STABILITY OF A HIGH-FREQUENCY GLOW DISCHARGE IN THE NORMAL
COMBUSTION REGIME
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A high frequency glow discharge in its high current form differs from a dc dis-
charge in that there is a significant decrease in the role of the pre-anode region
in plasma generation [1], thus leading to greater stability {2]. In a d¢ discharge
the pre-anode current—voltage characteristic (CVC) is falling [3], which causes
electrodynamic instability of the plasma column and leads to its contraction over
times much shorter than the thermal times {4]. It is characteristic that conduc-
tivity in the volume of a dc discharge at moderate pressures is caused by drift of
ions from the pre-anode region. In an hf discharge the plasma distribution is sym-
metric about the midpoint of the interelectrode gap and the space charge zones near
the electrodes are separated from the volume by narrow zones with high conductivity.
Under such conditions, together with volume ionization processes a noticeable con-
tribution to maintenance of conductivity can be produced by ambipolar diffusion and
plasma drift due to disruption of quasineutrality {5, 6]. In order to study the
stability of an hf discharge plasma column it is of interest to find the current -
voltage characteristic of this part of the discharge under conditions of high longi-
tudinal inhomogeneity and low values of E/p. In connection with the experimentally
observed weak current form of the discharge {1, 2], which is characterized by a
unique value of the normal current density and lacks a proper theoretical explana-
tion, there has been increased interest in the properties of the hf discharge which
are produced by phenomena in the pre-electrode regions. In particular, it is neces-
sary to theoretically confirm the similar properties of the dc discharge and the hf
discharge in the normal current density regime. The present study will present re-
sults of a numerical calculation of an hf discharge in nitrogen with consideration
of space charge effects within the framework of a two-dimensional model and calcu-
lated the CVC of a plasma column with the diffusion~-drift mechanism for maintenance
of conductivity.

Formulation of the Problem. We will numerically study a discharge occurring in nitro-
gen at a pressure p = 666.6 Pa between two planar electrodes connected in a circuit with re-
sistance R = 250 k@ and ac voltage source

& = & sin ot, &, = 700 B, © = 2n-108 sec'l..

Interelectrode distance L = 1 cm, with transverse chamber dimensions of L and 2L, and the
discharge is assumed homogeneous along the shorter dimension (z-axis). Direct ionization,
recombination, electron and ion drift in the self-consistent electric field, and y-processes
at the cathode were considered. For the electron ng and ion nj concentrations we have the
equations [7]

on , . .
'5:5 4+ Vie=oaj.— ﬁneni,; Je = l‘veneV(P; (1)
on, o .
7;—;3 + Vi; = aj, — Bren;, i = —mniVo, (2)
where o is the first Townsend coefficient for nitrogen, B-10"7 cm3/sec is the dissociative
recombination coefficient; pg = 0.88-10° cm?/(V-sec) and pj; = 290 cm?/(V-sec) are the elec-

tron and ion mobility coefficients. System (1), (2) is supplemented by boundary conditions
at cathode and anode:

(ic + vide =0, j;la=0 (3)
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(where vy is the secondary emission coefficient for electrons from the cathode). The poten-
tial distribution @ is found from the Poisson equation
Ag = —e(n; — 1), (4)

solved simultaneously with the boundary conditions at the electrodes (x =0, x = L) and lateral
boundaries of the chamber (y = L, y = —L)

90, ) =0, 9L, y) = U, (5)
L
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Here €, = 1.81°107% V:cm, U is the voltage across the discharge, Q is the quantity of excess
ions accumulated at the upper electrode (x = L) as a result of unbalance between the current
from the plasma and in the extenal circuit. The value of Q satisfies the ordinary differ-
ential equation

90_Z-0, f(zl—h) et L. (6)

To initiate the discharge, at the initial moment within the chamber volume there is situated
a quasineutral plasma with density of ~10% cm™3, monotonically decreasing to zero at the
lateral boundaries of the chamber; the voltage on the capacitor at the initial moment is as-
sumed equal to zero:

n, = n, = 108 smlny/ZLI, en™3, Qli—y = O. (7)

Pre-Electrode Models of Low and High Current Forms of the hf Discharge. Before present-
ing the solution of Egs. (1)-(7), we will consider the relationship between the displacement
current jq = wE/4m and the ohmic current j, = epiniE in the cathode layer of the hf glow dis-
charge. In the zeroth approximation in the parameter j,/jq [8] established that the normal
regime of the low current (capacitive) discharge can be achieved under the condition

