Ref. [28]. While the latter give access to more detailed information on electron properties, it is noteworthy that the results on electron anisotropy are in good agreement with those obtained with the method presented in this paper, which is only based on thrust measurements.

Conclusion

Direct thrust measurements of total, magnetic, and thermal thrusts have been performed on an ECR plasma thruster for various operating conditions and two different magnetic field configurations. The typical bell shape of thruster efficiency is well correlated with the saturation of the magnetic thrust. The contribution of magnetic thrust to total thrust can be as high as 80% and decreases when increasing mass flowrate. Counter-intuitively, the magnetic field contribution is generally higher for the magnetic field configuration with the lowest divergence. A high degree of electron anisotropy has been found using experimental thrust measurements, a particle description of the T B contri- bution, and a fluid description of the T S contribution.

A more accurate analysis of electron properties can be inferred from thrust contribution measurements, such as the one proposed in [28], by taking into account the spatial distribution of electron density in the magnetic nozzle and the contribution of the whole plume to the magnetic thrust (and not only the source). This method allows for the absolute determination of electron properties, such as perpendicular and parallel components of pressure and temperature.

It is noteworthy that the experiments presented in this paper were performed in a small vacuum chamber, which results in degraded thruster performances. The next step would be to confirm the observed trends in better vacuum and facility boundary conditions, where the ECR plasma thruster has shown thrust efficiency values up to 45% [16]. Finally, it would be helpful to have direct measurements of electron anisotropy by advanced diagnostics like Thomson scattering and to compare results with the relative thrust contributions.

Dans le contexte de l'industrie du New Space, on observe aujourd'hui un nombre croissant de satellites de petite taille qui embarquent des systèmes de propulsion électrique (EPelectric propulsion en anglais). Par exemple, Starlink, la macroconstellation en orbite basse lancée par la compagnie privée SpaceX et visant à fournir une connexion à haut débit facilement accessible partout dans le monde, compte à l'heure actuelle plus de 10 000 satellites de petite taille (de l'ordre de 500 kg) équipés avec des propulseurs de Hall. Ces moteurs utilisent une combinaison de champs électriques et magnétiques pour ioniser le propergol et pour accélérer le plasma ainsi produit. Par rapport aux systèmes de propulsion chimique classiquement utilisés pour ces applications, les systèmes EP permettent notamment une réduction de la masse du propergol au lancement et une augmentation de l'impulsion totale, tout en assurant un positionnement précis des satellites. Parmi les différentes technologies de propulsion électrique, certaines ont déjà atteint un haut niveau de maturité technologique et sont actuellement largement employées dans l'industrie spatiale, comme les propulseurs de Hall ou les propulseurs à grilles. Ces technologies matures sont constituées de deux parties : l'une permettant l'accélération et l'éjection des ions du plasma et l'autre permettant l'émission d'électrons pour équilibrer le flux d'ions et maintenir le potentiel du satellite. Chacun de ces sous-ensembles possède des surfaces et des électrodes en contact direct avec le plasma, ce qui pose des problèmes de durée de vie et de compatibilité des propulseurs aux carburants utilisés.

Parmi les autres technologies de propulsion électrique, les propulseurs radiofréquence à tuyère magnétique ne possèdent pas d'électrodes et représentent par conséquent une alternative intéressante. Au sein de cette famille de propulseurs, qui font actuellement l'objet de nombreuses études, nous retrouvons l'objet de ce travail, le propulseur à résonance cyclotronique électronique (ECR -Electron Cyclotron Resonance en anglais). Le propulseur ECR est un propulseur sans électrodes (et donc sans cathode de neutralisation), ce qui permet potentiellement une réduction des coûts de fabrication et une longue durée de vie. La technologie ECR est développée à l'ONERA depuis 2010. Les travaux doctoraux précédemment menés à l'ONERA ont permis de développer un prototype à basse puissance (autour de 30 W) au fonctionnement stable pendant plusieurs centaines d'heures d'opération, possédant des performances répétables et une bonne efficacité : jusqu'à 40 % pour les versions optimisées basse puissance (autour de 200 W), soit des performances comparables aux propulseurs de Hall technologiquement plus matures. Néanmoins, le développement des propulseurs à tuyère magnétique, tels que le propulseur ECR, est encore basé sur une méthode empirique et le changement de la géométrie ou de la puissance de fonctionnement nécessite un grand nombre d'études expérimentales. Seule une connaissance plus profonde de son principe de fonctionnement permettrait de produire des modèles numériques prédictifs rendant possible l'optimisation des performances du propulseur pour une large gamme de conditions opératoires. Ce besoin fait donc appel à une caractérisation expérimentale des propriétés du plasma dans le propulseur afin de bien comprendre la physique régissant son fonctionnement. Dans ce travail, nous allons donc développer un diagnostic plasma permettant de mesurer précisément la densité des électrons du plasma issu du propulseur ECR.

Il existe deux grandes familles de diagnostics pour la mesure de la densité électronique employés en propulsion électrique : les sondes électrostatiques (e.g., la sonde de Langmuir) et les méthodes spectroscopiques (par exemple la diffusion Thomson). La sonde de Langmuir est la technique la plus simple et la plus couramment utilisée pour la mesure locale de densité électronique : plusieurs modèles d'analyse sont disponibles dans la littérature, qui ont été validés expérimentalement au cours des années. Le diagnostic est basé sur la mesure du courant collecté par une électrode à polarisation variable immergée dans le plasma, ce qui rend la méthode particulièrement intrusive, surtout en champ proche du propulseur. Les méthodes spectroscopiques sont non intrusives et permettent une résolution spatiale très fine. Toutefois, leur mise en place nécessite des dispositifs expérimentaux précis, et l'analyse des résultats des modèles physiques complexes et des temps d'acquisition élevés pour les faibles densités (< 10 10 cm 3 ). Dans ce travail, nous allons nous concentrer sur une troisième famille de diagnostics plasma : les sondes résonantes micro-onde.

Les sondes résonantes micro-onde représentent en effet une alternative intéressante aux diagnostics précédemment mentionnés grâce à leur faible intrusivité et à leur facilité d'implémentation. L'une des sondes résonantes les plus connues est la sonde dite hairpin. Proposée en 1976, elle est composée d'une antenne en forme de « U » produisant une onde stationnaire à quart de longueur d'onde. La fréquence de résonance de cette onde dépend de la permittivité diélectrique du milieu dans lequel est plongé le résonateur. Dans le cas d'un plasma, la permittivité est liée à sa densité électronique et est inférieure à la valeur de la permittivité du vide. De ce fait, la fréquence de résonance dans le plasma est supérieure à sa valeur dans le vide. Il est donc possible d'établir une relation précise entre la densité électronique et ce décalage fréquentiel. Cependant, la sonde hairpin nécessite d'être immergée dans le plasma et la longueur de l'antenne est un facteur limitant pour la résolution spatiale. En 2011, une équipe de chercheurs de l'Université de Chubu (Japon) a proposé un nouveau type de résonateur micro-onde : la sonde curling probe (CP), une antenne spiralée de type fente. La sonde CP présente plusieurs avantages : une géométrie plane et plus compacte (comparée à la sonde hairpin), et la possibilité de sonder le plasma en étant intégrée dans la paroi du propulseur (permettant donc la minimisation de son intrusivité). La sonde a aussi été étudiée à l'Université de Bochum (Allemagne) et a été appliquée à la caractérisation de plasmas réactifs. Ces travaux ont permis d'investiguer la nature (quart d'onde ou demi-onde) du résonateur spiralé caractérisant la sonde en utilisant principalement des méthodes numériques et analytiques, ce qui a permis d'établir des méthodes pour déterminer la densité électronique par comparaison avec les simulations numériques. A ce stade, il restait encore des questions ouvertes à propos de la nature du résonateur, la nécessité d'établir une méthode de calibration absolue et le développement de la technique dans le cadre de la propulsion électrique.

Dans un premier temps, nous allons développer le diagnostic curling probe pour une application aux systèmes de propulsion électrique. En particulier, le but de la première partie est de fournir une description précise de la nature du résonateur spiralé caractérisant la curling probe, de développer une méthode de calibration absolue permettant la mesure de la densité électronique à partir du décalage fréquentiel mesuré, et de réduire son intrusivité. Ensuite, nous allons appliquer le diagnostic curling probe et les méthodes développées dans la première partie pour la caractérisation du propulseur ECR afin de répondre à certaines questions restées ouvertes dans les travaux précédents. En particulier, l'application du diagnostic curling probe donnerait accès à des grandeurs auparavant difficiles d'accès, telles que l'anisotropie des électrons et l'expansion du plasma le long des lignes du champ magnétique dans le panache du propulseur.

Contenu du manuscrit

Le manuscrit est ainsi organisé en trois grandes parties et huit chapitres. Le chapitre 1 présente l'introduction à ce travail, les éléments d'ingénierie radiofréquence et de physique des plasmas et l'état de l'art sur les diagnostics plasma et la propulsion électrique.

La partie 1 décrit le développement du diagnostic curling probe pour la mesure de la densité des électrons dans les plasmas à basse pression faiblement collisionnels et faiblement magnétisés. Elle se compose de trois chapitres.

• Le chapitre 2 présente l'étude théorique et numérique de la sonde curling probe. La nature du résonateur spiralé est étudiée par le biais de simulations numériques 2D et 3D électromagnétiques aux éléments finis. La nature à quart ou à demi de longueur d'onde dépend des paramètres géométriques définissant la spire du résonateur. En outre, une équation analytique définissant la valeur de la fréquence de résonance dans le vide en fonction des paramètres géométriques est établie. Une méthode de calibration absolue, utilisant des étalons solides de permittivité diélectrique connue, est développée via les simulations numériques 3D. Cette méthode permet de calculer précisément la densité électronique à partir du décalage fréquentiel mesuré (différence entre la fréquence de résonance de la sonde immergée dans le plasma et le cas dans le vide). De plus, la valeur de la fréquence de réso-nance dans le vide détermine la précision, la sensibilité et la plage de densité mesurable par la sonde. L'utilisation des harmoniques supérieures est proposée afin d'élargir la plage de densité mesurable (d'environ quatre fois par rapport à l'utilisation seule de la première harmonique), tout en gardant une très grande précision pour les faibles densités de plasma. Cette méthode se présente comme une alternative simple et univoque au mode opératoire proposé dans des travaux précédents à cette thèse qui était basé sur l'utilisation de la résonance d'un plasma d'onde de surface.

• Le chapitre 3 présente l'étude expérimentale de la sonde curling probe dans le panache du propulseur ECR. En particulier, ces expériences permettent d'évaluer la validité et l'applicabilité des méthodes proposées dans le chapitre 2. La validité de l'équation de calibration, issue de la méthode de calibration absolue, est évaluée expérimentalement pour des valeurs de permittivité allant de 1 jusqu'à 80 (milieux diélectriques dispersifs) et dans la plage des permittivités plasma (< 1). Dans le cas des milieux diélectriques, la permittivité mesurée par sonde curling probe est en accord avec les valeurs présentes dans la littérature (écarts inférieurs à 5 %). Dans le cas plasma, les mesures de la densité électronique obtenues avec la sonde curling probe sont comparées à celles obtenues avec une sonde de type hairpin (dans le panache du propulseur ECR) et avec une sonde de Langmuir (dans une source plasma à couplage inductif de référence -ICP inductive coupled plasma en anglais). Les résultats montrent un bon accord entre les différents diagnostics sur une large gamme de densité (10 7 -10 11 cm -3 ) et température électronique (5 -30 eV), avec des écarts inférieurs à 20 %.

• Le chapitre 4 s'intéresse aux perturbations induites par les effets d'une gaine plasma sur la mesure de la densité électronique. Quand une sonde est immergée dans un plasma, une gaine se forme entre la surface de la sonde et le plasma dû à la différence de mobilité entre les électrons et les ions constituant le plasma. Ceci se traduit par une chute de la densité plasma à la paroi qui peut mener à une sous-estimation importante de la mesure de la densité électronique par la sonde curling probe dans certaines conditions. Les effets de gaine sont étudiés numériquement et expérimentalement, et une méthode de correction prenant en compte ces effets est développée. L'algorithme prend en entrée la valeur brute de densité (mesurée et donc affectée par la présence de la gaine à la surface de la sonde) et une estimation de la température électronique et de la vitesse des ions et retourne la valeur corrigée de la densité (i.e., non perturbée par la présence de la gaine). La validité de cette méthode est évaluée dans le panache du propulseur ECR et dans la source ICP par comparaison directe des mesures par sonde curling probe et par sonde de Langmuir sur une large gamme de densités et températures électroniques. Les résultats montrent un bon accord entre les deux diagnostics avec des écarts inférieurs à 30 %. Des écarts plus importants sont observés en présence d'ions subsoniques dans le plasma.

La partie 2 décrit le travail de caractérisation expérimentale du propulseur plasma ECR en utilisant la sonde curling probe. Elle se compose de deux chapitres.

• Le chapitre 5 présente les matériels et les méthodes expérimentaux utilisés : le propulseur ECR étudié, la chambre à vide et les différents diagnostics employés autres que la curling probe, tels que la balance de poussée, le banc de fluorescence induite par laser et deux sondes électrostatiques (sonde de Langmuir et de Faraday). Ce chapitre adresse aussi la problématique liée aux effets des dimensions de la chambre à vide et de la pression résiduelle des neutres sur les performances du propulseur. Les effets d'une chambre à vide de dimension finie sont testés en termes de changement de conditions aux bords électriques et de dimensions de l'enceinte. D'une part, la poussée du propulseur diminue en présence d'une paroi mise à la masse et placée dans l'environnement proche du propulseur. D'autre part, la réduction du diamètre (45 cm vs 80 cm nominal) ou de la longueur (80 cm vs 180 cm nominal) de la chambre à vide semble avoir un effet négligeable sur la poussée du propulseur. Similairement à ce qui a été observé dans des travaux précédents, la poussée diminue en augmentant la pression résiduelle dans l'enceinte. De plus, nous avons observé que la température des électrons diminue en augmentant la pression résiduelle, ce qui confirme une hypothèse postulée dans un travail précédent.

