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I. INTRODUCTION
Potential structures in a magnetized plasma have been investigated for a long time [START_REF] Nieuwenhove | [END_REF]2 , in order to understand plama fluxes and to study the edge of Tokamak plasmas responsible for heat fluxes at the wall 3 . A DC or RF biased source is able to raise a strong potential structure in a magnetized plasma due to RF sheath rectification 4 , and to induce convective cells all around the structure 5,6 .

This phenomena are present in classical magnetized discharges (e.g. magnetron discharges) and in the scrape off layer (SOL) of tokamaks in which ICRH (Ion Cyclotron Resonant Heating) antennas 7 are able to generate such potential structures .

The comprehension of density and potential structures in front of these antennas/electrodes is really important to evaluate the heat fluxes responsible for hot spot on their surfaces, and to prevent the sputtering, heating and destruction of connected parts at the wall or on the RF antenna. In addition, the magnetic configuration is such that the surface of the RF antennae is not parallel nor perpendicular to magnetic field lines, but a little tilted 8 .

Hence, the influence of the tilted angle of a biased electrode or antenna is treated here in the ALINE plasma device 9 in which the relative low RF power allows to make noiseless measurements.

a) Electronic mail: jordan.ledig@univ-lorraine.fr

To diagnose these potential structures, Langmuir slope break in the region of the plasma potential, so that it is much more convenient to locate φ p than for a planar or spherical probes. In some cases, a bump rises on the I(V ) in this potential range, due to a density depletion of the biased plasma connected to the probe during a voltage ramp 21,32 . All of theses knowledge of numerous cylindrical probe theories have been reviewed to interpret probe data and to draw potential, density and temperature contour plots all around a RF electrode.

Two dimensional contour plots of plasma parameters have been measured experimentally in the 1 m long linear plasma device ALINE 9,32,33 . The antenna (also called electrode) was tilted with respect to the magnetic field lines. The measurements are faced to some models to check the reliability of the measurements in these specific conditions (RF + magnetic field). The protocol is described in sec- 

II. EXPERIMENTAL DESIGN A. Setup and protocol

All the measurements were carried out in the ALINE plasma device 9,33 (see scheme in Fig. 3): a cylindrical vessel (1 m long and 30 cm diameter).

Six coils are placed equidistantly along the chamber to generate a magnetic field up to 100 mT at the center of the cylinder (the input current goes up to 220 A). In the working volume, i.e. near the center of the vessel, magnetic field lines are along the z axis (i.e. the axis of the vessel) -as they would be in an infinite solenoid approximation -and the magnetic field amplitude can be supposed homogeneous, i.e. B(r) = B 0 e z . See ref. 32 for more informations on this device.

A circular RF antenna (8 cm diameter and 1 cm thick) is placed at the center of the vessel (see photograph in Fig. 1). In the following work, the antenna is directly connected to the RF generator 
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The probe tip is RF compensated to allow mea-145 surements in a radio-frequency discharge 24,34,35 .
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Since the voltage ramp rate is lower than ω RF (78 147 Mrad/s), and both ω pi (66 Mrad/s) and ω pe (5.6 148 Grad/s), the measurement can be seen as stationary.
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The Langmuir probe (also see ref. 32 for more nates (0, 0, 0). In the scope of this paper, the prob- than ions. This sensitivity to the magnetic field also 203 changes the collection surface for each species 22,23 .
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In some cases the electron and ion current growth 205 can even be similar in amplitude 39 
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Since the probe holder is made of ceramics, its po-227 tential is floating and at low RF power, we assume that its presence does not disturb the flux tube.

Both, voltage and magnetic field dependency make it very difficult to extract plasma parameters from the I(V ). Finally, the RF fluctuations also distort the shape of the characteristics 24,27 . Indeed, having a RF power supply leads to oscillations of the plasma potential due to the auto-polarisation of plasma 29,30,[44][45][46][47][48] , moving the I(V ) "back and forth". And since the measurement is an average of this phenomenon, it leads to overestimation of the electron temperature (the exponential growth is wider). But the ion part remains more or less unchanged in the saturation region. This second argument explains our choice of using the ion part of the I(V ).

C. IV analysis

Theoretical processing of probe characteristics in magnetized plasmas is still an open research field.

Lots of authors worked on this subject (Langmuir 15 , Bohm [START_REF] Bohm | The characteristics of 1066 electrical discharges in magnetic fiels[END_REF] , Laframboise 31,49 , Chen 50 , etc. 10,11,[51][52][53] ).

