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INFLUENCE OF ION VISCOSITY
ON THE DISTRIBUTIONS OF PLASMA
PARAMETERS IN STATIONARY GAS DISCHARGE

On the basis of hydrodynamic equations, the distributions of such plasma parameters as the
electric potential, the ion and electron densities, and the ion flow velocity toward the wall
in a plane layer of the stationary weakly ionized non-isothermal plasma confined between the
dielectric walls have been obtained. The temperatures of ions and electrons, as well as the
density of neutrals, are assumed to be constant. Instead of finding the eigenfunctions and
eigenvalues of the described problem, the Cauchy problem is solved with the initial values
corresponding to those that are in the plasma bulk. The wall position is determined from the
balance condition for the ion and electron fluzes. A method to avoid the singularity in the
system of hydrodynamic equations has been proposed. The influence of the ion viscosity in the
equation of ion motion was estimated. The distributions of plasma parameters are obtained
considering the ion viscosity in a quasineutral region.
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1. Introduction

The problem of the steady state of a gas discharge
has been studied for about a century. The interac-
tion of plasma with surrounding surfaces occupies a
special place in those researches. The interaction of
plasma with a confining wall can be simply described
as follows. Owing to a high mobility of electrons, the
wall potential becomes negative with respect to the
surrounding plasma. The repulsion of electrons leads
to the formation of a region with a positive bulk
charge that screens neutral plasma from the nega-
tively charged wall. A typical width of this region is
determined by a few Debye—Hiickel screening radii of
electrons, rp. = \/Te/(4me%neg), where T, is the tem-
perature of electrons, e the elementary charge, and
neo the hydrodynamic concentration of electrons in
the plasma bulk.

As a rule, the electron Debye radius rp. is small
in comparison with other characteristic lengths such
as the plasma size L or the free path of ions, which
are determined by the ionization, recharging, and
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collision processes. In this case, plasma can be divi-
ded into two regions: a quasineutral region (the pre-
sheath) with the characteristic dimension L and the
transient layer (the sheath) with the characteristic
thickness rpe.

As was shown by Bohm [1], the formation of a sta-
tionary bulk charge layer is possible, only if the ions
enter the transient layer region at a velocity not lower
than the velocity of ion sound vg = vy = /Te/my,
where T; and m; are the temperature and mass
of ioms, respectively. In the case of non-isothermal
plasma (T, > T;), vy is larger than the thermal veloc-
ity of ions. This condition was obtained in the case
of cold ions (T; = 0). At T; # 0, the Bohm velocity
equals vg = vgv/1 + 7, where 7 = T; /T, < 1. Hence,
the ions are pre-accelerated by a self-consistent elec-
tric field in the quasineutral region.

If the ions move to the plasma-confining surfaces
under the action of a self-consistent electric field,
the potential in plasma must have a maximum. In
the plane case, which is considered in this work, for
the symmetry reasons, this maximum should be lo-
cated in the middle plane of plasma. This plane is
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convenient to be chosen as the coordinate origin,
2 = 0. Then the dielectric walls confining plasma are
located at x = £ L. A generalization to the cylindrical
or spherical case is not difficult.

Among the pioneering works on this issue, the most
cited are works [2, 3]. The corresponding formula-
tion of the problem is still often used. In work [2],
it was assumed for the first time that the ion ve-
locity is determined by a static self-consistent elec-
tric field, which is supported by the charge balance
between electrons and ions. An integral equation de-
scribing the plasma-layer potential distribution was
derived for various geometries, ion free path lengths,
and ionization methods. The solution of this equation
in the case of a short free path of ions in a cylin-
der with the ion generation proportional to the elec-
tron concentration brought about the same poten-
tial distribution as Schottky had found for a positive
column in the framework of the ambipolar diffusion
theory [3].

Among the later works, in which the hydrody-
namic approximation was used, works [4, 5] should
be mentioned. In work [4], the problem was solved
analytically for the first time in the quasineutral
region making allowance for the inertia of ions. In
work [5], the dependence of the ionic mobility on the
magnitude of the self-consistent field was taken into
consideration.

The authors of many works (see, e.g., work [6]) as-
sume that there are no collisions in plasma in the
transient layer because of its small thickness as com-
pared to the electron free path length. So, the terms
describing collisions in the equations of ion motion
and the continuity equations can be neglected. As
a result, the corresponding solutions turn out sim-
pler. However, there arise substantial difficulties as-
sociated with their matching with the solution in
the quasineutral region. Numerous references can be
found in works by Riemann [7, 8] who made a large
contribution to the study of this problem.