In(1+4+ ) ©

_——(ppA; > 0,5, (8)
We will perform a similar study for the opposite limiting caes jo/ig » 1, relying on the
cathode potential shift theory of Engel and Shteenbek. Let us assume that the characteris-
tics of the cathode layer in the ac discharge occurring in the normal current density regime
differ only slightly from the parameters of a dc discharge. Then for the standard approxima-
tion of the ionization coefficient a = Apexp(—Bp/E) we obtain

iq n(1+7HDe
Jo = 0,22 w;pAB  p

Consequently, the normal regime of the high current (ohmic) discharge can be realized if

m{t+y™) e

——WB-——;<<5. (9)
It follows from the above that depending on the value of w/p there are three types of pre-
electrode CVC's. For low frequencies, at which Eq. (8) is not satisfied, only one normal
current density exists, corresponding to the ohmic discharge, while in the intermediate fre-
quency range of Eqs. (8), (9) there are two values, one of which corresponds to the weak cur-
rent form, and the other to the ohmic discharge. Finally, for high enough frequencies, at
which Eq. (9) is not satisfied, there is one normal current density corresponding to the
weak current regime. Only in the intermediate frequency range of Eqs. (8), (9) does the
transition from the weak current stage to the high current one occur discontinuously with an
abrupt change in current density at the electrode.

It should be stressed that simultaneous satisfaction of the two severe inequalities (8)
and (9) is difficult. Therefore the range of intermediate frequencies at which two normal
current densities can be realized, corrsponding to capacitive and ohmic discharges, is very
narrow or completely absent. This can be confirmed by comparison of the values of the normal
current density in a capacitive discharge j, = Bpw/8wy; (¢; = 0.57) [8] and in a dc discharge
3n = 4ipAB?p2/6m1n (1l + y™!). It follows from Egs. (8), (9) that in the intermediate fre-
quency range
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The left side of this relationship contradicts the theoretical concept of increase in ohmic
component and decrease in capacitive component with increase in current [81. In practice also
the current density of a high current discharge is less than an order of magnitude greater
than that of a weak current discharge, so that it is difficult to identify the given j, and
jo values with the current density of these two forms of discharge. It is possible that
agreement could be reached by refinement of the pre-electrode models and expansion of the
intermediate frequency range. We will note that the modification to the theory would have to
be significant, since in practice no limiting value of w/p is observed above which the normal
combustion regime is realized only in the weak current (capacitive) form. Another escape
from the difficulties created may be that one of the two forms of the discharge in the normal
combustion regime cannot be reduced solely to pre-electrode phenomena, but is related to vol-
ume processes. An indication of the role of volume processes is offered by the critical de-
pendence on value of the interlectrode gap L (1].

The values of w and p chosen for the numerical experiment are such that inequality (8)
is violated and the weak current form of the discharge is not realized in the normal combus-
tion regime. Here we study an ohmic discharge, while the conditions chosen are such that for-
mation of current spots on the electrodes can be expected [4].

Calculation Results. After connecting the capacitor to the circuit, after about three
periods a quasisteady state arc combustion regime is reached — the plasma parameters change
from period to period only weakly. With passage of time (over 50 usec) the amplitude of the
current density at the cathode in the center of the electrode jg monotonically increases from
~1.8 to 2.7 mA/cm?, with a corresponding increase at the anode from 1.3 to ~2.6 mA/cm? (Fig.
1: current densities on axis discharge at anode jc and anode jp and total current I vs time).
In accordance with the estimate made the displacement currents are less than the ohmic ones
and current spots develop on the electrode [Fig. 2: current (a) and field intensity (b) dis-
tributions over cathode and anode surface at time of maximum total current, t = 49.86 usecl.
The current distribution over the cathode surface is similar to that observed in a dc discharge
[4]. However the value of jc reached at time t = 50 usec in the hf discharge exceeds the
current density in a dc discharge of ~2.4 mA/cm?. Moreover, it follows from the time depen-
dence (Fig. 1) that at following times the current density on the electrode in an ac dis-
charge can significantly exceed the normal current density in a steady state discharge.

