Federico Boni 
email: federico.boni@onera.fr
  
Julien Jarrige 
email: julien.jarrige@onera.fr
  
Victor Désangles 
email: victor.desangles@onera.fr
  
  
Plasma expansion and electron properties in a magnetic nozzle electrode-less thruster IEPC

In this study, an experimental characterization of an ECR magnetic nozzle thruster has been carried out for two different magnetic field topologies. 2D maps of the electron density have been performed both in the source and plume of the thruster. Moreover, both the magnetic and thermal contributions to the total thrust have been measured. The coupled analysis of the 2D spatial distribution of the electron density and the two thrust components allows to estimate the plasma properties inside the source. Results show an electron density of a few 10 11 cm -3 and electron temperatures up to a few dozens of eV. Furthermore, the plasma expansion in the plume is compared with analytical models. Isothermal expansion seems to adequately capture electron density measurements on the plume axis (despite the observed electron cooling), whereas plasma expansion deviates from the isothermal model at the boundary of the magnetic nozzle (away from the axis).

Nomenclature

𝛾

= polytropic index 𝜖 0 , 𝜖 𝑟 , 𝜖 𝑝 = free space, relative, and plasma permittivity 𝜆 0 = transition wavelength, m 𝜇 = electron magnetic moment, Nm•G -1 𝜈 0 , 𝜈 𝐿 = transition and Doppler shifted frequency, Hz 𝜑 𝑝 = plasma potential, V 𝑓 , 𝑓 0 , 𝑓 𝑝 , 𝑓 𝑟 = microwave, natural, plasma, and in presence of a probed medium frequency, Hz 𝑘 𝐵 = Boltzmann constant, J•K -1 𝑚 = flowrate, kg•s -1 𝑚 𝑒 , 𝑚 𝑖 = electron and ion mass, kg 𝑛 𝑒 , 𝑛 𝑖 = electron and ion density, m -3 𝑝 𝑒 = electron pressure, Pa 𝑟, 𝑧 = cylindrical coordinates, m 𝑢 𝑖 = ion velocity, m•s -1 𝑣 𝑒 = electron velocity, m•s -1 𝐵 = magnetic field, G 𝐸 𝑒 , 𝐸 𝑖 = electron and ion energy, eV 𝑇 𝑒 = electron temperature, eV 𝑇 𝑇 , 𝑇 𝐵 , 𝑇 𝑆 = total, magnetic, and thermal thrusts, N

I. Introduction

The diagnosis of plasma parameters, such as the electron density and temperature, is a key issue in understanding and modeling electric propulsion systems. Electron dynamics seems to be crucial to the physical comprehension of the different mechanisms involved in the thrust production of magnetic nozzle (MN) thrusters. Recent works, both numerical [START_REF] Porto | Full-PIC Simulation of an ECR Plasma Thruster with Magnetic Nozzle[END_REF][START_REF] Sánchez-Villar | Coupled plasma transport and electromagnetic wave simulation of an ECR thruster[END_REF][START_REF] Hu | Kinetic insights into thrust generation and electron transport in a magnetic nozzle[END_REF] and experimental [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF][START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF][START_REF] Hepner | Wave-driven non-classical electron transport in a low temperature magnetically expanding plasma[END_REF][START_REF] Wachs | Background pressure effects on ion dynamics in a low-power magnetic nozzle thruster[END_REF] have contributed to shed light over the functioning principle of MN thrusters. In particular, the experimental efforts conducted so far have given access to the plasma parameters (i.e., 𝑛 𝑒 , 𝑇 𝑒 , 𝑢 𝑖 , and 𝜑 𝑝 ) in the magnetic nozzle, through the implementation of different plasma diagnostics -suchlike electrostatic probes or spectroscopy methods. However, the majority of the experimental studies have been limited to the magnetic nozzle up to some cm downstream the plasma source. In addition, none to little study has investigated the thruster source. Indeed, the discharge region is estimated to be characterized by large densities and temperatures (up to several 10 11 cm -3 and dozens of eV, respectively) challenging the implementation of classical electrostatic probes -e.g. the Langmuir probe. On the other hand, numerical studies and analytical models [START_REF] Lafleur | Electron dynamics and ion acceleration in expanding-plasma thrusters[END_REF][START_REF] Cannat | Optimization of a coaxial electron cyclotron resonance plasma thruster with an analytical model[END_REF] have shown that the reservoir conditions, i.e., inside the thruster source, can be used to determine thruster performances.

To date, electron density is mostly measured with electrostatic probes such as Langmuir probes or with spectroscopy methods. The former, though giving access to a large range of densities, can be quite intrusive, especially in the near field of a plasma thruster. The latter is non-intrusive but is time-demanding in terms of acquisition periods for low densities plasmas and needs complex optical benches. Here, the electron density is mostly measured with a new type of resonant probe: a curling probe, firstly proposed in 2011 [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] and then later investigated both numerically [START_REF] Arshadi | Analytical investigation into the resonance frequencies of a curling probe[END_REF] and experimentally [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], mostly in reactive discharges for plasma processing applications. Recently [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 the interest and the capabilities of the curling probe applied to electric plasma thrusters.

