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Rotation and shear control of a weakly magnetized plasma column using current injection by emissive electrodes

The evolution of the radial profile of the rotation of a weakly magnetized plasma column is investigated experimentally in a radio-frequency Argon plasma at low pressure when a strong electron current is emitted by large emissive cathodes. Current injection from large emissive cathodes over a background plasma column (with a plasma density of a few 10 18 m -3 ) is characterized. Radial scans of the ion-velocity show that a continuous control of the rotation profile may be obtained using two spatial configurations for the locations of the emissive cathodes (either in the center or at the edge of the plasma column). The rotation profile results from the electric drift velocity, damped by drag exerted on the ions. We demonstrate that the evolution of the rotation profile with the injected current is then controlled by the modification of the plasma potential profile in the presence of strongly emissive cathodes.

Introduction

Understanding and controlling the rotation in plasmas has a tremendous importance for an extended variety of plasma regimes. In the context of astrophysical plasmas, rotation and shear are essential ingredients in the context of the dynamo instability [START_REF] Rincon | Dynamo theories[END_REF] or the magneto-rotational instability [START_REF] Lesur | Magnetohydrodynamics of protoplanetary discs[END_REF]; the control of the rotation profile is thus a key ingredient in experiments dedicated to study basic astrophysical processes [START_REF] Forest | The Wisconsin Plasma Astrophysics Laboratory[END_REF][START_REF] Flanagan | Weakly Magnetized, Hall Dominated Plasma Couette Flow[END_REF][START_REF] Plihon | Flow dynamics and magnetic induction in the von-Kármán plasma experiment[END_REF][START_REF] Terasaka | Flow structure formation in an ion-unmagnetized plasma: The HYPER-II experiments[END_REF]. In the context of technological plasmas, it has been known for a long time that sheared poloidal rotation leads to turbulence reduction in fusion devices [START_REF] Biglari | Influence of sheared poloidal rotation on edge turbulence[END_REF][START_REF] Burrell | Effects of E × B velocity shear and magnetic shear on turbulence and transport in magnetic confinement devices[END_REF]. At smaller scales, the effect of E × B rotation has an impact on several promising technological fields, such as plasma propulsion and plasma processing [START_REF] Kaganovich | Physics of E ×B discharges relevant to plasma propulsion and similar technologies[END_REF], or centrifugal separation [START_REF] Zweben | Plasma mass separation[END_REF].

A large number of studies have been dedicated to study how boundary conditions may change the rotation profile in plasmas. Most of these studies focused on the influence of the biais of cold limiters, concentric rings or grids on the rotation profiles and on the rotation shear profiles of plasma columns or plasma torii [START_REF] Hooper | Nonambipolar radial particle transport in a tandem mirror[END_REF][START_REF] Severn | Experimental studies of the rotational stability of a tandem mirror with quadrupole end cells[END_REF][START_REF] Tsushima | Control of radial potential profile and nonambipolar ion transport in an electron cyclotron resonance mirror plasma[END_REF][START_REF] Gueroult | Initial experimental test of a helicon plasma based mass filter[END_REF][START_REF] Schaffner | Turbulence and transport suppression scaling with flow shear on the Large Plasma Device[END_REF][START_REF] Desjardins | Dynamics of flows, fluctuations, and global instability under electrode biasing in a linear plasma device[END_REF][START_REF] Brochard | Transition from flute modes to drift waves in a magnetized plasma column[END_REF][START_REF] Terasaka | Flow structure formation in an ion-unmagnetized plasma: The HYPER-II experiments[END_REF]. Fewer studies investigated the effect of emissive cathodes on the control of the velocity profile and on the rotation-shear profile. Following the pioneering studies in the late 1980's [START_REF] Intrator | The virtual cathode as a transient double sheath[END_REF][START_REF] Taylor | H-mode behavior induced by cross-field currents in a tokamak[END_REF], the community showed recently a renewed interest in this topic [START_REF] Moon | Control of electron temperature and space potential gradients by superposition of thermionic electrons on electron cyclotron resonance plasmas[END_REF][START_REF] Plihon | Flow dynamics and magnetic induction in the von-Kármán plasma experiment[END_REF][START_REF] Jin | Plasma flows generated by an annular thermionic cathode in a large magnetized plasma[END_REF]. In this article, we investigate in detail the scheme proposed in [START_REF] Plihon | Flow dynamics and magnetic induction in the von-Kármán plasma experiment[END_REF] where a background radio-frequency plasma column is stirred using large emissive cathodes inserted in the plasma column.

This article shows that current emission over a background plasma is an efficient way to continuously control the plasma rotation profile. We show that the rotation profile is set by the local value of the electric drift and that current injection modifies the plasma potential profile. Several recent theoretical models have been developed to understand how biased electrodes modify the potential distribution in strongly or weakly magnetized plasma columns [START_REF] Curreli | Cross-field diffusion in low-temperature plasma discharges of finite length[END_REF][START_REF] Gueroult | A necessary condition for perpendicular electric field control in magnetized plasmas[END_REF][START_REF] Poulos | Model for the operation of an emissive cathode in a large magnetizedplasma[END_REF][START_REF] Liziakin | Negative electric potential in a cylindrical plasma column with magnetized electrons[END_REF]. Our experimental investigation provides a set of experimental data in the weakly magnetized regime, which complements the work of [START_REF] Jin | Plasma flows generated by an annular thermionic cathode in a large magnetized plasma[END_REF] in strongly magnetized regimes.

