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A numerical model, which makes it possible to investigate the two-dimensional dynamics of
plasma formation in a supercritical field in the electrostatic stage with a full set of plasma chemical
reactions, is developed. The parameters of the plasma channel are determined and compared

with experimental data. It is shown that propagation of a microwave streamer is accompanied by a
self-consistent variation of the electron number density in the channel and its spatial

dimensions so as to minimize the amplitude of the electric field at the center of the channel. The
conditions for passage to the streamer mechanism of breakdown in self-sustained high-

frequency high-pressure discharges are obtained. The distinguishing features of the streamer form
of microwave discharges are discussed. © 1995 American Institute of Physics.

1. INTRODUCTION

The possibilities of using high-pressure microwave dis-
charges to remove freons from the atmosphere,' in electric-
discharge plasma chemical reactors,*> etc. have recently
been investigated. The parameters and efficiency of the sys-
tems created are determined by the reduced electric field and
the electron number density, as well as their distribution in
the region where the source of electromagnetic radiation
acts.

The overall picture of the development of a self-
sustained high-pressure microwave discharge (v,> w, where
v, is the collision frequency of the electrons and w is the
oscillation frequency of the field), which was observed ex-
perimentally in Ref. 6-8, is qualitatively identical in differ-
ent gases and can be broken down into the following stages:
1) the appearance of a quasispherical plasma cloud (plas-
moid); 2) elongation of the plasmoid in the direction of the
electric field E, to a length comparable to the wavelength
\; 3) the appearance of one or more bright thin filaments
parallel to E,; 4) growth of the filaments beyond the plas-
moid, bending toward the incident radiation, and branching.

Stage 1 of the symmetric expansion of the quasispherical
plasma cloud continues as long as it is transparent to the
incident electromagnetic radiation, i.e., as long as the condi-
tion |¢— 1|<<1 holds, where & is the dielectric constant of the
plasma. The main processes in this stage are electron-impact
ionization in the external electric field, attachment (for elec-
tronegative gases), and diffusion (at first free and then ambi-
polar). When the maximum plasma density reaches the value
determined from the condition |¢ —1|=1, the influence of
the space-charge field becomes significant.

As a result, the rate of expansion of the plasma cloud,
which depends on the local values of the electric field
strength, is found out to be greater in the polar regions than
in the equatorial region. This is the reason for elongation of
the plasmoid in the direction of the external field.”'® Based
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on the analogy to a similar phenomenon observed in a dis-
charge in a static field, Gil’denburg er al.'® called such an
elongated plasmoid a microwave streamer.

Experimental studies of microwave discharges in super-
critical fields obtained information on such parameters as the
rate of elongation of the plasmoid v, the electron number
density, and the temperature T, of the gas in the streamer
channel. According to the data in Ref. 7, the values of this
rate in nitrogen at pressures P=20-50 Torr were equal to
V=4X106to 10X 10° cn/s, and the temperature of the gas
reached a level of T,=600-1000 K. In air at P=760 Torr,
V<108 cm/s and T,=7000 K (Ref. 8).

Measurements of the electron number density in the
channel of a microwave streamer have been performed in
inert gases,”!! nitrogen,”'>!3 and air.'* The significant differ-
ence between the results obtained under similar experimental
conditions should be noted. For example, in nitrogen at
P=300-800 Torr the electron number density was
N,=3X%X10'"to 7x10'* cm™2 according to the data in Ref.
13 and N,>3%10'S cm™3 according to the data in Ref. 12.
This disparity can be attributed to the conditions for the for-
mation and subsequent dynamics of the discharges in those
experiments.

For the most part, the contraction of microwave dis-
charges was investigated theoretically and the experimental
data enumerated were interpreted in terms of the thermal
ionization instability (see the review in Ref. 6). The inad-
equacy of such an approach was pointed out in Refs. 5 and 9,
where a streamer mechanism for the development of high-
pressure microwave discharges was proposed.

The evolution of a plasmoid in the electrostatic stage,
during which the effects associated with the finite value of
the wavelength of the incident radiation can be neglected,
was treated numerically in a planar two-dimensional ap-
proximation in Ref. 10. It was shown, in particular, that the
amplitude of the field at the poles of the ellipsoid (and, there-
fore, its rate of elongation) is considerably smaller than that
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which could have been expected on the basis of the familiar
formula |E,|=|¢|-|E| for a uniform plasma ellipsoid (see,
for example, Ref. 15). Here E,, and E, are, respectively, the
amplitudes of the fields at the poles and within the uniform
ellipsoid.

In Ref. 16 the electrodynamic stage of the evolution of a
microwave streamer until it reaches a size comparable to the
wavelength was investigated along with the former stage.
The important role of the electrostatic stage, which is char-
acterized by rapid increases in the plasma concentration of
the streamer and its rate of elongation, was demonstrated.
Analytical relations for the spatial distribution of the electric
field amplitude were obtained within a model of a nonuni-
form plasma ellipsoid. These relations made it possible to
reveal the likely causes of the slowing and stopping of a
microwave streamer in the nonelectrostatic stage.