• Le chapitre 6 présente l'étude expérimentale du propulseur ECR sous trois aspects principaux.

-L'étude des mécanismes de production de la poussée via la mesure directe de la poussée totale du propulseur et des composantes magnétique et thermique. La poussée totale et la composante thermique augmentent avec la puissance. Au contraire, la poussée magnétique sature au-delà de 40 W, notamment à bas débit. La poussée magnétique représente la contribution principale à la poussée totale (environ 70 %). De plus, entre 60 et 70 % de la poussée magnétique est produite dans la source du propulseur.

-La distribution spatiale 2D de la densité des électrons dans le propulseur ECR en combinant les mesures par sonde curling probe dans le panache (densité absolue) et par fluorescence induite par laser dans la source (densité normalisée). L'accès aux cartes 2D permet d'étudier l'effet de la condition opératoire (débit, puissance) et de la topologie magnétique sur l'expansion du plasma. Dans la source, les mesures par fluorescence induite par laser ont permis de déterminer que l'ionisation du propergol est distribuée dans l'entièreté de la longueur de la source du propulseur, ce qui confirme une hypothèse postulée dans un travail de thèse ONERA précédent. La densité des électrons diminue sensiblement à la sortie de la source dans le panache du propulseur. Le long de l'axe de symétrie, le profil de densité semble corrélé à l'allure du champ ambipolaire (estimé à partir des mesures de fluorescence induite par laser). En s'éloignant de l'axe, la densité décroît plus rapidement. Les profils mesurés de densité selon différentes lignes de champ magnétique peuvent être décrits par une loi de type isotherme. D'autre part, nous avons observé un refroidissement des électrons le long de l'axe de symétrie dont le profil de température peut être décrit par une loi de type polytropique.

-Enfin, une analyse combinée des différentes contributions de la poussée (magnétique et thermique) et des cartes 2D de densité permet d'extraire des informations non seulement qualitatives mais aussi quantitatives sur l'anisotropie en énergie des électrons, notamment dans la source du propulseur. Cette région est caractérisée par une forte anisotropie des électrons : les résultats présentés dans ce travail indiquent que la température électronique dans la direction perpendiculaire aux lignes de champ magnétique pourrait être six fois plus élevée que le terme parallèle aux lignes de champ. De plus, l'anisotropie semble être corrélée avec l'efficacité du propulseur.

La partie 3 présente l'extension des capacités du diagnostic curling probe et se compose d'un seul chapitre.

• Le chapitre 7 présente dans une première partie la possibilité d'effectuer la mesure de la densité électronique à travers une paroi diélectrique fine (environ 1 mm). Cette configuration, permettant la réduction de l'intrusivité de la mesure, est d'abord étudiée via des simulations numériques 3D et est ensuite testée expérimentalement dans le panache du propulseur ECR. Les résultats préliminaires ainsi obtenus sont en bon accord avec des mesures effectuées par une sonde en configuration « immergée dans le plasma ». Dans la deuxième partie, un circuit micro-onde permettant des mesures de densité résolues temporellement à 10 µs est conçu et testé expérimentalement dans le panache du propulseur ECR. Contrairement à d'autres techniques déjà présentes dans la littérature, ce circuit permet d'effectuer des mesures en temps réel pour caractériser des phénomènes oscillatoires ou des phénomènes transitoires non répétitifs. Cette technique nous a ainsi permis de capturer les oscillations naturelles à quelque dizaine de kilohertz de la densité des électrons dans le panache du propulseur ECR, ce qui représente la première observation directe dans un propulseur à tuyère magnétique. De plus, la technique est appliquée à l'étude des décharges électrostatiques, susceptibles de survenir sur les satellites dans leur environnement spatial, qui produisent des phénomènes plasma transitoires d'une durée typique d'une centaine de microsecondes.

Enfin, le chapitre 8 résume les résultats principaux de ce travail et présente les perspectives pour des travaux futurs. En particulier, les résultats présentés dans la deuxième partie du manuscrit montrent les capacités et l'intérêt du diagnostic curling probe pour la détermination des grandeurs plasma telles que la densité et l'anisotropie des électrons dans les systèmes de propulsion électrique.

Perspectives

Concernant le diagnostic curling probe, la détermination d'une équation analytique (à travers une étude numérique paramétrique ou en déterminant le circuit électrique équivalent de la sonde) définissant la fréquence de résonance dans le cas 3D permettrait de mieux optimiser la précision et la sensibilité de la sonde. La précision de la méthode de correction prenant en compte les effets de gaine pourrait être améliorée, notamment dans le cas d'ions subsoniques en augmentant la représentativité du modèle 1D de gaine et prégaine, en prenant en compte des fonctions de distribution en énergie des ions plus complexes ou en considérant la prégaine dans le calcul du facteur de profondeur (appelé depth factor -DF dans le manuscrit). La méthode pour déterminer simultanément la densité et la température électronique en utilisant les deux premières harmoniques d'une sonde curling probe devrait être testée expérimentalement. De plus, des techniques d'impression 3D ou par découpage laser pourraient permettre la miniaturisation des sondes curling probe en augmentant ainsi leur résolution spatiale de mesure et en réduisant leur intrusivité.

Dans le cadre de la propulsion électrique, l'application du diagnostic curling probe pourrait permettre la mesure simultanée, en temps réel et résolue temporellement de la densité et de la température des électrons sous forme de cartes 2D ou 3D. Cela fournirait informations sur l'anisotropie des électrons et les phénomènes liés au transport plasma, ce qui aiderait à développer des moteurs plus efficaces. Les tests et les mesures effectués dans ce travail devraient être répétés dans des installations plus grandes et permettant d'atteindre des niveaux de pression résiduelle plus faibles, afin de limiter les effets d'une enceinte de dimension finie et de la densité de neutres sur le plasma en expansion, en s'approchant ainsi des conditions de test dans lesquelles le propulseur ECR a déjà montré des performances élevées lors d'essais récents. En particulier, nous identifions deux aspects clés : l'anisotropie des électrons et les mécanismes de production de la poussée.

Enfin, la compacité, la facilité d'implémentation et le faible besoin en puissance de la sonde curling probe, ainsi que la possibilité de faire des mesures en temps réel, en font un diagnostic très intéressant pour la propulsion électrique (contrôle continu des systèmes de propulsion à bord des satellites), ainsi que pour d'autres champs d'application (contrôle des procédés plasma industriels).

Titre : Développement d'un diagnostic plasma micro-onde appliqué aux systèmes de propulsion électriques

Mots clés : diagnostic plasma, sonde résonante micro-onde, densité électronique, propulsion électrique, propulseur plasma ECR, tuyère magnétique Résumé : Dans le contexte de l'industrie du New Space, un nombre croissant de satellites de petite taille embarque des systèmes de propulsion électrique (EP) miniaturisés. Ces propulseurs permettent une réduction de la masse au lancement, une augmentation de l'impulsion totale des missions et un positionnement précis des satellites. Cependant, certaines technologies sont relativement nouvelles et de nouvelles études sont nécessaires afin d'améliorer la compréhension de leurs principes physiques de fonctionnement ainsi que leurs performances. La première partie de ce travail consiste à développer une sonde résonante micro-onde de type curling probe (CP), un diagnostic permettant la mesure de la densité électronique dans les plasmas magnétisés à basse pression. Les caractéristiques de cette sonde la rendent pertinente pour l'étude des propulseurs électriques. C'est une sonde compacte, ne collectant pas de courant du plasma, et facile à mettre en oeuvre. La sonde CP est étudiée à l'aide de simulations numériques et de mesures expérimentales. La fréquence de résonance de la sonde est exprimée en fonction de ses paramètres géométriques. Cette relation permet de résoudre la question de la nature du résonateur (quart d'onde ou demi-onde) qui restait ouverte dans la littérature. Le développement d'une méthode de calibration absolue, utilisant des étalons solides de permittivité diélectrique connue, permet de calculer précisément la valeur de la densité électronique d'un plasma. La fréquence de travail de la sonde détermine la précision de la mesure, la sensibilité, et la densité maximum mesurable. L'utilisation de la seconde harmonique permet d'effectuer des mesures sur une large gamme de densité, tout en gardant une très bonne précision aux faibles valeurs. Une méthode de correction prenant en compte les effets de gaine se formant à la surface de la sonde est développée. La validité des méthodes de calibration et de correction des effets de gaine est évaluée expérimentalement dans le plasma produit par un propulseur à résonance cyclotronique électronique (ECR) et dans une source plasma à couplage inductif. Les densités mesurées par la sonde CP sont en bon accord avec d'autres diagnostics bien connus dans la littérature (sondes hairpin et de Langmuir). La seconde partie propose la caractérisation d'un propulseur ECR à l'aide de la sonde CP ainsi que d'autres diagnostics : balance de poussée, fluorescence induite par laser, et sondes électrostatiques. La mesure directe des poussées -totale, magnétique, et thermique -permet d'étudier les mécanismes de production de poussée. La poussée magnétique représente la contribution principale à la poussée totale (audelà de 70 %) quand l'efficacité du propulseur est élevée. La majeure partie de la poussée magnétique est produite par le volume du plasma dans la source du propulseur. Une combinaison de différents diagnostics permet d'estimer l'anisotropie de la température des électrons. Dans la source du propulseur, la composante perpendiculaire de la température des électrons est jusqu'à six fois supérieure à la composante parallèle. L'expansion du plasma dans la tuyère magnétique est comparée avec des modèles existants. Le long de l'axe de symétrie du propulseur, le profil de la densité électronique peut être approché par un modèle isotherme, tandis que la densité décroit plus vite en s'éloignant de l'axe. Le refroidissement observé des électrons dans le panache peut être décrit par une expansion polytropique. Enfin, une méthode permettant des mesures résolues temporellement avec la sonde CP est développée. Des mesures résolues à 10 µs dans le panache du propulseur ECR permettent d'identifier des oscillations de la densité électronique à quelques dizaines de kilohertz.

Title: Development of a microwave plasma diagnostic applied to electric propulsion systems Keywords: plasma diagnostic, microwave resonant probe, electron density, electric propulsion, ECR plasma thruster, magnetic nozzle Abstract: In the New Space industry context, a growing number of small satellites are equipped with miniaturized electric propulsion (EP) systems. These devices enable the reduction of propellant mass at launch and provide accurate and longlifetime operations. However, some EP concepts are relatively new, and extensive research is required to understand their governing physical principle and improve their performance. In the first part of this work, we develop a microwave resonant probe called curling probe (CP), a diagnostic aiming to perform electron density measurements in low-pressure and magnetized plasmas. Characteristics of this probe make it suitable for electric plasma thruster investigations: compactness, reduced intrusivity (no collection of charges), and ease of implementation. The development of the CP is conducted through numerical simulations and experimental testing. An equation relating the resonance frequency and the spiral geometry parameters is defined and help us solve the ambiguity of the quarter/half-wavelength nature of the resonator. An absolute calibration method is developed using solid dielectric etalons of known permittivity. It allows precisely inferring the electron density value, offering a valid alternative to previous methods based on numerical simulations. Measurement accuracy, sensitivity, and maximum measurable density are linked to the probe working frequency. The utilization of the second harmonic resonance extends the measurable density range, allowing highly accurate measurements over a wide range of densities. A correction method for the plasma sheath forming at the probe surface is developed. The validity of the calibration and plasma sheath correction methods is assessed experimentally inside the plasma produced by an electron cyclotron resonance (ECR) thruster and by an inductively coupled discharge. Curling probe results are compared with other well-established diagnostics (hairpin and Langmuir probe) with discrepancies below 30%. In the second part, the curling probe is used to characterize an ECR thruster along with other diagnostics: thrust stand, laserinduced fluorescence, and electrostatic probes. Direct measurements of the total, magnetic, and thermal thrusts are performed, allowing the investigation of the thrust production mechanisms. Magnetic thrust is the major contribution to the total thrust (above 70%) when high thrust efficiency is obtained. Most of the magnetic thrust is produced by the plasma volume inside the thruster source. The electron temperature anisotropy is inferred from the different diagnostics. It is found that the perpendicular electron temperature is almost six times larger than the parallel component inside the thruster source. Plasma expansion in the magnetic nozzle is compared with existing models. Along the thruster symmetry axis, the electron density profile can be described with an isothermal model, whereas the density decrease is steeper when moving away from the axis. Electron cooling is observed along the plume, and experimental electron temperature profiles can be described with a polytropic law. Last, a method enabling temporally resolved measurements with the CP is developed. Measurements performed inside the plume of the ECR thruster with a 10 µs time resolution lead to the identification of electron density oscillations at a few dozen kilohertz.
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 11 Figure 1.1: (a) Representation of a two-port transmission line. (b) Lumped-model two-port network [2].

Figure 1 . 2 :

 12 Figure 1.2: Representation of the end of the transmission line of Fig. 1.1a, with the incident and the reflected waves.
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 13 Figure 1.3: (a) RLC lumped parameter resonant circuit [1]. (b) Normalized spectral power amplitude of three resonators that are characterized by different quality factors.
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 14 Figure 1.4: Example of a two-port junction and the corresponding Sparameters [1].
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 15 Figure 1.5: Example of a reflectance spectrum measured with the curling probe in vacuum.
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 16 Figure 1.6: Example of normalized Maxwellian velocity distribution functions for two temperatures (arbitrary values).

Figure 1 . 7 :

 17 Figure 1.7: Dispersion diagram representing the volume wave branch (blue line) for the collisionless ordinary wave and the surface wave branch (orange line).The oscillation wave at plasma frequency (ω p in Eq. 1.30) and the surface wave

Figure 1 . 8 :

 18 Figure 1.8: Qualitative schematics of the plasma sheath.

Figure 1 . 9 :

 19 Figure 1.9: Normalized electron density profile following the isothermal, adiabatic, and polytropic (with an arbitrary index) expansion models.

