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Langmuir probe in magnetized plasma: Study of the diffusion parameter

In low temperature magnetized plasma, Langmuir probe measurements must be corrected because of the electron diffusion through the sheath which is formed around the probe collector. The correction factor which is called the electron diffusion or electron sink parameter depends on many other parameters like the probe geometry, the electron diffusion coefficient, the sheath thickness or the potential profile through the sheath. Based on a previous work, we determine the values of this parameter under different experimental conditions and we study the effect of the electron energy, of the probe biased voltage and of the magnetic field intensity on this parameter. The results are compared with theoretical models published in literature. An empirical equation is determined to fit the diffusion parameter value versus magnetic field intensity.

Introduction.

. However, the I-V probes characteristics measured by means of electrostatics probes depend on plasma characteristics and can be drastically changed in case of high pressure or magnetized plasmas. The electron current collected by the probe at different negative bias voltages depends on the electron diffusion through the sheath produced around the collecting probe. So, the electron current measured value must be corrected to determine accurate plasma parameters. The measured current depends on a

macroscopic parameter, which is called the diffusion parameter or the electron sink parameter. This parameter is a function of the electron diffusion coefficient, of the sheath thickness and also is correlated to the probe geometry and other parameters [START_REF] Mal'kov | [END_REF]5,6]. In the case of high pressure plasma, the diffusion coefficient is isotropic and depends on collision processes in the sheath. However, when a magnetic field is applied, because of the Lorentz force on charged particles anisotropy appears and the current collected by the probe changes with the effective conductivity which depends on the probe geometry, on the orientation within the magnetic field and on three main mechanisms, the ion viscosity, the ion neutral collision and the ion inertia /7/. These mechanisms are efficient particularly in fully ionized plasma and when the probe radius is larger than the ion-gyro radius. The potential in front of the probe is disturbed on a transverse scale depending on the ion-gyro radius and the potential profile through the sheath drastically changes according to the experimental conditions. The purpose of this work is to determine and to study the diffusion parameter in the case of cold magnetized plasma, corresponding to partially ionized plasma (relative ionization lower than 1%). In this case the ion-gyro radius is larger than the probe radius (typically equal to 10 probe radius) and the conductivity within the sheath mainly depends on the electron diffusion coefficient anisotropy due to the magnetic field.

Probe characteristics in the electron diffusion regime.

In the case of high pressure plasma as well as for magnetized plasma, the electron current collected by a negatively biased probe decreases with decreasing electron diffusion through the sheath. The electron kinetic is governed by an electron diffusion regime in the sheath formed around the probe. When the region disturbed by the probe (equivalent to the sheath around the probe) is lower than the electron energy relaxation length λ ε the electron energy distribution function can be considered unchanged by the probe effect. The electron energy changes due to collisions and to the heating by the external electric field produced around the probe can be neglected [6]. The EEDF corresponding to the real EEDF within the plasma bulk is measured when the electron diffusion rate within the sheath is high enough to cope with the drain of electron from the plasma to the probe. The difference between the real EEDF and the measured EEDF increases with increasing gas pressure or radial magnetic field component, because of electron diffusion decreasing [6,[START_REF] Swift | Proc. Phys. Soc[END_REF].

In magnetized plasma the electron diffusion coefficient is anisotropic because of the electron motion in the magnetic field. In the case of a diffusion regime, assuming an isotropic EEDF in the plasma bulk, the electron kinetic equation depends mainly on the space gradient and is given by [6]
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Where ε e is the total electron energy at the sheath entrance, D r (ε e ) is the electron diffusion coefficient within the sheath and f(ε e ,r) is the EEDF at position r in the sheath probe. When r→∞ , f(ε e ,r)=f 0 (ε e ) which is the undisturbed EEDF within the plasma bulk.

The electron flow

) ( e d ε φ corresponding to electrons from energy ranging from ε e to ε e +d ε e , is given by [START_REF] Swift | Proc. Phys. Soc[END_REF], 
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The change of EEDF due to the electron diffusion through the sheath can be written, 
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S is the collecting probe area, dj e (ε e )=-eSdφ(ε e ) is the electron current due to electron energy ranging from ε e to ε e +d ε e .