The experimental setup and the plasma diagnostics used is this article are detailed in section 2. Section 3 first presents the operation of the large emissive cathodes over the background radio-frequency plasma column. The ability to continuously control the plasma rotation using strong current emission is then shown. The experimental rotation profiles are then analyzed in section 4 in the framework of plasma drifts perpendicular to the magnetic field, strongly damped by collisions. The azimuthal dependence of the rotation profile and the effect of the central anode are discussed in section 5. Finally, concluding remarks are given in section 6.

Experimental setup

Experimental apparatus

The experimental setup consists of a magnetized plasma column, described in details in [START_REF] Plihon | Flow dynamics and magnetic induction in the von-Kármán plasma experiment[END_REF], and whose main characteristics are recalled here. The plasma is created by a radio-frequency inductive source made of a 3-turns helicoidal coil wrapped around a 11-cm inner diameter borosilicate bell jar. The antenna is powered by a 3.3 kW radio-frequency (r.f.) power supply running at 13.56 MHz through a manual L-type matching box [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF].The plasma then enters a 80 cm long, 20 cm in diameter grounded stainless-steel cylinder -the z-axis being defined as the axis of the cylinder, while x is the horizontal axis and y the vertical axis (see Fig. 1). Argon gas is injected through a puffed valve at the top of the experiment, close to the source, in the plane z = 16 cm and is pumped down by a primary pump and a turbo-molecular pump located on the side of the experiment, further away from the source, in the plane z = 49 cm. Working pressures are in the milliTorr range, while base vacuum is routinely below 10 -6 Torr (1.4 ×10 -4 Pa). The plasma is confined by an axial magnetic field generated by a set of three Bitter coils located around the vessel in the planes z = 3, z = 29 and z = 69 cm. Each coil is composed of one hundred copper rings of 26 cm inner diameter and 58 cm outer diameter, generating a 50 turns coil of thickness 11 cm. All coils are powered by the same constant current and produce a field up to 1500 G along the axis of the experiment. All results presented in this article were obtained for typically 1kW of r.f. power, magnetic fields of the order of 100 G, and pressure around 1 mTorr, leading to plasma columns with densities of a few 10 18 m -3 electron temperature of a few eV and radial extension R of typically 5 cm (see section 2.2). In this context, the electrons are fully magnetized, while the ions are weakly magnetized -which is why we call theses regimes weakly magnetized. Indeed the ion Larmor radius is of the order of 2 cm (i.e. 0.4 R) and the ion-neutral collision frequency is of the same order of magnitude as the ion cyclotron frequency.

The goal of this article is to investigate and demonstrate the ability to control the rotation profile of the plasma column when inserting large emissive cathodes in the plasma column. The operation of the emissive cathodes is detailed in section 3.1; it consists of a tungsten filament heated up to 2650 K and negatively biased to emit a few amperes in the plasma. The emissive cathodes may be inserted in the center of the plasma column or at mid-radius. One configuration studied here consists of a single cathode in the center (see Fig. 1 g)) and the other consists of two cathodes located at x = ±3 cm and an anode in the center (see Fig. 1 h)). The electrical boundary conditions of the end plates of the cylinder are chosen insulating: an alumina ring (110 mm inner diameter, 197 mm outer diameter) is installed at z = 0 cm and a borosilicate disk (195 mm outer diameter) is installed at z = 80 cm. The current flows in the presence of strong electron emission from the cathodes are discussed in Section 5, but we summarized here the overall picture. The electrons emitted by the cathodes are strongly magnetized and lead to the formation an axial electron beam radially and azimuthally localized at the cathode location. The cathode current is thus balanced by an ion current, driven towards the cathode. In the presence of a single cathode, this means a radially inward current. In the configuration with two off-centered cathodes and an anode this corresponds to a radially outward current in the central region, and a radially inward current in the outer region (for radii larger than the location of the cathodes).

To keep the whole apparatus in a steady thermal state, the operation of the plasma is pulsed: the plasma is sustained over typically 1 second, during which data are acquired, with a repetition period of typically 30 s. Note that when emissive cathodes are used, the heating power supplies are always kept on, which maintains a high temperature of the tungsten filaments. The biasing power supplies are powered only when the plasma has been fired by the r.f. power supply. The whole experiment is fully automated to allow high repeatability and reproducibility of the plasma. The level of shot to shot reproducibility was ±0.6% for the ion saturation current of a Langmuir probe, with a standard deviation of 0.2% (estimated from a series of 40 shots) and ±50 mV for the plasma potential from an emissive probe, with a standard deviation of 13 mV (estimated from a series of 20 shots). The probes are inserted in the measurement plane at z = 49 cm, either along the x or the y-axis using motorized translators. Diametrical scans of the plasma parameters are acquired sequentially: each spatial point has been acquired during one plasma-pulse, and the probe is translated between two pulses.