  11 cm -3 down to 10 9 cm -3 neutral density n g 10 13 cm -3

Figure 1 . 10 :

 110 Figure 1.10: Schematics of the curling probe as proposed by Liang et al. [84].

Figure 1 . 11 :

 111 Figure 1.11: Schematics of (a) POP reproduced from [61], (b) PAP reproduced from [65], (c) PTP reproduced from [67], (d) MRP reproduced from[START_REF] Lapke | The multipole resonance probe: A concept for simultaneous determination of plasma density, electron temperature, and collision rate in low-pressure plasmas[END_REF], (e) THP reproduced from[START_REF] Scharwitz | Practical implementation of a two-hemisphere plasma absorption probe[END_REF], (f) HP reproduced from[START_REF] Stenzel | Microwave resonator probe for localized density measurements in weakly magnetized plasmas[END_REF], (g) cut-off probe reproduced from[START_REF] Kim | Plasma frequency measurements for absolute plasma density by means of wave cutoff method[END_REF], and (h) opto-curling probe reproduced from[START_REF] Pandey | Opto-curling probe for simultaneous monitoring of optical emission and electron density in reactive plasmas[END_REF].
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 112 Figure 1.12: Qualitative overview of the regions of mission utility for EP devices as described by Sutton and Biblarz [95].

Figure 1 . 13 :

 113 Figure 1.13: Schematics of the ECR thruster used in this study.

Figure 1 . 14 :

 114 Figure 1.14: Possible shape of the effective potential (U eff ) along a magnetic nozzle.

Figure 2 . 1 :

 21 Figure 2.1: Normalized electric field inside a half-(λ/2) and quarter-wavelength (λ/4) resonators vs. the curvilinear abscissa (median line of the resonator).

Figure 2 . 2 :

 22 Figure 2.2: (a) Schematics of the 2D spiral resonator capacitively coupled with the exciting aperture with its 2D geometry parameters. The brown region is the copper (conductive) grounded disk, and the blue region is the dielectric (non-conductive) resonator slot. (b) Example of the 2D spiral resonator meshed domain with approximately 1500 elements and (c) result of the convergence study of the eigenfrequency analysis. The resonator parameters are w/d = 0.25, d and /d = 0.25, d = 2 mm, and L = 100 mm.

Figure 2 . 3 :

 23 Figure 2.3: (a) Effect of the width-to-aperture ratio (w/d = 1/400, 1/20, 2) on the normalized electric field along the curvilinear abscissa of the resonator. (b) Normalized electric field of the fundamental, second and third harmonic (FHR, SHR, and THR, respectively) for w/d = 1/5. For both cases (a) and (b) the resonator length is L = 20 mm, the aperture diameter is d = 1 mm and antenna diameter is d ant = 0.5 mm.

Figure 2 . 4 :

 24 Figure 2.4: FEM-eigenvalue simulation results (scatter points) of the resonance frequency of the 2D spiral resonator for varying geometrical parameters: d, w/d, d ant /d and L = 10, 20, 30 mm for case (a), (b) and (c), respectively. The colored dashed lines are the Eq. 2.5.

Figure 2 . 5 :

 25 Figure 2.5: Simulated 2D natural frequency vs. the analytical 2D natural frequency from Eq. 2.5, tested outside the parameter ranges used to derive the analytical equation.

Figure 2 . 6 :

 26 Figure 2.6: (a) Simulated spectrum of a 3D curling probe: the black solid line is the Lorentzian fitting, the orange diamond symbols are the computed discrete frequencies. (b) Convergence study for the 3D numerical simulations. (c) The cut plane visualization of the electric field resulting from the FEM-EM simulation of a curling probe at 1000 MHz.

Figure 2 . 7 :

 27 Figure 2.7: Cross-sectional scheme of the structure of the curling probe used in the 3D simulations. For clarity, we also show the probe section taken at the median plane of the resonator slot (same as in Fig. 2.2a). Dimensions are not to scale.

Figure 2 . 8

 28 Figure 2.8 shows the influence of the cavity height (h) on the 3D-to-2D resonance frequency ratio (f 3D r /f 2D r ) and on the quality factor Q for the CP1-2-3-4-5-6 (cf. Table2.1). We note that here the antenna-to-aperture ratio for the CP1 and CP3 is d ant /d = 0.5.

Figure 2 . 8 :

 28 Figure 2.8: Cavity height effect on probe behavior in terms of (a) 3D-to-2D natural frequency ratio, and (b) quality factor. (c) Lorentzian fittings of the simulated reflectance spectra for the CP2 for different cavity height h = 1, 1.5, 2.5, 5.5 and 10.5 mm.

Figure 2 .

 2 Figure 2.9 gives the insight of the influence of the gap parameter: the same variables -f 3D r /f 2D r and Q -are plotted against the gap parameter for three cavity height values h = 1.5, 2.5 and 5.5 mm. Here, the antenna-to-aperture ratio for the CP1 and CP3 is d ant /d = 0.5.The 3D natural frequency, shown in Fig.2.9a, clearly tends to the 2D value (Eq. 2.5) as the distance between the branches is increased. This is understood as a lower capacitive coupling between subsequent spiral branches. In other words, each branch of the spiral resonator is less affected by the neighboring one, which is a situation closer to a 2D configuration, where the absence of the third dimension precludes any coupling effect between the spiral branches.

Figure 2 . 9 :

 29 Figure 2.9: Effect of the gap parameter on probe behavior in terms of (a) 3Dto-2D natural frequency ratio, and (b) quality factor. (c) Lorentzian fittings of the simulated reflectance spectra for the CP1-2-3-4, with constant cavity height h = 2.5 mm.

Figure 2 .

 2 Figure 2.10 shows the influence of the antenna-to-aperture d ant /d on f 3D r /f 2D r and Q.Here, the cavity height for the CP1 is h = 4.5 mm. For the CP3 is h = 2.5 mm and h = 4.5 mm. The latter is named "CP3 long" in the figure. We also note that in this case the simulations are run with a representative value of the substrate permittivity, i.e., ϵ d = 3.5. Therefore, the 3D-to-2D frequency ratio and the quality factor values can not be directly compared to those shown above. The 3D resonance frequency, shown in Fig.2.10a, decreases as d ant /d is increased. This is due to higher capacitive effects that appear inside the aperture for a larger antenna diameter. In fact, the aperture and the antenna can be modeled as a cylindrical capacitor C ∝ 1/ ln (d/d ant ) = -1/ ln (d ant /d) (viz. the capacitance is inversely proportional to the distance between the two concentric walls). So that, as d ant → d, the capacitance increases and so does the perturbation.Likewise, the quality factor, shown in Fig.2.10b, globally decreases as the antenna-to-aperture ratio is increased. Then, if the aperture and antenna are modeled as a cylindrical capacitor, a larger d ant /d corresponds to a larger capacitance C, thus to a lower Q factor (Q ∝ 1/C).Lastly, we can analyze the simulated reflectance spectra, shown in Fig.2.10c for the CP3 with different d ant /d, in a similar way. When the antenna diameter is comparable with the aperture diameter (d ant ∼ d), the spectrum widens and flattens, meaning that the resonator has lost its efficiency to stock the exciting power and that the electric field forming inside the resonator strongly decreases in magnitude. As said before, if ζ ∝ √ C is the damping, a higher capacitance results in a higher damping, i.e., a shallower peak.

Figure 2 . 10 :

 210 Figure 2.10: Effect of the antenna-to-aperture ratio d ant /d on probe behavior in terms of (a) 3D-to-2D natural frequency ratio, and (b) quality factor. The same color code of Fig. 2.8 is used for the CP1 and CP3. (c) Lorentzian fittings of the simulated reflectance spectra for the CP3 (h = 2.5 mm) for different antennato-aperture ratios d ant /d = 0.1, 0.25, 0.5 and 0.8.

Figure 2 . 11 :

 211 Figure 2.11: Effect of the width-to-aperture ratio w/d = 1/150, 1/50 on the normalized electric field for the CP2. Solid lines: 3D simulations. Dashed line: 2D case.
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 212 Figure 2.12: Top view of the spiral resonators (not to scale) of the three studied curling probes: (a) CP700, (b) CP1400 and (c) CP3000. The black region is the resonator slot (not conductive), the white region is the copper-layer.
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 2 Figure 2.13: (a) Lorentzian fittings of the simulated reflectance spectra in the presence of different lossy-dielectric media, and air, and (b) the corresponding calibration curve following Eq. 2.10 for the CP1400.

Figure 2 . 14 :

 214 Figure 2.14: (a) Lorentzian fittings of the simulated reflectance spectra in the presence of two lossy-dielectric media, vacuum, and two different plasma densities. (b) Calibration curve showed in Fig. 2.13b on which the plasma data points have been superposed.
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 3215 Figure 2.15: Simulated sensitivity of the CP700, CP1400, and CP3000 in log-log scale. The symbols are the computed frequency shifts, whereas the solid lines are the linear fit with the slope being the sensitivity K calculated with Eq. 2.13.

Figure 2 .

 2 Figure 2.16: (a) Expected measurable density range chart for two α-coefficients (5 and 10). The f 0 is in the range 500 -4000 MHz. (b) Variation of the probe sensitivity as a function of the working frequency (Eq. 2.13) for the two values of the α-coefficient.
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 2 Figure 2.18: (a) Normalized electric field of the FHR and SHR of the CP700 along the dimensionless curvilinear abscissa of the resonator. (b) Lorentzian fittings of the simulated reflectance spectra in the presence of two lossy-dielectric media and vacuum for the FHR and SHR of the CP700.

Figure 2 . 19 :

 219 Figure 2.19: Lorentzian fittings of the simulated reflectance spectra of the FHR and SHR in the presence of two different plasma densities, and vacuum.

Figure 3 . 1 :

 31 Figure 3.1: Manufactured CP1400 on two different PCB dielectric substrates: (a) FR4 substrate (T-Type) and (b) RO4003 substrate (O-Type).

Figure 3 . 2 :

 32 Figure 3.2: Comparison of the numerical simulated and experimentally measured reflectance spectrum of the CP1400 T-Type. The simulated spectrum is the Lorentzian fitting over 30 discrete frequency points.

Figure 3 . 3 :

 33 Figure 3.3: Two different surface coatings applied to the curling probes. (a) CP700 O-Type with a BN spray coating on the resonator slot (the spiral branches can be distinguished) and on the probe body (SMA connector). (b) CP1400 T-Type with a 50 µm-Kapton© film on the resonator slot.

Figure 3 . 4 :

 34 Figure 3.4: Example of a calibrated vs. uncalibrated power reflection coefficient measurement of the CP1400 T-Type in the presence of air at ambient temperature and pressure.

Figure 3 . 5 :

 35 Figure 3.5: (a) Two ways of determining the minimum of the power reflectance spectrum, i.e., the resonance frequency of the probe. The calibrated measure of the CP1400 T-Type frequency response with the VNA in the presence of air. (b) Variation of the resonance frequency between the above numerical method and the value obtained by Lorentzian fit.
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 36 Figure 3.6: Variation with the measured electron density (n e ) of the considered uncertainties (σ X /X) for the CP1400 O-Type and T-Type. The frequency shift is in the range ∆f ∈ [1 -100] MHz.

  .4 for the uncertainty of the measured frequency.

Figure 3 . 7 :

 37 Figure 3.7: (a) Relative uncertainty σ ne /n e plotted against the electron density (n e ) for the presented curling probes and the hairpin HP5000. The frequency shift is in the ∆f ∈ [1, 100] MHz range. (b) Dimensionless power reflectance spectra in vacuum (i.e., reference resonance frequency) of the presented probes.
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 38 Figure 3.8: (a) Measured reflectance spectra in the presence of the calibration etalons and air, and (b) the corresponding calibration curve following Eq. 2.10 for the CP1400 T-Type.
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 435 2 and 25.2, respectively. probe medium meas. ∆f ϵ meas d DuPont data sheet[141] 
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 39 Figure 3.9: (a) Qualitative 3D scheme representing the conditions under which the comparisons between the curling probes and the hairpin probe are made. (b) Electron density measurements performed in the plume of the ECR thruster. Comparison between the results of a CP700 and a CP1400 vs. those obtained with the hairpin HP5000. The y and x-error bars correspond to the σuncertainty detailed in section 3.2.

Figure 3 .

 3 Figure 3.10: (a) Experimental setup served for the measurements inside the ICP source. (b) Electron density measurements performed in the ICP source. Comparison of the results of a CP3000 vs. those obtained with a Langmuir probe.

Figure 3 . 11 :

 311 Figure 3.11: Evolution of the real part of the relative permittivity of the (a) FR4 (measured) and (b) RO4003 (taken from ref. [132]). The error bars of the FR4 permittivity correspond to the σ α -uncertainty provided in Table 3.3.

Figure 3 . 12 :

 312 Figure 3.12: Measured variation of the vacuum resonance frequency with the probe temperature for the (a) CP1400 and (b) CP3000 T-Types curling probes.

Figure 3 . 13 :

 313 Figure 3.13: Measured frequency shift ∆f = f m (T p )f 0 (T p ) for the solid dielectric samples used for the calibration procedure for the (a) CP1400 and (b) CP3000 T-Types, for different probe temperatures.

Figure 3 .

 3 Figure 3.14: (a) Measured and temperature-corrected frequency shift of a CP3000 T-Type during a plasma measurement over several minutes. The probe temperature is also plotted to help visualize the probe heating. (b) Comparison of the uncorrected and temperature-corrected density value obtained with a CP1400 T-Type with that measured with the HP5000. The error bars correspond to the σ-uncertainty detailed in section 3.2.

Figure 3 . 15 :

 315 Figure 3.15: Measured sensitivity of the employed probes: CP700 O-Type, CP1400 O & T-Type, CP3000 T-Type, and HP5000. The symbols are the measured points, and the solid lines are the linear fit from Eq. 2.13, with the corresponding slope K.

