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Abstract.

In low temperature magnetized plasma, Langmuir @roteasurements must be corrected
because of the electron diffusion through the ¢$hewdtich is formed around the probe

collector. The correction factor which is callede tielectron diffusion or electron sink

parameter depends on many other parameters likerthie geometry, the electron diffusion
coefficient, the sheath thickness or the potenti@file through the sheath. Based on a
previous work, we determine the values of this peter under different experimental

conditions and we study the effect of the elecorrgy, of the probe biased voltage and of
the magnetic field intensity on this parameter. Thsults are compared with theoretical
models published in literature. An empirical eqoatiis determined to fit the diffusion

parameter value versus magnetic field intensity.

1. Introduction.

The electrostatic probes are an efficient diagondebl to determine the plasma parameters, as
the plasma potential, the electron density andrtban electron energy or the electron energy
distribution function (EEDF)[1,2,3]. However, theVl probes characteristics measured by
means of electrostatics probes depend on plasmeaatbastics and can be drastically
changed in case of high pressure or magnetizechpasThe electron current collected by the
probe at different negative bias voltages dependhe electron diffusion through the sheath
produced around the collecting probe. So, the mlecturrent measured value must be

corrected to determine accurate plasma paramelées.measured current depends on a



macroscopic parameter, which is called the diffuasiparameter or the electron sink
parameter. This parameter is a function of thetelacdiffusion coefficient, of the sheath
thickness and also is correlated to the probe gegraed other parameters [4, 5, 6]. In the
case of high pressure plasma, the diffusion caefficis isotropic and depends on collision
processes in the sheath. However, when a magneltci$ applied, because of the Lorentz
force on charged particles anisotropy appears laadurrent collected by the probe changes
with the effective conductivity which depends ore throbe geometry, on the orientation
within the magnetic field and on three main mectiasi, the ion viscosity, the ion neutral
collision and the ion inertia /7/. These mechanismes efficient particularly in fully ionized
plasma and when the probe radius is larger thaiothgyro radius. The potential in front of
the probe is disturbed on a transverse scale demeod the ion-gyro radius and the potential
profile through the sheath drastically changes mling to the experimental conditions. The
purpose of this work is to determine and to study diffusion parameter in the case of cold
magnetized plasma, corresponding to partially iediplasma (relative ionization lower than
1%). In this case the ion-gyro radius is largemthtiae probe radius (typically equal to 10
probe radius) and the conductivity within the sheaatinly depends on the electron diffusion

coefficient anisotropy due to the magnetic field.

2. Probe characteristicsin the electron diffusion regime.

In the case of high pressure plasma as well asnBagnetized plasma, the electron current
collected by a negatively biased probe decreasts decreasing electron diffusion through
the sheath. The electron kinetic is governed byelactron diffusion regime in the sheath
formed around the probe. When the region distutihethe probe (equivalent to the sheath
around the probe) is lower than the electron enestpxation length\ the electron energy
distribution function can be considered unchanggdhle probe effect. The electron energy
changes due to collisions and to the heating bytternal electric field produced around the
probe can be neglected [6]. The EEDF corresponttindpe real EEDF within the plasma
bulk is measured when the electron diffusion ratthiw the sheath is high enough to cope
with the drain of electron from the plasma to thebe. The difference between the real EEDF
and the measured EEDF increases with increasingpgassure or radial magnetic field
component, because of electron diffusion decred6ingj.

In magnetized plasma the electron diffusion cogfitis anisotropic because of the electron
motion in the magnetic field. In the case of aufbn regime, assuming an isotropic EEDF in



the plasma bulk, the electron kinetic equation ddpemainly on the space gradient and is

given by [6],

0,.D, (e)0, f(&,,r)=0 EQ(1)

Whereg, is the total electron energy at the sheath engrabgee) is the electron diffusion
coefficient within the sheath ancef(r) is the EEDF at position r in the sheath prolhen
r—oo , f(ge,r)=fo(€e) Which is the undisturbed EEDF within the plasniéb

The electron flowdg(e, )corresponding to electrons from energy ranginghfegto €c+d &,
is given by [8],

on (5 ) o(f(&,,r)de,)

or
The change of EEDF due to the electron diffusionugh the sheath can be written,

dg(e,) = =D, (6.)—5— =D, (&) EQ(2)

_ dw(e _
[, (80) = Tote)lde, = -] S-=idr =dic(e )jOeD( s EQ(3)

S is the collecting probe areag(d})=-eSdp(ce ) is the electron current due to electron energy
ranging fromegto e+d €.