From EQ(3), it can be seen that the larger diffusion coefficient value the lower is the change in EEDF. Using the Langmuir law, the electron current collected by a probe biased at a negative potential V is written in position r within the sheath, 
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, where g is a constant.

Using this equation and EQ(3), we obtain for the total electron current collected by a negatively biased probe, the equation first proposed by Swift [START_REF] Swift | Proc. Phys. Soc[END_REF], . These equations show that the electron current collected by the negatively biased probe depends on the parameter Ψ(ε e ) , called the electron diffusion parameter (or electron sink parameter). This parameter is function of the electron diffusion coefficient through the sheath.
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Arslanbekov [6] has shown that the knowledge of the distribution potential profile through the sheath is required to calculate the diffusion parameter in condition of collisional-probe space charge layer. However the determination of this parameter becomes very difficult without hypothesis on the potential profile. Different authors have attempted to model the electron diffusion within the sheath to determine an analytical equation for the diffusion parameter.

However, these models need hypothesis and approximations and until now, they give erroneous results in the case of cold plasmas [5,6,[START_REF] Swift | Proc. Phys. Soc[END_REF].

In a previous work, we have developed a numerical method to directly determine the diffusion parameter values from experimental data without model or hypothesis [START_REF] Jauberteau | [END_REF].

In this method we use of EQ(4) and of its first derivative function with respect to V, 
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and using the first derivative function of EQ(4) versus V we have, 
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) ( Using this numerical method, we have calculated the value of the diffusion parameter under different experimental conditions and study the change of this value with plasma parameters.
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Experiments and discussion.

Experiments have been performed by means of a cylindrical Langmuir probe (diameter 0.5mm, length 6mm) located in the middle of a cylindrical reactor made of OFHC copper (diameter 90mm, length 97mm) along the cylinder axis. Microwave plasma working at 2.45GHz with powers ranging from 1500W to 1800W is maintained in hydrogen at 0.19Pa. A magnetic field intensity ranging from 80mT to 120mT is applied by means of four coils. It is parallel to the reactor axis and to the probe collector. More details of the experimental set up and a scope of the reactor are given in [10]. The ion current collected by the probe at saturation is determined at large negative biased voltage ranging from -150V to -100V, when all electrons are repelled. The electron current is calculated by substracting the ion current at saturation to the measured total current. Experiments have been performed in different positions along the reactor axis. The magnetic field is determined by means of a Hall probe with error bellow 2%. Figure 1 shows the magnetic field profile along the reactor axis with a simplified view of the reactor in the inset. The plasma chamber is located between z=0mm to z=97mm. Figure1. The magnetic field profile along the z axis and a simplified set up of the reactor.

Figure2 shows the evolution of the diffusion parameter value versus E e =ε e -eV. It is calculated using EQ(5) for different applied voltage V app , which correspond to a bias voltage V=V P -V app ,

V P is the plasma potential equal to 42,08V. The derivative functions of je(V) versus V are obtained using the numerical differentiation method for noisy signal proposed in ref [11,12].

Measurements have been performed at 43mm from the wave launcher exit on the z-axis, using a microwave power equal to 1500W. It can be seen that the diffusion parameter depends on the biased voltage and is strongly decreasing with increasing electron energy.

Whatever the applied bias voltage, the diffusion parameter value versus electron energy ε e can be fitted using a function ( )
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, with α ranging from 0.8 to 1.4 and "A" ranging from 80 to 500 for an hydrogen pressure of 0.2Pa, a power ranging from 1500W to 1800W and a magnetic field intensity ranging from 70mT to 100mT. A typical fit of experimental diffusion parameter values using this function is shown on Figure 3. Figure3. Fit of the diffusion parameter versus electron energy, in the case of hydrogen pressure of 0.2Pa, power of 1800W and magnetic field of 85mT. Measurements are performed along the reactor axis at a biased voltage of 0,1V.