In the quasisteady state stage a decrease in total current and continuous growth in
current density and field intensity in the volume of the quasineutral plasma occur (Fig. 3:
current density j and field intensity E at center of discharge vs time). The current density
increases from 1.4 to 3.5 mA/cm?, while the parameter E/p increases from 0.075 to 0.13 V/(cm*
Pa). Under similar conditions in a dc discharge the current in the volume increases to 4 mA/
cm?, however the field intensity in the volume is markedly higher — E/p = 0.23 V/(cm-Pa) [4].
This difference is related to the important role of the anode region of a dc discharge in
generation of ions and maintenance of conductivity in the volume. As in a dc discharge, so
in the case under study narrowing of the current channel in the volume occurs: with passage
of time the section of the conductive channel in the volume becomes less than at the cathode
[Fig. 4: ion density ny (10° cm™3), t = 49.86 psec].
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In the quasisteady state regime the plasma distribution on the discharge axis is sym-
metric about the midpoint, the plasma density is at a minimum in the center of the chamber
and increases monotonically in the direction toward the electrodes from 3:10° to 15:10° cm™3,
Plasma formation about the electrodes is related to ionization processes in the cathode
layer, with the role of the anode in ion generation being negligibly small. The mechanism of
conductivity maintenance in the volume of the quasineutral plasma deserves special attention.
The value of E/p = 0.13 V/(cm*Pa) established is insufficient for ionization maintenance of
conductivity. Nor is an ionization mechanism of plasma formation in the volume compatible
with the character of the plasma and electric field distributions [Fig. 5: ion and electron
distributions (a), current density and field intensity on discharge axis (b), t = 49.86
usec]: at the electrodes where the plasma density is maximum, the field intensity is at a
minimum, while conversely in the center of the chamber where the plasma density is minimum,
the intensity is maximum. The analysis to be performed below will show that conductivity
within the volume of an hf discharge in the given case is maintained due to ion drift from

the electrode regions.

We will note the properties of the discharge observed in the calculation which are char-
acteristic of the high current form of an hf discharge. First, we have the inhomogeneous
distribution of field intensity on the discharge axis, correlating with the distribution of
luminosity. Second, the calculated current density at the spot on the electrodes, although
less than in the volume, is still not constant as in a steady state discharge with compres-
sion in the volume {4], but increases together with the current density in the volume. This
can be compared to the property of a high current discharge of having identical normal identi-
cal normal current density on the electrodes and within the volume [2].

Quasineutral hf discharge column. In order to compare the possible mechanisms for main-
tenance of conductivity in the volume of the hf discharge, we will derive equations averaged
over a period for motion of the quasineutral plasma in a one-dimensional model. We assume
that the plasma concentration varies little over the period:

T T
n = -;Tjne(t +T)d’5=’%‘jlni(1 + 1) dt,
o "o

2> (n — )2 n> ((n — na)? WV

Here and below the angle brackets <...> denote averaging over a period of the hf field. The
field intensity oscillates and its mean value is close to zero: <E> <« <E?>!/2, We note that
strict equality <E> = 0 is not assumed. Dividing Eq. (1) by ueg and Eq. (2) by pi and adding
them, after averaging we obtain

%?-}- p,i-t%.(E(ni—ne)> = <Vi>ﬁ—ﬁn2' (10)
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In accordance with the original formulation of the problem processes of ambipolar diffusion
and plasma drift due to dependence of the mobilities pg, wj on field intensity {9] remains
unconsidered here. Detailed analysis reveals that plasma drift due to dependence of mobility
on field under hf discharge conditions is always much less than drift due to disruption of
the strict equality ng = nj. Plasma drift due to disruption of quasineutrality is described
by the second term on the left side of Eq. (10). With consideration of the Poisson equation
it follows from Eq. (10) that

a: =+ 28 - (E?y = (v n—Prd. . (11)

It can easily be seen that the term describing plasma drift is nothing else but motion under
the action of the gradient in the hf pressure.

