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Estimation of the thrust of an ECR thruster IEPC-2022

This paper investigates different ways to compute the thrust of an electric propulsion device with magnetic nozzle from the ion current density measured with an electrostatic probe. Experiments have been conducted in the B09 facility at ONERA on an Electron Cyclotron Resonance (ECR) thruster. This work is motivated by former studies which showed that in the case of the ECR thruster, the computation usually done for traditional plasma thrusters outputs a thrust which is in disagreement with what is measured with a balance. This discrepancy is supposed to come from a hypothesis made for this calculation that would not be valid for magnetic nozzle thrusters. Specifically, we propose to take into account the local ion trajectory when integrating the ion current density over the plume of the thruster. More than a reliable way to estimate the thrust of the ECR thruster, this consideration turns out to be insightful on the behaviour of the ions in a magnetic nozzle.

Nomenclature

I. Introduction and motivation

The Electron Cyclotron Resonance Thruster (ECRT) is an electric propulsion (EP) device that uses a strong magnetic field and micro-wave power to produce and eject a plasma [START_REF] Miller | Cyclotron Resonance Propulsion System[END_REF][START_REF] Sercel | An Experimental and Theoretical Study of the ECR Plasma Engine[END_REF]. Such device is developed at ONERA since 2010 and was more recently proven a viable candidate for satellite micro propulsion with promising performances. Different PhD thesis have been carried out on the subject [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 thruster used in this study is constituted of a cylindrical source of 13.75 mm radius and 20 mm length. An antenna made of graphite, of 1.5 mm in diameter and 20 mm long, feeds a micro-wave at 2.45 GHz to generate and sustain the plasma. The gas used here is xenon although the ECRT has already worked with other gases such as krypton or 𝐶𝑂 2 . It is supplied at 1 sccm (0.1 𝑚𝑔.𝑠 -1 ) in the standard operating conditions. Behind the plasma source is found a strong annular shaped magnet. The magnetic field produced in the source has a strength of 875 G so that the electrons have a cyclotron pulsation of precisely 2.45 GHz at this location. It is what makes them enter in resonance and produces the plasma. Electrons are ejected through the magnetic nozzle produced by the magnet, resulting in an ambipolar electric field that attracts ions. The ejection of ions is at the origin of the thrust of the ECRT. The device used in this study has been designed to work in the range of 20 to 60 W of power. An extensive description can be found in the literature [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][START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF] and figure 1 shows a picture of this device.

One of the main advantages of the ECRT is that it is electrodeless. In fact the plasma flux is neutral far downstream the ejection region. In addition to its very simple design, precedent studies showed promising performances that could make the ECRT a serious alternative to conventional EP devices such as Hall effect thruster (HETs) or Gridded Ion Thrusters (GITs). Regarding main technologies that use a magnetic nozzle to eject a plasma and produce thrust, we can cite the Helicon thruster (HT) and the VASIMIR thruster. Likewise the ECRT, their study raise issues common to magnetic nozzle that remain to be understood. With a better understanding of the physics at stake, we would be able to optimize the design and select operational conditions that positively impact the performances of those devices.

The indicator of performance on which we will focus in this paper is the thrust. It is the force produced by the ejection of the plasma at high velocity. A reliable way to measure this force is to use a thrust balance. This diagnostic must be adapted for a given vacuum chamber and one has been mounted in the B09 facility at ONERA as presented in [START_REF] Vialis | Direct Thrust Measurement of an Electron Cyclotron Resonance Plasma Thruster[END_REF]. It has been proven that the thrust balance outputs an accurate estimation of the thrust of an EP device and throughout this study, we will consider that what is measured with the thrust balance is the actual thrust of the ECRT. However, not every facility possesses this diagnostic because of its price and space requirement and the difficulty to build and operate precisely such a device. Thus, other ways to measure the thrust of an EP device should be investigated.

Fig. 1 The ECR thruster used in this study

In this paper, we suggest to compare the thrust balance with an other diagnostic, the Faraday Probe. With this probe, we can measure the ion current density directly within the plasma ejected by an EP device and then estimate its thrust. Even though in the case of classical EP devices such as HETs and GITs both the thrust balance and the Faraday probe method return comparable results, it seems that this is not the case for the ECRT, and more generally for magnetic nozzle thrusters [START_REF] Peterschmitt | Development of a stable and efficient electron cyclotron resonance thruster with magnetic nozzle[END_REF]. By investigating the discrepancy between those outputs, we aim a better understanding of the behavior of ions expanding in a magnetic nozzle. The idea we suggest to develop is that in a magnetic nozzle, ion trajectories must be taken into account in the global mass ejection balance and the calculation of the thrust.