A global overview on major theories is available herein [START_REF] Chen | Lecture notes on langmuir probe diagnos-1063 tics[END_REF] . Langmuir's Orbital Motion Limit (OML) model is simple to use and to apply because, assuming that there is no sheath, it states -under cold ions approximation -that I 2 i (V ) is a linear function, whose slope is proportional to the density squared and independent from the temperature. However our characteristics do not fit with this model (the RF has nothing to do with that though 25 ). Using ABR 10,11 or BRL-Chen 52 theories would be a good option, but it is recommended to check if the output parameters and the fitting are correct for all characteristics ; nevertheless our cumbersome maps (containing over 1000 I(V ) each) do not allow us to do so. Laframboise 31,49 did a very deep work on the collection of charged particle by a cylindrical Langmuir probe in magnetized plasma. He computed the collected current, and his curves are universal because they only depend on the probe radius-to-electron Debye length ratio, r p /λ De . Unfortunately, there is no analytical expression available, but only numerical results. Chen did a parameterization of these curves, but the algorithm still needs a supervisor to check the fitting of the measured I(V ) because those method need some initial input parameters. Mausbach and Steinbrüchel 37,38 proposed to fit the ion current with the function

a(b + χ) c
, where a, b and c are fitting parameters and χ the normalized potential drop between the plasma and the probe, e(φ p -V )/k B T e . In our experiment we assume that the ion current is given by the relation 36 , 

I theo i = I isat (1 + χ) k , (1) 
I i = C 1 V +C 2 .
n fit = - I isat 0.61 × eS p k B T new e /M , (2) 
The result of a fit is depicted in Fig. 4. The discon-
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tinuity is due to the fact that the model do not take 332 into account the region above plasma potential. We ing. This result also highlights the fact that for a 466 parallel antenna, the "active" surface is rather small, 467 and thus, the self-biasing of the facing plasma is 468 also small. On the opposite, as the antenna is tilted, 469 the "active" surface of the antenna increases and 470 thus the self bias becomes significant 29 .

471

Finally, the spacial shape of the plasma poten- field,

J De = k B T e B e z × ∇n, (9) 
but also the drift current density,

J D = en e z B × ∇φ p . (10) 
The sum of all transverse current density field, J ⊥ = The assumption J e = J e is verified.

J D + J De ,
Finally, in order to compute the probe floating potential using only measured quantities, we assume unmagnetized cold ions which are collected by the whole probe and magnetized and maxwellian electrons which are collected by only a small fraction of the probe, that we assume to represent approximatively 10% of the probe 22,23 , which is actually the effective probe collecting area for the parallel flux at such magnetic field magnitudes (50-100 mT). In addition to those magnetized electrons we must add the transverse electron current density 587 which we assume to be collected by only a portion 588 κ of the probe. Therefore, floating condition im-589 plies:

590 J i,sat S p = J e,sat 10 
e e(V fl -φ p )/k B T e + κJ ⊥ S p , (11) leading to the modified floating potential formula,

V fl = φ p - k B T e e ln J e,sat 10J i,sat + k B T e e ln 1 - κJ ⊥ J i,sat . ( 12 
)
The result is plotted in figure 11(c), where we have pletion is due to perpendicular currents that pushes 625 out ions from the channel 29,43 , which is enhanced 626 by RF transverse currents [START_REF] Faudot | AIP Conference Proceedings[END_REF] . Along with this, the 627 magnetic confinement is visibly improved when in- 

664 ∇ • J Tot = ∇ • (J e + J i ) = 0 (13) 
The space potential solution of this equation will be 665 used to solve the density profile using the conserva-666 tion of the steady state ion flux,

667 ∇ • (nu i ) = S (14) 
with S the ion source term. Solving both equa- Eq.( 13), depends both on space and time in order to 677 solve the RF fluctuations. Its solution is then aver-678 aged over an RF period to be injected in the second 679 equation, Eq.( 14), which is steady state.

