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Enhanced electron heating in the magnetic nozzle of a radiofrequency plasma via electron cyclotron resonance

The effect of electron cyclotron resonance on the electron flow is experimentally examined in the magnetic nozzle of a radio-frequency plasma source powered at 13.56 MHz under a series of operating conditions. Measurements of the electron energy probability function show that the bulk of electrons is effectively heated when the external magnetic field meets the cyclotron resonance condition in the proximity of the antenna. A careful tuning of the magnetic field topology inside the plasma source leads to a gain in electron density and temperature up to about 20 % and 40 %, respectively.

on either radio-frequency (rf) [START_REF] Shinohara | [END_REF][5][6][7] or microwave dis-9 charges [START_REF] Inchingolo M R | 271 37th International Electric Propulsion Conference[END_REF]. Such plasma sources rely on an external magnetic field to meet the conditions for efficient collisionless heating via interaction with the electromagnetic fields. Typically, the applied magnetic field also shapes a magnetic nozzle (MN) that extends downstream the discharge chamber. The MN is the main driver for plasma acceleration and electromagnetic thrust production. In typical electrodeless discharges, e.g. helicon plasma thrusters (HPT) and electron-cyclotron resonance thrusters (ECRT), input power couples to the electron population in the form of thermal energy, which is spent for ionization and ion acceleration. The latter occurs through ambipolar electric field [START_REF] Ahedo | [END_REF] and diamagnetic electron drift [10], eventually leading to supersonic ion velocities in the MN. In order to maximize the momentum gained by the ions, efforts should focus on: i) reducing the fraction of neutrals in the plume which represent a drag contribution via collisions [START_REF] Collard | Plasma Sources Sci-280 ence and Technology[END_REF][START_REF] Wachs | [END_REF]; ii) maximizing the thermal energy at the MN inlet available for (a) E-mail: alfio.vinci@cnrs-orleans.fr (b) E-mail: stephane.mazouffre@cnrs-orleans.fr conversion into ion kinetic energy. Accordingly, the key 29 parameter that inherently rules the MN phenomena is 30 the electron temperature T e . Values of T e up to tens 31 of eV have been recorded in ECRTs [13,[START_REF] Correyero | Plasma Sources Science and Technology[END_REF] at very low 32 input power, whereas in rf discharges it seldom exceeds 33 10 eV. As a matter of fact, microwave devices can pro-34 vide larger thrust efficiency at much lower power levels 35 with respect to rf-based thrusters, whose competitiveness 36 instead manifests in the kW range [7]. However, imple-37 mentation of electrodeless ECR systems on-board of small 38 spacecrafts might not be trivial, given the state-of-the-39 art of microwave power units [START_REF] Nishiyama | 292 32nd International Electric Propulsion Conference, Wies-293[END_REF][START_REF] Koizumi | Transactions of the Japan Society for Aeronauti-297 cal and Space Sciences[END_REF][17][18][19][20][START_REF] Packan | 36th International Electric Propulsion Conference[END_REF]. This could be par-40 ticularly true whenever the required input power exceeds 41 tens of W and the system size is reduced, which translates 42 into operating frequencies above 5 GHz [START_REF] Inchingolo M R | 271 37th International