Experimental methods

Plasma parameters reported in this article were measured using electrostatic probes: plasma density and electron temperature from Langmuir probes, plasma potential from emissive probes and ion velocity from Mach probes [START_REF] Désangles | Forçage à grande échelle d'une colonne de plasma faiblement magnétisée: influence d'une cathode émissive de grande taille[END_REF]. The Langmuir probes are composed of a single tip made of a 1 mm long 0.2 mm tungsten wire enclosed in a single alumina probe shaft of 1.5 mm outer diameter and 0.8 mm inner diameter. The current-voltage characteristics [START_REF] Chen | Lecture Notes on Langmuir probe diagnostics[END_REF] are measured using a National Instrument Source and Measure Unit PXIe-4139. The Langmuir probes were not r.f. compensated, but previous studies showed that, in the range of parameters used for this study, r.f. compensated Langmuir probes [START_REF] Sudit | Rf compensated probes for high-density discharges[END_REF] showed similar results to uncompensated Langmuir probes. The plasma density is computed following the method proposed in [START_REF] Chen | A floating potential method for measuring Ion density[END_REF]. The emissive probes [START_REF] Sheehan | Emissive probes[END_REF] are made of a 8-mm long loop of 0.2 mm diameter tungsten filament held by a two bore alumina shaft 6 mm outer diameter. The filament is made emissive by Joule heating: a home-made constant-current controller delivers up to 8 A from a 12 V battery. The heating current is controlled with an uncertainty of ± 0.1 A, leading to a ± 0.25 V uncertainty on the measured plasma potential. The heating current is evaluated for each set of experimental parameters following the method proposed in [START_REF] Kemp | Plasma potential measurements by electron emissive probes[END_REF] and is kept constant for a diametrical scan. The Mach probes are made of two 4 mm diameter and 0.1 mm thick Tantalum disks back to back to each other, embedded in a 8 mm diameter ceramic head, following the design described by [START_REF] Weisberg | Pursuing the Plasma Dynamo and MRI in the Laboratory : Hydrodynamic Studies of Unmagnetized Plasmas at Large Magnetic Reynolds Number[END_REF]. The probe head is held by a two-bore ceramic shaft of 4 mm outer diameter. Both Tantalum disks are biased at -60 V with respect to the grounded vessel by two independent DC power supply, and the flowing ion saturation current is measured using shunt resistors. The ion flow velocity is then obtained from the logarithm of the ratio of the ion saturation current density measured on the collector facing the ion flow (J sat,up ) to the ion saturation current density measured back to the flow (J sat,dn ) [START_REF] Chung | Mach probes[END_REF] as

V i = C s K m ln J sat,up J sat,dn
, where C s is the sound speed (assessed for the different plasma conditions in the experiment and taken uniform over the plasma and equal to 3500 m.s -1 ) and K m is a calibration factor taken from PIC and fluid simulation results available in the literature [START_REF] Chung | Mach probes[END_REF]). In the case of unmagnetized ions (ion Larmor radius greater than the probe dimension) and cold plasma (T i < 3T e ), we use the recommended and commonly used [START_REF] Chung | Mach probes[END_REF][START_REF] Collins | Stirring unmagnetized plasma[END_REF]) value is 1.34. The other sources of uncertainties on the estimate of the ion velocity by Mach probes are respectively the evaluation of the collection area, the probe angular position relative to the azimuthal flow, the influence of an eventual axial flow [START_REF] Shikama | Practical formula for Mach number probe diagnostics in weakly magnetized plasmas[END_REF]. The influence of the collection area is corrected by a systematic procedure averaging two 180 degrees symmetric measurements (one face facing the flow, and then back to the flow). The second issue is mitigated by the development of a protractor on the probe mechanical feedthrough flange. From calibration measurements, we estimate the uncertainties over the measured velocity to be smaller than 100 m.s -1 for our experimental setup. We adopt here a conservative approach and chose to keep errorbars of 100 m.s -1 , including uncertainties related to drift of plasma conditions, probes conditions and probes perturbations. We note that, due to different geometries of our probes, the spatial averaging of the measurements varies from 1 mm for the plasma density and electron temperature to 4 mm for the plasma potential and the ion velocity.

Typical background plasma parameter profiles

Figure 2 displays diametrical scans of the plasma density n, electron temperature T e and plasma potential Φ p , measured along the x-axis in the plane z = 49 cm, for a typical set of experimental control parameters (120 G, 1 kW and 1 mTorr), showing a plasma column with a typical radial extension R ∼ 5 cm. This configuration is the reference plasma background case, over which we investigate the effect of current injection from large emissive cathodes. This reference background plasma case will be labeled 0-K in the remaining of this article, for no-cathode present in the plasma column. We note a weak hollow center on the plasma density, which is likely to be a skin-depth effect of the ionization by the r.f. inductive source [START_REF] Chabert | Physics of radio-frequency plasmas[END_REF]. A slight asymmetry is observed on the plasma parameters profiles, whose origin lies on the geometry of the r.f. antenna (which is not perfectly axisymmetric) and the disturbances due to the presence of intrusive probes †. In the remaining of the article, we analyze the experimental results in a framework where we assume axisymmetric plasma parameters; we therefore introduce a procedure which symmetrized the experimental plasma parameters with respect to the center of the vessel. The experimental data points X(x) are first interpolated and smoothed as X i (x) (the original experimental data points are filtered using a 7-points, first order Savitzky-Golay filter, before being linearly interpolated every 1 mm), and an axisymmetric field X s (r) is computed as

X s (r = a) = 1 2 X i (x = a) + X i (x = -a)
. The steps of this procedure are shown in Fig. 2, resulting in the symmetrized fields shown as dashed lines. All experimental measurements displayed in the remaining of this article have been symmetrized.