From EQ(3), it can be seen that the larger diffugioefficient value the lower is the change

in EEDF. Using the Langmuir law, the electron cotreollected by a probe biased at a

negative potential V is written in position r withihe sheath,

dj.(e.) = ge¥? 1, (e, ){1_5_}18

where g is a constant.
Using this equation and EQ(3), we obtain for th&altelectron current collected by a
negatively biased probe, the equation first progdseSwift [8],

EQ(4)

With,
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These equations show that the electron curreneatell by the negatively biased probe
depends on the paramet¥(e.) , called the electron diffusion parameter (orcilEn sink
parameter). This parameter is function of the ebectliffusion coefficient through the sheath.
Arslanbekov [6] has shown that the knowledge ofdiséribution potential profile through the
sheath is required to calculate the diffusion pat@min condition of collisional-probe space
charge layer. However the determination of thisapseter becomes very difficult without
hypothesis on the potential profile. Different auth have attempted to model the electron
diffusion within the sheath to determine an anabjtiequation for the diffusion parameter.
However, these models need hypothesis and approgimsaand until now, they give
erroneous results in the case of cold plasmas, [8], 6

In a previous work, we have developed a numeriehod to directly determine the diffusion
parameter values from experimental data withoutehodhypothesis [9].

In this method we use of EQ(4) and of its firstidative function with respect to V,

9V) _ g —ee, 2 fy(e,)de,

ov _ 2"
{1{5& evjw(ee)
ge
6( aje(V)j
Then we consider the two factofs= % andB = %
£ £

e e

Using EQ(4) we have,

az ) _ (e —ev)e " fo(e,)de, _ 01.(V) oV

e, {“((Ee;ev)jw(ge)} oV ds,

e

and using the first derivative function of EQ(4)ys&s V we have,
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The diffusion parameter can be deduced from the AdB,

e £
Wle,)=- =X +1|==, EQ(5
()= & x s o6
with
0j.(V)
X:é: aV
B d:j.(V)
ov?
and
E, = (&, —eV)

So, W(&,) can be calculated directly using the first andosecderivative functions with

respect to the applied voltage V of the |-V probaracteristic. Only experimental results are
used and no model is needed. It can be seen thdfoonstant the change &f(ce) is
proportional to the product VX of the biased voliagith the ratio X of the first to the second
derivative of the electron current with respecVtto

Using this numerical method, we have calculatedvidae of the diffusion parameter under

different experimental conditions and study thengeaof this value with plasma parameters.

3. Experiments and discussion.

Experiments have been performed by means of adidal Langmuir probe (diameter
0.5mm, length 6mm) located in the middle of a ayical reactor made of OFHC copper
(diameter 90mm, length 97mm) along the cylindersaiicrowave plasma working at
2.45GHz with powers ranging from 1500W to 1800Whaintained in hydrogen at 0.19Pa. A
magnetic field intensity ranging from 80mT to 120nsTapplied by means of four coils. It is
parallel to the reactor axis and to the probe ctille More details of the experimental set up
and a scope of the reactor are given in [10]. Tdve durrent collected by the probe at
saturation is determined at large negative biagdtdge ranging from -150V to -100V, when
all electrons are repelled. The electron curremialsulated by substracting the ion current at



saturation to the measured total current. Experismdrave been performed in different
positions along the reactor axis. The magnetid fisldetermined by means of a Hall probe
with error bellow 2%. Figure 1 shows the magnaetdfprofile along the reactor axis with a
simplified view of the reactor in the inset. Thagha chamber is located between z=0mm to

z=97mm.
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Figurel. The magnetic field profile along the z axis and a simplified set up of the reactor.

Figure2 shows the evolution of the diffusion partangalue versus Ee—eV. It is calculated
using EQ(5) for different applied voltagepy which correspond to a bias voltage =Vapp,

Vp is the plasma potential equal to 42,08V. Thewddine functions of je(V) versus V are
obtained using the numerical differentiation mettadnoisy signal proposed in ref [11, 12].
Measurements have been performed at 43mm fromdkre {@uncher exit on the z-axis, using
a microwave power equal to 1500W. It can be seanttie diffusion parameter depends on
the biased voltage and is strongly decreasing widfreasing electron energy.