In work [7], the problem of matching the solutions
obtained for the quasineutral plasma region and the
transient layer was considered. It was solved both an-
alytically and numerically by explicitly constructing
a consistent asymptotic expression and comparing it
with exact solutions obtained for the hydrodynamic
plane Tonks-Langmuir problem in the limiting case
rpe/L — 0 (T; = 0). However, the system of equa-
tions used in work [7] in the case of cold ions (T; = 0)
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possesses a singularity in the middle of plasma layer,
at x = 0. To overcome this difficulty, the dimension-
less plasma potential @, the dimensionless concentra-
tion n, and the velocity of ions v were expanded in a
vicinity of = 0 in the following power series in the
parameter T = (zra.)/vs, where a, is the ionization
frequency:

b = (ag + agp)z® +...)z%,
n =co+ 0(2)3_32 + ..

v=(bg + byz® + ...)Z.

The corresponding coefficients were determined in
work [7] by substituting those series into the motion
and continuity equations and grouping the terms with
identical power exponents of Z.

In most works, the ion viscosity is considered to
be a small parameter, so it is not taken into consid-
eration in the equation of ionic motion. At the same
time, there is no justification that such a viscosity
neglecting is correct. In work [9], the following con-
dition allowing the viscosity-associated effects in the
transport equations to be neglected was presented:
v; < vL,, where v; is the hydrodynamic velocity of
ions, v the collision frequency, and L, a character-
istic scale of hydrodynamic velocity variations. This
condition is definitely obeyed in the quasineutral re-
gion, but its validity for the transient layer remains
uncertain.

The presented work is devoted to the elucida-
tion of the role of the ion viscosity in the forma-
tion of distributions of plasma parameters in station-
ary gas discharges. Its structure is as follows. In Sec-
tion 2, the problem is formulated, and the basic equa-
tions are derived. In Section 3, the basic system of
equations is solved without taking viscosity into ac-
count. The quasineutral approximation is applied to
the quasineutral region. In Section 4, the influence of
the ion viscosity on the distributions of parameters
in the nonisothermal weakly ionized stationary gas
discharge plasma is analyzed using the solutions ob-
tained in the previous section. Solutions with viscos-
ity are also obtained for the quasineutral region. Ge-
neral conclusions are made in Section 5.

2. Basic Equations

In order to solve the problem of the stationary dis-
tribution of plasma parameters in gas discharges, the

317



Ya.F. Leleko, D.L. Grekov

hydrodynamic approximation will be used. This ap-
proach can be applied when the macroscopic plasma
parameters, such as the hydrodynamic velocity v
and the particle concentration n, vary rather slowly
in space and time; namely, the characteristic dis-
tances at which the valuesof macroscopic quantiti-
eschange should be much longer than the average
free path length. The hydrodynamic approximation
is also valid in the case of collisionless plasma, if
the thermal motion of the particles can be neglected,
i.e. plasma must be sufficiently cold [10]. However,
even if those conditions are not satisfied, the hydrody-
namic approach can be used for the qualitative anal-
ysis of plasma parameters.

The general continuity and motion equations for a
unit volume with gas particles of the [-th kind look
like [9]

anl - 577,1
E“”V('HJV[) = E’ (1)
myny % + viV)ve| = ZenE, —
ot
Opi Omiap ™
- 2
dr,  Oxg e @

where p; = n/T}; E, = —0p/0x4; v; and ny are the
hydrodynamic velocity and the concentration, respec-
tively, of the particles of the [-th kind, F is the self-
consistent electric field, and ¢ is its the potential; p;,
T;, my, and mp are the pressure, temperature, mass,
and tensor of viscous stresses, respectively, for the [-th
particles; Z is the ion charge, V the differentiation op-
erator, and the subscripts a and 3 denote the coordi-
nate components x, and x3. The second term on the
left-hand side of Eq. (1) describes a change in the con-
centration of particles owing to their hydrodynamic
directional motion, whereas the right-hand side de-
scribes the appearance or disappearance of particles
as a result of collision processes. The second term on
the left-hand side of Eq. (2) describes the variation
of the particle velocity as a result of the plasma dis-
placement, whereas the right-hand side represents the
force acting on the particles of the I-th kind in a unit
volume. Its first component is the electric force, the
second one is the force arising owing to the pressure
gradient of the [-th plasma particles, the third one is
the force arising under the action of viscous stresses,
and the fourth one is the friction force associated with
collision processes.
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We suppose that plasma consists of electrons and
ions of atomic hydrogen. Let us consider the station-
ary variant of the problem (9/0t = 0). Let the mag-
netic field be absent (H = 0), and let the tempera-
tures of the plasma particles and the concentration of
hydrogen atoms do not depend on coordinates '. The
particle concentration changes due to the electron-
impact ionization,