In this work, an experimental investigation on a electron cyclotron resonance (ECR) electrode-less magnetic nozzle thruster has been carried out. Different plasma diagnostics have been implemented to characterize the ECR thruster for different operating conditions (in terms of power deposited in the plasma and gas flowrate). The measurement of the electron density spatial distribution in all the plasma volume (i.e., the source and the plume) coupled with the magnetic contribution to the total thrust allows to estimate plasma properties in the source, such as the electron magnetic moment, perpendicular pressure and energy. Moreover, the 2D density maps allow to further investigate the plasma expansion.

II. Methods and apparatus

A. The ECR electrode-less thruster

The investigation is carried out on the ECR thruster version developed at ONERA [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF][START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF][START_REF] Lafleur | Electron dynamics and ion acceleration in expanding-plasma thrusters[END_REF][START_REF] Cannat | Optimization of a coaxial electron cyclotron resonance plasma thruster with an analytical model[END_REF][START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF][START_REF] Peterschmitt | Impact of the microwave coupling structure on an electron-cyclotron resonance thruster[END_REF] since 2010: an electrode-less thruster 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 thruster consists of a 20 mm-long coaxial ionization chamber of 13.75 mm and 1.15 mm outer and inner radii (cf. Fig. 1a). The inner and outer conductors are made of metal and are connected to a coaxial microwave feed line. A boron nitride (BN) backplate -transparent to microwave power -is located at 𝑧 = 0 mm. The magnetic field is provided by an annular permanent magnet placed at the back of the source, with a magnetic field intensity of 875 G at the ECR region, corresponding to an electron cyclotron frequency of 2.45 GHz. The thruster is powered by a Microwave Amps Ltd power amplifier driven by a VAUNIX LMS-402D signal generator. The forward and reflected power, to and from the thruster, are measured with two LB478A (LadyBug Technologies) power sensors and directional couplers. Power losses through the feeding line are measured prior to the measurement campaigns, so that the deposited power in the plasma can be computed. The thruster is operated at 2.45 GHz with a deposited power in the plasma around 30 W, and it is fed with xenon at flowrates ranging from 0.1 to 0.2 mg•s -1 . During operations, the thruster body is electrically floating, so that the plasma plume remains current-free.

The values of the thruster potential vary from around 50 to 180 V.

In this work, the results obtained with two different magnetic field topologies, named SM and BM in Fig. 1a, are compared. The SM topology is a samarium-cobalt magnet, whereas the BM is a neodymium magnet.

The two topologies mainly differ by the divergence of the magnetic nozzle (cf. the magnetic streamlines in Fig. 1a), whereas the position of the ECR region is very similar (cf. the red and blue colored regions in the figure). The position of the ECR region is defined with a magnetic field intensity ranging from approximately 860 to 890 G. This range is estimated considering the Doppler-Fizeau frequency shift for a 30 eV pendular electron traveling at its thermal velocity while heated with a microwave field at 2.45 GHz. Therefore, the ECR region is located between 3 and 3.8 mm, and between 1.8 and 2.7 mm, for the SM and BM topology, respectively. Furthermore, the more divergent field of the BM topology results in a steeper gradient along the 𝑧-axis compared to the SM. 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 higher than that of the SM topology. 

B. Plasma diagnostics

We describe here the different plasma diagnostics that have been implemented for the characterization of the electron properties and plasma expansion of the studied ECR thruster. As mentioned in the introduction, the plasma density in both the source and the plume of the thruster has been measured. The data points have been taken on a non-uniform Cartesian grid. Moreover, Langmuir probe measurements of the plasma potential and electron temperature have been performed. Direct thrust measurements of the magnetic and thermal contributions to the total thrust have also been performed (the details of this experimental setup are provided in ref. [START_REF] Boni | Experimental characterization of thrust production mechanisms in a magnetic nozzle ECR thruster[END_REF]). The sections are organized by diagnostic.

Microwave resonant probe

2D maps of the electron density inside the ECR thruster plume have been performed using a microwave resonant probe. The 2D maps span from the very near field to the far field of the plasma plume, i.e., 26 ≤ 𝑧 ≤ 220 mm along the axial direction (𝑧-axis in Fig. 1b) and -85 ≤ 𝑟 ≤ 85 mm along the radial direction (𝑟-axis in the figure), resulting in a total mapped surface of approximately 330 cm 2 .

The used probe is a curling probe, firstly proposed by Liang et al. [START_REF] Liang | Modeling microwave resonance of curling probe for density measurements in reactive plasmas[END_REF] and then applied by Hotta et al. [START_REF] Hotta | Real-time curling probe monitoring of dielectric layer deposited on plasma chamber wall[END_REF] and 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] inside reactive plasmas. In our previous paper [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 the interests and capabilities of this diagnostic for electric propulsion applications. In particular, we have shown that it is well suited to perform measurements over a wide range of electron densities and over the whole thruster plume. Indeed, the curling probe can be used in the very near field of the thruster (i.e., a few mm downstream the exit section), at locations where the interpretation of Langmuir probe results is less straightforward, due to strong plasma perturbation and probe damaging.

Principle of the microwave resonant curling probe. The probe is characterized by its own natural resonance frequency (i.e., in vacuum), identified by the minimum of the power reflection coefficient spectrum (black solid line) shown in Fig. 2a. The resonance frequency depends upon the permittivity of the probed medium: in the case of a lossy-dielectric medium (𝜖 𝑟 > 1) the resonance shifts towards lower frequencies, whereas it shifts towards larger values in the presence of a plasma with a permittivity 𝜖 𝑝 < 1 (cf. the red and blue spectra shown on the figure). From the measured frequency shift we can ultimately infer the electron density number (Eq. 1) since the plasma permittivity depends on the density as 𝜖 𝑝 = 1 -𝑓 𝑝 / 𝑓 2 , where 𝑓 𝑝 ∝ √ 𝑛 𝑒 is the plasma frequency (with 𝑛 𝑒 the electron density)

and 𝑓 is the exciting microwave frequency.