Control of the rotation profile using large emissive electrodes

Characterization of current emission by a large emissive electrode

Let us first describe the experimental operation of the large emissive cathodes inserted within the background plasma column in order to drive and control the rotation profile. The large emissive cathode is a 0.508 mm diameter tungsten wire rolled up on itself over 6.25 turns (see Fig. 1 c)). The legs of the filament are mechanically locked in 4 mm diameter copper rods (insulated from the plasma by alumina tubes) which feed the current to the cathode. The cathodes' filaments were bought from Union City Filament (custom design ref. . The cathodes can be inserted in the plasma radially from ports in the z = 16 cm plane. The principle of operation is the following: the filaments (i) are Joule-heated up to 2650 K in order to become strongly emissive, using a heating DC power supply and (ii) are negatively biased with respect to the plasma potential using a biasing DC power supply, typically down to -40 V with respect to ground, in order to emit an electronic current of about 10 A in the plasma. Two different experimental arrangements have been used for the purpose of this communication: one cathode in the center of the plasma (configuration 1K in Fig. 1 g)) and two cathodes off-centered at x = ±3 cm with a grounded anode in the center of the plasma, located at z = 70 cm (configuration 2K in Fig. 1 

h).

A strongly emissive regime is obtained when flowing a heating current I h within the filament, typically reaching 20 A (resulting in a voltage drop U h of the order of 18 V, i.e. 360 W of heating power). Both the current I h and the voltage U h of the heating power supply are measured in vacuum and in the absence of plasma. The temperature of the tungsten filament can then be estimated using the calibrated tungsten resistivity [START_REF] Desai | Electrical Resistivity of Selected Elements[END_REF]. This estimate is in excellent agreement with measurements using an optical pyrometer (Raytek RAYMR1SCSF), with uncertainties lower than 10 K. Note that we chose to control the heating of the tungsten filament imposing the voltage of the heating power supply, although, at first sight, the current seems to be the most accurate experimental control parameter. Indeed, when the cathode is in contact with a plasma and left floating (as it occurs for each shot during the ignition phase of the plasma), the voltage drop within the filaments drives currents to and from the plasma, which do not significantly contribute to the Joule heating. In short, this can be understood from the fact that, in the presence of a plasma, only the center of the emissive filament floats at the plasma potential. Half of the filament is at a potential larger than the plasma potential (drawing electrons from the plasma) and half of the filament is at a potential lower than the plasma potential (emitting electrons to the plasma); these extra currents add up to the heating current when the voltage is kept constant, but do not contribute to heating. We checked, from measurements using the pyrometer, that the temperature of the emissive cathode does not increase when the plasma is ignited, supporting our choice for the control of the temperature of the emissive cathode.

During one shot, once the plasma has been ignited, the cathode is biased negatively at voltage U b with respect to ground, using a biasing DC power supply. The voltage bias of the cathode Φ c is defined as the averaged potential over the length of the filament:

Φ c = U b + U h 2 .
The evolution of the bias current I b fed by the biasing power supply to the emissive cathode as a function of the cathode bias is reported in Fig. 3 a) for several values of the cathode temperature. As expected, the bias current is controlled by the temperature of the tungsten filament T and the cathode bias relative to ground Φ c . This current significantly increases as the temperature increases, and exceeds 10 A when the temperature exceeds 2600 K (the ion saturation current of the cold cathode being 280 mA). The emitted current is introduced as

I em (∆Φ, T ) = |I b (∆Φ, T ) -I b (∆Φ, T = 285K)
| with ∆Φ being the potential of the cathode relative to the unperturbed plasma potential (i.e. when the cathode is left floating) ∆Φ = Φ c -Φ p,Iem=0 . The evolution of I em as a function of ∆Φ is displayed in Fig. 3 b). An empirical evolution of the emitted current I em as a function of the cathode temperature T and the bias ∆Φ is well captured by Richardson's law [START_REF] Richardson | Electron Emission from Metals as a Function of Temperature[END_REF], introducing an effective emission area of the filament A eff (∆Φ) as: The effective emission area A eff (∆Φ) takes into account the current of electrons from the plasma, collected at the cathode, which increases as ∆Φ increases, allowing for an empirical prediction of the current delivered by the biasing power supply and injected into the plasma. We stress here that the evolution of the emitted current following Eq. 3.1 does not take into account the shift of the central plasma potential Φ p (r = 0) towards negative values when the cathode is strongly emissive and negatively biased (i.e. Φ c 0). The modification of the central plasma potential Φ p (r = 0) in the presence of strongly emissive cathodes will not be discussed further in this article, but it is worth noting that the shift can reach -14.5 V for a cathode biased at -40 V and emitting 12 A.