and the hydrodynamic velocity of ions due to the
recharging and ionization processes,

ov; Qen,
5’2@ = (Vex + ei€> Vievs

where n; and n. are the hydrodynamic concentrations
of ions and electrons, respectively; and vy is the fre-
quency of the ion recharging at hydrogen atoms. The
electron concentration is assumed to be determined
by the Boltzmann formula n, = neg exp(ep/Te). This
formula can be easily obtained from Eq. (2), if we di-
vide the latter by the characteristic values of parame-
ters and neglect the terms containing the electron-to-
ion mass ratio m./m;. We also suppose that, when
reaching the plasma-insulator boundary (the wall),
the electrons and ions completely recombine.

In the absence of a magnetic field, the ion viscous
stress tensor m;,g is expressed via the shear rate ten-
sor W,z as follows:

Tiag = —MiWag,

avia
8])5

a’l}ig . g a’(}m (3)
Oz 3.8 oz’

Wap =

where 7; is the dynamic ion viscosity coefficient,
dap the Kronecker delta, and the subscript v means
the relation to the coordinate component z.. Let us
divide the equation of motion (2) by the product
m;n;. Then, in the one-dimensional case, the motion,
continuity, and Poisson equations can be written in

L If the particle temperature is determined self-consistently, it
is necessary to consider the equation of thermal conductivity
for particles in the presence of cooling and heating sources,
which makes the problem substantially more complicated.
Moreover, to a great extent, the problem solution will be
determined by the method of plasma heating.
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the form
o ede [ L neoexplep/Te))
dx m; dx ng
Ti dnz 4 dQUi
_ b i} 4
d(n;v;
W) — e exples/T.), ®)
d?
i dre (neo explep/Te) — n;), (6)

respectively, where 7; = n;/(m;n;) is the coefficient
of kinematic ion viscosity [11].

The recharging and ionization frequencies were cal-
culated making use of the relations o, = o;vren,
and Vexy = OexUrinn,, where o; and oo, are the
cross-sections of electron-impact ionization and ion
recharging at hydrogen atoms, respectively; vp. =
= /T./me and vp; = \/T;/m; are the thermal ve-
locities of electrons and ions, respectively; and n,
is the concentration of neutral particles. The depen-
dence of the average product of the ionization cross-
section o; (in cm ™3 /s units) and the thermal velocity
of electrons on their temperature T, (in eV units) is
determined by the formula

. @1/2

—oO

T =100
7 B2 (61 0)

exp (7971),
where I = 13.6 eV and © = T, /I [12]. The quantity
Oex is determined by the formula [13]

2
1
Oex = 4.9 x 10715 [1 +0.15 x In (T)} cm?,
i
where T} is reckoned in electronvolt units.

The coeflicient of kinematic ion viscosity is equal
to the product of the characteristic ion velocity vr;
and the free path length [ (see, e.g., work [9]),

2
VA
7= vpl = ———L
K T Qe +Vex +VC1"

where vo; = ocivringg is the frequency of Coulomb
ion collisions, n;y the hydrodynamic ion concentra-
tion at z = 0, o¢; = m(e?/T;)%A; is the cross-section
of Coulomb ion collisions, A; = In(rp;/Tmin i) is the

Coulomb logarithm, rp; = /T;/(4me?n;g) is the ion
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Fig. 1. Dependences of the dimensionless kinematic ion vis-
cosity n on the ion temperature T; (in electronvolts) calculated
for neo = 1010 cm~3, T. = 2 eV, and various concentrations
of neutral particles n, = 1013 (1), 10 (2), 10® (8), and
1016 cm—3 (4)
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Fig. 2. Dependences of the dimensionless frequencies of Cou-
lomb collisions, v¢, recharging, v, and ionization, «, on the
ion temperature T; calculated for neg = 100 cm=3, n, =
=10 cm =3, and T. =2 eV

Debye radius, and rmin ; = €2 /T; is the impact pa-
rameter for the short-distance interaction.