𝑛 𝑒 = 4𝜋 2 𝑚 𝑒 𝜖 0 𝑒 2 (1 + 𝛼) 𝑓 2 𝑟 -𝑓 2 0 , (1) 
where 𝑚 𝑒 and 𝑒 are the electron mass and charge, 𝜖 0 is the permittivity of free space, 𝛼 is the probe calibration-coefficient, and where 𝑓 0 and 𝑓 𝑟 are the vacuum (reference) and in the presence of plasma resonance frequencies, respectively. The 𝛼-calibration coefficient is determined through an absolute calibration method [START_REF] Boni | The curling probe: A numerical and experimental study. Application to the electron density measurements in an ECR plasma thruster[END_REF] which allows to infer the electron density number without the a priori knowledge of the plasma conditions and is independent of numerical simulations. Moreover, curling probe density measurements are corrected for the presence of the plasma sheath through a method that takes as inputs the raw density (i.e., perturbed by the plasma sheath presence), and a rough estimation of the electron temperature and ion energy [START_REF] Boni | A numerical and experimental study of the curling probe: application to electron density measurements in ECR and ICP plasma sources[END_REF]. Further details on the curling probe diagnostic, the derivation of the equations used to obtain the density number, and the uncertainty estimation can be found in 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]. The employed curling probe -of 10 mm in diameter and named CP700 in 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] -is shown on Fig. 2b. The probe consists of a 106 mm-long spiral copper resonator etched on a dielectric substrate of 0.5 mm in thickness. The spiral resonator is excited through a central monopole antenna (visible in the figure). The whole is mounted on a SMA-connector (SubMiniature version A), allowing a direct connection with the feeding microwave source: a vector network analyzer (VNA Rohde & Schwarz ZNB20©) which operates as a microwave source and measuring port simultaneously and ensures high accuracy measurements. The VNA is driven by a remote computer on which the measured reflectance spectrum are recorded.

This specific curling probe has been chosen for two reasons: (i) because of its high accuracy and precision even in plasmas with a low density, and (ii) because it has a large measurable density range (from a few 10 7 to 10 11 cm -3 which is the expected variation across the whole probed volume). Moreover, the probe surface is coated with a BN spray, enhancing the resistance to probe damaging and heating due to the impinging flux.

Laser Induced Fluorescence method

Even if well suited to perform 2D mappings of the ECR thruster plume, the implementation of the curling probe diagnostic inside the thruster source is less straightforward. This is especially true if one desires accurate space-resolved profiles of the density in a plasma volume comparable to the probe dimension (the thruster source is a cylindrical cavity 20 mm long and of approximately 26 mm in diameter whereas the probe is about 10 mm in diameter). Therefore, laser induced fluorescence (LIF) measurements inside the thruster source have been performed, and the electron density has been inferred from the measured density under certain assumptions briefly discussed later.

LIF scheme. We have used the LIF scheme of the metastable state 5p 4 ( 3 P 2 ) 5d of the Xe + ion at 834.955 nm (in vacuum). In this scheme, the laser pumps the metastable state to a higher energy state and the fluorescence signal, resulting from the radiative decay to a third state, is collected at 541.915 nm. More details about this scheme 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].

Laser optical bench and acquisition system. The laser source is a SDL-TC10 external cavity tunable diode laser centered at 834.7 nm. The optics setup is shown on Fig. 3a and is very similar to that described in ref [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF]. In our case the setup is modified by adding a BoosTA pro Semiconductor Laser Amplifier (TOPTICA). This allows to vary the laser power between 1 and 3 mW at the measurement point. Laser injection and detection are focused to obtain a measurement spatial resolution of around 1 mm.

As shown on Fig. 1b, the 2D maps cover the entire volume of the thruster source and in the very near field of the plasma plume (20 ≤ 𝑧 ≤ 30 mm and -40 ≤ 𝑟 ≤ 40 mm), resulting in a total mapped surface of approximately 9 cm 2 (that is ≃ 1/40 of the surface mapped with the curling probe).

In this work, measurements are performed with a typical frequency span up to 18 GHz, allowing measurements of ions with a velocity up to approximately 15 km•s -1 (i.e., corresponding to ion kinetic energies up to 150 eV). Ion velocity and density. The measurement of the ion velocity distribution is based on the Doppler 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 0 -𝜈 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, and its integral is proportional to the ion density in the probed volume as

𝑛 𝑖,𝑚 ∝ ∫ 𝑢 ′ =+∞ 𝑢 ′ =-∞ 𝑓 (𝑢 ′ )𝑑𝑢 ′ , (2) 
where 𝑛 𝑖,𝑚 is the density of the probed metastable ion population.

