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Experimental and theoretical study of bumped characteristics obtained with cylindrical Langmuir probe in magnetized Helium plasma

Cylindrical Langmuir probe measurements in a Helium plasma were performed and analysed in the presence of a magnetic field. The plasma is generated in the ALINE device, a cylindrical vessel 1 m long and 30 cm in diameter using a direct coupled RF antenna (ν RF = 25 MHz). The density and temperature are of the order of 10 16 m -3 and 1.5 eV, respectively, for 1.2 Pa Helium pressure and 200 W RF power. The axial magnetic field can be set from 0 up to 0.1 T, and the plasma diagnostic is a RF compensated Langmuir probe, which can be tilted with respect to the magnetic field lines. In the presence of a magnetic field, I(V ) characteristics look like asymmetrical double probe ones (tanh-shape), which is due to the trapping of charged particles inside a flux tube connected to the probe on one side and to the wall on the other side. At low tilting angle, high magnetic field amplitude, power magnitude and low He pressure, which are the parameters scanned in our study, a bump can appear on the I(V ) in the plasma potential range. We then compare different models for deducing plasma parameters from such unusual bumped curves. Finally, using a fluid model, the bump rising on the characteristics can be explained, assuming a density depletion in the flux tube, and emphasizing the role of the perpendicular transport of ions. 45 ent regions listed above requires to use the most 46 appropriate theory for each species. Mott-Smith 47 and Langmuir 3 proposed the first model to extract 48 temperature and density from characteristics using 49 the OML theory (Orbital Motion Limited). This 50 theory exploits mainly the ion part of the charac-51 teristics and was developed with the assumption 52 of large sheaths (r p /λ D 1, for λ D the Debye 53 length of the repelled species), large ion mean-free-54 path (λ i,mfp /L p 1) and cold ions (T i /T e → 0). 55 Allen and Bernstein 4-6 improved this theory, solv-56 ing the Poisson equation within the sheath, which 57 was omitted in the OML theory. But it can lead to 58 an overestimation of the ion density by a factor of 59 ten 7 . Laframboise extended the model assuming a 60 velocity distribution function for ions 8 , but this so-61 phisticated approach does not improve the fits of the 62 experimental ion current with respect to the ABR 63 (Allen Boyd Reynolds) model 5 . 64 The presence of a magnetic field changes 65 strongly the way particles are collected on the 66 probe: the motion of charged particles can be di-67 vided into a longitudinal ( B) and a perpendic-68 ular (⊥ B) components, with their own tempera-69 ture. In such magnetized conditions, OML the-70 ory still holds 9-11 for ions, but the electron part is 71 hardly interpretable 12 due to the distortion of the 72 I(V ) curve, leading to an uncertainty on the deter-130 In this paper, we investigate the general be-131 haviour of "bumped characteristics" with respect 132 to several parameters, such as the amplitude of the 133 magnetic field, the gas pressure or the RF power 134 input. We also propose a new explanation of 135 the bump, with the aim of a better understanding 136 of Langmuir probe measurements in magnetized 137 plasma. In the first part sect.II, the experimental 138 set-up and the plasma parameters (mean free paths, 139 Larmor radii, etc.) are detailed. Then the main ex-140 perimental results are shown in section III, where 141 the behaviour of the bumps was studied with respect 142 to the amplitude of the magnetic field in sect.III A, 143 the angle ϑ between the probe and B in sect.III B, 144 the RF-power input in sect.III C, the probe position

I. INTRODUCTION

Cylindrical Langmuir probes are one of the simplest device to investigate plasma properties as they consist of a small metallic wire of length L p and radius r p , usually made of tungsten, immersed into the plasma, and submitted to a ramp of voltage. The collected current by the tip vs. the applied voltage yields an I(V ) probe characteristics, from which electron density n e , ion density n i and temperature T e can be derived.

An I(V ) curve can be divided in three parts : the "ion saturation current" part, the "electron saturation current" and the exponential part [START_REF] Lieberman | Principles Of Plasma 880 Discharges And Materials Processing[END_REF][START_REF] Chen | Introduction to Plasma Physics and Controlled Fu-883 sion[END_REF] . For strongly negative potentials V applied to the probe (with respect to plasma potential φ p ) electrons are repelled and ions accelerated towards the probe, the collected current being the ion saturation current I i .