I em = A eff (∆Φ) A G T 2 exp - e W k b T , ( 3 

Control of the plasma rotation profile

In this subsection, we demonstrate that large current emission from the cathodes allows for the control of the azimuthal flow. As previously introduced, three configurations are detailed in this article. The reference case (labeled 0-K ) corresponds to the background plasma created by the r.f. source for a 120 G magnetic field, a 1 kW absorbed r.f. power, at pressure 1.0 mTorr, whose plasma parameters are displayed in Fig. 2. Two configurations in which the plasma flows of the background plasma are modified by current emission from large cathodes are analyzed here: one configuration in which one cathode located at the center of the plasma column injects current to the vessel wall (referred to as the 1-K configuration in Fig. 1, for one single cathode inserted in the plasma column) and one configuration in which two off-centered cathodes drive current to the vessel wall and to an anode located in the center of the column (referred to as 2-K configuration in Fig. 1, for two cathodes inserted in the plasma column). The emissive cathodes are located in the z = 16 cm plane, while plasma parameters reported in this section were measured in the z = 49 cm plane (heat radiation and high energy electrons emission by the cathodes spoil measurements in the z = 16 cm plane, which are not discussed here).

The background plasma column displays radial gradients of the plasma potential and of the plasma pressure and a rotation profile is expected to emerge from drift velocities. Indeed, a strong azimuthal flow measured using Mach probes, is observed for the reference configuration (0-K ), as displayed in Fig. 4 a) (open black circles). The velocity profile is strongly sheared with a clockwise flow for r < 3.5 cm and a counter-clockwise flow for r > 3.5 cm. We will show in next section that the features of this flow profile is understood from the local electric drift. Inserting floating hot cathodes does not modify the azimuthal plasma flow, as displayed in Fig. 4 a) for the single centered cathode configuration and the two off-centered cathodes configuration respectively labeled 1-K -off and 2-K -off. These flow measurements confirm that floating hot cathodes indeed behave similarly to emissive probes and that, despite the voltage drop U h across the cathode (due to finite resistivity and Joule heating) our large emissive cathodes float at a potential close to the local plasma potential, and do not affect the global plasma equilibrium.

In contrast with floating cathodes, the azimuthal velocity profile is drastically modified for large current emission by the cathodes. Let us first focus on the azimuthal velocity profile in configuration 1-K, for 12 A of emitted current I em , displayed in Fig. 4a) (upper orange triangles). When a large electron current is emitted at the center of the plasma column, the azimuthal velocity is now positive everywhere in the plasma column, i.e. the whole column rotates in the counter-clockwise direction. Electron current injection at the center of the plasma column thus leads to a reversal of the rotation in the center of the column. An opposite situation as been observed in the 2-K configuration: the central part of the plasma column rotates in the clockwise direction (similarly the 0-K configuration), but the amplitude of the flow has been strongly increased, as observed in Fig. 4a) (lower red triangles) when the each of the two cathodes emit 5 A. This shows that the direction of rotation of the ions in the central part of a plasma column can be efficiently controlled by strong emission of electrons from emissive cathodes at specific locations. Surprisingly, the velocity profile in the outermost region of the plasma column is affected similarly, i.e. the counter-clockwise outer rotation is slightly increased by current emission with respect to the 0-K reference configuration. The origin of this effect is still unclear, but, as shown in Section 5, this effect is absent in the vertical plane. A possible explanation could be the interaction, in the horizontal plane, of the large cathode shafts, which are partially grounded at large radii, with the current injection by the cathodes.

In order to quantify the influence of the emitted current, the evolution of the peak velocity V max i,θ for r < 3.5 cm is displayed as a function of the cathode current I K in Fig. 4b) (V max i,θ

is the velocity at zero radial shear, i.e. the maximum velocity for a profile of positive values of V i,θ , such as for the 1-K configuration, and the minimum velocity for a profile of negative values of V i,θ , such as for the 0-K configuration). As a convention, the cathode current is positively defined in the 1-K configuration (i.e. I K = I em ), and negatively defined in the 2-K configuration (i.e. I K = -I 1 em = -I 2 em , where I 1 em is the current emitted by cathode 1). The origin

I K = 0 A corresponds to the 0-K configuration, for which V max i,θ = -200 m.s -1 . As I K increases, V max i,θ
continuously increases, and exceeds 600 m.s -1 when I K = 15 A (upper orange triangles). On the other hand, when I K decreases, V max i,θ continuously decreases (lower red triangles). The scan in emitted current I K reported in Fig. 4b) was obtained with constant heating of the cathode (2650 K) while varying the amplitude of the bias U b typically from -20 to -40 V; i.e. it was obtained following one of the constant-temperature curve displayed in Fig. 3 a). The detailed effect of the ion magnetisation, through the evolution of the amplitude of the magnetic field B is left for future studies, however Fig. 4 c) shows that current injection in the 1-K configuration allows to reverse the rotation profile for several values of the magnetic field B for I K = 5 A. For all amplitudes of the magnetic field, the value of peak velocity V max i,θ (I K = 0) in the reference 0-K configuration is negative (displayed as blue circles in Fig. 4 c)), while the value of peak velocity V max i,θ (I K = 5) in 1-K configuration is positive (displayed as upper orange triangles).