Figure 3 . 16 :

 316 Figure 3.16: Example of a density measurement vs. the measurement time, performed with three CPs characterized by three different sensitivities K (K CP3000 < K CP1400 < K CP700 ). (a) Measured frequency shift and (b) inferred electron density. The error bars of the frequency shift and electron density correspond to the σ-uncertainties detailed in section 3.2.

Figure 3 . 17 :

 317 Figure 3.17: Measured reflectance spectra for the FHR and SHR of a CP700 O-Type in the presence of two lossy-dielectric media and vacuum.

Figure 3 . 18 :

 318 Figure 3.18: Measured spectra with the CP700 inside the plasma plume of the thruster: (a) response of the FHR when increasing the electron density and (b) the effect of saturation for the FHR.

Figure 3 .

 3 Figure 3.19: (a) Scheme of the 2 probes-setup with the thruster and the probes side-by-side (not to scale). (b) Photo of the 1 probe-setup with the CP700 facing the thruster. (c) Electron density longitudinal distribution of the thruster plume along its symmetry axis, measured with the 2 probes-setup. (d) Electron density radial distribution of the thruster plume at 8 cm from the plasma source, comparison between the 2 probes-and 1 probe-setups. The density values shown in (c) and (d) have been corrected following the correction method presented in chapter 4.

Figure 3 .

 3 Figure 3.19c shows the longitudinal electron density distribution inside the

Figure 4

 4 Figure 4.1: (a) Qualitative scheme of a simple plasma-wall structure forming at the probe surface. (b) Electron density profile inside the ECR thruster plume measured with a CP700, a CP1400, and a Langmuir probe. The values for the CP are obtained using Eq. 2.11 and are presented as raw data (the error bars correspond to the σ-uncertainty detailed in section 3.2).

Figure 4 . 2 :

 42 Figure 4.2: Qualitative scheme (from ref. [7]) of the 1D model of the plasma-wall structure in the case of subsonic ions.

Figure 4 . 3 :

 43 Figure 4.3: Numerical solution of the (a) dimensionless electrostatic potential and (b) ion and electron dimensionless densities across the sheath. Results

Figure 4 . 4 :

 44 Figure 4.4: (a) Dimensionless sheath thickness (K s ) and (b) dimensionless wall potential (-eΦ w /k B T e ) against the bulk ion Mach number (M ), for both argon and xenon plasmas.

  Fig. 4.5b).
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 45 Figure 4.5: Numerical solution of the (a) dimensionless electrostatic potential and (b) ion and electron dimensionless densities across the presheath-sheath structure. Results obtained with a bulk Xe + plasma with n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV, and subsonic ions (M = 0.7).

Figure 4 . 6 :

 46 Figure 4.6: Numerical solution of the dimensionless electron density across the plasma-wall interaction structure for four different ion Mach numbers in the bulk plasma (M = 0, 0.7, 1, and 2). Results obtained with a Xe + plasma with n e,bulk = 10 9 cm -3 and T e,bulk = 20 eV.

Figure 4 . 7 :

 47 Figure 4.7: Simulation results of a curling probe in the presence of different types of plasma-wall structures: (a) n e,bulk and T e,bulk are varied while M = 1 is constant, and (b) M is varied for two fixed bulk plasma conditions (n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV and n e,bulk = 10 11 cm -3 , T e,bulk = 4 eV).
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 48 Figure 4.8: 2D map of the simulated emitted electric field in vacuum of the CP700 at its working frequency f 0 ≃ 720 MHz. The probe diameter is 10 mm (extending across the abscissa x).

Figure 4 . 9 :

 49 Figure 4.9: (a) Experimental setup for the measurement of the frequency response variation to a solid loss-dielectric etalon placed at different distances from the probe surface. (b) Measured power reflection spectra obtained with a CP700 with a solid PTFE etalon placed at different distances from the probe surface.

Figure 4 . 10 :

 410 Figure 4.10: Comparison between the numerical and experimental (measured) dielectric depth factor (DF ) of a CP700 vs. the distance of the solid PTFE etalon to the probe.

Figure 4 .

 4 Figure 4.11: (a) Schematics of the simulation setup used to compute the depth factor in the presence of a plasma sheath of thickness s. (b) Electron density and plasma permittivity profiles (computed with the working frequency of the CP700) across the sheath calculated with the sheath model (cf. section 4.2) using n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV, and Xe + ions at Bohm velocity.

Figure 4 .

 4 Figure 4.12: (a) Comparison of the simulated depth factor in the case of plasma sheaths generated by two different bulk densities (n e,bulk = 10 9 and 6 × 10 9 cm -3 ) and T e,bulk = 1 -100 eV. (b) Comparison of the simulated dielectric-DF (case of a vacuum-sheath with a solid PTFE sample, cf. Fig. 4.10) and the plasma-DF against the sheath thickness.

Figure 4 .

 4 Figure 4.13: (a) Simulated plasma-DF for the FHR and SHR of the CP700 vs. the sheath thickness. (b) Contour lines of the emitted electric field of the CP700 at the resonance frequencies of the FHR and SHR (around 720 and 1700 MHz) in xz cut plane.

Figure 4

 4 Figure 4.13b shows the contour lines of the emitted EM field in the xz cut plane of the CP700 at the resonance frequencies of its first and second harmonic (approximately 720 and 1700 MHz). The probe mask is added to understand the solid probe frontiers better. The same factor normalizes the FHR and SHR electric fields, and only three levels are shown for clarity: 1, 0.1, and 0.01 a.u. The highest field locates at a maximum distance of around 3 and 0.5 mm for the FHR and SHR, respectively. Consequently, the FHR and SHR have a very similar frequency response for sheath thicknesses smaller than approximately 0.5 mm, as can be seen in Fig.4.13a. Finally, in the volume between 2.5 and 10 mm, the SHR electric field intensity is almost ten times lower than that of the FHR. This gap is at the origin of the more substantial divergence observed on the depth factors beyond 2 mm (cf. Fig.4.13a).We now compare the plasma-DF of the three probes -CP700, CP1400, and CP3000 -as seen in Fig.4.14. First, the three DF display the same trends, even

Figure 4 . 14 :

 414 Figure 4.14: Simulated plasma-DF for the CP700, CP1400, and CP3000 against the sheath thickness.

Figure 4 . 15 :

 415 Figure 4.15: Block diagram of the plasma sheath correction algorithm.

Figure 4 . 16 :

 416 Figure 4.16: Application of the correction method to the raw densities shown in Fig. 4.7: (a) n e,bulk = 10 9 and 10 10 cm -3 , T e,bulk = 1 -50 eV, and M = 1, and (b) n e,bulk = 10 9 cm -3 , T e,bulk = 20 eV, and M = 0 -2.

2 T

 2 corr = 2xT e,bulk T corr = 0.5xT e,bulk E corr = 2xE k,i E corr = 0.5xE k,i (b)

Figure 4 . 18 :

 418 Figure 4.18: Application of the modified plasma sheath correction algorithm using the simulated raw densities (FHR and SHR of the CP700) to estimate: (a)

Figure 4 . 19 :

 419 Figure 4.19: Estimated ion Mach number in the plume vs. the distance from the thruster inferred from direct measurements of the ion velocity and electron temperature.

Figure 4 .

 4 Figure 4.20: (a) Representation of the two possible measurement configurations for a curling probe immersed in the plasma plume of the ECR thruster. (b) Comparison between the raw and corrected densities obtained with two CP700 in normal and parallel configurations.

Figure 4 . 21 :

 421 Figure 4.21: Raw and corrected density profiles along the plasma expansion inside the ECR thruster plume obtained with three different diagnostics: CP700 and CP1400, hairpin HP5000, and a Langmuir probe. The thruster is operated at 1 SCCM-Xe and 30 W.

Figure 4 . 22 :

 422 Figure 4.22: Raw and corrected density profiles along the plasma expansion inside the ECR thruster plume obtained with the FHR and SHR of the CP700 compared to LP measurements. The thruster is operated at 2 SCCM-Xe and 30 W.

Figure 4 .

 4 Figure 4.23: (a) Experimental setup served for the measurements inside the ICP expansion region with the CP700 and the Langmuir probe. (b) Estimated ion Mach number in the expansion region vs. the distance from the coupling antenna. The uncertainties are estimated following the propagation of uncertainty of the temperature and plasma potential measurements.

Figure 4 . 24 :

 424 Figure 4.24: Raw and corrected curling probe density measurements in the expansion region of the ICP source vs. Langmuir probe values. The collisionless and collisional correction Mach numbers (cf. Fig. 4.23b) are used to correct raw-CP data.

Figure 4 . 25 :

 425 Figure 4.25: Raw and corrected FHR and SHR (of the CP700) density measurement in the expansion region of the ICP source vs. Langmuir probe measurements. Raw-CP data is corrected using M corr = 1.
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 51 Figure 5.1: Schematic layout of the ECR thruster developed at ONERA and used in this study.

Figure 5 . 2 :

 52 Figure 5.2: (a) ECR region position and the magnetic lines and (b) magnetic field gradient along the thruster axis for the SM (in blue) and BM (in red) topologies.

Figure 5 . 3 :

 53 Figure 5.3: Perturbing effect on the thruster potential of an electrostatic probe immersed in the thruster plume. (a) Case of the Langmuir probe (blue solid line) swept between -200 and 200 V at (ρ = 16 cm, θ = 0 • ) at 2 SCCM-Xe and 30 W. (b) Case of the Faraday probe with the collector left floating (orange line) and biased at -300 V (blue line) while performing an angular scan at ρ = 27 cm, with the thruster operated at 1 SCCM-Xe and 23 W.

Figure 5 . 4 :

 54 Figure 5.4: Schematics of the thrust balance. Reproduced from [121].

Figure 5 . 5 :

 55 Figure 5.5: PID signal recorded during the calibration procedure of the thrust balance. (b) Calibration factor vs. the cumulative equivalent thrust obtained with the procedure shown in Fig. 5.5a. (c) PID signal recorded during a thrust measurement at the thruster extinction.

Figure 5 . 6 :

 56 Figure 5.6: Modified ONERA thrust stand for the B09 tank: (a) CAD visualization of the front view and (b) photo of the thrust stand installed inside the B09 tank.

Figure 5 . 7 :

 57 Figure 5.7: CAD visualization of the lateral view of the ECR thruster mounted on the ONERA thrust stand installed in the B09 tank.

Figure 5 . 8 :

 58 Figure 5.8: CAD representation of the experimental setups used for the measurement of (a) the total thrust, (b) the magnetic thrust, and (c) the thermal thrust.

Figure 5 . 9 :

 59 Figure 5.9: An example of the power actuations for the measurement of the total thrust performed with the SM topology thruster at 1 SCCM-Xe.

Figure 5 . 10 :

 510 Figure 5.10: Repeatability of the thrust measurements for the total, magnetic,

Figure 5 . 11 :

 511 Figure 5.11: Accuracy of the thrust measurements in terms of good agreement of T T with the sum of the two contributions T B and T S for the (a) SM topology and (b) BM topology at 1 SCCM-Xe.

Figure 5 . 12 :

 512 Figure 5.12: Temporal evolution of the thruster floating potential, source temperature, and ion current during the transient stabilization time after thruster ignition at (a) low power (23 W) and (b) high power (43 W).

Figure 5 . 13 :

 513 Figure 5.13: Temperature dependency of the (a) total, (b) thermal, and (c) magnetic thrusts for the SM topology at around 30 W.

Figure 5 . 14 :

 514 Figure 5.14: Schematics of the laser optical bench.

Figure 5 .

 5 Figure 5.15: (a) Schematics and (b) picture of the reference discharge arm.

Figure 5 . 16 :

 516 Figure 5.16: Saturation effect on the integral of the fluorescence signals collected in the source and plume of the thruster. Lock-in time constant (T C) is 30 ms. LIF integrals at 10 and 70 mm are normalized to their respective values obtained for a laser intensity of 0.2 mW.

Figure 5 .

 5 Figure 5.17: (a) Effect of the low-pass filter slope on the relative peak shift. (b) Effect of the low-pass filter time constant on the absolute peak shift.

Figure 5 . 18 :

 518 Figure 5.18: Example of the collected LIF signal inside the thruster and the reference discharge. The thruster is operated at 1.5 SCCM-Xe and 32 W. (a) The signal is plotted against the scan time, whereas in (b) it is plotted against the laser frequency.

Figure 5 . 19 :

 519 Figure 5.19: Schematics of the LIF vacuum setup (thruster measurement arm).

Figure 5 . 20 :

 520 Figure 5.20: Schematics of the experimental setup used to probe the ECR thruster plume with the curling probe.

Figure 5 .

 5 21 gives a representation of the surface mapped using the curling probe and LIF measurements to obtain 2D maps of the electron density in the source and plume of the thruster (shown in chapter 6). LIF measurements have been collected in the thruster source (2 mm ≤ z ≤ 20 mm and -13 mm ≤ r ≤ 13 mm), and in the very near field of the thruster plume (23 mm ≤ z ≤ 30 mm and -40 mm ≤ r ≤ 40 mm), represented by the green region on the figure. Curling probe measurements have been collected in the thruster plume (26 mm ≤ z ≤ 220 mm and -85 mm ≤ r ≤ 85 mm). As mentioned earlier, both curling probe and LIF measurements have been collected in the superposition region (26 mm ≤ z ≤ 30 mm and -40 mm ≤ r ≤ 40 mm), allowing for the proper scaling of the dimensionless LIF profiles to the absolute values obtained with the CP.

Figure 5 .

 5 Figure 5.21: Top-view representation (not to scale) of the mapped surface for the electron density measurement with the combination of the curling probe and LIF diagnostics. MDML stands for "most divergent magnetic line" defined in section 6.3.3.

Figures 5 .

 5 22a and 5.22b show an example of the symmetry observed on the radial profiles inside the plume and the source, respectively. The thruster is operated at 1 SCCM-Xe and 32 W. The electron density in the source (cf. Fig. 5.22b) is inferred from LIF measurements as detailed below. Maximum right and left wing discrepancies are generally well below 10% (except for a few outline points).