In the opposite case, V φ p , only electrons are collected and the measured current at the probe is the electron saturation one I e . These regions are so called "saturation current" because their mean velocities saturate at v max , deduced from their velocity distribution. Actually even in the saturation part, I keeps on increasing with V , because the sheath surrounding the probe is growing with the applied potential. Thus, the collecting surface for the accelerated species in the sheath is not the probe surface, but the sheath one. Within the transition region, electrons are repelled according to the Boltzmann factor and n e e -E/k B T e , with E = -e(V -φ p ). Another important point of the I(V ) characteristic is the floating potential, φ fl , defined as the probe po-tential for which the same amount of ion and elec- mination of φ p and, thus, to a wrong T e and n e . Several authors [START_REF] Bohm | The use of probes for 899 plasma exploration in strong magnetic fields[END_REF]13 emphasized the distortion of the characteristics in the presence of B, showing that I e is much lower compared to the unmagnetized case, because electrons are stuck along magnetic field lines, with a low level of perpendicular transport due to collisions 14 and drain diffusion [START_REF] Bohm | The use of probes for 899 plasma exploration in strong magnetic fields[END_REF] for instance.

In several papers it was also reported that, in some cases, a bump on the characteristics can exist between the exponential part and the electron saturation part [15][16][START_REF] Usoltceva | Noter-915 daeme[END_REF][18] . It was assumed that the bump was caused by a density depletion of the flux tube during the probing. Dote developed an OML-like model to explain the presence of the bump 19,20 and suggested the plasma potential to be the bump position; his model however does not match quite well with experimental results.

The shape of a I(V ) characteristic in a magnetized plasma can be approached, excluding the eventual bump, by a double probe model: the perfectly confined flux tube (which is B) is connected to one hand to the probe, and on the other hand, to the wall of the reactor as shown in Fig. 1.

The collected electron current is mainly parallel to B while the ion current is perpendicular to B so that the lateral surface of the flux tube plays the role of the wall in a classic unmagnetized discharge. The magnetized double probe model can then be seen as a classic asymmetric double pobe model without magnetic field 21 . The effect of these ionic perpendicular currents both in DC 22,23 and in RF 24,25 have already been studied for planar probes.

It was shown that the shape of the I(V ) curve was changed by feeding or pumping the flux tube and that I-Vs are really sensitive to the r p /r L ratio.

Here simple asymmetric model is 1D in the z direction (see sketch fig. 1), the probe is located at z pr. = 0 and the wall at z w. = L t , the length of the flux tube is then L t and B = B e z . The probe potential is at V , the space potential is φ t and the wall is grounded. The section of the tube on the wall side is S w. , and the section at the probe is S pr. with S pr. ≤ S w. . We assume constant density in the tube, 117 n t , and no loss in the perpendicular direction. Thus, 118 the stationary (∂ t n = 0) continuity equation writes :

119 ∇ • J Tot. = 0 where J Tot. = J e + J i (1) 
For homogeneous current density across both ends, 120 using Gauss's theorem by integrating eq.( 1) over 121 the whole flux tube gives :

122 J Tot. (z = 0) × S pr. + J Tot. (z = L t ) × S w. = 0 (2)
Ion current density is the Bohm flux,

J i = 0.61 × en t c s where c s = k B T e m i ,
and for electron it is given the Boltzmann equilibrium with the local potential,

J e = - 1 4 en t v e × exp e φ (z) -φ t k B T e
where v e = 8k B T e πm e .