680

We are assuming a magnetic flux tube with perfectly magnetized electrons (i.e. J e⊥ = 0), using the same approach as described in Fig. 8(a) and Fig. 8(b). The channel is connected on the one side to the RF antenna, and on the other side to the grounded wall. The ions are weakly magnetized, and can move across magnetic field lines. The ions perpendicular current density is given by:

J i⊥ = J pol + J mob + J diff = Mn B 2 ∂ E ∂t + enµ i⊥ E -eD i⊥ ∇n (15) 
which are respectively the currents densities of, polarization 27 , mobility and diffusion [START_REF] Chen | Introduction to Plasma Physics and Controlled Fu-1179 sion[END_REF] . M is the ion mass, µ i⊥ is the ion transverse mobility coefficient, and D i⊥ is the ion transverse diffusion coefficient.

A. Solving the potential profile

First, we focus on solving the equation ( 13) to find a solution for the space potential φ in front of the electrode. As we assume constant density in this first step of calculation, the ion diffusion current density is neglected. Integrating (13) along the magnetic flux tube of length L , and assuming homogeneous currents densities along the flux tube, leads to:

0 = L 0 ∇ • J Tot dz = L 0 ∂ J ∂ z + ∇ ⊥ • J i⊥ dz = 2J i,sat -J e,sat (1 + e ϕ RF ) e -ϕ + L ∇ ⊥ • J i⊥ (16) 
where potentials are normalized to e/k B T e . The parallel current density is only defined by the sheath boundary conditions, assuming the parallel electric field is equal to zero into the neutral plasma (no presheath in this model 47 ). Injecting now expression (15) into Eq.( 16), one will get

1 - e ϕ fl -ϕ 2 (1 + e ϕ RF ) = C ⊥ ηρ ci ∂ ∆ϕ ∂t + β Λ 2 ∆ ⊥ ϕ (17) where C ⊥ = ε 0 L ω 2 pi /ω 2 ci is the perpendicular ca- pacitance of the flux tube 27 , η = Mω ci /(2 × 0.61ne 2 )
is the resistivity (which depends on n) and

Λ 2 = L D i⊥ /(2 × 0.61c s )
is the typical squared diffusion length. A modified Einstein's relation is used here, µ ≡ β |q|D/k B T e to add a last degree of freedom to the system (β = 1 do not provide a good final result). In this equation we can see that the RF leads to a capacitive behaviour of the flux tube.

To be able to solve the problem, we assume a known profile shape for the RF potential ϕ RF (y,t) = φRF f (y) sin(ωt). A Gaussian profile of amplitude φRF is not adequate regarding to the potential structures obtained experimentally (plotted in figures 

711 f (y) = tanh y + L ⊥ /2 w -tanh y -L ⊥ /2 w 2 tanh(L ⊥ /2w) (18) 
where L ⊥ is the diameter of the flux tube, and w 712 the typical potential gradient width of our structure 713 at t = 0: when w → 0, f turns into a gate func-714 tion, whereas f turns into a Gaussian as w increases.

715

Some examples are plotted in Fig. 12. Now, equa-716 tion (17) can be solved numerically using finite el-717 ement methods (see appendix A). The resolution the outwards ion flux, 2αnc s , while l.h.s., S, is the source term playing the role of a constant ionization rate in order to maintain the density. Then, SL can be written as a constant saturation current density, 2αn 0 c s . Finally n(y) can be computed from following equation by matrix method: (see appendix B):

∆ ⊥ n - n Λ 2 = - J RF eD i⊥ L - n 0 Λ 2 . ( 21 
)
with Λ 2 still equals to L D i⊥ /2αc s , the typical diffusion length squared.

C. Code results and discussions

The free parameters in our model are temperature (which is assumed constant) T e , "bulk density" n 0 , transverse diffusion D i⊥ , transverse mobility µ i⊥ through the β coefficient, the parallel scale L , the perpendicular scale L ⊥ (linked to θ ), the RF amplitude V RF and the wheelbase w (i.e. the size of the transverse gradients). Those seven parameters are adjusted by error/test method to get a density structure close to the experimental measurements.

However, there are numerous ways to fit the measurements due to the seven degrees of freedom offered by our model. Therefore, the exploitation of the code output can only be done qualitatively.

The code is used to fit the experimental density profiles n(y) at z = 15 cm ans x = 0, at 1.5 Pa and 94 mT (best magnetized conditions). Only the potential structure at θ = 0 • is presented here, because the potential shape is only enlarged when increasing the tilting angle. As pointed out in a precedent work 47 , the space potential evolution can be decomposed into 3 terms, φ = φ + φ t + φ (see Fig. 13 The space potential given by the code is a 2-by-2 dimensional matrix for space and time. To compute the RF transverse current density (using Eq.( 19)), the spacial potential structure is averaged over the last five RF periods of the simulation. This potential profile, figure 13(b) is in good agreement with those obtained experimentally at 15 cm from the electrode (see figure 5(h)). Then, the density profile can be calculated in turn by solving equation (20) numerically. The result is plotted in figure 13(c).