Drift velocity controlled by current emission

Drift velocity damping by collisions

In this section, we now show that the modifications of the azimuthal flow profile can be attributed to the modification of the plasma potential profile. The analysis is developed assuming axisymmetry and thus applied to the 0-K and 1-K configurations, however, a similar approach seems applicable to the 2-K configuration, as discussed in Section 5. Assuming axisymmetry of the plasma column, the momentum equation for the ions leads to an azimuthal ion drift velocity involving an electric drift term V E = (E × B)/B 2 and an ion diamagnetic drift term V D = -(∇P i × B)/(neB 2 ) expressed as:

V i,θ = 1 K (V E + V D ) = 1 K - E r B z + k B T i neB z ∂n ∂r , (4.1)
where K is a factor accounting for the drag exerted on ions. The drag factor K may be expressed as [START_REF] Chen | Introduction to Plasma Physics and Controlled Fusion[END_REF], where ν m is the macroscopic momentum transfer frequency [START_REF] Hagelaar | Modelling methods for low temperature plasmas[END_REF], which reads ν m = ν in + ν iz , and which takes into account momentum drag from ion-neutral collisions through the ion-neutral collision frequency ν in and the creation of ions through the ionization frequency ν iz †

K = 1 + (ν m /ω ci ) 2 (
The ion-neutral collision frequency is evaluated as n n σ in v th,i , where n n is the neutral gas density, σ in is the momentum exchange cross section between an ion and a neutral and v th,i the most probable thermal speed equal to 8kT i /πm i . The values of K have been estimated assuming an ion temperature T i equal to 0.2 eV for the 0-K configuration and equal to 0.32 eV for the 1-K configuration (a value estimated from Laser Induced Fluorescence of the 442.6 nm ArII line [START_REF] Bieber | Measurements on argon ion by tunable diode-laser induced fluorescence in a low magnetic field helicon configuration reactor[END_REF]) and thus the cross-section σ in at 0.2 eV and 0.32 eV [START_REF] Phelps | Cross Sections and Swarm Coefficients for Nitrogen Ions and Neutrals in N 2 and Argon Ions and Neutrals in Ar for Energies from 0.1 eV to 10 keV[END_REF][START_REF] Phelps | The application of scattering cross sections to ion flux models in discharge sheaths[END_REF] . The theoretical estimate of the damping † The additional collision term νiz v in the momentum equation is usually not taken into account when the plasma density is assumed to be constant. Inserting the continuity equation ∂n/∂t + ∇ • (n v) = nνiz in the first-order moment of the Boltzmann equation leads to the additional friction term νiz v for the momentum equation ∂ v/∂t factor K assumes a flat neutral density profile (estimated from neutral pressure measured at the wall), and involves the plasma density averaged between r = 0 and r = 4 cm (using Langmuir probe measurements) and a constant ion temperature over the plasma column. The ionization frequency is estimated from the functional form ν iz = n n K iz , with K iz = 2.34 10 -14 T 0.59 e e -17.44/Te m 3 s -1 [START_REF] Lieberman | Principles of Plasma Discharges and Materials Processing[END_REF]. Assuming a neutral temperature of 350 K and an average electron temperature T e = 4.6 ± 0.2 eV, this leads to values K 0K = 7.2 ± 1 for the 0-K configuration and K 1K = 7.3 ± 1 for the 1-K configuration when the emissive cathode emits 12 A. We stress here that, for the plasma parameters investigated here, the ion-neutral collision frequency ν in and the ionization frequency ν iz are of the same order of magnitude, and thus contribute equally to the damping of the flow (i.e. even if there were no charge exchange collisions, the flow would be strongly damped). We also stress that the value of the drag factor K depends on the exact value of the electron temperature, ion temperature and the collisions crosssections, with an extreme sensitivity on the electron temperature. We now show in next subsection that our experimental results may be interpreted from a damped electric drift.

Local drift computation

Figure 5 a) displays the relative plasma potential profiles V p measured from emissive probes and Fig. 5 b) show the density profiles for configurations 0-K and 1-K for 12 A of current emitted by the cathode. To increase readability, the relative plasma potential V p is defined as V p (r) = Φ p (r) -Φ p (r = 0), with values of the plasma potential at the center equal to Φ p (r = 0) = -1 V for the 0-K configuration and to Φ p (r = 0) = -15.5 V for the 1-K configuration at 12 A of emitted current. Strong electron current emission from a negatively biased cathode at the center thus shifts negatively the plasma potential of the plasma column (the cathode bias was set to U b = -40 V). In addition to the global shift of the plasma potential, the injection of electron current in the center also strongly modifies the shape of the plasma potential profile. The plasma potential profile of the background plasma column (0-K configuration) decreases from the center outward, reaches a minimum around r = 3.5 cm and increases on the outward. The plasma potential profile is in strong contrast for the 1-K configuration: it continuously increases outward, with a localized drop of the potential near the cathode. This leads to a reversal of the local electric field, and thus a reversal of the electric drift velocity between the 0-K and 1-K configurations. Electron emission also strongly modifies the plasma density profiles as can be seen in Fig. 5 b): ionisation from the beam of primary electrons in the central part of the column strongly increases the plasma density in the central part of the plasma column (r 2 cm), which also leads to a reversal of the diamagnetic drift velocity between the 0-K and 1-K configurations.