Introducing the electron saturation current as 123 J e,sat. = en t v e /4 and the floating potential, φ fl. = 124 k B T e ln(J i /J e,sat. )/e, eq.( 2) becomes :

125 φ t = k B T e e ln Σ + exp(eV /k B T e ) Σ + 1 -φ fl. , (3) 
where Σ = S w. /S pr. . Finally, the collected current on 126 the probe is

127 J pr. (V ) = J e,sat. exp e V -φ t (V ) k B T e -J i . (4) 
Thus, using eq.(3) in eq.( 4) one will get :

128 J pr. (V ) = J i × exp(eV /k B T e ) -1 1 + 1 Σ exp(eV /k B T e ) (5) 
The asymmetric double probe I(V ) characteristics 129 from eq.( 5) is plotted in fig. 2. The cylindrical Langmuir probe Tungsten tip used in measurements has a length L p of 1 cm and a radius r p of 75 microns. To enable measurements in a RF plasma, the probe is RF-compensated 7,28 . For each I(V ) characteristics, a voltage ramp from -70

to 70 V is swept 20 times at a frequency of the order of 65 kHz. Hence, the measurement frequency is much slower than RF-oscillations and all plasma frequencies (ω c and ω p ), and thus, can be seen as "stationary" with respect to the plasma dynamics.

The position of the probe tip is given with respect to the middle of the antenna (y = 0 and z = 0). FIG. 9. Evolution of the density measured with the method described in the next section, in same conditions as in figure 8 with magnetic field (a) and without magnetic field (b) of 95 mT. As expected, the density is kept approximatively constant in the absence of magnetic field, but we notice a sharp change in the density between the "bump-" and the "no-bump-region" in the presence of magnetic field at higher power. The line is a guide for the eye. The first problem with bumped characteristics is the uncertainty on the position of the plasma potential. It is usually found by assuming that, at the

plasma potential V = φ p , dI/dV | φ p = max(dI/dV ),
which is equivalent to d 2 I/dV 2 | φ p = 0 2,3 (this is called the "classical method" in the following). Another method based on the intersection of the linear fits of the exponential part and the electron saturation one has also been suggested and used in a previous study [START_REF] Usoltceva | Noter-915 daeme[END_REF] . It was finally suggested that, in the context of bumped characteristics, the bump potential is at the plasma potential 15,19 . Thus, three methods are available, in order to determine the plasma potential and we propose to compare them, for different inclinations, in a single 100 W-RF plasma, with ||B|| = 80 mT and p = 1.2 Pa, whose characteristics are depicted in fig. 15-(a).

We assume that the best method is the one which would exhibit the lowest deviation of the plasma parameters with respect to ϑ . We suppose indeed that the probed plasma slice is the same for all inclinations.

In the context of the "intersection method"

we linearised the exponential growth as I(V ) ≈ a exp. V + b exp. , and fitted the electron saturation current with the formula: We used an iterative method, in order to deter- surface, even at plasma potential (where there is no 540 sheath), because of the cyclotron motion. That is 541 why it is assumed that the collecting surface is the probe surface facing B plus a layer thick of N elr. ρ ce (i.e. some Larmor radii -N elr. being the number of electron Larmor radii connected to the probe) :

I e (V ) ≈ a sat. V + b sat. + c sat. √ V . ( 8 
S e = π cos ϑ × (r p + N elr. ρ ce ) 2 + πL p sin ϑ × (r p + N elr. ρ ce ) (9) 
by replacing r p → r p + N elr. ρ ce in eq.( 6). It is assumed that this equation takes into account the perpendicular motion of electrons along the magnetic field lines connected to the probe.

With T e and n e , it is possible to compute the electron Debye length λ De and the ion sheath thickness using the Child-Langmuir law (since ρ ci r p ∼ ρ ce and that Zhu's corrections [START_REF] Zhu | [END_REF] for cylindrical geometry only bring minor changes in opposition to its complexity), knowing,

CL = √ 2 3 λ De 2e |φ p -V | k B T e 3/4 (10) 
for V ≤ φ p . Since ions are supposed unmagnetized, the collecting area for ions is

S i = π(r p + CL ) 2 + 2πL p (r p + CL ). (11) 
It is then possible to compute the ion current for V ≤ φ p , using the Bohm flux formula, I i = 0.61 × en e c s S i . So, the updated electron current |T new e -T old e | ≤ ε, ε being given by the user).