The layout of the paper is the following : in section II, we present the experimental condition at ONERA in which this study is conducted. Then, in section III, we will see how the thrust of an electric propulsion device is computed from the ion current density and under which assumptions the calculation is made. A correction of this calculation that takes into account the local trajectory of the ions is proposed in this section. In section IV, we use a directional Faraday probe to determine the local trajectories of ions and suggest a more complete way to compute the thrust of the ECRT. Section V concludes this study.

II. Experimental setup

Experiments have been conducted in the B09 facility in the electric propulsion laboratory at ONERA. It consists in a cylindrical vacuum tank of 2 m length and 80 cm radius. A combination of 3 turbo-molecular pumps and a cryogenic pump leads to a background pressure inside the tank of a few 10 -7 mbar and a pumping speed of 12000 𝐿.𝑠 -1 . A schematic representation of this facility is found in figure 2. 

A. Thrust balance and Faraday Probes

The ECRT has been mounted on a thrust stand which is a simple pendulum slaved in position by a PID regulator. A complete description of this diagnostic can be found in the literature [START_REF] Vialis | Direct Thrust Measurement of an Electron Cyclotron Resonance Plasma Thruster[END_REF]. To access the thrust, we measure the voltage needed to keep the arm vertical. During an extinction of the thruster, we observe a drop of this voltage, the greater this drop, the higher the thrust. An example of this drop signal recorded is shown in figure 3. This diagnostic has to be calibrated to find the 𝛾 coefficient that links the voltage drop 𝑉 𝑑𝑟 𝑜 𝑝 to the ECRT thrust 𝑇 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 through the linear relation 𝑉 𝑑𝑟 𝑜 𝑝 = 𝛾𝑇 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 . The calibration phase is done by measuring the voltage drop when placing consecutively well known weights on the stand. By doing so, we know precisely the force imputed by each weight so it leads us to 𝛾. Moreover, when we switch off the thruster, we let the gas flow on so a cold gas thrust must be taken into account. Regarding the injection scheme of the ECRT, this contribution is about 20 µN/sccm and is easily determined by measuring the thrust produced by different mass flow rates when the plasma is not ignited.

Fig. 3 Principle of the thrust balance (left). With the calibration coefficient previously determined, we access the thrust with the measurement of the PID voltage drop that occurs when the thruster is switched off (right).

The ion current density is obtained with a Faraday Probe placed in front of the thruster on an arm mounted on a rotation stage. A schematic description of this setup is presented figure 2 and photographs are displayed in figure 4. Two different Faraday Probes have been used in this study and compared between each other. The first one is a guard ring Faraday probe, whose collection surface is a disc of 5.96 mm diameter surrounded by a guard ring of 5 cm diameter. The other one is a directional Faraday probe, which has been designed to collect only ions that arrive with a trajectory making a small angle with the probe. Thus, we define the notion of acceptance of the probe as the portion of the collector area seen by a particle with linear trajectory at a given angle with the collector. For example the acceptance of the guard ring Farday probe is a cosine. We also designed a mount made of FR4 to attach the Faraday probe to a small stepper motor in order to be able to control the rotation around its axis and perform scans along the angle 𝛼 at a given 𝜃 angle. To guide the probe axis, a barrel made with PTFE provides a low friction contact. A photograph of the setup is shown in figure 5. The stepper motor has been tested under vacuum and has a precision < 0.1 degree due to its closed loop driver controlled by an arduino micro-controller. The magnetic field produced by the motor is supposed low enough not to disturb the magnetic nozzle and the local properties of the ions when placed in the plume of the ECRT.

When probes are placed in the plasma, we bias both the guard ring and the collector at -300 V and collect the current through a 33 kΩ shunt resistor. For each data point the acquisition duration is 0.5 seconds at a frequency of 569 Hz. The ion current is then taken as the average of these 284 point. The angular position control of probes and the acquisition has been automatized with a python script.