Figure 5 . 22 :

 522 Figure 5.22: Comparison of the right (r < 0) and left (r > 0) wings of the radial profiles of the electron density inside (a) the plume and (b) the source.

Figure 5 . 23 :

 523 Figure 5.23: Radial plasma density profiles obtained from LIF and in-situ curling probe measurements in (a) the thruster source at z = 10 mm (1 SCCM-Xe), and (b) in the thruster plume at z = 26 and 30 mm (1 SCCM-Xe and 20 W).

Figure 5 .

 5 Figure 5.24: (a) Left y-axis: current density collected with the Faraday probe at different bias voltages (labeled in the legend); right y-axis: electron temperature measured with a Langmuir probe. (b) Current data points (scatter symbols) from the Faraday profiles for different collector bias voltages (in the abscissa) compared to the Boltzmann fit (solid lines) for two angular positions (labeled in the legend). The thruster is operated at 1 SCCM-Xe and 30 W, and the probes are placed at ρ = 25 cm.

Figure 5 .

 5 Figure 5.25: (a) Schematic representation of the grid placed at the end of the B09 tank (configuration A). (b) Photo of the grid on the lateral chamber wall (configuration B). (c) Photo of the Kapton-coated tank lateral walls and thrust stand (configuration C).

Figure 5 . 26 :Figure 5 . 27 :

 526527 Figure 5.26: Thrust measurements performed in configurations N, A, B, and C in the B09 tank compared to those performed in the B61 at 1 SCCM-Xe. The M1-SM-radial thruster is used.

Figure 5 .

 5 Figure 5.28: (a) Schematic representation of virtual reduction of the B09 length. (b) Photo of the setup used to reduce the B09 diameter artificially.

Figure 5 . 29 :

 529 Figure 5.29: Effect of the reduction of the B09 length and diameter on the thrust at 1 SCCM-Xe. (a) Thrust comparison with data obtained in nominal-dimension B09 and with the cylinder and plate at ground potential. (b) Effect of varying the bias voltage of the cylinder on the thrust.

Figure 5 . 30 :

 530 Figure 5.30: Pressure effect on the thrust at different operating conditions: 0.6 and 1 SCCM-Xe at 25 W, and 1 and 2 SCCM-Xe at 32 W.

Figure 5

 5 Figure 5.31a shows the ion current density for the three investigated pressures. In the central cone (|θ| ≤ 20 • ) the ion current decreases as the pressure is increased. On the contrary, in the "outer cone", the current increases as the pressure increases, especially on the lateral wings of the profiles (|θ| ≳ 45 • ).Figure5.31b shows the current drawn from the plasma when the Faraday collector is at ground potential. In the central cone (|θ| ≤ 20 • ), the drawn current decreases when the pressure is increased, i.e., the electron current (I e ) increases at higher pressure. Using the method described in section 5.8, we can infer that this corresponds to an electron temperature decrease, which confirms the prediction made by Wachs et al.[START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF].
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 531 Figure 5.31: Effect of the background pressure on (a) the ion current density, and (b) the current density measured with the collector at ground potential.
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 61 Figure 6.1: Total thrust (T T ) measured in the SM and BM case at (a) 0.7 SCCM-Xe, (b) 1 SCCM-Xe, (c) 1.5 SCCM-Xe, and (d) for only the SM topology at 2 SCCM-Xe.

Figure 6 . 2 :

 62 Figure 6.2: Thrust efficiency for the analyzed flowrates in the case of (a) SM and (b) BM magnetic topologies.

Figure 6 . 3 :

 63 Figure 6.3: Total thrust (T T ), magnetic (T B ) and thermal (T S ) contributions for the SM topology at (a) 0.7, (b) 1, (c) 1.5, and (d) 2 SCCM-Xe.

Figure 6 . 4 :

 64 Figure 6.4: Total thrust (T T ), magnetic (T B ) and thermal (T S ) contributions for the BM topology at (a) 0.7, (b) 1, and (c) 1.5 SCCM-Xe.
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 65 Figure 6.5: Percentage of the magnetic contribution to the total thrust for the analyzed flowrates in the case of (a) SM and (b) BM magnetic topologies.

Figure 6 . 6 :

 66 Figure 6.6: Percentage of the magnetic contribution to the total thrust at low and high power for several flowrates in the case of (a) SM and (b) BM magnetic topologies.

Figure 6 . 7 :

 67 Figure 6.7: Regions of the thruster that positively contribute to the production of the magnetic thrust in terms of dF ′ z /|dF ′ r | ratio for the (a) SM and (b) BM case. (c) Zoom of Figs. (a) and (b) inside the source, comparing the SM topology (bottom half) and BM topology (top half).

Figure 6 . 8 :

 68 Figure 6.8: Cumulative integral of the dF ′ z term along the axial direction for the SM and BM topology at 1 SCCM-Xe and 32 W.

Figure 6 . 9 :

 69 Figure 6.9: Normalized ion current density profiles inferred from the LIF measurements along the thruster source length.

Figure 6 . 10 :

 610 Figure 6.10: 2D electron density map inside the thruster source and plume in the SM and BM topology case at 1 SCCM-Xe and 32 W.

Figure 6 . 11 :

 611 Figure 6.11: (a) 2D map of the density ratio (n e (BM)/n e (SM)) between the SM and BM topology case inside the thruster source, at 1 SCCM-Xe and 32 W (same conditions as in Fig. 6.10). (b) Radial profiles of the electron density inferred from LIF measurements inside the source at z = 5 mm (left half of the plot) and z = 10 mm (right half) for the SM and BM topologies at 1 SCCM and 32 W.

Figure 6 .

 6 Figure 6.12: (a) 2D map of the density ratio (n e (52W)/n e (20W)) between a high and a low power condition inside the thruster source, for a given flowrate and magnetic topology (SM and 1 SCCM-Xe). (b) 2D map of the electron density inside the plume at high power (52 W, upper half) and low power (20 W, lower half) for a given flowrate and magnetic topology (SM and 1 SCCM-Xe).

Figure 6

 6 Figure 6.13: (a) 2D map inside the source of the density ratio (n e (2SCCM)/n e (1SCCM)) between a high (2 SCCM-Xe) and a low (1 SCCM-Xe) flowrate, for a given power and magnetic topology (32 W and SM). (b) Radial electron density profiles inferred from LIF measurements inside the source at z = 5 mm (left half of the plot) and z = 10 mm (right half) for the 1 and 2 SCCM-Xe case. (c) 2D map of the electron density inside the plume at high flowrate (2 SCCM-Xe, upper half) and low flowrate (1 SCCM-Xe, bottom half) for a given power and magnetic topology (32 W and SM).

Figure 6 . 14 :

 614 Figure 6.14: Magnetic lines in the SM and BM topology to analyze the plasma expansion inside the plume.

Figure 6 . 15 :

 615 Figure 6.15: Experimental electron density profiles along four different magnetic lines (pictured in Fig. 6.14) at 1 SCCM-Xe for (a) the SM and (b) the BM topology.

Figure 6 . 16 :

 616 Figure 6.16: Normalized electron field along the thruster symmetry axis inferred from LIF measurements for the SM (blue symbols) and BM (red symbols) topology.
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 6176 Figure 6.17: Experimental electron density profile along the symmetry axis and MDML compared between the SM and BM topology at 1 SCCM and 32 W.

Figure 6 .

 6 Figure 6.18 shows the experimental electron density profile along SL0 and MDML for high and low flowrate cases (2 and 1 SCCM-Xe, respectively) for the SM topology at 32 W.
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 618 Figure 6.18: Experimental electron density profile along the symmetry axis and MDML compared between a high (52 W) and a low (20 W) power case for the SM topology at 1 SCCM.

Figure 6 . 19 :

 619 Figure 6.19: Experimental electron density profile along the symmetry axis and MDML compared between a high (2 SCCM-Xe) and a low (1 SCCM-Xe) flowrate case for the SM topology at 32 W.
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 620 Figure 6.20: Modeled profiles of the electron pressure inside the thruster source (z = 0.1 cm) and plume (z = 10 cm) in the SM case inferred from measured profiles of n e and B.

Figure 6 . 21 :

 621 Figure 6.21: Comparison between the computed with the analytical model[START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF] and the measured value for the SM and BM topologies at (a) varying power for a given flowrate (1 SCCM-Xe) and (b) at varying flowrate for a given power (32 W).

Figure 6 . 23 :

 623 Figure 6.23: Fit of experimental data of electron density and plasma potential using Eq. 6.16 for the SM and BM topologies at 1 SCCM-Xe and 32 W.

Figure 6 . 24 :

 624 Figure 6.24: Values of T e0 inferred with the combined analysis (cf. section 6.4.1)

Figure 6 . 25 :

 625 Figure 6.25: Plasma potential profiles inferred from LIF and Langmuir probe measurements for (a) 1 and (b) 2 SCCM-Xe with the SM topology.

Figure 6 . 27 :

 627 Figure 6.27: Experimental expansion along the thruster axis in the plume compared with the isothermal and polytropic expansion using T e0 from Tables 6.3 and 6.4 for (a) the SM and (b) the BM topologies.

Figure 6 . 28 :

 628 Figure 6.28: Experimental expansion along the thruster axis in the plume compared with the isothermal expansion using T e0 from Tables 6.3 and 6.4 and that inferred from the fit of Eq. 6.16 for (a) the SM and (b) the BM topologies.

Figure 6 . 29 :

 629 Figure 6.29: Experimental electron temperature profile along the thruster axis

Figure 7 . 1 :

 71 Figure 7.1: (a) Picture of the CP3000 flush-mounted inside the outer conductor wall of the thruster source. (b) Temporal evolution of the electron density obtained with the CP3000 inside the source and the thruster floating potential. (c) Temporal evolution of the CP3000 substrate temperature (d) Picture of the CP3000 surface after the use inside the source.

Figure 7 . 2 :

 72 Figure 7.2: (a) Schematized setup used in the 3D simulations of a dielectricembedded CP. (b) Comparison of the simulated probe sensitivity between an uncovered and a dielectric-embedded CP3000.

Figure 7 . 3 :

 73 Figure 7.3: First tests of plasma measurements performed with a dielectricembedded curling probe. (a) Case without the correction of the temperature increase of the protective dielectric layer and (b) with the correction.

Figure 7

 7 Figure 7.3b shows a density measurement collected with the uncovered CP1400 and the BN-embedded CP3000 placed at the same location inside the plume (thus, approximately the same plasma density). The density values inferred with both probes are corrected for the sheath effect (cf. section 4.4), and only those inferred with the BN-embedded probe are also corrected for the temperature increase of the BN cover layer. Error bars are computed as detailed in section 3.2 and following Eq. 4.9. Data points before t ≈ 40 s are collected with the probes exposed to the plasma jet, whereas at t ≈ 45 s, the thruster is shut down. Globally, a good agreement is obtained between the uncovered and the BN-embedded probe, with a measured density value in the range 2 -3 × 10 10 cm -3 . In the case of the BN-embedded probe, the density value slightly decreases over time (for t ≤ 40 s) due to uncertainties in the temperature correction. Both signals oscillate around the zero density value (as expected) when the plasma is shut down (t ≥ 45 s).This first test represents the proof of feasibility for performing measurements of the electron density with the curling probe surface not directly in contact with the plasma but rather through a thin dielectric layer (less than one millimeter in thickness). This would minimize the possible plasma-probe interactions and perturbations and ultimately allow for a non-intrusive diagnostic. In particular, the BN-embedded CP could be flush-mounted inside the ECR thruster source (as done in the previous section with an uncovered probe). To further minimize possible alterations of the plasma parameters and equilibrium inside the thruster source, the

Figure 7 . 4 :

 74 Figure 7.4: (a) Schematics of the high time resolution VCO circuit. (b) Tuning (command) signal and diode detector signal (curling probe) time-resolved at 10 µs using the VCO circuit.

Figure 7 . 5 :

 75 Figure 7.5: 10 µs time-resolved electron density measurement inside the ECR thruster plume with the thruster operated with a 20 kHz-sinusoidal input power signal.

  time resolved meas. 500 ms-time resolved meas.

Figure 7 . 6 :

 76 Figure 7.6: Time-resolved measurement of the electron density (with a resolution of 10 µs) collected inside the thruster plume with the VCO circuit and the average value inferred from the VNA measurement.

Figure 7 . 7 :

 77 photomultiplier tube electron density

Fig. 7 . 8 )

 78 Fig. 7.8) is measured as the current flowing from the ground through the equivalent satellite capacitance (C sat in the figure) to the point where the BO has occurred (cathodic spot). The flashover current is usually emitted at the same spot and is collected by the dielectric coverglass (red arrows in the figure).

Figure 7 . 8 :

 78 Figure 7.8: Schematics of the ESD blow-off and flashover on a solar panel. Reproduced from [175].

Figure 7 . 9 :

 79 Figure 7.9: Setup for measuring the expanding plasma produced by an ESD on a solar panel with the curling probe.

Figure 7 . 10 :

 710 Figure 7.10: 10 µs time-resolved electron density measurement of the expanding plasma cloud resulting from an ESD on a simulated solar panel.

Figure 7 .

 7 Figure 7.11: (a) Average electron density and (b) bubble velocity of an expanding plasma generated with an aluminum and silver coupon.

Figure 7

 7 Figure 7.11b shows the average bubble velocity for the two coupon materials. The average velocity is inferred from the distance at which the measurement is collected and the time of arrival of the plasma on the probe. The error bars are computed as the sum of the measurement uncertainty and the standard deviation over the N measurements performed at a given location.For both the aluminum and silver coupons, the velocity is roughly constant. In the case of aluminum, the velocity is larger, with a mean value of 6500±800 m•s -1 , whereas it is about 3880 ± 400 m•s -1 in the case of silver. From the average velocity, the electron temperature can be computed using Eq. 7.1, assuming that the plasma expands at the ion sound speed. In the case of aluminum, electron (and ion) temperature is then estimated to be around T Al e ≃ 6 ± 1.5 eV, while in the case of silver, T Ag
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 1 Major findings 8.1.1 . Development of the curling probe diagnostic

Figure C. 1 :

 1 Figure C.1: Measured frequency shift (CP700) vs. the thickness of a PTFE sample placed in contact with the probe.

  Figure D.1: FHR-to-SHR depth factor ratios (those of Fig. 4.13a) against the sheath thickness for the CP700 (simulation data).