Equations giving S e and S i (eqs. ( 9) and (11) resp.) take into account the sheath extension for magnetized electrons and unmagnetized ions. To take into account the inclination of the probe, and find reliable plasma parameters, one should also multiply the total current by a geometric factor of πr 2 p /S face from eq.( 6) giving a dimensionless fac- Finally there is an optimum point for which the pumping is maximum compared to cross diffusion, and this is at this working point the bump appears to be the higher because of the strong negative slope just following the maximum of the bump. Actually, the bump does not mean there is an increase of current compared to an I(V ) characteristics with no bump, on the contrary it means a decrease of current.

The complexity of the phenomenon can only be explained by a mass and current conservation taking into account the growing of the flux tube radius with the potential.

The model:

Rozhansky et al. 23 showed that the ion flux tube has a characteristic radius of R 0 ∼ ρ ci , and a length L (this ion flux tube connected to the probe also contains the electron flux tube of radius ρ ce ρ ci ). 

S 0 dτ = 2 × πR 2 0 × 1 2 n 0 v e , (12) 
where n 0 is the bulk plasma density (outside the ion 717 flux tube region) and n t , the ion flux tube density equation ( 13) rewrites as, 

733 n 0 v e 2LBω ci × ∂ φ ∂ r R 0 = D ⊥ ∂ n t ∂ r R 0 + n t µ i × ∂ φ ∂ r R 0 (14) Now using the chain rule, ∂ n t /∂ r| R 0 = ∂ n t /∂ φ × 734 ∂ φ /∂ r| R 0 ,
∂ n t ∂ φ = - µ i D ⊥ n t + n 0 v e 2ω ci BLD ⊥ (15) 
The perpendicular mobility can also be written as a 

742 n t (V ) = n ∞ + (n 0 -n ∞ ) exp µ i D ⊥ (V -φ p ) , ( 16 
)
where V is the probe potential and n ∞ = n 0 × 743 v e /2µ i Bω ci L. Here we assumed that the flux tube 744 potential equals the probe one. Although generally, , is given by the relation,

745 φ t = f (V ) ≥ V > φ p .
768 n eff. (ξ ) = 2n t (ξ ) √ π ξ + √ π 2 e ξ erfc ξ (17) 
for ξ = e(Vφ p )/k B T e . Finally, the collected cur-769 rent on the probe is simply given by 770

I e (V ) = 1 2 en eff. (V ) × v e S e (18) 
where S e is given by eq.( 9), and the number of elec- 
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 11 FIG.1. Illustration of the double probe model : the widening of the flux tube is here to model the fact that at the end of the vessel magnetic field lines drive away each other.

FIG. 2 .

 2 FIG.2. Theoritical and normalized double probe characteristics for several values of Σ. For Σ = 1 the characteristics are called "assymetric", and for Σ → ∞ they are very similar to classical Langmuir characteristics (S w. is the surface of the whole vessel in that case).

FIG. 3 .FIG. 4 .

 34 FIG.3. Photograph of the ALINE plasma device. The cylindrical vessel (2) is 1m long and 30 cm diameter. Six coils (in red) are placed equidistantly along the axis, around the chamber to generate a quasi-homogeneous and uniaxial magnetic field along the axis of the cylinder. The power supplies for the coils and the RF antenna are placed in the rack (1). The antenna is in the middle of the vessel. The arm (3) holding the Hidden Langmuir probe along the vessel's axis was developed by Cryoscan and is able to perform 3D translations (along the axis, up/down and left/right). Note that the arm is always parallel to the axis of the cylinder.

190

  Moreover, the arm (see(3) in figure3) is able 191 to move the probe tip inside a volume (see the red

192 dashed box in figure 6 )

 6 FIG. 5. Tilted cylindrical Langmuir probe with an angle ϑ = 12 • with respect to B (which is assumed homogeneous and constant in the whole probed volume, B = Cte). The position of the probe is z = 0 and y = 5 mm on this photograph. The value of the angle with respect to the antenna was measured thanks to the open source GeoGebra software.

220IG. 7 .