Eventually, we measure the mean ion energy 𝐸 𝑖 with a PSM003 ion analyzer. In this study we consider only the ions 𝑋𝑒 + even if a mass analysis shows the presence of xenon ionized twice, this consideration being beyond the scope of this paper. The ion analyzer is placed in the axis of ejection of the ECRT at a distance of 2 m so we can consider that at such distance the ion energy is purely kinetic. Hence we estimate the ion velocity as 𝑣 𝑖 = √︃ 2𝑒𝐸 𝑖 𝑚 𝑖 . 

III. Thrust computed from the ion current density

The thrust of an EP device can be computed with the value of the ion current density in the plasma ejection region under several assumptions that are recalled here. The first one is that electrons are neglected because they are much lighter than ions. Hence the elementary thrust 𝛿𝑇 𝑧 can be written as the force of pressure produced on an small surface 𝛿𝑆 located downstream the thruster ejection [START_REF] Cannat | Caractérisation et modélisation d'un propulseur plasma à résonance cyclotronique des électrons[END_REF]. It reads :

𝛿𝑇 𝑧 = 𝛿𝑇 𝑐𝑜𝑠(𝜃) = 𝑃 𝑝𝑙𝑎𝑠𝑚𝑎 𝛿𝑆𝑐𝑜𝑠(𝜃) = 𝑚 𝑖 𝑛 𝑖 𝑣 2 𝑖 cos(𝜃)𝛿𝑆 (1) 
Where 𝑚 𝑖 , 𝑛 𝑖 and 𝑣 𝑖 are the ion mass, density and velocity respectively. Considering the cylindrical geometry of the plasma source, we supposed that the ejection region is axi-symmetrical, so that the thrust is obtained by integrating 𝛿𝑇 𝑧 over half a sphere of radius 𝜌 noted S 𝜌 . This hypothesis allows us to compute the thrust from only one angular scan of the ion curent density along 𝜃. We have then :

𝑇 1 = ∫ S 𝜌 𝛿𝑇 𝑧 = ∫ 𝜙= 𝜋 𝜙=0 ∫ 𝜃= 𝜋 2 𝜃=-𝜋 2 𝛿𝑇 𝑧 𝜌 2 cos(𝜙)|sin(𝜃)|d𝜙d𝜃 = 𝜋𝜌 2 ∫ 𝜃= 𝜋 2 𝜃=-𝜋 2 𝑚 𝑖 𝑛 𝑖 𝑣 2 𝑖 cos(𝜃)|sin(𝜃)|d𝜃 = 𝜋𝜌 2 𝑚 𝑖 𝑣 𝑖 𝑒 ∫ 𝜋 2 -𝜋 2 𝑗 𝑖 cos(𝜃)|sin(𝜃)|d𝜃 (2) 
We introduce the ion current density 𝑗 𝑖 = 𝑒𝑛 𝑖 𝑣 𝑖 and we use the axi-symmetry hypothesis. We also suppose that the ion velocity does not depend on the angle 𝜃, this hypothesis has been proven valid for 𝜃 ∈ [-45; 45] by Viallis [START_REF] Vialis | Développement d'un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF] with ion analyzer measurements and more recently with LIF measurements performed in the plume of the ECRT. The last hypothesis made in this calculation is that the ion ejection is radial. This hypothesis will be tested in this paper.

Questioning the last hypothesis implies that the ion trajectories are not necessary radial on each point of the half-sphere integration surface. In fact, the plasma ejection being driven by a diverging magnetic nozzle which does not intersect the integration surface perpendicularly, a more physical assumption would be to consider the ion trajectory to deviate by an angle 𝛼 from the radial ejection, 𝛼 being a function of the angular position 𝜃. This expression modifies expression 2 and allows a new derivation of the thrust computation. It reads :

𝑇 2 = 𝜋𝜌 2 𝑚 𝑖 𝑣 𝑖 𝑒 ∫ 𝜋 2 -𝜋 2 𝑗 𝑖 cos(𝜃 + 𝛼(𝜃))|sin(𝜃)|d𝜃 (3) 
Actually, we can see equation 3 as a generalization of equation 2 which is a special case where 𝛼 is assumed to be 0. To be able to recover this function 𝛼(𝜃), we performed ion current density scans over the angle 𝛼 for a range of angular positions 𝜃 for different thruster conditions in power and mass flow rates with the directional Faraday probe. An example of some measurements at different locations is presented in figure 6. From those measurements, we can extract a function 𝛼 𝑀 (𝜃) which is for a position 𝜃 the angle 𝛼 where the ion current density is maximum. Those functions are presented in figure 7a and 7b for different conditions of the ECRT. Besides, we define the function 𝛼 𝐵 (𝜃) as the local angle between the magnetic field lines and the radial direction. As we are able to produce a 2 dimensional map of the magnetic field with the multi-physics computation software COMSOL, we extract the function 𝛼 𝐵 (𝜃) from it.