Using EQ(5) and comparing the diffusion parameter corresponding to two different values of biased voltage V 1 and V 0 , we have,
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Figure4 shows the change of Ψ V1 (E e )/ Ψ V0 (E e ), X 1 /X 0 , dI/dV and d 2 I/dV 2 versus biased voltage V p -V, corresponding to measurements performed at 43mm on the z-axis from the wave launcher exit and using a microwave power equal to 1500W. Calculations of Ψ V1 (E e )/ Ψ V0 (E e ) have been performed at E e =10 -5 eV. This figure shows the strong dependence of Ψ V (E e ) with X. 

Figure4. Comparison of the first and second derivative of the I-V probe characteristic and of

X and Ψ/Ψ 0 , versus V p -V; Measurements are performed at 1500W, 0.2Pa H 2 and at 43mm of the wave launcher exit on the Z-axis in the middle of the reactor and for E e =10 -5 eV.

According to Dote [13], in the case of a cylindrical probe parallel to the magnetic field and when ω 2 τ 2 >>1, the ratio 
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Where, A is a constant, ω and τ=λ e /v e are the angular frequency and the time between two electron-neutral collisions, respectively. λ e and v e are the electron mean free path and the electron velocity at the probe sheath entrance. It is worth noting that in EQ(7), Dote considers a monokinetic electron current of energy ε e .

Considering the Langmuir law for the electron current I e0 collected when no magnetic field is applied and considering EQ(4) for the electron current I e collected when a magnetic field is The comparison with EQ(7) gives,
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This equation shows that Ψ(ε e ) is proportional to ω 2 τ 2 and consequently to B 2 This confirms the previous experimental results obtained using EQ(5) and shown in Figure2 and Figure3. The electron diffusion parameter depends on ε e -1 .

Based on the work of Mal'kov [START_REF] Mal'kov | [END_REF], who has calculated the electron current under the conditions of a collisional near-probe space-charge layer, authors [5,6] obtained Ψ(ε e )

proportional to ωτ, i.e. to Bε e -1/2 . These results disagree with our results, with Swift model [START_REF] Swift | Proc. Phys. Soc[END_REF] and with Dote et al theory [13]. Based on their models these authors [START_REF] Mal'kov | [END_REF]5,6] overestimate
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Ψ by a factor 100, in such cold plasma. [START_REF] Jauberteau | [END_REF] As previously shown, ( )
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Where D r is the normal component of the electron diffusion coefficient, which in a magnetic field parallel to the probe is equal to ( )
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, where D is the electron diffusion coefficient without magnetic field.

ν λ 2 e D =
, ν is the electron collision frequency [START_REF] Shkarofsky | the particle kinetics of plasmas[END_REF].

The electron diffusion parameter depends on the sheath thickness, on the potential profile through the sheath, on the diffusion coefficient and consequently on the Larmor radius and the electron energy incoming in the probe sheath. So, it depends on plasma parameters as the electron mean energy and density, <ε e > and n e , respectively and on the magnetic field intensity B.

We assume in a first approximation a constant diffusion coefficient through the sheath. This , if ω 2 τ 2 >>1.

In the case of a cylindrical probe with length L and radius r p , ( ) e ε Ψ can be written, ( ) integrating the EEDF which is determined using the method described in ref [START_REF] Jauberteau | [END_REF]. The plasma and the floating potential are determined at the inflection point of the I-V curve and at the crossing point with the x axis, respectively.
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It can be seen that the electron density and the plasma and floating potentials increase with increasing B. However, the mean electron energy decreases with increasing B, probably because of the decrease of the Larmor radius and the increase of the electron neutral collision frequency with increasing B. The phenomena produced under such experimental conditions cannot be correlated by a simple model. So another attempt to correlate the electron diffusion parameter to the magnetic field is given as follows.

The diffusion parameter has been previously shown to be fitted by the function ( )
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Using diffusion parameter values calculated with the experimental method for series a, b, c and d, we have determined an equation ( )

B n V f A e e , , , ε = 
. In this equation, V, n e , <ε e > and B are the biased voltage of the probe, the electron density, the mean energy and the magnetic field intensity, respectively. Figure 9 shows the change of 

Conclusion.

This work is devoted to the study of the electron diffusion parameter in magnetized plasma.