Figure E. 1 :

 1 Figure E.1: (a) Raw measured reflectance spectra with the FHR of the CP700 in the ICP source. The permittivity in the legend is computed following the collisionless ordinary wave propagation mode (Eq. 1.36). (b) Raw densities from the FHR are computed following collisionless and collisional ordinary wave modes and the surface wave propagation mode.

Figure F. 1 :

 1 Figure F.1: 2D map of the electron density in the "lateral" region of the thruster near field at 1 SCCM-Xe and 30 W (SM topology).
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 12 FIG. 1. (a) Schematics of 2D spiral resonator capacitively coupled with the exciting aperture and (b) manufactured CP1400.

FIG. 3 .

 3 FIG. 3.Effect of the width-to-aperture ratio (w/d) for a given resonator length L and antenna diameter d ant on the normalized electric field along the curvilinear abscissa.

FIG. 4 .

 4 FIG. 4. (a) The CAD model used for 3D numerical simulation of the CP1400. (b) The cut plane visualization of the electric field resulting from the FEM-EM simulation at 1000 MHz of the CP1400.

FIG. 5 .

 5 FIG. 5. Effect of the width-to-aperture ratio (w/d) on the electric field in the CP1400 probe. Solid lines: 3D simulations. Dashed line: 2D case for w/d = 1, 1/150.

FIG. 6 .

 6 FIG. 6.(a) Simulated resonance spectra for two dielectrics and homogeneous and collisionless plasmas and (b) the corresponding calibration curve following Eq. (6) for the CP1400.

FIG. 8 .

 8 FIG. 8. (a) Measured resonance spectra for the solid dielectrics samples and (b) the corresponding calibration curve following Eq. (6) (CP1400).

FIG. 9 .

 9 FIG. 9. Variation of the vacuum reference frequency (f 0 ) vs CP1400 T-type temperature.

FIG. 10 .

 10 FIG. 10. Measured frequency shift Δf = f m (T p )f 0 (T p ) of the available dielectric samples for different probe temperatures (CP1400 T-type).

FIG. 11 .

 11 FIG. 11. (a) Non-dimensional reference reflectance spectra of the manufactured probes (CPs and the HP) and (b) relative uncertainty σ n /n plotted against the electron density n e . Δf is in the range 1-100 MHz.

FIG. 12 .

 12 FIG.12. Schematic of the measurement setup.

FIG. 13 .FIG. 14 .

 1314 FIG. 13. Electron density measured with CP1400 T-type at different Xe flow rates and P abs = 26 W (X = 30 mm, Y = -16 mm). The error bars correspond to the σ-uncertainty detailed in Sec. III D.

FIG. 15 .

 15 FIG. 15.Longitudinal electron density profiles along the thruster axis at 2 SCCM and P abs = 27 W.

FIG. 16 .

 16 FIG. 16. Time evolution of the electron density inside the source of the ECR thruster (CP2965 T-type) at 1 SCCM and P abs = 27 W. The error bars correspond to the σ-uncertainty detailed in Sec. III D.

FIG. 18 .

 18 FIG. 18. (a) Measured reflectance spectra when increasing plasma density and (b) the effect of saturation for the CP700.

FIG. 21 .

 21 FIG. 21. Simulated immersed-in-plasma vs wall-embedded CP2965 frequency shift for different plasma densities.

FIG. 1 :

 1 FIG. 1: (a) ECRT simulation domain, with plume dimensions L p = 18 cm and R p = 13 cm, magnetic field intensity (colormap), magnetic field lines (dashed white), local magnetic vector basis (white), selected Xe + streamlines for simulation case α t = 0.05 (solid red) and segments at the end boundary (black) defining the regions used for IEDF averaging, detailed in §III B. Additionally, the position of the plasma probes as a function of the coordinates (ρ, ψ) in the experimental setup discussed in §II B is sketched. (b) Photograph of the ECRT prototype operating in the ONERA-B09 facility.

FIG. 2 :

 2 FIG. 2: Angular profiles of (a) normalized ion current density and (b) electron density at ρ = 16 cm. Numerical results (solid lines) for different anomalous transport coefficients are shown against experimental measurements (scatter symbols).

FIG. 3 :

 3 FIG. 3: Axial profiles of (a) the ion current density and (b) electron density along the magnetic nozzle expansion at r = 0 (ψ = 0). Numerical results (solid lines) for different anomalous transport coefficients are shown against experimental measurements (scatter symbols).
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 45 FIG. 4: Numerical angular electron density n e profiles at different ρ, for (a) α t = 0.035, (b) α t = 0.05 and (c) α t = 0.08 at 2 sccm -30 W.

FIG. 7 :

 7 FIG. 7: Evolution along streamlines S1 (red), S2 (black), and S3 (blue) shown in Fig. 1a of (a) the electrostatic potential, (b) the Xe + kinetic energy, (c) the Xe + mean total energy and (d) ionization source, for the case with α t = 0.05.

FIG. 8 :

 8 FIG. 8: Comparison of Langmuir probe measurements (scatter symbols) to model results (solid lines) of (a) angular profile of electrostatic potential (b) angular profile of electron temperature, and similarly for their respective axial profiles in (c) and (d). The reference electrostatic potential (ϕ * ) is taken with respect to the experimental values at z = 16 cm and ψ = 0 deg . In (d), dashed lines represent the expected projected polytropic electron cooling using the experimental polytropic coefficient and the numerical electron density, as explained in section III D.
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 12 Fig. 1 Schematics of ECR thruster (left) and views of 30 ECR model (right: operated with xenon)

Fig. 3

 3 Fig. 3 Schematics (left) and view of the thrust balance (right)

Fig. 4

 4 Fig. 4 Total thrust T T , magnetic thrust component T B , and thermal thrust component T S vs. absorbed power for different xenon flowrates with magnetic configuration SM

Fig. 5 Fig. 6

 56 Fig. 5 Total thrust T T , magnetic thrust component T B , and thermal thrust component T S vs. absorbed power for different xenon flowrates with magnetic configuration BM

Fig. 7

 7 Fig. 7 Percentage of magnetic thrust vs. absorbed power for different xenon flowrates with magnetic configurations SM and BM

Fig. 8

 8 Fig.8 Ratio of mean electron perpendicular pressure p e⊥ to mean electron parallel pressure p e for the different operating conditions with configurations SM and BM (left and right, respectively)

  

  

  

  sheath or ϵ s Relative permittivity of the plasma sheath ϵ ′ or ϵ d Real part of the relative complex permittivity ϵ ′′ Imaginary part of the relative complex Permittivity
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	⃗ H h ⃗ J M j 2 = -1 j i B CP k = 2π/λ ⃗ k B k B B CP,o ṁ C m e , m i G I n	A•m -1 m A•m -2 A•m -2 m -1 S m -1 J•K -1 F kg•s -1 S kg A turns	Cavity height (of the curling probe) Magnetic intensity Conduction current density Imaginary unit Ion current density Ion Mach number Wavenumber or spatial angular frequency Second-order geometry-dependent factor (of the 2D spiral resonator) Susceptance Wavector First-order geometry-dependent factor (of the 2D spiral resonator) Boltzmann constant Capacitance Flowrate Conductance Electron and ion mass Current Number of turns (of the spiral resonator)
	K n e , n i , n g	MHz/10 9 cm -3 Curling probe sensitivity cm -3 Electron, ion, and neutral density
	K s n r			Dimensionless thickness of the plasma sheath Refractive index
	L p		m Pa	Length (of the resonator or the transmission line) Pressure
	q L P r		H C W m	Inductance Charge of a particle Power Coordinate (either Cartesian or cylindrical)
	Q s		m	Quality factor Thickness of the plasma sheath
	tan δ R S t		Ω s	Resistance Loss tangent Scattering matrix time
	ζ S 11 t c θ T e , T i t d λ λ D λ i ūel T a , T p , T sample u s T T , T B , T S V u i µ W w µ 0 µ r ν coll ρ σ σ X σ X /X χ ω Γ Φ p Φ w ∆f Π B ⃗ B ⃗ D ⃗ E E e f p f 2D r and f 3D r f r f m f ce , f ci f coll f f 2D 0 0 and f 3D f 0 e d s d ext d ant d c s or (u B ) c w h X x/L Y = G + jB a i and a f Z = R + jX z	m deg eV m m m m • C m•s -1 N m•s -1 V m•s -1 Nm•G -1 m H•m -1 Hz m S•m -1 Unit of X rad•s -1 V V Hz T C•m -2 V•m -1 eV Hz Hz Hz Hz Hz Hz Hz Hz Hz C m m m m m•s -1 m•s -1 Ω m S m Ω m	Power reflection coefficient Conductive layer thickness Dimensionless damping Electron and ion temperature Dielectric substrate thickness Polar coordinate (angle) Wavelength Debye length Ambient, probe, and sample temperature Electron thermal velocity Total, magnetic, and thermal thrusts Ion velocity at the plasma-sheath (or sheath-presheath) edge Voltage Ion velocity Ion-neutral mean free path Full Width Half Maximum Width (of the resonator) Electron magnetic moment Permeability of free space Relative complex permeability (of a medium other than free space) Collision frequency Plasma potential Plasma frequency Electron kinetic energy 2D and 3D resonance frequency (of the curling probe) Electric field Resonance frequency Electric displacement Measured frequency Magnetic field (Magnetic flux density) Electron and ion cyclotron resonance frequency Magnetic performance Collision frequency Frequency shift Frequency Wall potential 2D and 3D natural resonance frequency (of the curling probe) Vacuum or working or natural resonance frequency Voltage reflection coefficient Elementary charge Angular frequency Distance between the probe surface and a solid sample curling probe) External diameter (of the curling probe) Function describing the 3D geometry and dielectric effects (of the Antenna diameter (of the resonator) Relative uncertainty of the quantity X Aperture diameter (of the resonator) Absolute uncertainty of the quantity X Ion sound speed (or Bohm velocity) Conductivity Speed of light in free space Polar coordinate Reactance Spacing of the U-shaped antenna of a hairpin probe Complex admittance Dimensionless curvilinear abscissa (of a resonator) Starting and ending radii (of the spiral resonator) Complex impedance Coordinate (either Cartesian or cylindrical)
				iii

v

List of Acronyms and Abbreviations

Table 1 .

 1 10 11 cm -3

	degree of ionization	α i	0.1	0.01
	electron temperature	T e	30 eV	10 -25 eV
	ion temperature	T i	0.02 eV	0.02 eV
	inter-particle distance		10 -6 m	10 -5 m
	de Broglie wavelength		10 -10 m	10 -9 m
	electron-neutral collision frequency ν e,n	10 MHz	< 0.1 MHz
	plasma frequency	f p	5000 MHz down to 600 MHz
	electron cyclotron frequency	f ce 2450 MHz	400 MHz
	ion cyclotron frequency	f ci	1.3 MHz	0.2 MHz
	electron Larmor radius	r ce	0.2 mm	1 mm
	ion Larmor radius	r ci	3 mm	15 mm
	Debye length	λ D	0.1 mm	1 mm

1: Orders of magnitude of the plasma inside the ECR thruster source and plume.

Table 2 .

 2 1: 2D natural resonance frequency and geometrical parameters of the 7 probes used in the parametric analysis of the 3D effects. The probes marked with † are used to study the cavity height h and gap effects. The probes marked with ⋆ are used to study the antenna-to-aperture ratio d ant /d effect.

	probe	d	w/d gap	a f	d ant /d	h	f 2D 0
		(mm)		(µm) (mm)		(mm)	(MHz)
	CP 1 †,⋆	1	0.15 280	4	0.25 -0.9 1 -10.5 1280 -1340
	CP 2 †	2	0.25 500	4	0.5	1 -10.5	3027
	CP 3 †,⋆	2	0.25 700	3	0.1 -0.8	1 -5.5	6060 -7170
	CP 4 †	1	0.05 50	1.6	0.8	1.5 -15.5	1980
	CP 5 †	1	0.05 550	4	0.5	1.5 -8.5	1630
	CP 6 †	1	0.4	50	2.5	0.8	1.5 -8.5	3620
	CP 7 ⋆							

Table 2 .

 2 2: Design parameters of the three studied curling probes.

	parameter CP700 CP1400 CP3000
	f 0 (MHz)	720	1650	3850
	d (mm)	1	2	2
	w/d	0.15	0.25	0.25
	d ant /d	0.5	0.5	0.5
	n (turns)	7	2.5	1.25
	a f (mm)	4	4	3
	a i (mm)	1	1.5	1.5
	gap (µm)	280	500	700
	d ext	10	10	8
	L (mm)	110	44	18
	t d (mm)	0.5	0.5	0.5
	ϵ d	3.5	3.5	3.5
	h (mm)	4	4	3

Table 2 .

 2 

	probe	substrate permittivity ϵ d f 2D 0 (Eq. 2.5) f 2D 0 / √ ϵ d Exp. f 3D 0
			(MHz)	(MHz)	(MHz)
	CP700	3.4	1300	705	770
	CP1400	3.4	3030	1650	1800
	CP1400	4.6	3030	1410	1420
	CP3000	3.4	6445	3500	4800
	CP3000	4.6	6445	3000	3020

3: The 2D (vacuum) resonance frequency from Eq. 2.5 and the 3D experimental (approximate) measured value for the three studied probes, for the two substrate material employed (see section 3.1.1).

2.3.3 . Development of the calibration method

Table 2 .