The density of the ground-state ion population (𝑛 𝑖 ) is inferred from the measured metastable density (𝑛 𝑖,𝑚 ) considering 𝑛 𝑖 ∝ 𝑛 𝑖,𝑚 . This is the case if we consider the two populations at thermal equilibrium. Their density ratio is then expressed with a Boltzmann-type law (𝑛 𝑖,𝑚 /𝑛 𝑖 ∝ exp (𝐸 * /𝑇 𝑒 )) and varies from 75 to 85 % for electron temperatures between 30 and 50 eV. Lastly, the spatial distribution of the electron density can be directly inferred from LIF measurements, under the assumption of quasi-neutral plasma. The obtained normalized plasma density profiles are properly scaled to their absolute value using electron density values measured with the curling probe in the superposition region (26 ≤ 𝑧 ≤ 30 mm).

Broadening of the distributions due to Zeeman splitting has been observed inside the source (presence of magnetic fields as high as 900 G). The broadening effect on the integrals is evaluated through a numerical analysis, whose result is shown on Fig. 3b. The figure shows a Gaussian distribution (with a temperature of 300 K and zero-mean velocity) and its broadened due to Zeeman splitting (with 𝐵 = 700 G). As seen on the figure, the total integral converges to the same value. The broadening due to Zeeman splitting is computed considering the emission lines from the transition of the adopted LIF scheme. An example of a measured LIF signal presenting Zeeman splitting is shown on Fig. 4a (cf. orange solid line in the figure). The figure shows a measurement performed inside the thruster source at (𝑧 = 10, 𝑟 = 5) mm where the magnetic field is approximately 700 G. The figure also shows the reference discharge signal (of quasi-immobile ion population) used to accurately determine the ion velocity from the signal collected inside the thruster. A more accurate description of this discharge is given in ref. [START_REF] Jarrige | Investigation on the ion velocity distribution in the magnetic nozzle of an ECR plasma thruster using LIF measurements[END_REF].

Finally, it is noteworthy to mention that a good agreement is found between the LIF and curling probe density measurements, as shown on Fig. 4b. The electron density profiles inferred from LIF measurements at 20 and 32 W (blue and red symbols, respectively) are obtained within the assumptions described in the above. The curling probe density is obtained from an in-situ measurement performed with the probe flush-mounted inside the thruster outer conductor wall [START_REF] Boni | The curling probe: A numerical and experimental study. Application to the electron density measurements in an ECR plasma thruster[END_REF]. In this case the thruster is operated at 27 W. 

Langmuir probe

Electron temperatures and plasma potential measurements have also been performed in the magnetic nozzle with a Langmuir probe. Nonetheless, its application is limited to the far field of the plasma plume, i.e., 𝑧 ≥ 70 mm, due to strong plasma perturbation and probe damaging when closer to the thruster. Moreover, the signal quality steeply reduces outside of the thruster symmetry axis (i.e., |𝑟 | > 0).

The probe 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 -80 to a maximum of +250 V, depending on the probe distance to the thruster. The collected current is measured through a shunt resistance, whose value is adjusted according to the amount of current between 6 and 20 k . Data are post-processed using the Druyvesteyn method [START_REF] Druyvesteyn | The mechanism of electrical discharges in gases of low pressure[END_REF] and OML theory. Low discrepancy in the results is obtained from the two post-processing methods. The uncertainties are estimated as detailed in ref. [START_REF] Lobbia | Recommended practice for use of langmuir probes in electric propulsion testing[END_REF]. The Langmuir probe signals (i.e., collected current and sweeping biasing voltage) are recorded with a National Instruments DAQ board (NI BNC-2110).

C. Vacuum setup

The characterization of the thruster is carried out in the ONERA-B09 vacuum chamber facility: a cylindrical vessel of 2 m in length and 0.8 m in diameter. The secondary pumping system 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 2 × 10 -7 mbar-N 2 . The typical pressure when injecting 0.1 mg•s -1 of xenon is around 3.4 × 10 -6 mbar-N 2 . The mass flowrate fed to the thruster is controlled with a Bronkhorst "EL-FLOW" regulator (0.4 mg•s -1 full range) calibrated for xenon.

The plasma diagnostics are mounted on a translational stage with two degrees of freedom, allowing the displacement in the 𝑧 -𝑟 plane of the thruster (cf. Figs. 1a and1b). We note that the measurements with the three diagnostics -curling probe, LIF, and Langmuir probe -are not simultaneous. This minimizes plasma perturbations which have been seen to noticeably increase if too many objects are inserted in the near-thruster environment. The good repeatability of plasma thruster properties (ignition-to-ignition) allows the comparison of the results obtained during separate measurements.

D. Coupled analysis of the magnetic thrust contribution and electron density maps

The electron properties in the source of the ECR thruster are estimated through a coupled analysis between the electron density spatial distribution over all the probed plasma volume of the thruster and the magnetic and thermal contributions to the total thrust. Indeed, the total thrust of the ECR thruster can be expressed as the sum of two contributions, viz. the magnetic and the thermal (𝑇 𝑇 = 𝑇 𝐵 + 𝑇 𝑆 , where 𝑇 𝑇 , 𝑇 𝐵 , and 𝑇 𝑆 are the total, magnetic and thermal thrusts, respectively). On the one hand, 𝑇 𝐵 is generated from the interaction between the expanding plasma and the magnetic nozzle and can represent the major contribution [START_REF] Boni | Experimental characterization of thrust production mechanisms in a magnetic nozzle ECR thruster[END_REF]. It is a volume force that applies on the permanent magnet of the thruster. On the other hand, 𝑇 𝑆 is generated from the thermal expansion of electrons and is proportional to the electron pressure gradient. It is a surface force that applies on the solid surfaces delimiting the thruster, viz. the source walls.