Whatever the applied bias voltage, the diffusiorapeeter value versus electron enetggan
be fitted using a functiow(ee) = Ag.?, with a ranging from 0.8 to 1.4 and “A” ranging from

80 to 500 for an hydrogen pressure of 0.2Pa, a poaveging from 1500W to 1800W and a



magnetic field intensity ranging from 70mT to 100m\typical fit of experimental diffusion

parameter values using this function is shown gué@ 3.
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Figure2. W(g,) versus Ee=&c-€V, in the case of different biased voltages.
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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 parametgresponding to two different values of

biased voltage Yand \,, we have,

e
— X, +1
(Eej ' (Ee+evl)

WolE.) ( 1(E. +ev,)

EQ(6)

Figure4 shows the change o¥yi(Ee) Wvo(Es), X1/Xo, di/dV and dI/dV? versus biased
voltage \4-V, corresponding to measurements performed at 43mnthe z-axis from the
wave launcher exit and using a microwave power leqoal500W. Calculations of
Wy1(Ee)/ Wvo(Ee) have been performed atcH0%V. This figure shows the strong
dependence d¥y(Ee) with X.
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Figured. Comparison of the first and second derivative of the I-V probe characteristic and of
X and ¥/¥, versus Vp-V; Measurements are performed at 1500W, 0.2Pa H, and at 43mm of
the wave launcher exit on the Z-axis in the middle of the reactor and for E.=107¢V.

According to Dote [13], in the case of a cylindtipaobe parallel to the magnetic field and

. : -
when o’1%>>1, the ratloﬁ of the electron current collected with magnetaldion the

lo(£)

electron current collected without magnetic fiedgiven by,

d N .
.eo(ee){l*;_p"’g(rp: J(lwzfz)} =[] EQ()

€ p

Where, A is a constanty andt=AdVve are the angular frequency and the time between two
electron-neutral collisions, respectivelh, and \ are the electron mean free path and the
electron velocity at the probe sheath entrands.itorth noting that in EQ(7), Dote considers
a monokinetic electron current of enekgy

Considering the Langmuir law for the electron catrigycollected when no magnetic field is
applied and considering EQ(4) for the electron entri, collected when a magnetic field is

l(e)

applied. The ratic—=-=5 can be written in the case of a mono kinetic ebecturrent,

lole:)

The comparison with EQ(7) gives,

%/ {“@"’(&)}_1 =+ Awir?].

e

This equation shows th&#(c) is proportional tow’t? and consequently to’&™, because

=e—Bandr =£ = A /ﬂ .
m, A 2¢,

This confirms the previous experimental results ioletd using EQ(5) and shown in Figure2

and Figure3. The electron diffusion parameter depend. ™.



Based on the work of Mal'kov [4], who has calcuthtthe electron current under the
conditions of a collisional near-probe space-chalmeer, authors [5,6] obtainet(ge)
proportional touwr, i.e. to B> These results disagree with our results, with Swifdel [8]
and with Dote et al theory [13]. Based on their gledhese authors [4,5,6] overestimate

W(g,) by a factor 100, in such cold plasma. [9]

As previously shown,

Wie,) = ge.” I:;—res

Where D is the normal component of the electron diffustoefficient, which in a magnetic

. . D . e
field parallel to the probe is equaqu)z(—), where D is the electron diffusion
1+ w’r?

coefficient without magnetic fieldD = A2v, v is the electron collision frequency [14].

The electron diffusion parameter depends on thatshehickness, on the potential profile
through the sheath, on the diffusion coefficierd aonsequently on the Larmor radius and the
electron energy incoming in the probe sheath. Sdgpends on plasma parameters as the
electron mean energy and densitge<and n, respectively and on the magnetic field
intensity B.

We assume in a first approximation a constant siiffia coefficient through the sheath. This
assumption has been used in previous work to détett{e,) /5,6/. So, we have,

W(e,)= g'j:(lJrZ%)m = gf:% if (PT2>>1.

In the case of a cylindrical probe with length Idamdius 5, W(,) can be written,

g' « a)zrzdr np?2 -1 Xd
Wie, )= =g"B°A.&. log — EQ(8
e B L g{rp Q@®)
Where X% is the sheath thickness formed around the probsuring in a first approximation
_ _ 213(g, ),
that x, = aA, wherelp is the Debye lengths, with, = et where €& and n

are the electron mean energy and density, respéctiynder these conditions and gxry,
W(ee) should be proportional to’Bege Ap.

This model (EQ(8)) has been applied to experimesatd obtained within four series a, b, ¢
and d. The incident power and the pressure aral équ500W and 0.19Pa, respectively for
the series a, b and ¢, 1800W and 0.2Pa, respecftivethe series d. In the case of the series

10



b, measurements are performed in a region correapprio electron cyclotron resonance

. . WYie, =1eV .
(ECR) conditions. Figure 5 shows the change/efi [ge/1le] versus B in the case of the
D

four series. The electron density and mean eneallyevneeded to calculadg have been
calculated integrating the measured EEDF usingnéghod described in [9].