From the condition of conservation of electron flux one can find the relationship be-
tween the plasma distribution n and the mean square intensity <E?>:

CE?) = (jey/pen®. (12)
In this relationship <Je> does not depend on the spatial coordinate z and is assumed to be a

known function of time, its value being found from the known applied voltage Ugff = Y<U?> and
the resistance of the interelectrode gap:

L -1
1/2 dx }
Gyt = Ueff( i f;)
0 P

Equations (11), (12), supplemented by the symmetry condition in the center of the chamber
n% = 0 and the asymptotic boundary condition near the electrodes n = », describe the quasi-
neutral hf discharge column. Neglecting recombination and ionization, a self-similar solu-
tion of Eqs. (11), (12) can be found, describing growth in conductivity in the volume due to
drift of ions from the electrode regions. Let <J2> ~ t&, then

n= noN(t/tgp)b b= (2a + 1)/3,

Jv3/2 ,5L '

y 3(2a+1)ﬁoopl
=g — iR

Here n, and E, are the plasma density and mean square field intensity at the center of the
interelectrode gap at time t = tgp; Lpg is the length of the plasma column, the function N
becomes infinite near the electrodes and is normalized by the condition N = 1 in the center
of the gap. For a linear increase in current density a = 1, and taking n, = 3-10° cm™3,

Lpg = 5 cm, and E, = 0.45 V/cm, we find tgp = 300 psec. This value for the characteristic
time of increase in conductivity in the chamber volume is three tims greater than follows
from calculations. The divergence is related to deviation from a self-similar regime and
the two-dimensional nature of the problem. According to the analysis performed ion drift is
an efficient mechanism for formation of dependent conductivity in a positive hf discharge
arc column.

CVC of Quasineutral Column with Drift Mechanism of Conductivity Maintenance. Since
compression of the current channel in the volume of the quasineutral plasma was observed in
the calculations, it is of interest to find the CVC of this portion of the discharge on the
basis of Eqs. (11), (12).

In this section we will not consider ambipolar plasma diffusion, assuming the thickness
of the diffusion region located directly about the electrodes to be much less than the length
of the plasma column, i.e., 2Lp < Lpg:

Transforming to dimensionless variables £ = |x — 0.5L[/0.5Lpg and w = <E2>/E} = (nq/n)?,
where E; and n, are the mean square field intensity and plasma density at the center of the
interelectrode gap, we obtain

wy + M/w = 0; (14)

. R
w0 =1, wg(0)=0, w(l) =W’ (15)
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S Be, Ly(iny'? , (16)
2,07 Ej

where ny is the plasma density on the boundary of the plasma column and the electrode layer.
Under the conditions considered the state of the electrode layer experiences a weak disturbing
action from the quasineutral volume. The parameter involved is the ratio of the ion fluxes
from the electrode layer into the quasineutral volume and onto the electrode surface, averaged
over an oscillation period. The ion flux into the volume can be evaluated from the rate of
recombination losses in half the interelectrode gap:

L :
0,5 \ Br®dz >~ 0,5pr> Ly,
; 2 char Diy

for nchar = 5°10° cm™3, Lpg = 1 cm this value is equal to 3-10%*? cm™?-sec™ or 1073 mA/cm?,
which is much less than the ion current density of 1 mA/cm? on the electrode. Thus, the as-
sumption of independence of the electrode layer from the quasineutral column is justified,
and in this case the plasma distribution in the electrode layer depends only on the value of
the current, i.e., on <j2>!/2. It is natural to assume that the limiting value of the plasma
density ny is also caused only by the current density in a first approximation.

The solution of Eq. (14) can be expressed in terms of an error function
z
erfz =2/ Vﬁj exp (—z'%)dz’,
. 0 )

With consideration of Eqs. (15), (16) we have
erf VInw—! = Vﬂz AE; (17)

erf \/2111(5—:) —V Za, a8

where Ey = <j2>1/2/ugn, is the mean square intensity of the electric field on the boundary

of the electrode layer. For a known relationship between ny and <jé>1/2 Eq. (18) defines the
dependence of E, on current density. Differentiating Eq. (18) with respect to jeff = e<j2>'?,
we obtain

Ey=(1+Q — AL + 20); (19)

=2 2—0)2 l/i;(_g) (20)

Here and below A indicates the double logarithmic derivative with respect to current, for
example, E, = d1nE,/d1njgfs. The effective voltage on the plasma column

Usgs = E L,,, W"zdg ;/ Elot et Y 3T (B Es)- (21)

0
Hence, differentiating with respect to current, we f1nd

32571 (240—5"1 _
£ff = 1—2Q ( 32§t — Ny |; (22)