We also materialized the angle at which the last magnetic field line (LMFL) intersects the arc of radius 𝜌 = 24 cm. The LMFL is defined by the magnetic field line that intersects physically the plasma source.

The comparison between 𝛼 𝐵 (𝜃) and 𝛼 𝑀 (𝜃) gives insights on the behavior of ions in the plume of the ECRT. To begin with, they comfort the hypothesis of symmetry for the plume of the ECRT. Moreover, we observe that for every thruster operating parameters, ions do not follow magnetic field lines outside the LMFL at a distance of 24 cm of the thruster's backplate. Inside the magnetic nozzle, the angle between magnetic field lines and ions trajectories does not exceed 5 degrees. Those results are consistent with LIF measurements performed in the plume of the ECRT between 0 and 18 cm. It will be the subject of a future communication.

For each condition in mass flow and power of the ECRT presented in this section, we repeated balance measurements 3 times to reduce the uncertainty on the thrust that we will consider as a reference. We tried to wait as much as possible to maintain the same steady state before each measurement, whether made with the balance, the probe or the ion analyzer as we observed a consequent sensitivity of the thruster performances with the temperature of its source.

For a range of powers between 12 and 60 W at a constant mass flow rate of 1 sccm and a range of mass flow rates between 0.6 and 2.6 sccm at a constant power of 34 W, we measure the ion current density with the guard ring Faraday probe. For all of those conditions, we measure the ion energy with the ion energy analyzer and perform a measurement of the thrust with the balance. From the ion current density and the ion energy, we are capable of computing 𝑇 1 . The function 𝛼 𝑀 (𝜃) defined previously from directional Faraday probe measurements can then be used to correct the estimation off the thrust with equation 3. The comparison between 𝑇 1 , 𝑇 2 , and 𝑇 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 is displayed in figure 8 To begin with, those curves show that, as expected from precedent studies, 𝑇 1 leads to an overestimation of the thrust. Depending on the Power and mass flow rate, the relative error varies from 30% and 60%. The comparison with the thrust corrected by ion trajectories is still not satisfying. As expected, we notice a slight improvement but the reduction of the relative error is only of 5% to 10% so this method can not account for a good estimation of the thrust of an ECRT.

IV. Toward a better estimation of the thrust

Equation 3 suggests that all ions at position (𝜌, 𝜃) in the plume of the thruster follow a trajectory of angle 𝛼(𝜃). However, a look at the figure 6 shows that this approximation may not be sufficient in the case of the magnetic nozzle of the ECRT. To take into account a certain angular distribution of the ion velocity angle at a position (𝜌, 𝜃), we introduce the function Φ(𝛼) which is the angular distribution of ion current density at a specific location. A proper way to express the thrust would then be :

𝑇 3 = 𝜋𝜌 2 𝑚 𝑖 𝑣 𝑖 𝑒 ∫ 𝜋 2 -𝜋 2 ∫ 𝜋 2 -𝜋 2 Φ(𝛼) cos(𝜃 + 𝛼)d𝛼 |sin(𝜃)|d𝜃 (4) 
This expression provides a more precise description of what actually happens in the magnetic nozzle because it projects along ì 𝑒 𝑍 the momentum of each part of the distribution function Φ. From the definition of Φ, the ion current density measured by a Faraday probe at position (𝜌, 𝜃) and pointing in the direction 𝛼 can be computed as the convolution of Φ with the acceptance function of the probe A. It reads:

𝑗 𝐹 𝑃 𝑖 (𝛼) = ∫ 𝜋 2 -𝜋 2 Φ(𝛽)A (𝛽 -𝛼)d𝛽 = [Φ * A] (𝛼) (5) 
Where the application of Fubini's Theorem gives :

∫ 𝜋 2 -𝜋 2 𝑗 𝐹 𝑃 𝑖 (𝛼)d𝛼 = ∫ 𝜋 2 -𝜋 2 Φ(𝛼)d𝛼 ∫ 𝜋 2 -𝜋 2 A (𝛼)d𝛼 (6) 
Where A is the acceptance function of the Faraday probe we consider. This function is the proportion of collector area seen by a particle that makes a certain angle with the probe. It varies with the opening diameter and the depth of the probe and an analytical development can be found with geometrical considerations.