 7 Scans over B, ϑ , RF-power, y-position and pres-221 sure were performed and main results are presented 222 here. If not specified the probe tip position is set 223 by default at y = 40 mm and z = -60 mm, and the 224 pressure at 1.2 Pa. 225 A. Influence of the magnetic field 226 I(V ) Characteristics for all inclinations of the 227 probe tip have been plotted for several values of 228 ||B|| and for a 200 W-RF power input in fig.7. With-229 out magnetic field (fig.7-(a)), the "classical" I(V ) 230 is recovered, because the plasma is an isotropic 231 medium and the orientation of the probe unimpor-232 tant. The slight differences between all six curves 233 come from small variations on the plasma condi-234 tions, due to the fact that the change of inclination 235 requested to open the chamber between each mea-236 surement (uncertainties within 5% due to the gas 237 pressure gauge, thus the RF coupled power which 238 is sensitive to the pressure may not be exactly the 239 same). 240 The shape of the I(V ) changes drastically in the 241 presence of a magnetic field as depicted in fig.7-242 (b) to (d). The slope of the exponential part and 243 the electron saturation current one as well as the ra-244 tio I e /I i are strongly affected by the addition of a 245 magnetic field 11 . Note that the increase of I e with 246 the magnetic field is due to a better coupling of the 247 RF power and to better confinements. More gen-248 erally, it can be seen that the overall shape of the 249 characteristics are qualitatively close to the dou-250 ble probe/tanh-shape ones modelled by eq.(5). For 251 small angles (ϑ ≤ 12 • ), the characteristics even dis-252 play a bump between the exponential and the satu-253 ration parts. The bump's overshoot amplitude and 254 the change in the slope between the exponential part Evolution of the I(V ) characteristics at 200 W-RF power, at position y = 40/z = -60 mm with increasing ||B|| from 0 (a) to 95 mT (d) for all six ϑ inclinations, 1.2 Pa He. Potential range of the measurements were -70 to +70 V, but the purpose of the study is not the ion part so only the range [0, 70] V is displayed here. Note that the current range changes for each graphs. and the electron saturation regime is emphasized 256 and steeper with larger ||B||.
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 8 figure 9-(b): in the presence of a magnetic field, and 315

FIG. 10 .

 10 FIG.10. Evolution of the computed electron temperature (see next section for the used algorithm) with respect to the inclination of the probe at 95 mT magnetic field amplitude. The line is a guide for the eye.

1 FIG. 11 .FIG. 12 .FIG. 13 .That's why one can separate the pressure range 428 in 2 regimes : 429 The low collisionnal regime from 1 Pa to 10 430FIG. 14 .

 11112134291014 fig.11 are depicted the normalized probe character-347

  ) with the √ V term similar to one of the OML approach, which gives a relatively good fit with experimental curves. This equation is only able to fit the saturation part, i.e. the end of the I(V ) -far from the bump potential range. Only the last 20 volts of each I(V ) were used for the fitting, see fig. 15-(a).

FIG. 15 .

 15 FIG.15. Results of the electron temperature and density calculation on bumped characteristics with the described iterative model : (a) I(V ) of plasma at 100 W-RF, 80 mT and 1.2 Pa for different probe inclinations and all methods are represented for the position of φ p (+ classical, intersection, bump). The dashed line is the fit of the electron saturation current with respect to equation (8) -(b) and (c) T e and n e against inclination angle with collecting surface correction -(d) and (e) T e and n e against inclination angle without collecting surface correction, S coll. = S probe (T e remains the same though).

528

  mine both n e and T e with the plasma potential φ p , 529 the current at plasma potential I p , floating poten-530 tial φ fl. , magnetic field and probe inclination as 531 input parameters. First, a raw approximation of 532 electron temperature is done, supposing I ∼ I e ∝ 533 exp(eV /k B T e ) for V ≤ φ p in the exponential part. 534 Applying a linear fit on ln I(V ) one will find a first 535 value of T e . From now one starts the iterative loops: 536 this electron temperature value allows a computa-537 tion of a gross value of n e since, at plasma potential, 538 I p = en e v S e /4. The value of S e is not the probe 539

  I e = I(V ) -I i can be calculated. Taking again the log-scale of this new electron current gives a new more accurate value of T e . The loop starts over again, and ends if temperature values converge (i.e.

tor of 1 / 1 FIG. 16 . 2 . 3 .