E
erf 3ln (_0)
_2_ Eo l/ E*
3E, T E~N
* erf "/2 ln(E*

It follows from Eq. (22) that the CVC of a quasineutral column with conductivity maintained
by plasma drift from the electrodes is an increasing function, if
240—671 (24)

TS T T T

)

. (23)

Ueff = ‘SLplEoz 6=

nﬂ
v

The quantities A, 8, and fiy, are, according to Eqs. (18), (23), (24), functions of the para-
meter E,/Ey, which characterizes the degree of inhomogeneity of the plasma With increase in
plasma 1nhomogene1ty A, 8, and fix, increase monotonically (Fig. 6: fig,, 8, and A vs degree
of plasma column 1nhomogene1ty)

We will represent the CVC in parametric form. Using Eqs. (16), (23) for a nitrogen
plasma [B = 2-10"7 cm®/sec, pgp = 5.9°107 cm?-Pa/(V-sec), pip = 1.9:10° cm?-Pa/(V-sec)] we
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Depending on the value of fi; = dlnng/d In jogs three cases exist:

1) figy < 0.5. The CVC is increasing everywhere, the degree of inhomogeneity in the plasma
distribution is maximal in the low current range and decreases monotonically with in-
crease in current density:

lim (Ey/Ey) = o0, lim (Ey/Ey) = 1;
leff™? Tefg™?

2) 0.5 < iy < 1. The CVC is increasing everywhere, the degree of inhomogeneity in the
plasma distribution increases monotonically with increase in current:

Hm(Ey/Ey) = oo, Him (Eg/Ey) =1;
Teff~0 eff 0

3) fig > 1. The CVC in the low current range is decreasing, and increasing in the high
current range. The degree of plasma inhomogeneity corresponding to the voltage mini-
mum in the CVC can be found from the condition fiy = fix, (Fig. 6). With increase in
current the plasma inhomogeneity increases monotonically:

lim(Ey/E,) = oo,
Tofg™™

Thus, for a quasineutral column with drift mechanism for formation of conductivity the
possibility of existence of a normal current density and the character of the plasma distri-
bution along the field are determined by the form of the functional dependence of the plasma
density on the column boundary upon current density. One may, for example, consider the
plasma density in the electrode layer of the hf discharge to be proportional to the ion con-
centration in the cathode potential step, described by the theory of Engel and Shteenbek.
Then ng ~ jeff and the plasma column proves stable. In order to ascribe the experimentally
observed quasisteady state compression of the plasma column to instability, it is necessary
to assume a quite strong dependence of plasma density ny on current density. This could be
related, in particular, to an active role being played by the anode region in plasma genera-
tion, Nor can it be excluded that in the calculations a process of transition into a steady
state is being observed. Unfortunately, limited availability of computer time prohibited an
unambiguous answer to this question.

CVC of Quasineutral Column with Consideration of Ambipolar Plasma Diffusion. A real
quasineutral plasma column is composed of a segment with diffusion mechanism for maintenance
of conductivity, located close to the electrode, and a segment with drift mechanism, located
at the center. In the majority of cases the thickness of the diffusion layer is very small,
and its conductivity is high, so that the contribution of this region to the overall voltage
drop is negligibly small. Nevertheless, the diffusion region is of significance, since plasma
diffusion affects the character of the dependence of plasma density on the boundary of the
drift segment upon current density, and thus, upon the column CVC. Neglecting ionization
processes and considering ambipolar diffusion, on the basis of Egs. (11), (12) we obtain
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1/2 ’
dz{"“;—;f}%d—z(i)—m%}qwnuo. (26)

If the diffusion coefficient is independent of the electric field intensity, the limiting
density value which separates the segments with diffusion and drift mechanisms of conduction
formation is equal to

b [iage\2)2/3 - 45 107, . \2/3
n*—{st (eﬂe_ T1/3 (p]éff) - (27)