This typical "bunny ears" shape is recovered in the 

36 probes 40 especially in a steady and non magnetized plasma 41 where a Langmuir probe measurement can provide 42 a

 36404142 can be used to get the plasma's main pa-37 rameters, and probe measurements are technically 38 speaking relatively easy to perform. There is al-39 ready a large documentation on this subject[10][11][START_REF] Chen | Lecture notes on langmuir probe diagnos-1063 tics[END_REF][START_REF] Bohm | The characteristics of 1066 electrical discharges in magnetic fiels[END_REF][START_REF] Laframboise | [END_REF][15][16] robust estimation of the whole bulk plasma den-43 sity, temperature and potentials (floating V fl and 44 plasma φ p ones).

  tion II. In Section III, the 2-D potentials and density maps are plotted and discussed. A first model predicting the spacial evolution of the plasma potential with respect to the inclination angle of the electrode is provided. A second one recovers the measured floating potential structure in front of the electrode as function of the measured density and plasma potential structures. Finally, section IV introduces a fluid model using the total current and ion flux conservation equations. The numerical solution of this model allows to recover the measured density profiles and to provide a physical explanation of the pumping phenomenon enhanced by transverse currents all along the RF biased plasma column.
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 1 FIG.1. Photograph of the electrode inclined with respect to the magnetic field/horizontal/z axis at 20 W, 94 mT and 3 Pa. The ∼ 1 cm-thick sheath is distinguishable: less shiny plasma due to less electrons in it since they are repealed by the electrode. Note: sheaths appear around all biased surfaces with respect to the plasma, including the probe.

FIG. 2 .

 2 FIG. 2. The procedure applied for building the contour plot is the following: the probe is first fixed at a constant z position, and then moved in the y direction. Finally, the z position is changed. In this figure is depicted a y-profile of I(V ) characteristics at z = 150 mm, 94 mT, 3 Pa 25 MHz and 20 W, where the antenna is tilted by θ = 25 • .
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 2023 Fig.2: one position z is associated to 82 characteris-175
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 422 FIG. 4.Result of the numerical and automatic fitting of the ion current, allowing the determination of the plasma density n = 3.7 × 10 15 m -3 and electron temperature T e = 4.9 eV after two iterations.

312c.

  First determination of T e : Once I i is 313 known, it is possible to compute I e = I -I i . A linear 314 fit of ln I e vs V is done in the range V ∈ [V fl , φ p ] V, 315 the slope being e/k B T e . 316 d. Better fitting of I i : With the last computed value of T e , one can fit the ion current from the I(V ) in the same range as in b., but this time using equa-319 tion (1). 320 e. Better determination of T e : With this new 321 fit of I i , the electron current can be evaluated, and 322 T e can be determined the same way as presented in 323 c. 324 f. Loop and convergence: The new value of 325 T e is compared to the old one, and if |T new e -T old e | > 326 ε, the algorithm starts again at point d. The conver-327 gence is achieved within less than 5 loops generally 328 (ε = 0.2 eV is chosen). The last value of I isat ob-329 tained in the loop is used to estimate the density:

333IG. 6 .

 6 FIG. 5. Plasma potential contour plots in front of the RF antenna, for ν RF = 25 MHz. Conditions are labelled below each plot. For (a) to (f): 1 discharge, all inclination. For (h) & (g) comparisons at 45 • for low field and low pressure condition respectively Note that the potential axis do not have the same range as the V fl plots. (a) θ = 0 • -20 W, 94 mT and 3 Pa, (b) θ = 5 • -20 W, 94 mT and 3 Pa, (c) θ = 25 • -20 W, 94 mT and 3 Pa, (d) θ = 45 • -20 W, 94 mT and 3 Pa, (e) θ = 75 • -20 W, 94 mT and 3 Pa, (f) θ = 90 • -20 W, 94 mT and 3 Pa, (g) θ = 45 • -20 W, 47 mT and 3 Pa and (h) θ = 45 • -20 W, 94 mT and 1.5 Pa.
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 7026 FIG.7. Evolution of the plateau amplitude of the plasma potential structure with respect to the inclination of the electrode with respect to the magnetic field lines.