Experiments are performed in a cylindrical reactor, in microwave magnetized plasma working at 2,45GHz. We have shown that the diffusion parameter depends strongly on the ratio of the first to the second derivative function versus V of the probe characteristic I-V. The diffusion parameter can be fitted using the general law ( ) n e A - = Ψ ε ε with n ranging from 0.8 to 1.4 and A ranging from 80 to 500 according to the experimental condition at 0.19Pa and for a microwave power ranging from 1500W to 1800W and a magnetic field intensity ranging from 80mT to 120mT. These results agree with Dote and Swift model [7,10] and show that the diffusion parameter is proportional to ε e -1 . It disagrees with Mal'kov, Arslanbekov or Popov model [START_REF] Mal'kov | [END_REF][5][6] model which obtain a diffusion parameter proportional to ε e -1/2 . Until now none model is really efficient to calculate the diffusion parameter, probably because of the real potential profile and the electron motion within the sheath formed around the probe collector are unknown or because of a wrong estimation of the sheath thickness. According to Rozhansky [7] in presence of magnetic field, the anomalous diffusion can have an effect on the charged particles density profile near the probe and there can be a significant expansion of the sheath.

However, we have obtained a linear regression for 
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  The diffusion parameter can be deduced from the ratio A/B,

  directly using the first and second derivative functions with respect to the applied voltage V of the I-V probe characteristic. Only experimental results are used and no model is needed. It can be seen that for E e constant the change of Ψ(ε e ) is proportional to the product VX of the biased voltage with the ratio X of the first to the second derivative of the electron current with respect to V.

  Figure2. ( )e ε Ψversus Ee=ε e -eV, in the case of different biased voltages.

  current collected with magnetic field on the electron current collected without magnetic field, is given by,

  in the case of a mono kinetic electron current,

  assumption has been used in previous work to determine( ) 

  is the sheath thickness formed around the probe. Assuming in a first approximation that e > and n e are the electron mean energy and density, respectively. Under these conditions and if x d <<r p , Ψ(ε e ) should be proportional to B 2 λ e ε e -1 λ D .This model (EQ(8)) has been applied to experimental data obtained within four series a, b, c and d. The incident power and the pressure are equal to 1500W and 0.19Pa, respectively for the series a, b and c, 1800W and 0.2Pa, respectively for the series d. In the case of the series b, measurements are performed in a region corresponding to electron cyclotron resonance (ECR) conditions. Figure5shows the change of the case of the four series. The electron density and mean energy value needed to calculate λ d have been calculated integrating the measured EEDF using the method described in[START_REF] Jauberteau | [END_REF].The correlation factor of the linear regression with experimental data remains low for most of the series and the slope of the linear regression changes according to the series .i.e. with the experimental conditions (pressure, microwave incident power, position and magnetic field intensity). The results show that the ratio on Figure3) slightly increases with increasing magnetic field intensity. However, this simple model is inefficient to describe the phenomena because of the low correlation between theory and experiment. This can be ascribed to the rough assumptions concerning the sheath thickness and the diffusion coefficient but also to the strong dispersion in experimental values depending on plasma conditions. The change in plasma parameters leads to change in electron motion, sheath thickness or potential profile within the sheath and consequently in the values of the electron diffusion parameters. Figure6, 7 and 8 show the values of plasma parameters along the z axis of the reactor and between the different series. In the sake of clarity we use "spline interpolation" between the points of the different series. The values of the electron density and mean energy are calculated

  Figure5. Change of

Figure6.

  Figure6. Electron density and magnetic field intensity versus the position along the longitudinal reactor axis, in the case of the four previous series a, b, c, d used in Figure5.

Figure7.Figure8.

  Figure7. Mean electron energy versus the position along the longitudinal reactor axis, in the case of the four previous series a, b, c, d used in Figure5.

  Figure9. Linear regression of

  a biased voltage V=0.1V. The best agreement with experimental data is obtained for x=4,3 and y=-1,67 and corresponds to a correlation factor equal to 0.75. Such linear regression can be used to measure the magnetic field intensity within the reactor, with a more or less large error according to the correlation factor.