The right side of Eq. (27) was calculated for a nitrogen plasma; T is the character-
istic electron energy in eV. It is necessary to require continuity of n and the derivative
né on the boundary of the two regions. For simplicity we will assume that for the diffusion
region on the boundary the condition n = ng, ny = 0 is satisfied to sufficient accuracy. From
the balance equation Diyngy = Rn? we find the density distribution and length Lp:

n\ _ | dz’
[D(E)— —.IS‘VZ’S_;
Ip =V 3D.2Pny, Lp= lp®@(n*/n,),

(28)

where n* is the plasma density on the boundary of the diffusion and electrode regions. If
n*/n, increases with increase in current, Lp proves to be a nonmonotonic function, reaching
a maximum at n*/n, = 1.4. We do not consider the effect of this factor on the plasma column
CVC here. Let n* » ng, then Lp = &pd. and the length of the diffusion region, according to
Eqs. (27), (28) proves to be a monotonically decreasing function of current density. From
the condition Lp = 0.5Lpg and Egs. (27), (28) we determine the current density

= 6 6 (D:i e“e a E
]eff Ve bz, By

which when exceeded produces a segment with drift mechanism for maintaining conductivity at
the center of the interelectrode gap. If jgff < jtr» then the diffusion mechanism extends
over the entire column and the voltage across the plasma is proportional to the current:

pL 2ljef £

Upgs = .
o T et D,

If jeff > jtr the full voltage is composed of the voltages across the diffusion and drift
segments. On the basis of Eqs. (16), (23), (27), (28) the column CVC can be written in
parametric form as

1280DZ
By

Uege="Uey + Ugp, Uy = Do

28Dy ¢ q/3 .1/3

= Leib l/ e;f pa betf Tl /1
Jeff

(]tr ) =1+ V 3 (D (E*)

The quantities § and A are monotonically increasing functlons _of the parameter Eo/Ey, Egs.
(18), (23) (see Fig. 6). With ynlimited growth in Ey/E.§ = v2/3(E¢/Ex), A > V/7/2 and the
voltage on the column Uggg ~ Jeéf It follows from Eq (27) that

Ey= (280D9jeff/€_l*el‘vi)1/3:

In the normal current density regime for an ohmic discharge E;/p proves to be independent

of pressure, and for a discharge in nitrogen, for example, Ei/p = 0.19 V/(cm-Pa). Hence it
following that in the high current form of the discharge no drift segment exists in the plas-
ma, and the diffusion region either directly transforms to a region with volume ionization,
or is limited by the length of the discharge chamber. For the weak current form of the dis-
charge in the normal current density regime joff ~ wp and the value Eu/p ~ (w/p)!/® decreases
with increase in pressure. For a discharge in nitrogen at a frequency of 13.6 MHz at a pres-
sure of 0.23 Pa (1] we obtain Ex/p = 0.04 V/(cm-Pa). Consequently, the theory of the diffu-
sion-drift column presented above is applicable to description of an hf discharge in weak

2
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current form. Examples of the CVC are presented in Fig. 7 (lines 1-3 are voltage Ugff on

plasma column, field intensity E,/p, Ex/p on current density in nitrogen, p = 0.23 Pa, Lpg =
2 cm). Thus it is evident that the quasineutral column in a weak current discharge is stable.

We will offer some clarification regarding the ambipolar diffusion of the plasma which
remains unconsidered in the calculations performed. It follows from the analysis performed
that in a real experiment the basic mechanism for maintenance of conductivity in an hf dis-
charge column under the conditions considered is plasma diffusion. Of the calculation re-
sults, the conclusion of formation of a current spot on the electrode with the same normal
current density retains its significance. It also seems probable that with consideration
of plasma diffusion the quasisteady state compression of the plasma column is maintained. In
fact, both diffusion and drift lead to qualitatively identical plasma distributions on the
discharge axis, both mechanisms encouraging movement of the plasma from the electrode regions
to the volume. It is simple to show that as in the case of a drift mechanism for maintenance
of conductivity, the CVC of a quasineutral column with diffusion mechanism of conductivity
maintenance is nonmonotonic when and only when the plasma density on the column boundary n*
increases sufficiently rapidly with current (fi* > 1). There is also a difference which ap-
pears in a real space: ambipolar diffusion is isotropic, while drift is described by a tensor
diffusion coefficient

By - 1
a aa (L.
ep? a{(]u]ﬁ) ﬁ( -z )}

If the plasma column compression observed in the calculations is caused by this fact, then
compression of a diffusion column would be impossible.

The authors express their gratitude to N. A. Yatsenko for information provided during
the course of the study, and to L. G. Gryukanov for performing the numerical calculations and
assistance in formulating the results.
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