 2 6: Working frequency f 0 , α-coefficient and probe sensitivity K for the CP700, CP1400, and CP3000 (cf. Fig.2.15).

	probe	f 0	α	K
		(MHz)		(MHz/10 9 cm -3 )
	CP700	718.1 3.7	11.9
	CP1400 1645.6 3.7	5.2
	CP3000 3860.2 4.5	1.9

Table 2 .

 2 7: Simulated frequency response of the FHR and of the SHR of the CP700 for two solid dielectric materials, as shown in Fig.2.18b.

	material	FHR ∆f (∆f /f 0 )	SHR ∆f (∆f /f 0 )
	PTFE	-71.4 MHz (-0.099) -159.1 MHz (-0.093)
	PMMA	-107.1 MHz (-0.149) -239.7 MHz (-0.141)

Table 2 .

 2 8: Simulated sensitivity of the FHR and SHR of the CP700.

	harmonic	f 0	α	K
		(MHz)		MHz/10 9 cm -3
	FHR	718.1 3.7	11.9
	SHR	1703.1 4.1	4.6

Table 3 .

 3 1: Fabrication limitations from the manufacturers of the PCBs FR4based and RO4003-based.

	substrate material trace clearance trace width drill size
		(µm)	(µm)	(µm)
	FR4	152.4	152.4	254
	RO4003	85	85	100

Table 3 . 3 :

 33 Summary of the considered uncertainties for calculating the error associated with the measurement of the electron density.

	type	origin	notation	value	unit
	Systematic VNA accuracy	σ V N A	100	kHz
	Statistical	Uncertainty on the measured resonance frequency	σ f	2 -100	kHz
	Statistical	Error on the relative permittiv-	σ α	2	% (relative)
		ity calculated with the calibra-			
		tion equation, Eq. 2.10			
	Statistical	Error on the measured reso-	σ T	0.02	% (relative)
		nance frequency due to the			
		temperature correction			
	Statistical	Uncertainty on the vacuum	σ f 0	200	
		reference frequency			

kHz of uncertainty, the following equations are obtained:

Table 3 . 4

 34 

	probe	type	approximate f 0 BW 3 dB Q factor	σ f	σ T
			(MHz)	(MHz)		(kHz) (kHz)
	HP5000	N.A.	5000	100	50	100	...
	CP700	O-Type	800	3.5	230	2	...
	CP1400 O-Type	1800	2	900	20	...
	CP1400 T-Type	1500	15	100	40	280
	CP3000 T-Type	3000	56	55	60	600

: Quality factors of the presented probes and estimation of the error terms σ f and σ T .

Table 3 .

 3 

		(MHz)	(MHz)	
	vacuum	1422	0	1
	PTFE	1350.8	-71.2	2.1
	PMMA	1318.7	-103.3	2.7
	BN	1252.2	-169.8	4.4
	FR4	1238.4	-183.6	4.6
	MACOR	1207.6	-214.4	5.7

5: Measured dielectric data points of Fig. 3.8, giving the calibration coefficients α = 10.7 and β = 0.991 (CP1400 T-Type).

material measured f r ∆f = f rf 0 ϵ d from Table

3

.2

Table 3 . 6 :

 36 Comparison of the measured relative permittivity ϵ meas

	d	with values

Table 3 .

 3 7: Calibration coefficient α and probe sensitivity K for CPs O & T-Types having different surface coatings.

	probe	type	coating	α	f 0	K
					(MHz) (MHz/10 9 cm -3 )
	CP700	O	Bare copper	5	775	8.6
	CP700	O	Kapton© film	8.1	740	6
	CP700	O	BN spray	9.6	730	5.2
	CP1400	O	Bare copper	4.6 1835	3.9
	CP1400	O	Kapton© film	6.4 1775	3.1
	CP1400	O	BN spray	12	1740	1.8
	CP1400	T	Bare copper 10.6 1420	2.5
	CP1400	T	Kapton© film	13	1400	2.1
	CP3000	O	Bare copper	5	4820	1.4
	CP3000	O	Kapton© film	7.9 4700	1
	CP3000	T	Bare copper	8.1 3020	1.5

Table 3 .

 3 

	harmonic	f 0	α σ α /α	K
		(MHz)	%	(MHz/10 9 cm -3 )
	FHR	780 5.6 < 1	7.8
	SHR	1728 9.1 3.5	2.3
			123	

8: Calibration results and probe sensitivity from the FHR and SHR of the CP700 O-Type showed in Fig.

3

.17.

Table 3 .

 3 9: Permittivity, frequency response and density of the measurements presented in Fig.3.18. estimated ϵ p measured ∆f inferred n e

		(MHz)	(×10 9 cm -3 )
	0.6	8	3
	0.08	33	7.6
	-0.2	56	11
	-0.5	94	14
	-2	-20	-

Table 4 .

 4 1: Input parameters of the plasma sheath correction method. The second set of parameters, i.e., K s and DF , are changed according to the gas and

	used probe.		
	parameter		origin
	raw measured density	n e,raw inferred from measurement
	bulk electron temperature	T e,bulk raw estimation (or from mea-
			surement)
	bulk ion kinetic energy	E k,i	raw estimation (or from mea-
			surement)
	dimensionless sheath thickness		

Table 5 .

 5 1: Conversion table between the set point in dBm units (set at the microwave generator) and the power deposited in the plasma in watts at 1 SCCM-

	Xe for the SM topology thruster.	
	power actuation set point power deposited in the plasma
	dBm	watts
	-6	65
	-8	56
	-10	44
	-12	32
	-13.5	27
	-15	23
	-18	13

Table 5 .

 5 2: Electronic levels of the 834.955 nm LIF scheme, from ref.[21].

		configuration	level	energy (eV)
	probed level (lower level)	5p 4 ( 3 P 2 )5d	5d 2 F 7/2	12.59
	pumped level (higher level)	5p 4 ( 3 P 2 )6p	6p 2 D 0 5/2	14.07
	decay level	5p 4 ( 3 P 2 )6s	6s 2 P 3/2	

Table 5 .

 5 3: Mean ion velocity against the pressure for the four conditions. The values are normalized to the value at the lowest pressure for each condition.

	pressure	0.6 SCCM-Xe	1 SCCM-Xe	1 SCCM-Xe	2 SCCM-Xe
	(×10 -6 mbar-Xe)	25 W	25 W	32 W	32 W
	2 -3	1.00	1.00	1.00	1.00
	5 -6	0.87	0.88	0.87	0.94
	10 -11	0.65	0.69	0.70	0.82

Table 5 .

 5 3), and (iii) the plasma density is almost double n

Table 6 . 1 :

 61 Maximum current values at the thruster exit plane (z = 20 mm) for the four cases represented in Fig.6.9.

	operating condition SM topology BM topology
		(mA)	(mA)
	1 SCCM-Xe, 20 W	4.5	8.8
	2 SCCM-Xe, 32 W	8.1	18.2

Table 6 .

 6 2: Derivation of the anisotropic electron properties inside the thruster source using the combined analysis.

	quantity	equation	assumptions and/or considerations

Table 6 .

 6 3: Estimated anisotropic electron properties inside the source (SM topology).

Table 6 .

 6 4: Estimated anisotropic electron properties inside the source (BM topology).

Table 7 .

 7 1: Measured frequency of the electron density oscillations inside the ECR thruster plume with varying flowrate.

	flowrate frequency
	SCCM-Xe	kHz
	1	26
	1.5	16.7
	2	8.5

Table G . 1 :

 G1 .1. Results of the variation of the thruster source length and diameter on the magnetic thrust for the SM and BM topology. Percentages represent a variation with respect to the reference case magnetic thrust value.

	modification	SM	BM
	increase in source diameter +19% +9%
	decrease in source diameter -16% -20%
	increase in source length	-3% -12%
	decrease in source length		

TABLE I .

 I Geometry of the CP700, CP1400, and CP2965 used for the 3D numerical simulations.

	Parameter	Value
	Substrate thickness	0.5 mm
	Substrate permittivity	4.5
	Cavity height	6 mm
	Aperture diameter d	2 mm (1 mm for the CP700)
	Antenna-to-aperture ratio d ant /d	0.5

TABLE II .

 II Solid dielectrics used for the calibration of the probes.

	Material	ε d	tan δ	References
	PTFE PMMA BN MACOR 5.7 2.1 2.7 1.5 ×10 -2 5 ×10 -3 4.4 2 ×10 -3 10 -2	Lide 27 and Beker-Jarvis et al. 28 Beker-Jarvis et al. 28 Levinshtein et al. 29 (extrapolation) Afsar and Button 30

TABLE III .

 III Summary of the considered uncertainties.

	Type	Origin	Notation	Value
	Systematic Statistical	VNA accuracy Uncertainty on the measured resonant frequency	σ VNA σ f	10 -1 MHz 2 × 10 -3 -10 -1 MHz
	Statistical	Error on the relative permittivity calculated with the calibration equation	σ α	2% (relative)
	Statistical Statistical	Error on the measured resonant frequency due to the temperature correction Uncertainty on the vacuum reference frequency	σ T σ f 0	0.02% (relative) 2 × 10 -1 MHz

TABLE IV .

 IV Estimation of error terms of the presented probes.

		f 0	BW 3 dB		σ f	σ T
	Probe	Type (MHz) (MHz) Q factor (MHz) (MHz)
	HPw44 CP700 O-type NA CP1400 O-type 1800 5000 780	100 3.5 2	50 200 900	0.1 0.002 0.02	⋯ ⋯ ⋯
	CP1400 T-type 1400	15	100	0.04	0.28
	CP2965 T-type 3000	56	60	0.06	0.6
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  . The temperature drift of the probe recorded

FIG. 17.

Measured sensitivity of the tested probes.

TABLE V .

 V α-coefficient and probe sensitivity for the presented CPs. O-type: 0.5 mmthick RO4003 substrate. T-type: 1.6 mm-thick FR4 substrate.

	Probe	Type	Coating	α	f 0 (MHz) (MHz/10 9 cm -3 ) K
	CP700	O	Bare copper	6.3	780	7.1
	CP700	O	BN spray	9.6	730	5.2
	CP1400	O	Bare copper	4.7 1830	3.8
	CP1400	O	BN spray	12.3 1730	1.75
	CP1400	T	Bare copper 11.1 1430	2.4
	CP2965	T	Bare copper	8	3010	1.5

TABLE VI .

 VI Frequency shifts and densities for the measured spectra in Fig.18(a). Measured reflectance spectra in presence of solid dielectrics of the FHR and the SHR for the CP700.

	ε p	Δf (MHz)	n e (cm -3 )
	0.88 0.5 0.22 0.02 -0.5	7 33 56 80 160	2.7 × 10 9 7.6 × 10 9 1.1 × 10 10 1.4 × 10 10 2 × 10 10

FIG. 19.

TABLE VII .

 VII Frequency shift of FHR and SHR of the CP700.

	Review of Scientific Instruments	ARTICLE	scitation.org/journal/rsi
	FIG. 20. Measured FHR and SHR reflectance spectra in presence of plasma for		
	the CP700.		
	Dielectric	FHR Δf (Δf /f 0 )	SHR Δf (Δf /f 0 )
	PTFE PMMA	-58 MHz (0.074) -82 MHz (0.105)	-95 MHz (0.055) -126 MHz (0.073)

  1, * Federico Boni, 2 Victor Désangles, 2 Julien Jarrige, 2 Denis Packan, 2 Eduardo Ahedo, 1 and Mario Merino 1 1 Equipo de Propulsion Espacial y Plasmas (EP2), Universidad Carlos III de Madrid, Leganés, Spain. † 2 DPHY, ONERA, Université Paris-Saclay, F-91123 Palaiseau, France ‡

TABLE I :

 I Comparison of performance figures and reproducibility of probe measurements of the conductive and dielectric thruster configurations at 30 W. Measurements indicated with * are taken at ρ = 26 cm from the backplate; the rest are taken at 16 cm.

  deg is not accessible with neither the experiments nor the chosen simulation domain. The experimental value of I b ( is 41.4 ± 4.2 mA, while 48.4, 43.0 and 37.1 mA are obtained for simulations with α t = 0.035, 0.05, and 0.08, respectively.

The B field is also called magnetic flux density.

1 mTorr is approximately 1.3 × 10 -3 mbar.

• Chapter 8 is the conclusion. It presents the main findings of this work and outlines the perspectives for future works.

Finite Element Method -ElectroMagnetic

In the UHF range the main source of losses of a coaxial line are the dielectric losses within the insulator.

We remind that Eq. 2.5 has been derived with the resonator slot completely immersed in vacuum (ϵ r = 1).

We remind that we refer to this quantity also as working or natural frequency.

Equivalent nitrogen pressure.

The temperature effects are presented in section 3.4.

The surface coating is not simulated.

We remind that in the numerical case this error is far below 0.1%.

The drift velocity is proportional to the external electric field through the mobility.

For instance, one of those used for the calibration procedure.

In the case of a plasma sheath, a given thickness can be obtained by combining a large electron density and a low electron temperature or vice versa.

The correction of a single density value takes a few ms.

Which are representative of the plasma encountered in the ECR thruster plume, as discussed later in the manuscript.

Where the subscript ⊥ indicates the direction perpendicular to the thruster symmetry axis.

The measurements have been obtained during the same thruster run with two CP700 in normal and parallel configuration.

Measurements have been performed with the M1-SM-radial thruster at 0.6, 1, and 1.5 SCCM-Xe with power ranging from 10 to 60 W (not shown here).

This value is not recorded for all the experimental campaigns.

The thruster signal is filtered using a centered rolling mean filter.

This number varies according to the different measurement campaigns performed.

That is the coupling used in this thesis.

Cf. section 6.3.