Direct separate measurements of the two contributions have been performed, by adapting the ONERA milli-newton thrust balance [START_REF] Vialis | Direct thrust measurement of an electron cyclotron resonance plasma thruster[END_REF] to measure separately either the thermal (pressure) or magnetic thrust. The experimental setup is detailed in ref. [START_REF] Boni | Experimental characterization of thrust production mechanisms in a magnetic nozzle ECR thruster[END_REF].

Electron magnetic moment

The magnetic thrust is a volume force that is generated from the interaction between the magnetized electrons -characterized by a microscopic magnetic moment 𝜇 -and the external magnetic field of the permanent magnet. The magnetic moment of an electron orbiting around a magnetic line is [23] 

𝜇 = 1 2 𝑚 𝑒 𝑣 2 𝑒,⊥ 𝐵 = 𝐸 𝑒,⊥ 𝐵 , (3) 
where 𝑚 𝑒 is the electron mass, 𝑣 𝑒,⊥ is its velocity (tangent to the orbital motion path), and where 𝐸 𝑒,⊥ is the corresponding kinetic energy. The magnetic moment of a charged particle in a magnetic field is an adiabatic invariant, i.e., 𝜇 = const. Using the mathematical formalism provided in refs. [23,[START_REF] Jackson | Classical Electrodynamics[END_REF] and considering the magnetic moment as weakly-varying across the whole plasma volume, the resulting axial force from the magnetic interaction between the electrons and the external magnetic field can be approximated as

𝑇 𝐵 ≈ ⟨𝜇⟩ ∫ 𝑧=𝑧 𝑓 𝑧=0 ∫ 𝑟 𝑝 (𝑧) 0 𝑛 𝑒 (𝑧, 𝑟) 𝜕𝐵 𝑧 𝜕𝑧 (𝑧, 𝑟) 2𝜋𝑟 𝑑𝑟 𝑑𝑧, (4) 
where 𝑧 𝑓 a is the downstream end of the magnetic nozzle, 𝑟 𝑝 (𝑧) is the coordinate of the MDML (cf. Fig. 1b). Therefore, an estimation of ⟨𝜇⟩ can be calculated if the electron density, the magnetic field, and the magnetic thrust are known in the considered plasma volume.

Electron properties derived from the magnetic moment

Some electron properties inside the source can be derived from the average value of the magnetic moment. The average perpendicular electron energy at the resonance condition (𝐸 𝑒0,⊥ ) is calculated with Eq. 3 using ⟨𝜇⟩ and 𝐵(𝑧 0 ) = 𝐵 0 = 875 G.

Assuming that the motion both in the perpendicular and parallel direction to the magnetic field is described by Maxwellian energy distribution functions, we can then introduce the notion of perpendicular and parallel electron temperatures [START_REF] Chen | Introduction to Plasma Physics and Controlled Fusion[END_REF]. In this case, the average kinetic energy is 𝐸 𝑎𝑣 = 1 2 𝑘 𝐵 𝑇 in each direction. Hence, 𝐸 𝑒0,⊥ = 𝑘 𝐵 𝑇 𝑒0,⊥ since there are 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 from the 2D maps).

Following the fluid model definition of the thermal thrust in ref. [START_REF] Takahashi | Electron diamagnetic effect on axial force in an expanding plasma: Experiments and theory[END_REF], and under the assumption that the parallel pressure profile along the radial direction (𝑟-axis) is reasonably uniform, then the parallel electron temperature can be approximated as

𝑝 𝑒0, ∥ ≈ 𝑇 𝑆 𝐴 𝑠 , (5) 
where 𝐴 𝑠 = 𝜋𝑟 2 𝑠 is the cross-section of the thruster coaxial cavity. Then, the parallel electron temperature (𝑇 𝑒0, ∥ ) is obtained using the ideal gas law.

a We note that in this work 𝑧 𝑓 = 220 mm (i.e., the farthest measured density data point) whereas in the ideal case 𝑧 𝑓 → +∞.

Finally, the isotropic-equivalent temperature and pressure at the resonance region are calculated as,

𝑇 𝑒0 = 2 3 𝑇 𝑒0,⊥ + 1 3 𝑇 𝑒0, ∥ , 𝑝 𝑒0 = 2 3 𝑝 𝑒0,⊥ + 1 3 𝑝 𝑒0, ∥ . (6) 
𝑇 𝑒0 and 𝑝 𝑒0 are considered as "reservoir initial conditions" and are used in the analysis of the plasma expansion.

Analytical models for the plasma expansion in the magnetic nozzle

The measured density profiles are compared with both isothermal (Eq.7) and polytropic (Eq. 8) expansion models. The equations are derived considering electrons as a fluid and by combining the momentum conservation equation and the ideal gas law.

𝑛 𝑒 𝑛 𝑒0 (𝑧) = exp 𝑒 𝜑 𝑝 (𝑧) -Φ 0 𝑘 𝐵 𝑇 𝑒0 , (7) 
𝑛 𝑒 𝑛 𝑒0

(𝑧)

𝛾-1 = 1 + 𝛾 -1 𝛾 𝑒 𝜑 𝑝 (𝑧) -Φ 0 𝑘 𝐵 𝑇 𝑒0 , (8) 
where 𝑛 𝑒0 and 𝑇 𝑒0 are the "reservoir" electron density and temperature, 𝜑 𝑝 (𝑧) and Φ 0 = 𝜑 𝑝 (𝑧 0 ) are the plasma potential profile and its reservoir value, and where 𝛾 ∈ (1, 5/3] is the polytropic index.