In Fig. 1, the dependences of the dimensionless
kinematic ion viscosity 7 = #;/(vstpe) = T/(v+
+ve + «) on the ion temperature T; calculated for
T. = 2 €V and various concentrations of neutral par-
ticles n,, are depicted. Here, o = ae/wpi, V = Vex /Wpi,
and vo = vci/wp; are the dimensionless frequencies,
and wp; = vs/rpe is the ion plasma frequency. Note

319



Ya.F. Leleko, D.L. Grekov

L, cmAi ¢
109 - : L
108 4 , : .
107 \ L
d,
106 - \ L
C\
105 - 6\ L
D
—
g
104 L
T T T T T
1E7 1E8 1E9 1E10 g, €M™ 1E11

Fig. 3. Dependence of the plasma size L on the electron con-
centration at the plasma center calculated for n, = 1014 cm—3,
Te =2eV,and T; = 0.1 eV

that the kinematic ion viscosity increases consider-
ably with the growth of T; and the reduction of n,,.

In Fig. 2, the dependences of the dimensionless
frequencies of Coulomb collisions, v¢, recharging, v,
and ionization, a, on the ion temperature T; calcu-
lated for n.g = 10'° ecm™3, n,, = 10'* cm3, and
T. = 2 eV are shown. This figure makes it possi-
ble to estimate which of the processes gives the main
contribution to the dimensionless parameter of the
kinematic ion viscosity. As the concentration n, of
neutral particles decreases, the point where the plots
for the recharging, v, and Coulomb collision, v, fre-
quencies intersect becomes shifted toward higher ion
temperatures. The figure makes it evident that the
main contribution to 7 is given by the recharging fre-
quency v, if the ion temperature 7T; is high and by the
Coulomb collision frequency v¢ at very low T;’s. At
the same time, the electron-impact ionization fre-
quency « weakly affects the dimensionless kinematic
ion viscosity at any T;-value.

Let us change to the dimensionless variables v =
= v;/vs, n = n;/Neo, and & = ep/T, in the set of
equations (4)—(6). As a result, we obtain
exp(@)) v n 4,

L 7
n 7—n—'_?)m)’ (™)

n'v+nv' = aexp(P), (8)
@" = exp(P) — n, (9)

vv’z—@'—(u—i—a

where the primed quantities mean their derivative
with respect to the dimensionless coordinate z/rpe.
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The system of differential equations (7)—(9), in
which the ion viscosity is neglected, is a nonlinear
fourth-order system for the sought functions. It must
be supplied with boundary conditions. For reasons of
symmetry at the plasma center (x = 0), we have

v(0) = n’(0) = &'(0) = 0. (10)
We should also remember that the potential is de-
fined with accuracy to an additive constant. Let us
take ®#(0) = 0. Another boundary condition concerns
the plasma-wall boundary: the hydrodynamic flow
of ions is equal to the flow of electrons in the direc-
tion of growing x. Besides that, it is assumed that the
electrons are distributed according to the Maxwell—-
Boltzmann law, whereas the effects of electron reflec-
tion from the wall and electron emission by the wall

are absent [14]. As a result, we obtain

I(L) = n(L)o(L) =[5 oxp (B(L)).

Hence, we have a system of fourth-order equa-
tions with four boundary conditions, i.e. an eigen-
value problem. For instance, if the parameters L, T,
T;, and n, are known, the stationary gas discharge
is possible at a certain value of n.g, which has to be
determined by solving the indicated system.

(11)

3. Solution of the System
of Basic Equations in the Quasineutral
Approximation

Finding the eigenfunctions and eigenvalues for the
nonlinear system of equations (7)—(9) is a rather
complicated task. Therefore, it was analyzed with
the help of an alternative approach. Boundary condi-
tions (10) were considered as initial ones. They were
appended with an arbitrary initial n.g-value, and sys-
tem (7)—(9) was integrated in the direction of posi-
tive 2’s, i.e. the Cauchy problem was solved (see, e.g.,
works [7,15], where the case of cold ions was consid-
ered). Integration was terminated at a point x = E,
where condition (11) is satisfied. As a rule, L # L for
the first attempt. Then, the n.g-value was changed,
and a new integration was carried out. The proce-
dure was repeated until L. = L was obtained (see
Fig. 3). This method (the so-called shooting method)
was also used below when analyzing the influence of
the ion viscosity on the distribution of parameters in
stationary discharge plasma.
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Let us apply Eq. (7) with the excluded last term
and Eq. (8) to determine the dimensionless deriva-
tives of the ion velocity and concentration. We obtain

v + (V + aLp@)) v? 4 o222
v'=- g SN )
[@’ + (V + aiexi@)) v} n
/
n = e - (13

One can see that this system of equations has a singu-
larity at the point, where the hydrodynamic velocity
of ions and their thermal velocity are identical, v =
= /7. In the case of strongly non-isothermal plasma,
the singularity point is located in the quasineutral re-
gion, where the plasma parameters vary at distances
of the order of plasma size, Ax ~ L, i.e. rather far
from the transient layer. The indicated singularity
prohibits the direct integration of system (7)—(9).