Accessible at http://www.bolsig.laplace.univ-tlse.fr.
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the radial direction (r-axis) gives the magnetic force that does not contribute to the total axial momentum. Indeed, the radial projection of Eq. 6.7 represents a loss of momentum across the plasma plume. Under the assumption of axisymmetric geometry, the axial and radial projections of Eq. 6.7 are: where n e (z, r) is the local electron density, and where B z (z, r) and B r (z, r) are the axial and radial components of the applied magnetic field. In this work, we have collected 2D maps of the electron density over the thruster source and plume (cf. section 5.7), and the magnetic field topology is also known (see section 5.1.4). Therefore, dF ′ z and dF ′ r can be computed in the whole probed domain, and their ratio can be used to extract information about the regions of the thruster where the electron-field interaction produces a contribution aligned with the thruster axis. dF ′ z > 0 corresponds to a force in the positive axial direction that contributes "positively" to the magnetic thrust, whereas dF ′ z < 0 corresponds to a force opposed to the thrust and slows down the thruster. dF ′ r > 0 corresponds to a force in the positive radial direction, meaning that it is directed outward from the thruster symmetry axis, whereas dF ′ r < 0 corresponds to a force directed inward, i.e., toward the thruster symmetry axis. Independently of the sign of dF ′ r , this force always cancels out because of the axisymmetry topology of the magnetic field, resulting in a zero net force along the radial direction. Figures 6.7a and 6.7b show the dF ′ z /|dF ′ r | ratio for the SM and BM case, respectively, at 1 SCCM-Xe and 32 W. The ratio can be either positive or negative. The denominator (dF ′ r ) is unsigned (in absolute value) so that the sign of the ratio is that of dF ′ z . When dF ′ z /|dF ′ r | > 1, the axial term is larger than the radial and contributes "positively" to the magnetic thrust. When 0 < dF ′ z /|dF ′ r | < 1, the axial term is smaller than the radial but still contributes "positively" to the magnetic thrust. Finally, when dF ′ z /|dF ′ r | < 0, the axial term points toward the negative z-axis and "slows down" the thruster (i.e., contributes negatively to the magnetic thrust). In the SM and BM case, the ratio is around two in the thruster source and the "central" cone of the plume (r ≲ 30 mm). When moving farther from the symmetry axis, the ratio increases to values as high as 10.

The regions where dF ′ z /|dF ′ r | ≃ 10 appear as two bands that delimit the "inner plume" from the "outer plume", where a variation of the behavior of the axial term occurs. Indeed, moving even farther from the symmetry axis, the axial term becomes smaller than the radial (ratio below one). Then, it is directed toward negative z (the ratio is negative). This region is colored in purple in Figs. 6.7a and 6.7b. In the BM case, the region that contributes negatively is larger than in the SM case, probably due to the stronger divergence of the former. These maps show that the electron density distribution in the magnetic nozzle will directly influence measurements of n e and T e collected with a Langmuir probe. (We remind that the authors considered p e,⊥ = p e,∥ .)

Here, p e (r, z) is modeled in the same way, meaning that it is expressed with two uncoupled functions along the radial (r-axis) and axial (z-axis) directions. However, in the previous section we have shown that p e,⊥ > p e,∥ , so, we will properly express the pressure term appearing in Eq. 6.13 as p e,⊥ (r, z) = p e0,⊥ f (r)g(z). p e0,⊥ is the perpendicular pressure value inside the source (the maximum pressure) reported in Tables 6.3 and 6.4 for the SM and BM topology, respectively. f (r) expresses the radial evolution of the perpendicular electron pressure and is proportional to f (r) ∼ p e,⊥ (z = z * , r) ∝ n e (z = z * , r)T e,⊥ (z = z * , z), with n e (z = z * , r) inferred from the 2D maps and T e,⊥ (z = z * , r) ∝ B(z = z * , r) following Eq. 6.5 (and assuming µ approximately constant over the whole (z, r) domain). g(z) expresses the axial evolution of the perpendicular electron pressure and is proportional to g(z) ∼ p e,⊥ (z, r = 0) ∝ n e (z, r = 0)T e,⊥ (z, r = 0), with n e (z, r = 0) inferred from the 2D maps and T e,⊥ (z, r = 0) ∝ B(z, r = 0) following Eq. 6.5. In the source, n e (z, r = 0) is technically zero because of the presence of the inner conductor. g(z) is then modeled as proportional to B(z, r = 0)/B 0 (with B 0 = 875 G). (It should be noted that measurements show n e (z, r = 0) ∼ B(z, r = 0) for almost all investigated conditions.)

The resulting dimensionless electron pressure radial profiles are shown in Fig. 6.20 for the SM topology at two positions inside the thruster: z = 0.1 cm inside the source and z = 10 cm inside the plume. The electron density mainly drives the profile shape: in the source, it presents a maximum at around 5 mm, and it rapidly decreases close to the source wall at r ≃ 13 mm (consistent with the maximum of density profile inferred from LIF measurement, as seen in Fig. 5.23a), whereas in the plume it is similar to a Gaussian profile with a smooth decrease when moving away from the thruster axis (consistent with the radial profiles measured in the plume, cf. Fig. 5.23b). It should be noted that the profile inside the source (orange line) is different from that used by Correyero et al. [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF] to estimate the perpendicular pressure inside the source from measurements of the magnetic flux. They assumed two profiles in their analysis: a Gaussian and a polynomial distribution, with the latter being almost flat between r = 0 and 10 mm and then decreasing to zero at the wall. This may also be considered a source of the discrepancy (discussed at the end of section 6.4.1) between their results and those obtained in this work in terms of electron pressure in the source.

. Qualitative estimation of electron anisotropy

The combined analysis of the direct thrust measurements and the 2D electron density maps presented in section 6.4.1 enables the perpendicular and parallel terms of the electron properties inside the source (energy, temperature, and pressure) to be separately quantified. However, measuring the electron density spatial distribution for many operating conditions (power/flowrate) is generally more timeconsuming than performing direct thrust measurements for the same number of operating conditions. Last, the analysis in section 6.4.1 is performed at constant power.

In this section, we will provide a qualitative estimation of the electron anisotropy uniquely using the direct magnetic and thermal thrust measurements presented in section 6.2.1. This enables information about electron anisotropy to be inferred for many operating conditions, especially providing insights when changing the power. The mathematical formalism given at the beginning of section 6.4.1 is simplified through additional assumptions discussed below.

In axisymmetric geometry, the magnetic thrust in Eq. 6.8 is expressed as:

where μsource is the average magnetic moment of electrons in the source, ne,source is the average electron density in the source, and where L source = 20 mm and r source are the source length and radius, respectively. This simplification is possible if we assume that (i) the magnetic thrust is mainly produced in the thruster source and (ii) the electron density is almost uniform in the thruster source. The first assumption is justified by the fact that electron density is very high in the source and dramatically decreases in the expansion region (see Fig. 6.15). Also, it can be supported by the results of the combined analysis. The latter shows that up to 70% (depending on the magnetic topology and operating condition) of the magnetic thrust is produced inside the source (see Fig. 6.8). The second assumption is globally roughly verified, with the largest variations of the density value around a factor between 2 and 3, as seen for example in Figs. 6.10, 6.11b, or 6.13b. Furthermore, the product outside the integral in Eq. 6.14 can be written as μsource ne,source = T e0,⊥ /B 0 ne,source using Eq. 6.5, where T e0,⊥ is the average perpendicular electron temperature in the source, and B 0 = 875 G is the magnetic field intensity at the ECR region. The thermal thrust can be expressed as in Eq. 6.11.

Then, the ratio of the magnetic to thermal thrust can be written as:

where the average parallel electron temperature (T e0,∥ ) is found using the ideal gas law with ne,source .

A -Definition of the 2D spiral resonator

The 2D spiral resonator geometry is an Archimedean spiral connected to a circular aperture. The general equation of an Archimedean spiral in polar coordinates (r, θ) is: r = a + bθ,

where a is the initial spiral radius and 2πb is the distance between each spiral arm. Here, Cartesian coordinates are used instead, with the equations defining the geometry being summarized below and in The points A, A ′ and B, B ′ have the following coordinates:

where θ * = arctan w d . P 1 and P 2 are the inner and outer lines defining the Archimedean spiral:

where we have defined

that describe the spiral median line, and

where a i is the spiral starting radius (defined in section 2.3 and given in Table 2.2 for the studied probes) and b 2 = gap+w 2π (gap, we recall, is the distance between the spiral branches). θ ∈ [θ 0 , θ f ] is the angular distance swept by the spiral, with θ f = 2πn, where n is the number of turns of the spiral (defined in section 2.3).

The spiral geometry of the resonator is found by solving numerically Eqs. A.3 through A.6 to find the initial angle for the inner and outer Archimedean lines, viz. θ 0,1 for P 1 and θ 0,2 for P 2 . The initial parameters defining the spiral are (i) the aperture diameter (d), (ii) the width-to-aperture ratio (w/d), (iii) the antenna-toaperture ratio (d ant /d), (iv) the number of turns (n), (v) the initial and ending spiral radii, (a i and a f ). Finally, the length of the spiral resonator is computed with:

where r = a + bθ is defined in Eq. A.1, and where a = a i is the spiral initial radius and 2πb =

is the distance between the spiral branches. Indeed, these initial parameters can be varied to tune the 2D resonance frequency (Eq 2.5), from which the 3D working resonance frequency can be estimated (as described in section 2.3).

C -Curling probe sensitivity to a dielectric layer

This appendix is an excursus on the curling probe capability to probe a medium millimeters away from its surface (described in section 4.3). Here, we present a concise comparative study between the experimental work of Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF] and our results. In detail, they aimed at using the curling probe to monitor the dielectric deposited layer on the reactor wall during plasma processing.

Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF] simulated the frequency response of a curling probe to a dielectric layer on its surface using 3D FDTD simulations. The vacuum working frequency of their curling probe is f 0 ≃ 870 MHz, and the dielectric layer has a relative permittivity of 3.5 and a thickness ranging from 0 to 400 µm. The authors found the frequency shift to vary almost linearly with thicknesses in the range 0 -200 µm with a linear slope of 0.22 MHz•µm -1 (cf. Figs. 4 and5 in ref. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]). This corresponds to a frequency shift of 2.2 MHz for a dielectric thickness of 10 µm. Furthermore, they have reported experimental values around 0.14 MHz•µm -1 for a carbon layer with a thickness in the range 2 -20 µm.

We have performed this kind of measurement with a CP700 (f 0 ≃ 780 MHz which is close to that in ref. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]), and with a PTFE dielectric layer (permittivity of 2.1), especially chosen for its easy machinability. We have placed different PTFE samples in contact with the probe surface, with thicknesses ranging from approximately 0.12 to 2 mm.

The results are shown in Fig. C.1, where the x-axis is the dielectric layer thickness, and the y-axis is the measured frequency shift. The vertical error bars are omitted because they are smaller than the symbol size (of a few percent), whereas the horizontal error bars are included, with the highest incertitude being around 30%. On the one hand, the frequency shift is linear with the thickness for values below 300 µm, with a slope of approximately 0.24 MHz•µm -1 (cf. the solid blue line in the figure), consistent with what is found in ref. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF]. On the other hand, the behavior seems to significantly deviate from the linear for layer thicknesses larger than 0.5 mm.
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ABSTRACT

The measurement of electron density is a key issue in understanding and controlling plasma applications. To date, plasma density in electric thrusters has been mainly evaluated with electrostatic techniques, such as the Langmuir probe, which could be quite invasive. In this paper, we propose the application of a microwave resonant probe, the curling probe, to the diagnostic of an electrodeless plasma thruster. The measurable electron density range and the probe accuracy are found to be limited by the probe natural frequency. We present the numerical study and the experimental characterization of three curling probes with different natural frequencies (700, 1400, and 3000 MHz, approximately). First, an analytical equation of the natural frequency as a function of geometrical parameters is drawn from 2D numerical simulations. Then, a procedure based on solid dielectric etalons is proposed for the absolute calibration of the probe. Finally, measurements are performed in the plume of an electron cyclotron resonance plasma thruster. Electron densities from 10 8 to 10 11 cm -3 have been obtained in agreement with hairpin and Langmuir probes results. A wall-embedded probe has enabled measurements inside the thruster source with minimal plasma perturbation. A possible curling probe configuration, embedded in a reactor wall, is proposed as a fully non-invasive diagnostic for plasma sources.
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This [22] globally gave lower values of the magnetic thrust contribution, but the magnetic topology was different and the thruster use argon as propellant gas. When increasing the magnetic field, it was shown that the magnetic thrust can be more than half of total thrust.

The comparison of magnetic and thermal thrust contributions can give insight into the electron energy anisotropy in the source of the ECR thruster. The qualitative estimation of the electron anisotropy is derived using a particle approach to describe the magnetic thrust and a fluid approach to describe the thermal thrust.

The diamagnetic force originates from the interaction between the electron diamagnetic current and the external applied magnetic field. It is then the integral of the µ • ∇ -→ B force on all electrons in the control volume [25,26]. Using a particle approach and assuming an axisymmetric expanding plasma in a monotonically divergent magnetic field, the magnetic force is written as where µ is the mean value of the electron magnetic moment, n e is the electron density, and ∂B z ∂z is the magnetic field axial gradient. r p (z) is equal to the source radius ( r S ) inside the source, whereas it is the coordinate of the MDML inside the plume. The MDML (as termed in Ref. [27]) is the most divergent magnetic line that intersects the outer conductor at ( z = L S , r = r S ), where L S is the source length. The electron magnetic moment is an adiabatic invariant and is defined as [25] where m e is the electron mass, u e,⊥ is the component perpendicular to the magnetic line of the electron velocity, and E e,⊥ is the corresponding perpendicular electron kinetic energy.

The thermal thrust contribution is written using the fluid model approach in an axisymmetric expanding plasma [6] as where p e0, is the electron pressure parallel to the thrust axis. As indicated by Taka- hashi et al. [6], the thermal thrust is produced at the plane of maximum electron pressure. In this work, the latter coincides with the backwall plane (i.e., z = 0 ). Under the assumption of uniform radial distribution of electron pressure in the source, the thermal thrust can be expressed as:

where A S is the cross-section of the coaxial cavity. As the electron density is high in the source and dramatically drops in the expansion region [28], one can assume that T B is mainly produced in the source. Further analysis that 
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