The reservoir plasma potential (Φ 0 ) is estimated considering the conservation of the ion total energy coupled with measurements of the ion total energy b far downstream the thruster. The plasma potential profile is obtained as a combination of the LIF and Langmuir probe measurements. In the case of the LIF measurements the plasma potential can be inferred from the velocity profile using 𝜑 𝑝 (𝑧) = Φ 0 -1 2𝑒 𝑚 𝑖 𝑢 2 𝑖,𝑧 . Generally, good consistency between the two diagnostics is obtained.

The polytropic index is estimated from the experimental data by taking the slope of the log (𝑇 𝑒 ) vs. log (𝑛 𝑒 ) curve. While both the isothermal and polytropic models allow to describe the plasma dynamics inside the magnetic nozzle and to deal with a more tractable set of equations, they lack of firm physical foundation. Indeed, the former leads to an unphysical potential drop and ion energy [START_REF] Lafleur | Electron dynamics and ion acceleration in expanding-plasma thrusters[END_REF] (thus an infinite thrust), whereas the latter rests on a fit returning an expansion coefficient bounded between the isothermal and adiabatic case.

III. Results

The ECR thruster has been operated at three different xenon flowrates (0.1, 0.15, and 0.2 mg•s -1 ) with a power deposited in the plasma around 32 W, with both the SM and BM magnetic field topology. For each operating condition the direct magnetic and thermal thrusts have been measured as well as 2D maps of the electron density.

The magnetic thrust decreases from 0.41 to 0.36 mN and from 0.4 to 0.23 mN when increasing the flowrate in the SM and BM topology, respectively. On the contrary, the thermal thrust increases from 0.12 to 0.21 mN and from 0.16 to 0.25 mN when increasing the flowrate in the SM and BM topology, respectively. These results are discussed in ref. [START_REF] Boni | Experimental characterization of thrust production mechanisms in a magnetic nozzle ECR thruster[END_REF].

The 2D density map for the BM topology at 0.1 mg•s -1 is shown on Fig. 5a. The magnetic field lines and a representation of the solid walls of the thruster source are also shown. A high density region close to 10 11 cm -3 is found a few mm downstream the exit plane of the thruster source. On the radial direction (𝑟) the density is decreased by two orders of magnitude in a few tenths of mm. The density drop is smoother on the axial direction (𝑧) resulting in a high density expanding cone extending several hundreds of mm downstream the thruster source. In general, in the source, electron densities between 1.5 and 2.2 ×10 11 cm -3 and between 2.2 and 3.3 ×10 11 cm -3 (for increasing flowrate) have been measured in the SM and BM topology, respectively.

Figure 5b shows the integrated magnetic thrust (normalized to the total thrust) along the thruster symmetry axis for both the SM and BM topology at 0.1 mg•s -1 . The source accounts for approximately 60% of the total thrust while only barely representing less than 2% of the total mapped surface. A possible explanation can be found by considering the presence of large values of density and magnetic field gradient inside the source. This result is in good agreement with the kinetic model of Merino et al. [START_REF] Merino | Fluid-kinetic model of a propulsive magnetic nozzle[END_REF]. b The ion total energy is measured with a PSM003 Hiden Analytical ion analyzer located at ≃ 1.7 m from the thruster. 

A. Estimation of the electron properties in the source

The coupled analysis of both the 2D electron density maps and the separate thrust contributions yields the estimation of the electron properties in the source ("reservoir conditions").

Tables 1 and2 show the electron properties inferred from this analysis, for the SM and BM topology. Globally, the SM topology seems characterized by larger values of perpendicular temperature and pressure than the BM topology. Moreover, they increase as the flowrate is decreased. The parallel temperature and pressure of the SM and BM topology are comparable and their value increases with the flowrate. This is consistent with the values and trends observed in the thermal thrust. For both cases the ratio between the perpendicular and parallel energy decreases with increasing flowrate (from around 6 to 3.5 and from 4.2 to 1.3 in the SM and BM topology). The isotropic-equivalent temperature and pressure decrease with the flowrate in both SM and BM topology. We note that in the case of the SM topology the values of the temperature are larger than Langmuir probe temperature measurements (by a factor of ×2). Indeed, the latter indicates temperatures of 27 and 15 eV from the thruster for 0.1 and 0.2 mg•s -1 , respectively. The discrepancy could be due to the position of Langmuir probe (5 cm downstream the thruster source) or to an overestimation of 𝑇 𝑒0,⊥ with the coupled analysis.

Globally, the dependency on the flowrate and orders of magnitudes of 𝑇 𝑒0 are consistent with previous experimental measurement inside the magnetic nozzle of a similar version of the thruster [START_REF] Correyero | Plasma beam characterization along the magnetic nozzle of an ECR thruster[END_REF][START_REF] Lafleur | Electron dynamics and ion acceleration in expanding-plasma thrusters[END_REF]. On the other hand, previous estimations of the perpendicular electron pressure based on another diagnostic (diamagnetic loop) had indicated values of around 0.2 Pa [START_REF] Correyero | Characterization of diamagnetism inside an ECR thruster with a diamagnetic loop[END_REF] (vs. 0.7 -1.3 Pa here). Following the fluid model, the magnetic thrust is proportional to the perpendicular plasma pressure times an "effective" area. By taking 𝐴 𝑠 as reference area (as done for the thermal thrust), values of the order of 0.7 Pa are obtained, in line with the estimations presented here.