The computation of electric drift and the ion diamagnetic drift velocities from the experimental profiles of the plasma parameters shows that the electric drift velocity clearly exceeds the diamagnetic drift velocity (see Fig. 5c) and d)). Moreover, the total drift velocity profile is strongly correlated to the experimental ion flow profiles displayed in Fig. 4a). An empirical drag factor K e is introduced by the minimization of the function

f (K e ) = V i,θ -(V E + V D ) /K e .
The experimental ion velocity profiles and the damped drift velocities including the minimization factor K e are displayed in Fig. 5c) and d) for the 0-K configuration (with K 0K e = 6.7) and the 1-K configuration respectively (with K 0K e = 8.9). A good agreement is found between the measured velocity profile and the sum of damped drift velocities, which is dominated by the electric drift velocity. The electron current injected by large emissive cathodes allows to control the profile of the plasma potential and, in turn, the azimuthal velocity profile: large emissive cathodes are thus a very efficient mean to achieve rotation profile control. While the empirical and )

Mach probe V E /8.9

V D /8.9

(V E +V D )/8.9 d) 1-K con guration theoretical values of the drag factor K are of the same order of magnitude their small discrepancy is most probably due to one of the following reasons: an overestimate of the the electric field when measuring the plasma potential profile with the emissive probe (the probe heating current is kept constant over the plasma column radius which likely leads to an overestimate of the plasma potential gradient) or the uncertainty on the renormalizing factors used in the Mach probe signal analysis.

We note here that the ion Larmor radius is of the order of the plasma potential gradient length, and that the conditions for the application of the E ×B drift theory is not strictly fulfilled. The agreement observed between the experimental results and the computed drift velocity calls for the application of the fluid drift theory, though its validity should be confirmed from kinetic or PIC simulations in the presence of collisions.

5. Discussion: 2-K configuration and influence of the central anode 5.1. Azimuthal dependence of the plasma flow in the 2-K configuration Diametral profiles of the ion velocity and of the plasma potential measured along the horizontal axis and the vertical axis are displayed Fig. 6 for several conditions in the presence of two cathodes, inserted in the horizontal plane at location z = 16 cm. As the central symmetry is preserved the symmetrisation procedure was applied to the measurements. The reference case, referred to as 2K-Off, consists of two hot unbiased cathodes in the presence of an anode in the center and is displayed using blue bullets. The 2-K configuration introduced in the previous sections, with two hot, negatively biased cathodes, in the presence of a central grounded anode is shown using red lower triangles and is labeled in this section 2K-On Anode. In the central part of the column (i.e. radial positions lower than 5 cm), the velocity profiles are of similar amplitude along the vertical and horizontal axes. The first observation is that, for the 2K-On Anode case, a counter-clockwise flow larger than the 2K-Off reference case is observed in the central part, along both axes. Although the cathodes are inserted in the horizontal plane, they are efficient to drive an azimuthal flow everywhere in the plasma column. However the central counter-clockwise velocity peak increases from 200 m.s -1 in the 2K-Off reference case to about 400 m.s -1 on the horizontal axis and to only 300 m.s -1 on the vertical axis in the 2K-On Anode case. The plasma velocity increase due to current injection is higher in the horizontal plane than in the vertical plane and the axisymmetry is broken under this current injection geometry. As for the 0-K and 1-K configurations discussed before, the features of the flow are consistent with a strongly damped E × B flow and with the measurements of the plasma potential shown in the lower panels of Fig. 6. The central plasma potential gradient increases from 7.6 V.m -1 in the 2K-Off reference case to 12.5 V.m -1 along the horizontal axis and only to 8.75 V.m -1 along the vertical axis in the 2K-On Anode case. Similarly to the observations made in section 4, a large increase in the plasma velocity at large radius is observed only on the horizontal axis, whose origin may speculatively be attributed to the presence of the large cathode shafts along the horizontal axis.

The radial location at which the electric field corresponds to the radial location at which the azimuthal velocity is zero. Due the coils positions and the ripple of the magnetic field lines in our experiment, the magnetic field line crossing r = 3 cm at the cathode plane (z = 16 cm) crosses r = 3.8 cm at the measurement plane (z = 49 cm). However, the assumption that plasma parameters remain invariant along a magnetic field line does not strictly hold (the plasma parameters at (r, z) = (3, 16) cm correspond to those at (r, z) = (3.5, 49) cm). We thus expect a minimum for the plasma potential for radius around 3.5 cm, which is in fairly good agreement with the data shown in Fig. 6.

Influence of the central anode on the flow

The ion velocity and plasma potential profiles in the presence of two hot biased cathodes in the absence of an anode are also shown in Fig 6 as yellow diamonds, and referred to as 2K-On No Anode. In this case, all the current emitted by the cathodes is collected at the grounded vessel, while 30 % is collected at the central anode in the 2K-On Anode configuration. The first observation is that ion flow in the 2K-On No Anode case is strongly reduced in the central part of the plasma column (at radial positions below ∼ 3.5 cm) as compared to the 2K-Off reference along both the vertical and horizontal axes. Once again, the flow features are in good agreement with the plasma potential profiles. In particular, the plasma potential profile is strongly flattened along the horizontal axis. For radial location larger than 4 cm, the effect of the central anode is weaker. The effect of the central anode can be interpreted as follows: the current of the primary electron beam emitted by the cathodes is balanced by (i) a ion current directed inward from the grounded vessel, at radii larger than 3.5 cm, and (ii) a ion current directed outward from the anode, at radii lower than 3.5 cm, leading to local minimum of the plasma potential around 3.5 cm. In the absence of the anode, only the first contribution of the current leads to the modification of the electric field and of the flow.