472FIG. 8 .at 5 ×519

 85 FIG. 8. Sketch of the used model. (a) Electron collection area and (b) Ion collection area.

557FIG. 9 .

 9 FIG. 9. Plasma density contour plots in front of the RF antenna, for ν RF = 25 MHz. Conditions are labelled below each plot. For (a) to (f): 1 discharge, all inclination. For (h) & (g) comparisons at 45 • for low field and low pressure condition respectively. (a) θ = 0 • -20 W, 94 mT and 3 Pa, (b) θ = 5 • -20 W, 94 mT and 3 Pa, (c) θ = 25 • -20 W, 94 mT and 3 Pa, (d) θ = 45 • -20 W, 94 mT and 3 Pa, (e) θ = 75 • -20 W, 94 mT and 3 Pa, (f) θ = 90 • -20 W, 94 mT and 3 Pa, (g) θ = 45 • -20 W, 47 mT and 3 Pa and (h) θ = 45 • -20 W, 94 mT and 1.5 Pa.

  is plotted on the measured floating potential map (arrows on Fig.11(b)). The amplitude of the diamagnetic drift velocity, u De = J De /en is within the range of 10 to 50 km/s (for recall, u e v e ∼ 10 6 m/s is still much larger). One can see that the stream lines follows the V fl structure, and that electrons streams around the antenna's channel anticlockwise. One can also notice that the electron transverse flux drifts around the magnetic channel connected to the antenna, and that there is no net perpendicular flux contributing to a depleting or refueling of the core plasma connected to the antenna.

FIG. 11 .

 11 FIG.11. Plasma and floating potential contour plots in front of the RF antenna. The electrode has its center at (0, 0) and is 1 cm thick and 8 cm diameter, with tilt angle equal to 0 • . The magnetic field points towards the reader. Conditions: 1.5 Pa, 94 mT, 0 • , z = 15 cm.(a) Measured plasma potential, (b) Measured floating potential of the probe. The electron transverse current density field is plotted, (c) Reconstruction of the probe floating potential according to our model in Eq.(12). White regions are location where imaginary numbers were returned by the calculation.

591 taken κ = 0. 25 .

 25 For a directed flux, κ should have 592 been equal to 0.5 (the flux reaches the probe fol-593 lowing only one direction). However, 0.25 gives a 594 better fitting on the experimental curves, and can 595 be due to the fact that the measured currents are not 596 perfectly perpendicular: there is a parallel compo-597 nent which is not taken into account in the model 598 (since the frontal surface is smaller than the lateral 599 one). 600 The computed floating potential matches pretty 601 well with the measured data. The comparison of 602 the floating potential map with the plasma poten-603 tial one, Fig.11(a), shows that V fl (x, y) is not only a 604 shifted value of φ p (x, y) (as suggested by the "clas-605 sical" probe theory, φ p -V fl ∝ T e ). This observation 606 seems to indicate that (i) transverse currents do ex-607 ist (ii) transverse currents drive the evolution of the 608 measured probe floating potential (iii) the measure-609 ments done using a cylindrical Langmuir probe are 610 reliable. 611 D. Summary of the observations 612 In this section we have qualitatively described 613 the evolution of the several plasma parameters in 614 front of a tilted electrode in magnetized condi-615 tions by the mean of numerous cylindrical Lang-616 muir probe measurements. The measurements evi-617 denced the existence of a magnetic flux tube con-618 nected to the electrode, and following magnetic 619 field lines. This channel is different from the bulk 620 plasma, because its potential and temperature are 621 higher, whereas its density is lower. The larger po-622 tential is explained by self biasing of the plasma in 623 front of a RF biased surface. And the density de-