B. Plasma expansion in the magnetic nozzle

Comparison with isothermal and polytropic expansion models

Figures 6a through 6c show the comparison between the measured density profiles and the isothermal and polytropic models along the thruster symmetry axis (𝑟 = 0 mm) for the SM topology for the three flowrates. The reservoir temperature is that provided in Table 1 and the polytropic index -estimated from the experimental curve log 𝑇 𝑒 vs. log 𝑛 𝑒is 𝛾 = 1.18 ± 0.05 (although slightly variations of the order of its incertitude have been observed on 𝛾 when varying the flowrate). Quite large discrepancies with both the isothermal and polytropic expansion are observed, with the models over-estimating the experimental expansion. This is less marked for the intermediate flowrate, for which the discrepancy between the experimental data and the models is lower. Two reasons may explain this difference: either the plasma expansion can not be modeled as isothermal or polytropic, or, the estimated reservoir temperature is off-range. Figure 6d shows the comparison between experimental data and the isothermal and polytropic models for the SM topology at 0.1 mg•s -1 . In this case 𝑇 𝑒0 ≃ 30 eV is the slope of the linear fit of the experimental curve log 𝜑 𝑝 vs. log 𝑛 𝑒 . Discrepancies between the experimental data and the isothermal model are lower. Moreover, the experimental density is better described by an isothermal rather than a polytropic expansion. The same analysis returns 𝑇 𝑒0 = 27 and 18 eV for 0.15 and 0.2 mg•s -1 , respectively. Indeed, these fitted values are consistent with Langmuir probe measurements of the electron temperature performed in the SM topology farther downstream. Furthermore, they are also closer to those estimated for the BM topology. The precise reasons for this over-estimation of the reservoir values in the case of the SM topology are currently investigated.

Figures 7a through 7c shows the comparison between the measured density profiles and the isothermal and polytropic models along the thruster symmetry axis for the BM topology for the three flowrates. The reservoir temperature is that provided in Table 2 and the polytropic index is 𝛾 = 1.34 ± 0.04. Globally, good agreement is obtained between the experimental density and the isothermal expansion over the entire range. However, larger discrepancies are found at high flowrate (0.2 mg•s -1 ). On the other hand, the polytropic expansion is in good accordance with the measured densities up to approximately 6 cm from the thruster. Farther downstream the polytropic model underestimates the experimental data. In the BM case, the linear fit drawn from the experimental curve log 𝜑 𝑝 vs. log 𝑛 𝑒 returns 𝑇 𝑒0 values very similar to those in Table 2. 

Comparison between different magnetic streamlines

The measurement data points of the Cartesian grid used to perform the 2D density maps are interpolated to obtain the density profiles along the magnetic streamlines.

Figures 8a and8b show the measured density profiles along four magnetic streamlines for both the SM and BM topology at 0.1 mg•s -1 . The streamlines are (i) SL0 the central streamline (i.e., corresponding to the thruster symmetry axis 𝑟 = 0 mm), (ii) SL4 an inner streamline starting at (𝑧 = 0, 𝑟 ≃ 4) mm, (iii) SL7 an intermediate streamline starting at (𝑧 = 0, 𝑟 ≃ 7) mm, and (iv) MDML the most divergent streamline intersecting the source solid wall at (𝑧 = 20, 𝑟 = 13.75) mm (as sketched on Fig. 1b). This line identifies the current flux tube intersecting the whole thruster exit section at the exit plane.

Both the SM and BM topology show the same trend. First, the plasma expansion along the symmetry axis and an inner SL is very similar. Second, along the intermediate (SL7) and MDML streamline the density decreases more rapidly than along the inner SL. This is especially the case for curvilinear abscissae larger than approximately 3 cm. The steeper density decrease may be the effect of the plasma detachment occurring farther away from the symmetry axis. Further investigation about the phenomenon of the electrons and ions detachment is currently undergoing.

Furthermore, it is worthy to note that plasma expansion in the SM topology seems characterized by two distinct regions, with the first being the thruster source and the very near field of the magnetic nozzle (i.e., 𝑧 ≤ 5 cm). The two regions are distinguished by a sudden change in the density gradient. This may be related to a different ambipolar electric field found in the SM topology compared to the BM. The qualitative electric field profile is drawn from the derivative of the plasma potential measurements. Indeed, a similar trend is found in the qualitative profile of the electric field (inferred from LIF measurements): a more marked change in the slope appears between approximately 5 and 6 cm. Nonetheless, further investigation is needed to clarify this point. 

IV. Conclusion

An experimental investigation of an ECR electrode-less thruster for two different magnetic field topologies has been performed. The ECR thruster belongs to the family of the magnetic nozzle thrusters, whose physical driving phenomena are rich and complex. 2D maps of the spatial distribution of the electron density both in the plume and source of the thruster have been performed by means of a microwave resonant probe and LIF methods. Furthermore, separate measurements of magnetic and thermal thrusts have been combined with electron density measurements to determine electron properties in the source. The investigation is carried out for three different xenon flowrates and at constant power.