To avoid difficulties associated with the singular-
ity, let us take advantage of the fact that the sec-
ond derivative of the potential in Eq. (9) is small:
¢"” <« nexp . Such an approach will be called the
“quasineutral approximation”. After the first itera-
tion (" = 0), from Eq. (9), we obtain

/ nl(l)
n(l) = exp @(1), @(1) = —

: 14
e (14)

Equation (14) makes it possible to exclude the po-

tential from the system of equations (7) and (8) so

that

vV = — (1 +7) "o _ (v+a)vay + éﬁvé'l), (15)
n(l) 3

nl(l)v(l) + ’I’L(l)’l)gl) = Oé’]’L(l). (16)

Equations (15) and (16) give us the dimensionless

derivatives of the ion velocity and concentration with-

out making allowance for the ion viscosity:

1+71)a+w+ oz)v(Ql)

!
U(l) = ) 5 (17)
1+7 v
(l/ + 204)71(1)1}(1)
i
p— —_—— 5. 1
(1) . ,U(Ql) (18)

From whence, one can see that the system of equa-
tions (17) and (18) has a singularity at a point,
where the hydrodynamic ion velocity is equal to the
Bohm velocity, v(;y = +/1+ 7. Therefore, we solve
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this system in the region 0 < vy < V1+ 7 using
the Cauchy method with the initial conditions at the
point 2 = 0. After passing the point vy = /7, the
determined values of v(1) and n(y), as well as the val-
ues of &1y and &P, calculated using v(;y and n(y),
are applied as the initial conditions for integrating
Egs. (7)—(9) in the interval \/7 < v(1y < V14 7.
This method can be used to obtain a smooth
matching for the main plasma parameters. However,
substantial oscillations of the second derivative of the
velocity take place in this case, whereas the values of
this parameter are required to evaluate the ion viscos-
ity. Therefore, in order to make the matching of the
solutions of the systems of equations (9), (12), (13)
and (17), (18) more accurate, the next iteration for
the second derivative of the potential is used. In the
second iteration, ¢ = &), and Eqgs. (14)-(16) read

exp @(2) = N(2) + @2’1),

=R 19
ne) + O
ol = 02
ne) + O
)y ,
- (V + ‘IW) @)~ TZE: + %77”2/2)’ (20)
o)V + @)V = alne) + ). (21)

If the last term on the right hand side of Eq. (20) is
omitted, we obtain

Ny + D
Vo) = {(1 2 (1)> a+
n(2)

n 9 + @// @I// v 9
via (2) (1) U(22)+ (1) (2/
n(2) n(z) + ()

—1
X {n(g)n(g) + @E’l) . — U(Zz)} , (22)

_ a(ne) +P())) = n@)vy
M2) = V) ’

(23)

where @E’l) and @E’l’) are known functions. Note that,
in the course of the second iteration, the singular-
ity became slightly shifted toward the plasma-wall
boundary. When the ion temperature approaches the
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Fig. 4. Dependences of the dimensionless ion velocity v and
concentration n on the z/L-coordinate calculated for neo =
=100 ecm 3, n, =10"% cm=3, T, =2 eV, and T; = 0.1 eV
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Fig. 5. Dependence of the dimensionless ion velocity v and
concentration n, the electron concentration ne/neo, the electric

field — @', and the potential & in the transient layer on the

3

coordinate (L — ) /rp. calculated for nep = 1019 cm™3, n,, =

=10 ecm3,T. =2¢eV, and T; = 0.1 eV

electron temperature, the singularity points in the
systems of equations (9), (12), (13) and (17), (18)
come closer to each other, so further iterations in
the framework of the quasineutral approximation are
required.