To be able to efficiently estimate the thrust of the ECRT, we need to access the function Φ at each position (𝜌, 𝜃). However, it could only be possible with an ideal directional Faraday probe that collects only ions with a trajectory normal to the collector. With a "sufficiently directional" Faraday probe, we can make the hypothesis that the convolution made in the expression 5 does not change the shape of Φ but only scales it so that we have 𝑗 𝐹 𝑃 𝑖 (𝛼) = 𝐾Φ(𝛼). With this approximation, equation 6 leads us to :

Φ(𝛼) ≈ 𝑗 𝐹 𝑃 𝑖 (𝛼) ∫ 𝜋 2 -𝜋 2 A (𝛼)d𝛼 (7) 
To justify what "sufficiently directional" means, we can analyze the error made in the approximation 7 when we work with an idealized gaussian function. We started by fitting the acceptance of the Directional Faraday probe of opening diameter 3 mm with a gaussian function and defined 𝜎 0 as the width of this fit. Both the acceptance and the gaussian fit are plotted in figure 9a. Then, we supposed that Φ is represented by a gaussian function of width 𝜎. We computed Φ(𝛼) through equation 7 for different widths and compared it with the real value of Φ. The relative error between their max is plotted in function of 𝜎/𝜎 0 in the figure 9b. As we can see, for the approximation to be valid, the flux Φ must be at least 3 times wider than the acceptance of the probe. 11. It shows that this method outputs an estimation of the thrust that is too high, the relative error being between 130% and 145%. This overestimation of the thrust can be linked back to the overestimation of the ion current density measured by the directional Faraday probe. The comparison of the integrated ion current measured using the directional Faraday probe and the guard ring Faraday probe indicates that the directional Faraday probe overestimate the ion current density by a factor included between 1.6 to 2.6 depending on the dataset. We believe that the collection physics of this new probe needs to be investigated to understand what causes this ion current overestimation and to be able to accurately correct it. However, it is interesting to notice that the thrust measurements T3 divided by a constant factor 2.3 actually matches very well the thrust balance measurement as displayed in figure 11. We then take the exercise to confront the non-dimensional 𝑇 1 , 𝑇 2 , 𝑇 3 and 𝑇 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 . In figure 12 we plotted the relative error of 𝑇 𝑖 𝑠 𝑖 with 𝑇 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 where 𝑠 𝑖 is a scaling factor that minimizes the difference between 𝑇 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 and 𝑇 𝑖 (𝑖 ∈ [START_REF] Miller | Cyclotron Resonance Propulsion System[END_REF][START_REF] Sercel | An Experimental and Theoretical Study of the ECR Plasma Engine[END_REF][START_REF] Vialis | Développement d'un propulseur plasma à résonance cyclotron électronique pour les satellites[END_REF]). This result shows that if the discrepancy between probe method and balance measurements comes from a scaling factor, computing 𝑇 3 is the best way to follow the evolution of the thrust with ECRT conditions in the range of powers and mass flow rates tested. Figure 12 shows that both the error made on 𝑇 1 and 𝑇 2 can not be explained by a scaling factor. Especially, the strong overestimation of the thrust by 𝑇 1 and 𝑇 2 at high power and its underestimation at high mass flow rate is not reproduced by T3.

Fig. 12 Comparison of errors made by the three ways of estimating the thrust when they are scaled by a factor that minimizes the difference between the thrust and the thrust measured with the balance

There are several points that could explain those discrepancies and will be investigated in the future. The first one, which remains a main source of error, is the understanding of the current actually measured by the directional Faraday probe. The last point worth mentioning is that the analytical expression of A is only based on geometrical considerations, and the real function may be very different. This last point could also explain a scaling factor on 𝑇 3 .

V. Conclusion

A development of the way to compute the thrust of an electric propulsion device has been proposed. It is motivated by the fact that the calculation usually made for traditional thrusters seems to overestimate the thrust in the case of a plasma ejection governed by a magnetic nozzle. A correction has been proposed, it takes into account the local trajectory of ions and considers it as a distribution for a given position in the plume. Results have been compared with balance measurements.