The correlation factor of the linear regressiorhvakperimental data remains low for most of
the series and the slope of the linear regresfianges according to the series .i.e. with the

experimental conditions (pressure, microwave ingid@ower, position and magnetic field

. . {W( =1eV) / o
intensity). The results show that the rat eeeA—le (i.e. AA when the function is fitted
D D

with LIJ((se) = Ae,?, as shown on Figure 3) slightly increases withreasing magnetic field

intensity. However, this simple model is inefficiéa describe the phenomena because of the
low correlation between theory and experiment. Them be ascribed to the rough
assumptions concerning the sheath thickness andlitfusion coefficient but also to the
strong dispersion in experimental values dependingplasma conditions. The change in
plasma parameters leads to change in electron matleeath thickness or potential profile
within the sheath and consequently in the valugb®tlectron diffusion parameters. Figure
6, 7 and 8 show the values of plasma parameteng dhe z axis of the reactor and between
the different series. In the sake of clarity we ts@ine interpolation” between the points of
the different series. The values of the electronsdg and mean energy are calculated
integrating the EEDF which is determined usingrifethod described in ref [9]. The plasma
and the floating potential are determined at tHkedtion point of the I-V curve and at the
crossing point with the x axis, respectively.

It can be seen that the electron density and thengd and floating potentials increase with
increasing B. However, the mean electron energyedses with increasing B, probably
because of the decrease of the Larmor radius @anoht¢hease of the electron neutral collision

frequency with increasing B.
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Figure5. Change of /LP— [ge)lzle\/] versus B in the case of the series a, b, ¢, d, at a biased
D

voltage V=0.1V. Linear regressions are added on the graph.
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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, ¢, d used in Figureb.
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Figure7. Mean electron energy versus the position along the longitudinal reactor axis, in the

case of the four previous seriesa, b, ¢, d used in Figureb.
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Figure8. Plasma (V,) and floating (Vf) potentials versus the position along the longitudinal

reactor axis, in the case of the four previous series a, b, ¢, d used in Figureb.
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The phenomena produced under such experimentaliticorsd cannot be correlated by a

simple model. So another attempt to correlate kbetren diffusion parameter to the magnetic
field is given as follows.

The diffusion parameter has been previously shaaetfitted by the functiow(s,) = Ae.” .
Using diffusion parameter values calculated with &xperimental method for series a, b, ¢
and d, we have determined an equafieh f (V,ne,<£e>, B). In this equation, V, yi<ee> and

B are the biased voltage of the probe, the eledensity, the mean energy and the magnetic

field intensity, respectivelyEigure 9 shows the change (m‘j(g)y Iog(A)) versus magnetic

field intensity B, when V= 0.1V. The best agreemwith a linear regression is obtained for
x=4.3 and y=-1.67 and it corresponds to a cor@tatactor equal to 0.75. The exponent of
density and mean energy are arbitrary values whaitmot be justified without a better
knowledge of the phenomena. This linear regresgioes information concerning the change

of the magnetic field intensity within the plasma.
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Figure9. Linear regression of (n:<£e>y Log(A)) versus B, at a biased voltage V=0.1V.

4. Conclusion.
This work is devoted to the study of the electrdffugion parameter in magnetized plasma.

Experiments are performed in a cylindrical readtomicrowave magnetized plasma working

at 2,45GHz. We have shown that the diffusion patangepends strongly on the ratio of the
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first to the second derivative function versus Mt probe characteristic I-V. The diffusion
parameter can be fitted using the general Hal(xfe)= Ae™" with n ranging from 0.8 to 1.4

and A ranging from 80 to 500 according to the expental condition at 0.19Pa and for a
microwave power ranging from 1500W to 1800W andaagnetic field intensity ranging from
80mT to 120mT. These results agree with Dote anidt $wodel [7, 10] and show that the
diffusion parameter is proportional ¢g. It disagrees with Mal’kov, Arslanbekov or Popov
model [4-6] model which obtain a diffusion paramgieoportional toee*'2. Until now none
model is really efficient to calculate the diffusiparameter, probably because of the real
potential profile and the electron motion withiretbheath formed around the probe collector
are unknown or because of a wrong estimation of gheath thickness. According to
Rozhansky [7] in presence of magnetic field, thenaalous diffusion can have an effect on
the charged particles density profile near the rafod there can be a significant expansion of
the sheath.

However, we have obtained a linear regression(rf@(ee>yLog(A)) versus B at a biased

voltage V=0.1V. The best agreement with experimeddta is obtained for x=4,3 and y=-
1,67 and corresponds to a correlation factor etqu@l75. Such linear regression can be used
to measure the magnetic field intensity within tieactor, with a more or less large error

according to the correlation factor.
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