Figure 4 illustrates the solution matching for the
systems of equations (9), (12), (13) and (22), (23)
in the whole plasma volume. The solutions were
matched at the point /L = 0.85. The solutions of
the system of equations (22) and (23) are shown in
the interval 0 < x/L < 0.85; and the solutions of
the system of equations (9), (12), and (13) in the
interval 0.85 < z/L < 1. The solutions of the sys-
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Fig. 6. Dependences of the dimensionless ion velocities v, U(1)s
and v(gy in the transient layer on the coordinate (L — x)/rpe
calculated for nep = 1019 em=3, ny, =10 em ™3, T, =2 eV,
and T; = 0.1 eV

tem of equations (9), (12), and (13) in the transient
layer are shown in Fig. 5. The following values of di-
mensional and dimensionless quantities were used in
calculations: n.y = 10 ecm™3, n, = 10* cm~3,
T, = 2eV, T, = 0.1 eV, vr. = 593 x 107 cm/s,
v = 3.09 x 10% em/s, vs = 1.38 x 10% cm/s, rp. =
=1.05 x 1072 cm, wy; = 1.32 x 10% s71, o, = 1.39 x
x10% 571, vey = 2.74 % 10° 571, v = 1.49 x 10° 571,
N = 2.25x10° cm? /s, L = 104.6 cm, a = 1.05x 107°,
v=208x10"3, vyoc = 1.13x 1073, and 7 = 15.5. The
parameter values typical of a glow discharge were cho-
sen. Note that, for a better perception, the distance
is reckoned in the units of the plasma size L in Fig. 4
and in Debye radii rp. in Fig. 5. The reference point
corresponds to the plasma-confining surface.

From Figs. 4 and 5, one can see that the solution
obtained for the systems of equations is continuous
and has no peculiarities. Expectedly, the solutions
change slowly in the quasineutral region. At the same
time, in the transient layer, the size of which is ap-
proximately equal to 3 cm [(25+40) X rp.], there ap-
pears a bulk charge and the plasma parameters vary
drastically.

In addition to Figs. 4 and 5, Fig. 6 demonstrates
the first and second iterations for the ion velocity.
One can see that the iterations v(;) and v(2), which
were calculated under the quasineutrality condition,
begin to deviate from the “true” solution v at a dis-
tance of about 40rp. from the plasma-confining sur-
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face. This is slightly larger than the transient-layer
thickness, if the latter is defined as the distance from
the surface to the point, where v = (1 + 7)/2. From
the first iteration of the Poisson equation, we deter-
mine the velocity at which the quasineutrality ap-
proximation is violated. It evidently occurs, when
the space-charge term @E’l) comprises a considerable
fraction of the electron- or ion-concentration terms,
@2/1) ~ 0.0177,(1).

In order to find @E’l), let us firstly take the deriva-
tive of the last expression in Eqgs. (14). Then, we have
to determine (nzl)/n(l))2 and n’(’l)/n(l). For this pur-
pose, we use Eq. (18). Ultimately, we obtain

1
20

(1)

(v+20) (v +50) (1+7)°

n(1) (1 +7 = n?l))d

~
~

(24)

By substituting the parameter values at which the
numerical calculations were performed into Eq. (24),
we arrive at the conclusion that the quasineutral-
ity approximation is violated at v(;) ~ 0.93, which
is in good agreement with the result shown in
Fig. 6.

In Fig. 7, the distributions of the potential, self-
consistent electric field, and space charge in the
plasma volume are exhibited. Note that the ion con-
centration exceeds that of electrons within the en-
tire plasma volume by the quantity &”, which can
be calculated at the coordinate origin by expand-
ing it in a series in z, so we obtain ¢)_, ~ —[(v+
+2a)a]/2. In this case, the hydrodynamic velocity
of electrons, which can be obtained from the con-
tinuity equation for ions and the stationary condi-
tion, ve/vs = nv/(n + @), turns out some higher
than the ion velocity. In spite of the presence of the
space charge, the electric field becomes appreciable
only in the transient layer, unlike the potential that
changes rather strongly throughout the whole plasma
volume.

4. Estimates of the Influence
of Ton Viscosity in the Ton
Motion Equation

Let us estimate the last term in the right-hand side
of Eq. (15). This term describes the viscosity of ions
in the quasineutral approximation. Let us divide it
by the first term (with n{,)/n(1)), which includes the
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Fig. 7. Dependences of the dimensionless potential ¢ (1),
electric field — @’ (2), and space charge —®"" = n; — ne (3)
on the coordinate z/L calculated for neo = 1019 cm—3, n, =
=10 cm™3, T =2 ¢V, and T; = 0.1 eV

electric field. The expression for vg’l) can be obtained
from Eq. (17). As a result, we have

47771(1)’02/1)

i
3n(1)

_ 87(1+7)
3 (1 +7— 0(21)>2

X [(V +2a)(14+7)— (v+ ) (1 +7— U(21))]-

(25)

From whence, it follows that, at the plasma center,
where v(1) < 1,

diinayvly | 8
— = §770‘~

(26)
i
3n(1)