A directional Faraday Probe has been developed to be able to recover this distribution and perform this new calculation. This probe can rotate around its own axis thanks to a stepper motor. Measurements with this probe have been presented in this paper and a way to recover the angular distribution of ion current density has been proposed. With this method, we have been able to recover the variation of the thrust with power or mass flow rate, where the traditional computation fails. However, an constant factor between the thrust estimated with the ion current density and the thrust measured with a balance remains unexplained.

An other main result of this study is that the directional Faraday probe gives insights on ion trajectories in the magnetic nozzle of the ECRT. It has been shown that at 24 cm of the thruster, ions follow magnetic field lines only inside the nozzle. We defined a boundary of the magnetic nozzle as the last magnetic field line and ions do not seem to follow the magnetic field lines outside this boundary.

  𝑗 𝑖 = ion current density 𝜌 = Measurement radius from thruster. 𝜃 = angular position in the plume. 𝜃 = 0°on thruster axis. 𝛼 = angular deviation from a radial direction. 𝛼 = 0°when facing the thruster. 𝛾 = Coefficient of calibration of the thrust balance. 𝑉 𝑑𝑟 𝑜 𝑝 = Voltage drop in the balance measurement. 𝑇 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 = Thrust measured with a thrust balance.

Fig. 2

 2 Fig. 2 Top view of the experimental setup in the B09 vacuum chamber. The angle 𝜃 can vary with a rotation stage and a stepper motor moves the angle 𝛼 so that the Faraday probe can rotate around its own axis. The PSM003 ion analyzer is placed at the back of the vacuum chamber.

Fig. 4

 4 Fig. 4 Two different Faraday probes used in this study. The guard ring Faraday probe is presented in the left hand figure whereas the directional Faraday probe is presented in the right hand figure.

Fig. 5

 5 Fig. 5 The directional Faraday probe is placed on a home made mount that links it to a stepper motor. Thus it can rotate around it own axis and perform 𝛼 ion current density scan at a given 𝜃 angle.

Fig. 6

 6 Fig. 6 Angular scan of the ion current density performed with a directional Faraday probe at different positions 𝜃 in the plume of the ECRT. Here the thruster operates at 34 W and 1 sccm.

  in function of the power and the mass flow rate. Right hand figures show the relative error made by the different estimations.

Fig. 8

 8 Fig. 8 Comparison between the thrust measured with a thrust balance and 𝑇 1 and 𝑇 2 computed from the ion current density measured with the Guard Ring Faraday Probe for different power ratings at 1 sccm (top) and different mass flow rates at 34 W (bottom). The function 𝛼(𝜃) used to compute 𝑇 2 has been extracted from measurements made with a directional Faraday probe. Relative errors are displayed in right hand figures.

( a )

 a Acceptance of the directional Faraday probe with an opening diameter of 3mm and its gaussian fit. The width of the Gaussian fit is 𝜎 0 ≈ 3.6 deg (b) Error made on the approximation 7 when the function Φ is taken as a gaussian of width 𝜎 To validate this approximation with experimental material, we plotted in figure 10 for 𝜌 = 24 cm and 𝜃 = 20 deg the ion current density measured with a directional Faraday probe noted 𝑗 𝐹 𝑃𝐷𝑖 𝑖 . Then, we approximated the function Φ with equation 7 and compute what would measure the Faraday probe with such approximated flux with equation 5.The similarity between the two curves gives confidence in the fact that the Faraday probe used is sufficiently directional to be able to approximate Φ with a measurement of the current. The non dimensional acceptance of the directional Faraday probe is also plotted to comfort the idealized consideration.

Fig. 10

 10 Fig. 10 Experimental validation of the approximation made to recover the function Φ at a given position (𝜌, 𝜃) in the plume of the ECRT. Thruster condition : 2.4 sccm 34 W

Fig. 11

 11 Fig. 11 Comparison between the thrust measured with a thrust balance and 𝑇 2 computed from the ion current density measured with the Guard Ring Faraday Probe for different power ratings at 1 sccm (top) and different mass flow rates at 34 W (bottom). The function 𝛼(𝜃) used here has been extracted from measurements made with a directional Faraday probe. Relative errors are displayed in right hand figures.

(a) 𝛼 𝑀 (𝜃) for different power ratings at 1 sccm (b) 𝛼 𝑀 (𝜃) for different mass flow rates at 34 W