 111623 Fig. 15-(b) and (c) it is clear that the classical φ pdetermination method gives the more reliable values of temperature and density (the deviation of T e values between each inclination is negligible compared to other methods). We have then T e ≈ 1.2 eV and n e ≈ 1.3 × 10 16 m -3 . Since the OML model remains valid in RF-plasmas 34 , and that ions are unmagnetized, we extracted n OML i

  one will get the following first order 735 ODE at the radius r = R 0 : 736

746

  Equation 16 exhibits an exponential decay of the 747 density with V. This strong depletion of the flux 748 tube as soon as the biased potential of the tube 749 is higher than the surrounding plasma potential is 750 needed to see the bump rising. For lower decay 751 (for ex. ∼ 1/(Vφ p ) or ∼ 1/(Vφ p ) 2 ) the bump 752 does not appear because of the expansion of the 753 sheath which increases the lateral surface of the flux 754 tube and hence the total perpendicular current more 755 rapidly that the density is depleted. This also ex-756 plains why at higher probe potential value, when 757 the exponential decay saturates, the current rises up 758 again due to sheath expansion. Actually there is a 759 competition between the diffusion D ⊥ accross the 760 lateral surface of the tube versus the perpendicular 761 current due to ion mobility µ i as it can be seen in 762 equation 16. 763 Next to fit the sheath expansion above V p in a 764 magnetic field parallel to the probe, one uses the 765 Laframboise 9 model which showed that the portion 766 of plasma density actually touching a probe and 767 thus collected, n eff.

771tronFIG. 17 .

 17 FIG. 17. Comparaison of the 1D fluid model with the experiment. Probe had ϑ = 0 • inclination angle in 200 W-RF plasma at 1.2 Pa for several ||B||.

table I
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	207 208 209 210 211 212 213 214 215 216 217 218	, electron mean free path is greater than the probe dimensions 6 , i.e. λ e,mfp r p and L p . Ions can be consid-ered as unmagnetized for the probe since ρ ci r p . Note that an electron needs a parallel velocity over L p ω ce /2π ≈ 2.8 × 10 7 m/s to overfly the probe without completing a cyclotron period : at this ve-locity the f e (v) ∼ 0, which means that almost all electrons complete an entire turn over the length of the probe. The electron collection can thus be seen as the intersection of the "cyclotron disk" (πρ 2 ce ) with the probe for parallel inclination in collision-less regimes.

219

TABLE I .

 I Plasma parameters for ||B|| = 100 mT and p = 1.2 Pa. Note that probe dimensions are r p = 75 µm and L p = 1 cm, ρ c is the Larmor radius, λ mfp is the mean-free-path for charged particle/neutral collisions, ν c the cyclotron frequency (ω c /2π), ν p the plasma frequency and ν N col. the charged particle/neutral collision frequency[START_REF] Gerhard | Low Pressure Plasmas and Microstructuring Technology[END_REF][START_REF] Viehland | [END_REF] .

	Quantity (eV) n T (m -3 ) ρ c (µm) λ mfp (cm) ν c (Hz) ν p (Hz) ν N col.	Ions He + 0.026 5 -50 × 10 15 400 1.50 380 × 10 3 7 -23 × 10 6	Electrons e -2 -4 5 -50 × 10 15 37 -83 2 -4.5 3 × 10 9 635 -2000 × 10 6

(1957).
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(n 0 ≥ n t ). This term fills the tube at the same rate ACKNOWLEDGEMENTS 871 This work has been carried out within the frame-

confinement of the plasma around the antenna by 471 the magnetic field. Indeed, increasing the pressure 472 brightens the plasma shown in fig. 12; however out-473 side this region the plasma remains more or less the 474 same. The only thing that changes is the collision 475 rate with neutrals at higher density. electrons leave it from both ends (which is an over-720 estimation of the "real" S 0 source term).

721

From the stationary ion continuity equation, we 

In the presence of a strong radial electric field (and 728 especially in a cold plasma), the ion drift veloc-729 ity is larger than the thermal velocity, thus

731

-∂ r φ /Bω ci (all at R 0 ). Recalling that R 0 ∼ ρ ci ,