Electric Propulsion Conference[END_REF]. Theoretically, 43 though, it is possible to combine rf power and electron-44 cyclotron resonance in one single device without resorting 45 to microwave sources, provided that the external magnetic 46 field meets the ECR condition while the discharge stabil-47 ity is not compromised. At the typical rf operating fre-48 quency, i.e. 13.56 MHz, a magnetic field intensity equal to 49 B res = ω ce m e /e ≃ 0.484 mT satisfies the resonance con-50 dition. This approach has been previously studied for 51 plasma processing applications in an inductive discharge 52 [START_REF] Chung | [END_REF]23] reporting effective heating of low energy electrons 53 due to anomalous skin effect. Thus far, a similar approach 54 applied to MN for propulsion purposes remains completely 55 unexplored. for electric thrusters [25,26], is introduced axially at the 70 back plate of the tube through a multi-perforated grid.
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The rf antenna in use here is a double-saddle type with class commercial power supply at 13.56 MHz. Matching of 76 the rf power is manually attained and the reflected power 77 is always below 1 -2 % during operation.
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The experimental apparatus comprises nine electromag-79 nets, six of which surround the discharge tube while three 80 are placed around the expansion chamber. Only two coils 81 are powered in this experiment. Following the nomen-82 clature of [5], the first one, named GB2, is located at 83 z = 19 cm and serves to generate the MN downstream 84 the tube exit. The second one, named PB3, is located 85 at z = -25 cm and it allows shaping the field topology in-86 side the source. For the purpose of this analysis, two types 87 of topologies are tested, as exemplified in Figure 1: The coils currents are I GB2 = 9 A and 96 -5 < I P B3 < -1 A.
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A positive (negative) value of the coils current indicates 98 that the relative B field points along the +z (-z) direc-99 tion. As the value of I P B3 is varied, the resonance region 100 shifts along the tube axis. This is directly visible in Fig- 101 ure 2 which reports the axial profile of the magnetic field. 102 In the general case of rf discharges when no resonance 103 is required, an ECR region is present far upstream and 104 far downstream, where a negligible amount of energy is 105 deposited [6]. When PB3 is powered with a negative cur-106 rent, an additional resonance surface appears within the 107 volume defined by the antenna, as desired. This simple 108 reshaping of the field topology can conceivably underlie 109 an enhancement of the electron properties. inference of the EEPF because of the issues discussed in 146 [30]. Each I-V characteristic is interpolated and smoothed 6 as a function of input power and mass 171 flow rate, respectively. To a large extend, electrons ex-172 hibit a clear Maxwellian behavior in all cases. One can 173 observe that, as I P B3 is decreased in magnitude, electrons 174 experience an effective heating. Indeed, the EEPF changes 175 slope, favoring higher electron energies. This phenomenon 176 is more pronounced at larger input powers and lower mass 177 flow rates because the fraction of neutrals decreases and 178 the collision frequency drops. By integrating the distri-179 bution function, n e and T ef f are derived and shown in 180 