In the 1-K configuration, the cathode is located at the center of the plasma column and the current emitted by the cathode is collected at the grounded vessel walls. Since the primary electron beam is strongly magnetized, the global radial current flow likely consists of an ion flow. This leads to a local minimum of plasma potential at the center of the column (see Fig. 5). We also investigated a configuration for which a grounded anode was inserted in the center of the plasma column at location z = 70 cm. In this configuration, 40% of the current was collected at the anode. Surprisingly, for the same current driven by the cathode, the differences measured for the velocity profile and for the plasma potential profile (not shown) in the presence or the absence of the central anode remain lower than the uncertainty of the measurements. The authors believe that more detailed spatial measurements of the plasma potential and modeling are required to provide a detailed understanding of these results.

Conclusions

Current injection from large emissive cathodes, over a background weakly magnetized plasma column generated by a radio-frequency source, was demonstrated to be an efficient way to control the rotation profile and rotation shear of the ion flow. In the range of plasma parameters investigated in the present article, we show that the azimuthal ion flow is effectively controlled by the local electric drift damped by a drag exerted on the ions. The large negative bias of the large emissive cathodes strongly modify the local plasma potential, their operation was analyzed to follow a modified thermionic emission law, allowing to precisely control the amount of injected current. This injected current strongly modifies all plasma parameters, and in particular the plasma potential profile. We showed that the plasma potential profile can be continuously modified by current injection -this allows to continuously control the rotation profile of the ion flow, and the natural background plasma rotation may be reversed or enhanced depending upon the location of the emissive cathodes and the intensity of the injected current. Two physical effect contribute to the damping of the flow on nearly equal grounds: the ion-neutral charge exchange collisions, but also the creation of ions from volume ionization.The efficiency of the ion stirring using emissive cathodes could be increased at lower base pressure, thus requiring the design of optimized radiofrequency source to create high density plasmas below the mTorr range. This work also calls for predicting capabilities of the equilibrium plasma parameter when locally injecting current in order to better understand the driving mechanisms, for instance extending the recent works done for magnetized plasmas to moderately magnetized plasmas [START_REF] Poulos | Model for the operation of an emissive cathode in a large magnetizedplasma[END_REF][START_REF] Liziakin | Negative electric potential in a cylindrical plasma column with magnetized electrons[END_REF][START_REF] Gueroult | A necessary condition for perpendicular electric field control in magnetized plasmas[END_REF]. Beyond the present investigations in quiescent regimes, the influence of large-scale, low-frequency fluctuations of the plasma parameters usually observed in plasma columns on the efficiency of the plasma flow drive is also a crucial question related to the self-organization in plasmas.

Figure 1 .

 1 Figure 1. Experimental setup: a) top-view, b) end-port view. A large emissive electrode modifies the plasma parameters: c) photograph of the emissive filament, and glowing emissive filament when heated up to around 1500 K d) close up, e) when the plasma is off and f) when the plasma is on. Electrical configurations with g) one cathode, and h) two cathodes inserted. See text for details.

Figure 2 .

 2 Figure2. Diametrical scan of n, Te and Φp for a 120 G, 1 kW and 1 mTorr plasma: raw measurements X (open symbols), interpolated data X i (solid line) and symmetrized fields X s (dashed line).

Figure 3 .

 3 Figure 3. a) Evolution of the bias current I b as a function of the bias voltage Φc for various values of the cathode temperature T , b) thermionic emitted current as a function of T for various bias voltages ∆Φ, the inset shows the evolution of the effective area A eff as a function of ∆Φ. See text for details.

  .1) with A G = 6.0 10 5 A.K -2 .m -2 the Richardson constant (Bernhard 1995; Gale & Totemeier 2004), W = 4.54 eV the work function of Tungsten, and k b the Boltzmann constant.

Figure 4 .

 4 Figure 4. a) Radial profiles of the azimuthal velocity V i,θ measured using Mach probes: reference case (0-K ), configuration with a single cathode in the center (1-K ) emitting 12 A and configuration with two off-centered cathodes (2-K ), each one emitting 5 A. Floating hot cathodes configurations are labeled off and emissive cathodes are labeled on. b) Amplitude of the peak velocity peak V max i,θ as a function of the emitted current IK (see text for details). c) evolution of V max i,θas a function of the magnetic field amplitude B for the 0-K configuration (blue circles) and the 1-K configuration (upper orange triangles) for a 5 A emission current.

Figure 5 .

 5 Figure 5. a) Plasma potential (relative to the plasma potential at r = 0) and b) plasma density profiles for the configurations 0-K and 1-K (emitting 12 A). Experimental and computed drift velocities profiles for the c) 0-K and d) 1-K configurations.

Figure 6 .

 6 Figure 6. (left) Horizontal and (right) vertical scans of the (top) ion velocity and (bottom) plasma potential for the three cases in the presence of two cathodes. The cathodes were biased to -27 V and emitting 10 A (5 A per cathode) for the Anode and No Anode cases. See text for details.

† Email address for correspondence: nicolas.plihon@ens-lyon.fr

† This effect is particularly pronounced on the plasma potential scans from the emissive probe. Indeed, the emissive probe shaft is large (5 mm in diameter) and its insertion from one side of the experiment (say x = -10 cm) has a dramatic effect on the measurements made on the other side (x > 0).
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