  624

628

  creasing the magnetic field, and when decreasing 629 the pressure (leading to less collisions and less per-630 pendicular diffusion). However, 1.5 Pa would be a 631 good compromise to develop a fluid model based on 632 the flux tube approximation because electrons and 633 ions can both be seen as magnetized at low pres-634 sure.635The measurement allowed us to understand a bit 636 more the behaviour of a biased and magnetized 637 plasma channel in ALINE. First, a simple model 638 was developed to prove that ions are not magnetized 639 (using φ p (θ ), Fig.7and Eq.(6)). In addition, it was 640 shown, by making a scan on a plane normal to the 641 magnetic field lines, that electron diamagnetic cur-642 rents are important in the building of the structures 643 in front of the electrode (figure 11(c)). 644 However, the physical models in this section are 645 quite simple, and not able to explain the particular 646 shape of the plasma potential and density structures. 647 That is why a more complex model is required, as 648 depicted in the next section. 649 IV. FLUID MODEL 650 This quasy-neutral slab model is able to com-651 pute the potential and the density profile in front 652 of the antenna, φ (t, y) and n(y), using the to-653 tal current density continuity and the ion flux 654 conservation 27,28,57 with sheath boundary condi-655 tions. However, due the non-linearity of the equa-656 tions it is not possible to provide an analytical so-657 lution, therefore the resolution will be implemented 658 numerically. The following model solve the evolu-659 tion of density n and the space potential φ in the y 660 (or ⊥) direction. 661 First, we are going to solve the space potential 662 profile in front of the electrode using the total cur-663 rent density conservation:

668 tions at once is in general numerically unstable 669 (

 669 because of an explicit scheme), therefore (13) is 670 solved using a constant density profile as a guess: 671 we therefore use an iterative method: inserting the 672 obtained density profile from Eq.(14) into Eq.(13) 673 again, and the newly obtained density profile is un-674 changed from the prior one, therefore one itera-675 tion is enough. The current density conservation, 676

FIG. 12 .

 12 FIG.12. Ad hoc spatial structure used for the initial RF potential.

FIG. 13 .

 13 FIG.13. Code result for the space potential and the density profile in front of the electrode align with magnetic field lines (i.e. θ = 0 • ). (a) Time evolution of the center of the structure, φ (y = 0,t), (b) Averaged space potential over the last five periods from Fig.13(a), φ t (y) and (c) Resulting density profile n(y).

FIG. 14 .

 14 FIG. 14. Comparison between experiment and code output for the density profiles. The experimental data are taken for 94 mT, 1.5 Pa and 15 cm from antenna at (a) 0, 25 and 75 degrees -(b) 5, 45 and 90 degrees. The gradient length w is found to be of the order of 1 cm.