As one can see from Figs. 1 and 2, in the case of
plasma parameters that were used in numerical cal-
culations, the contribution of the ion viscosity (26)
to Eq. (15) is small at the plasma center, being
of an order of 4 x 10~%. At the boundary between
the quasineutral plasma and the space-charge layer,
vy S V1 +7, and Eq. (25) implies that

47777,(1)1}2,1)

i
3n(1)

_8n(v+2a)(1 + 7)?
~ o
3@+T—W&

This result demonstrates that the contribution of
the ion viscosity increases rapidly, as the hydrody-
namic ion velocity approaches the ion sound veloc-
ity. But, in this case, the system of equations (9),
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Fig. 8. Dependences of the ratios of the terms in the equations
of motion (20) and (7) to the term containing the electric field
on the coordinate (L — z)/L calculated for nep = 101 ecm™3,
np =104 em™3, T, = 2 eV, and T; = 0.1 eV: |w'/&'| (1),
|9/ @' =1(2), |(v+ aexp(®)/n)v/ 2’| (3), |r(n/n)/ 2| (4),
and [(4/3)7v" / #'| (5)
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Fig. 9. Dependences of the ratios of the terms in the equations
of motion (20) and (7) to the term containing the electric field
on the coordinate (L —x)/7rp. in the transient layer calculated
for neo = 10 ecm=3, n, = 10 cm=3, T, = 2 eV, T; =
= 0.1 eV, and n,, = 101 (2, 8) and 5 x 10 cm™3 (3, 4):
foo! /'] (2, 4), |9/ &' =1 (1), |(4/3)70" /] (3, 5)

(12), and (13) has to be applied instead of Eqgs. (17)
and (18).

Let us estimate the contribution of the ion viscosity
to the equation of ion motion (7), if v > /7. For this
purpose, we should determine the second derivative
of the ion velocity taking the Poisson equation (9)
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Fig. 11. Dependences of the ion concentration and velocity
on the coordinate z/L calculated in the quasineutral approxi-
mation taking (v(1)y, 7(1)y) and not taking (v(y), n(1)) the ion
viscosity into account for neg = 10 cm =3, n,, = 1014 cm—3,
Te =2eV,and T; = 0.1 eV

into account. The first derivatives of the ion velocity
and concentration are determined by Eqs. (12) and
(13), respectively. Then we obtain

P
v = {@"er [¢/+2 <1/+a6Xp v/> ’u] X
n
/ exp ¢ , n 2 2 -1
xv'+a—— P - (1) x{v°—7}7". (28)

Finally, the contribution of the ion viscosity to the
equation of ion motion (7) in the region, where

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 4



Influence of Ion Viscosity on the Distributions of Plasma Parameters

v > /T, amounts to

4" ¢
‘ 377;/ = —{ﬁ‘@”v—i—{(ﬁ’—&—? <V+anp —v’) v} X
¢ !/
Xv/+anp <¢1_n> (1}2+T)}X
n n

-1
X {3 |&'| (v? — T)} . (29)
In the case of strongly non-isothermal plasma, ex-

pression (28) for the transient layer can be simpli-
fied. Then we obtain

A | 4q|@"v + [ — 200] V|
30 |~ 3P| (v —7)

(30)

In Fig. 8, the ratios of all terms in the equation of
motion (7) to the term containing the electric field are
depicted. From this figure, one can see that the ion
viscosity has a little effect in the quasineutral region,
but this effect increases in the transient layer and
must be taken into consideration.

For the sake of comparison, the same ratios but for
N, = 5x 10 em ™3 in the transient layer are shown in
Fig. 9. As the concentration of neutrals n,, decreases,
the ion viscosity coefficient 7 increases so that the ion
viscosity contribution exceeds that of the electric-field
term in the transient layer. At the same time, the
contribution of the ion-viscosity term remains small
throughout the other plasma volume.

In Fig. 10, the spatial profiles of the ratio |[v" /@',
which were calculated for T, = 2 eV and various
values of T; and n,, are demonstrated. As one can
see, if T, is fixed, the magnitude and the behavior of
the quantity |v”"/®’| only slightly differs for various
T;- and n,-values. From whence, it follows that the
magnitude of the contribution |(4/3)7v"” / ¢’| is deter-
mined by the value of (4/3)7 only.

Figure 11 illustrates the distributions of the ion
concentration and velocity calculated in the quasineu-
tral approximation, taking and not taking into
account the term describing the ion viscosity in
Egs. (20) and (15). As one can see, since the magni-
tude of this term is small in the volume of quasineu-
tral plasma, its consideration has a little effect on the
plasma size L.