Introduction. -Efficient plasma generation and 1 acceleration

 1 are essential aspects in the field of elec-2 tric propulsion (EP). Research on physics and technol-3 ogy continuously addresses these challenges to advance 4 novel EP concepts having certain enabling character-5 istics, e.g. longer lifetime and compatibility with non-6 conventional propellants like iodine and water [1-3]. These 7 qualities support the interest in electrodeless devices based8
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  Experimental setup. -This study investigates how 57 electrons in a MN are influenced when the ECR condition 58

Fig. 1 :

 1 Fig. 1: 2-D maps of the external magnetic field. The yellow rectangle depicts the source tube, whereas the red line identifies the antenna location. Magnetic streamlines are shown as white solid lines. The green pixels highlight the location where |B| equals the resonance value (±10 %).
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 23 Fig.2: On-axis z-component of the external magnetic field for different values of IP B3. The current flowing in GB2 is fixed to 9 A. The gray shaded area indicates the antenna region, while the black dashed lines identify the resonance value of the magnetic field strength.
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 123 Fig. 3: Instance of experimental and processed I-V and EEPF curves. The procedures are discussed in Section "Method and diagnostics".
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 1 a simple magnetic nozzle as reference case, depicted 89 in Figure 1(top). It is obtained setting I GB2 = 9 A 90 and I P B3 = 0 A; 91 2. a specific configuration featuring a separatrix in-92side the source, see Figure1(bottom). The same 93 MN shape is preserved downstream the tube exit 94 while the ECR condition is met near the antenna 95 center.
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 4 Fig. 4: Photographs (f/8, 1/30 s) of the plasma plume in the region 8 < z < 28 cm. Rows and columns of the matrix are associated with a specific value of PIN and IP B3, respectively.
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 56 Fig. 5: EEPFs measured at z = 0 as function of PIN and IP B3 with ṁ = 0.2 mg s -1 Xe.
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 7849 Fig. 7: Percentage change of ne and Te at z = 0 for different values of PIN with ṁ = 0.2 mg s -1 Xe. Reference case: IGB2 = 9 A and IP B3 = 0 A.
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 10 photographs showing how the plasma beam appears when 162
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 7 Figure 8 in terms of percentage change with 181 respect to the simple nozzle configuration. Absolute val-182 ues, instead, are reported in Figure 9 for I P B3 = 0, -3 A, 183 where the plasma potential V p results from the first deriva-184 tive of the electron current. The most significant result 185 concerns the gain in T ef f . Values between 20 % up to 186 nearly 40 % are measured as soon as I P B3 < -2 A. The 187 p-5 A c c e p t e d M a n u s c r i p t Alfio E. Vinci et al. gain in T ef f flattens around I P B3 = -3 A, thus making a 188 further reduction of I P B3 unnecessary. In addition, it is 189 found that n e grows by 20 % at I P B3 ≃ -2 A. When I P B3 190 is further decreased, the gain in n e instead reduces, even 191 reaching negative values in most cases. This phenomenon 192 is linked to the axial location of the separatrix. At large 193 negative currents driven in PB3, the magnetic separatrix 194 moves downstream the antenna center. As a consequence, 195 charged species are more likely transported towards -z, 196 i.e. along the nozzle that forms upstream the antenna. 197 This is qualitatively confirmed by a brighter plasma easily 198 visible during experiments in the upstream part of the dis-199 charge tube. It becomes clear that a compromise between 200 improved T ef f and greater plasma flux at the back plate 201 shall be found to effectively enhance the overall perfor-202 mance. In this experimental configuration, a satisfactory 203 gain in both n e and T ef f is obtained at I P B3 = -3 A, 204 regardless of the other external parameters. 205 Consequently, additional measurements are performed 206 at z = 31.5 cm, that is in the divergent segment of the MN, 207 at I P B3 = 0 A and I P B3 = -3 A. The probed plasma pa-208 rameters are shown in Figure 10 as a function of P IN . A 209 remarkable gain in n e and T ef f is also found downstream 210 the MN throat. V p raises as well, albeit less significantly 211 with respect to the other quantities. As mentioned be-212 forehand, the improvement is more significant at larger 213 P IN . 214 In the interpretation of the results reported above, one 215 can clearly speculate on the role of parallel electron trans-216 port due to the different magnetic topologies. Given the 217 cusp-like field in the source when the ECR condition is 218 satisfied, hot electrons typically produced close to the an-219 tenna [31, 32] can be transported closer to the axis with 220 respect to the customary MN configuration. Accordingly, 221 the enhanced electron temperature measured along the 222 discharge axis may partially result from such a transport 223 phenomenon in addition to the resonant heating. Nev-224 ertheless, a larger electron energy in the central region of 225 the plasma beam leads to a stepper radial gradient of elec-226 tron pressure which consequently implies a larger magnetic 227 thrust produced in the plume [9, 10, 33]. 228 Conclusion. -In summary, effective electron heating 229 is observed in the MN of a rf discharge at 13.56 MHz when 230 the ECR condition is met near the antenna center by tun-231 ing the magnetic field topology. In such cases, measure-232 ments show that the electron temperature easily increases 233 by 20 %, hitting 40 % at high power. This strategy could 234 significantly contribute to improving the efficiency of rf 235 propulsion systems which rely on MN acceleration espe-236 cially at low and moderate power levels. 237 * * * This project has received funding from the Euro-238 pean Union's Horizon 2020 research and innovation pro-239 gram under grant agreement No 870542 (HelIcon PlasmA 240 Thruster for In-space Applications).
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Data availability. -The data that support the find-242 ings of this study are available upon reasonable request 243 from the authors.