856≈ 20 ••

 20 The behaviour of a magnetized plasma in front 857 of a RF electrode (or antenna) is one of major in-858 terests for the plasma community. A contribution 859 to this question is provided here, exploiting Lang-860 muir probe measurements inside the linear plasma 861 device ALINE. The probe measurements were per-862 formed in several discharge conditions (47 and 94 863 mT, 1.5 and 3 Pa in He) and 2-D contour plots of 864 the plasma parameters in the front of a tilted an-865 tenna with respect to the magnetic field lines were 866 established. The main results from the observation 867 direction perpendicular to the magnetic field 870 and remains almost constant over several 871 centimetres along the magnetic field at pres-872 sure of the order of 2 Pa. The plasma poten-873 tial is much higher in front of the RF elec-874 trode except at low tilting angle (less than 875 ) for which the plasma biasing due to 876 sheath rectification is very low. 877 The density maps exhibit a depleted chan-878 nel in the central core of the biased flux tube 879 (connected to the antenna). This depletion 880 occurs over few centimetres, the typical scale 881 length of transverse currents. For larger flux 882 tube (i.e. greater tilting angle), the depletion 883 appears only at the inner edge while a density 884 peak grows in the outer edge. In that case the 885 central region is not disturbed. 886 • The floating potential maps seem to be very 887 dependant on convective electron fluxes and 888 can be negative even inside the biased flux 889 tube. 890 To understand the plasma potential amplitude in 891 front of the antenna as a function of the tilting an-892 gle, a model based on current conservation over dif-893 ferent surfaces collecting the current all around the 894 biased flux tube has been developed. At low an-895 gle, the active electrode area is almost parallel to 896 the magnetic field so that classical sheath can not 897 operate, and then the self-biasing of the connected 898 plasma is low. At larger angle (over ≈ 20 • ) the self-899 biasing rises up to reach a fraction of the applied 900 RF potential. The experiment and the model are 901 in good agreement, and it was also shown that the 902 plasma potential increases when the magnetic flux 903 tube is wider than the typical transverse scale length 904 of ion currents which deplete the core of the biased 905 channel. 906 In addition, another model taking into account 907 the computed electron currents received by the 908 probe from the measured density and plasma poten-909 tial maps (to compute drift current and diamagnetic 910 currents) allows to recover very nicely the mea-911 sured floating potential, proving that this model is 912 mainly dependant on the electron currents in a plane 913 perpendicular to the magnetic field. 914 Finally, a numerical fluid model was developed 915 to understand density maps. Using total current 916 density conservation and ion flux conservation in-917 side a homogeneous flux tube connected to the elec-918 trode, the code input parameters (such as mobil-919 ity and diffusion coefficients) are in good agree-920 ment with the literature for small tilting angles. The 921 codes outputs allow us to fit the measured density 922 profiles in front of the electrode. Both the numeri-923 cal result and the experiment display "bunny ears" 924 shaped curves for the density profile. The explana-925 tion of this shape is done using transverse ion fluxes 926 (polarization, mobility and diffusion). Inside the 927 flux channel connected to the probe, the density is 928 below the bulk plasma density: the transverse cur-929 rents deplete the tube, and this depletion is more 930 important for narrow flux tubes. Whereas, on the 931 edge of the tube, there is a density oversupply due 932 to strong potential gradients (i.e. strong E field). 933 This behaviour is enhanced with the RF and lead to 934 a capacitive behaviour of the RF sheath and of the 935 space potential structure inside the magnetic chan-936 nel. 937 This study provides two main contributions re-938 garding the heat fluxes and the triggering of hot 939 spots on RF antennae. 940 The first is the plasma potential mapping mea-941 sured in front of a tilted antenna. These maps have 942 shown that the RF plasma potential magnetically 943 connected to the antenna is much lower for small 944 antennae (or grazing tilt angle with respect to mag-945 netic direction), because the connected active area 946 is simply smaller. 947 The second contribution is the density mapping 948 and especially the density profiles in the direction 949 perpendicular to the magnetic field. They show that 950 the core density, i.e. in the central part of the con-951 nected flux tube, is strongly depleted compared to 952 the outer plasma when the flux tube width is smaller 953 than 1 or 2 cm (which is the order of magnitude 954 of the ion Larmor radius or the typical RF sheath 955 width if ω pi > ω ci ). However, for larger channel, 956 the density is only depleted over the first radial 1 or 957 2 centimetres at the inner edge of the magnetic flux 958 tube while the core density is almost undisturbed. 959 This means that a RF antenna smaller than the 960 typical ion Larmor radius would drain the con-961 nected plasma more efficiently. Nevertheless, what-962 ever the (active) size of the antenna, it appears that 963 at the outer edge of the magnetic flux tube there is 964 an overshoot density structure, which can increase 965 the heat flux and may induce hot spots, especially 966 at the edge of the antenna. This has already been 967 observed on antenna structures in Tokamaks. 968 Finally, concerning the reactive plasma experi-969 ments, one can say that the shape of the density 970 profiles reveals that a homogeneous etching on a 971 RF biased substrate cannot be achieved unless its 972 typical width is much larger than a Larmor radius 973 plus a RF sheath width. 974 The future work will consist in measuring the an-975 tenna structure heating with an IR camera to deduce 976 the heat flux and then compare it to the one calcu-977 lated from our potential and density maps.
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provides the time evolution potential profile in front 719 of the cathode, ϕ(y,t). 720 B. Solving the steady state density profile 721 Now that we know ϕ(y,t) it is possible to com-722 pute n(y). However, to simplify the problem, we do 723 consider the steady state of the density profile (i.e.

724

∂ t n = 0). We define the RF currents densities as,

from equation ( 16), averaged over one RF period.

726

Therefore, inserting this into the ion flux conserva-727 tion equation ( 14) but this time taking into account 728 the diffusion flux, one will get

After integration along the flux tube of length In this section is provided the numerical scheme for the resolution of the potential profile (see section IV A). The partial differential equation (17) needs to be solved numerically. The initial condition of ϕ(y,t = 0) is determined when no perpendicular currents densities are present, i.e. the r.h.s. of Eq.( 17) is zero, which gives ϕ(y, 0) = ϕ fl . Now, equation ( 17) is discretised in time assuming that ∂ t ∆ϕ(y,t) = [∆ϕ(y,t + δt) -∆ϕ(y,t)]/δt, leading to the expression:

where 

where -→ ϕ is the vector of solutions, Ā is a tridiago- Where -→ n is the density profile solution, K is a tridi-1031 agonal matrix, whose elements are K i, j = δ i-1, j -1032