The exact solution of the system of equations (7)—
(9) taking the viscous term in the transient layer into
account is the subject of further researches.
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5. Conclusions

It is well known that, when studying the distribu-
tion of plasma parameters in a stationary gas dis-
charge, the plasma volume can be divided into two
regions. One of them includes the main volume of
plasma, where the quasineutrality condition is sat-
isfied almost exactly, i.e. the concentration of ions is
almost equal to the concentration of electrons dis-
tributed in the plasma potential according to the
Boltzmann distribution. The potential distribution in
plasma is determined by the exit of electrons to the
plasma-confining surface and the subsequent screen-
ing of this surface by ions. The other region is the re-
gion, where ions screen the surface, and the quasineu-
trality condition is violated. An approximate “bound-
ary” between those regions is a point, where the ve-
locity of ions accelerated toward the surface is equal
to the Bohm velocity. The distance of this point from
the surface is about 30 electron Debye radii. The task
of determining the parameters for a stationary gas
discharge is an eigenfunction and eigenvalue prob-
lem. It is usually solved in the form of a Cauchy prob-
lem with the initial conditions given at the plasma
center, whereas the coordinate of the boundary sur-
face is determined from the balance condition for the
ion and electron fluxes. A “true” position of the sur-
face can be obtained by varying, e.g., the electron
concentration at the plasma center provided that the
other parameters are fixed.

When determining the distribution of plasma pa-
rameters in a stationary gas discharge, the account
for the ion viscosity was usually neglected. In this
work, a method aimed at determining the parameter
distributions in strongly non-isothermal (T, > T;)
plasma making allowance for the finite ion temper-
ature has been proposed and applied. In particular,
the method was used to estimate the account for
the ion viscosity in the equation of ion motion. It
was shown that the corresponding effect is small in
the quasineutrality region, i.e. in almost the whole
plasma volume. It does not result in an appreciable
change in the plasma concentration in bulk. On the
other hand, the calculations showed that the ion vis-
cosity substantially affects the distribution of plasma
parameters in the transient layer. The exact solution
of the system of equations taking the ion viscosity
in the transition layer into account is the subject of
further researches.
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A.D. Jleaexo, /.JI. I'pexos

BIIJINB B’41IBKOCTI IOHIB
HA POSIIOALT ITAPAMETPIB IIJTIASMU
B CTALIIOHAPHIX I'’ABOBUX PO3PAJAX

Jutst mockoro mapy craiioHapHOI cj1ab0i0HI30BaHOT CUJILHOHE-
izoTepMivHOI MIa3Mu, OOME2KEHOTO A1eIEKTPUIHUMU CTIHKAMH,
Ha OCHOBI PIBHAHBb T'iJIPOJIMHAMIKNA OTPUMAHO PO3IOIIJIM Hapa-
MeTpiB IJIa3MU — IOTEHIlialy, TYCTUHU iOHIB i €JIEKTPOHIB Ta
MIBUJIKOCTI IIOTOKY IOHIB y HaIpsIMKYy CTiHOK. llpuiyckasocs,
IO TeMIIepaTypu iOHIB i eJIeKTPOHIB Ta I'yCTHHA HeUTpaJiB €
nocrifinumu. I1pu npoMmy 3amMicTh 3HAXOMKEHHS BJIACHUX (DYH-
KIil i BjlacHUX 3HaYeHb L€l 3ajadi, Po3B’si3yBajiach 3aJa4a
Korri g1t movaTkoBUX 3HAYEHD, SKi € 3a/laHUMHU B IIEHTPI m1a-
3mu. [lonoxkeHHsT CTIHKM BHU3HAYAJOCH 3 yMOBU DPiBHOCTI IO-
TOKIB 10HIB 1 €JIeKTpoHIB. 3alpOIIOHOBAHO METOJ] PO3B’A3aHHSA
poGJIEMH CUHTYJISIPHOCTI, 1[0 IPUCYTHS B CUCTEMI PiBHSIHB Ti-
nponuHamiku. [IpoBeseno oninku edekTy B’a3K0CTi 10HIB y piB-
HAHHI pyXy 10HiB. OTpPHMaHO PO3HOAIIN MapaMeTpiB IIa3Mu 3
ypaxyBaHHSIM B’sI3KOCTi 10HIB B 00J1acTi KBa3iHENTPaJIbHOCTI.

Karwoei caoea: cranioHapHUil ra30BUil PO3PsL, B'SI3KICTD,
rnepexigHuii map, rigpogunamiuae HabuXKeHHs, pajgiyc lebasi.
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