The perpendicular and parallel electron energy and pressure inside the source are estimated. Results suggest the presence of a plasma environment in the thruster source characterized by an electron density, temperature, and pressure of the order of a few 10 11 cm -3 , 25 -35 eV, and around 0.7 Pa. In the case of the less-divergent magnetic topology the coupled-analysis overestimates the temperature values which are larger then Langmuir probe measurements.

Then, using those reservoir conditions the experimental density profiles are compared to isothermal and polytropic expansion models. Results globally hint to a plasma expansion adequately described by an isothermal model. Furthermore, the experimental plasma expansion is compared along different magnetic streamlines. Results show that the electron density profile is steeper when moving away from the thruster axis.

Fig. 1 (

 1 Fig. 1 (a) ECR thruster configuration with the coaxial discharge chamber (outer conductor in gray and inner conductor in black) superposed with (i) the ECR region and (ii) the magnetic field lines of the two studied magnetic fields (SM in blue and BM in red). We also show the orthonormal magnetic vector basis {1 ⊥ , 1 ∥ }. Top-view illustration. (b) Top-view representation (not to scale) of the mapped surface for the measurement of the electron density with the combination of the curling probe and LIF diagnostics. MDML stands for "most divergent magnetic (field) line" and is the line that intersects (𝑧 = 20, 𝑟 = 13.75) mm (as defined in ref. [17]).
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 2 Fig. 2 (a) Measured reflectance spectra of the CP700 in the presence of a solid dielectric sample of PTFE (𝜖 𝑟 > 1) and a plasma with a density of around 5 × 10 9 cm -3 (𝜖 𝑟 = 𝜖 𝑝 < 1). (b) Curling probe used to perform 2D maps of the electron density distribution inside the plasma plume of the ECR thruster (the photograph has been taken before application of the BN spray surface coating).

1 )Fig. 3 (

 13 Fig. 3 (a) Schematics of the laser optics setup (top-view). (b) Gaussian distribution at 𝑇 = 300 K and zero-mean velocity and the numerically-computed Zeeman splitting at 700 G. The cumulative integral of the two distributions is also shown.
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 4 Fig. 4 (a) Fluorescence signals from the reference discharge and thruster (measurement inside the source at (𝑧 = 10, 𝑟 = 5) mm). (b) Radial electron density profiles obtained from LIF measurements and in-situ curling probe measurement.

Fig. 5 (

 5 Fig. 5 (a) 2D electron density map of the ECR thruster (BM topology) operated at 0.1 mg•s -1 , 32 W, where we have superposed the magnetic field lines and pictured the solid walls of the thruster source. (b) Integrated magnetic thrust contribution across the probed plasma volume for both the SM and BM topology at 0.1 mg•s -1 .
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 6 Fig. 6 Comparison between the experimental data (black line) with the isothermal and polytropic models (red and green lines, respectively) for the SM topology for the three studied flowrates: (a) 0.1, (b) 0.15, and (c) 0.2 mg•s -1 . (d) Same comparison using the 𝑇 𝑒0 estimated from application of a linear fit to experimental data (log 𝜑 𝑝 vs. log 𝑛 𝑒 ).
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 7 Fig. 7 Comparison between the experimental data (black line) with the isothermal and polytropic models (red and green lines, respectively) for the BM topology for the three studied flowrates: (a) 0.1, (b) 0.15, and (c) 0.2 mg•s -1 .

Fig. 8

 8 Fig. 8 Smoothed interpolation along three representative magnetic streamlines of the measured electron density 2D maps at 0.1 mg•s -1 for (a) SM and (b) BM magnetic topology.

Table 1 Estimated electron properties inside the source of the ECR thruster (SM topology). The uncertainties are estimated from the uncertainties on the measured thrust and density.

 1 

	𝑚	𝜇	𝑇 𝑒0,⊥	𝑝 𝑒0,⊥	𝑇 𝑒0, ∥	𝑝 𝑒0, ∥	𝑇 𝑒0	𝑝 𝑒0
	mg•s -1	×10 -21 Nm•G -1	eV	mPa	eV	mPa	eV	mPa
	0.1	11.5 ± 1	63 ± 6 1400 ± 250 10 ± 1 200 ± 10 45 ± 5 1000 ± 200
	0.15	9.2 ± 0.7	50 ± 4 1300 ± 200 12 ± 2 280 ± 20 37 ± 3 960 ± 150
	0.2	8.9 ± 0.5	48 ± 4 1000 ± 160 14 ± 3 350 ± 25 36 ± 4 780 ± 120

Table 2 Estimated electron properties inside the source of the ECR thruster (BM topology). The uncertainties are estimated from the uncertainties on the measured thrust and density.

 2 

	𝑚	𝜇	𝑇 𝑒0,⊥	𝑝 𝑒0,⊥	𝑇 𝑒0, ∥	𝑝 𝑒0, ∥	𝑇 𝑒0	𝑝 𝑒0
	mg•s -1	×10 -21 Nm•G -1	eV	mPa	eV	mPa	eV	mPa
	0.1	8.3 ± 0.4	46 ± 3 1100 ± 150 11 ± 1 280 ± 20 34 ± 3 825 ± 120
	0.15	5.3 ± 0.3	30 ± 2 660 ± 100 17 ± 3 380 ± 30 25 ± 3 565 ± 100
	0.2	3.5 ± 0.2	20 ± 2	640 ± 90	15 ± 1 420 ± 30 18 ± 2 560 ± 80