Analysis of the results in Ref. 16 reveals that the space
charge of the streamer channel predetermines the field
strength in the region of the ionization wave front to a con-
siderable extent. For this reason, an adequate description of
the distribution and absolute values of the charged-particle
density in the streamer channel has become especially impor-
tant in the investigation of the dynamics of a microwave
streamer. It should be noted that the most thorough investi-
gations from the electrodynamic standpoint'®'® were per-
formed using simplified kinetic models.

The purpose of the present work was to devise a model
which would make it possible to investigate the two-
dimensional dynamics of plasma formation in a supercritical
field in the electrostatic stage with a complete system of
plasma chemical reactions, to determine the parameters of
the plasma channel and compare them with experimental
data, and to analyze the influence of those parameters on the
dynamics of a microwave streamer.

2. DESCRIPTION OF THE MODEL

2.1. The evolution of the plasma cloud formed as a re-
sult of breakdown of the gas in a supercritical field of a
linearly polarized electromagnetic wave is considered in the
planar (x, y) two-dimensional approximation (d/dz=0).
The vector of the electric field of this wave E,=3
E,e " "“'+c.c. is parallel to the y axis. The stage of symmet-
ric diffusion-controlled expansion of a plasma from a fila-
mentary seed center N, (t=0,r)=N_8(x)8(y) [4(r) is a
delta function] continues, as already noted, as long as the
condition o, =4mo/ w<l holds, where ¢ is the conductivity
of the plasma created (here N, is the number of electrons per
unit length of z). The distribution of the electron number
density under these conditions has the form

N exp(—r¥/4Dt+ y,t)

Ne(t.r)= 47Dt ’

(1

where r’=x%+y?, y,=v;(E,)—v,, D is the diffusion co-
efficient (the free diffusion coefficient D, or the ambipolar
diffusion coefficient D,), and v;(E,) and v, are, respec-
tively, the frequencies of ionization by electron impact and of
attachment in the field E, .

Since number densities in the range N,>3X10°
cm™*, which satisfy the condition N, (dN,/dr)”'<R,
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(Rp is the Debye radius), occur in the initial stage, the co-
efficient D =D, corresponding to ambipolar diffusion should
be plugged into Eq. (1). The diffusion becomes ambipolar
when this inequality is reversed.

After a time 7,=(20-30)/v, the plasma concentration
increases so much that the space-charge field can no longer
be neglected, and 47ro/ @w>0.5, holds symmetric expansion
gives way to predominant elongation of the plasmoid along
the direction of E,, . It follows from the latter inequality that
the value of the electron number density at which polariza-
tion of the plasma created begins to manifest itself increases
linearly with the frequency of the field. For example, for
P=1 atm and A<10 cm, we have N,>3X10'3 cm™3.

The results of the experiments in Refs. 7 and 8 and the
numerical calculations in Refs 10 and 16 indicate that the
plasmoid streamer is nearly ellipsoidal, especially in the
electrostatic stage. This allows us to advance the following
important hypothesis: the spatial distribution of the electron
number density does not vary during the entire computation
time and has the form

Ne(t)':Ng(t)f[r* ’Sk(t)]’ k=1-m. (2)

Here we have written x,=x/I(¢), y,=y/l, (), and
ri=xi + yi , where [,(¢) and /,(¢) are respectively, the ma-
jor and minor semiaxes of the plasma ellipsoid, f is a given
function which satisfies the conditions 0 < f < 1 and
f()=0, and the S; (k=1,---, m) are parameters which
specify the shape of the plasmoid (as m increases, the profile
of f becomes sharper). Basing the model on Eq. (2), we must
subsequently describe the distribution of the electric fields
along the x and y axes and the evolution of the parameters
L(1), Ly(1), N(8), and Si(1).

The appearance of electrons outside the plasma zone is
associated with a diffusion process. Their number density
then increases as a result of ionization in the external field.
This model of the propagation of a breakdown wave is ap-
plicable to any composition of the gas mixture (unlike, for
example, the photoionization model) and, in this sense, is
more universal.

The velocity of the breakdown wave front in the X and Y
directions was determined from an asymptotic (f— ) solu-
tion of the Kolmogorov—Petroskii—Piskunov equation'” (un-
der the assumption that the wave moves independently in
these directions). To take into account the deviation of the
current value of the velocity from its asymptotic value, a
multiplier ¢ was introduced into this solution. As the calcu-
lations in Ref. 16 showed, we have gq,=1, q,=1-2, and the
rates of elongation and broadening of the plasmoid are re-
lated to the values of the reduced electric fields |E,|/N and
|E,|/N at the points (0,%1,) and (+1,,0) by the following
expressions

dly/dt=2qy vD y(E,/N)6(y),
dl,/dt=2q,D,y(E,/N)6(y), (3)

where O () is a Heaviside function.

Utilization of the technique proposed in Ref. 16 made it
possible to obtain expressions for the distribution of the am-
plitude of the electric field on the X and Y axes:
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The following conclusions can be drawn from the rela-
tions (4).

1. When the plasma is distributed uniformly within the
streamer [ —f'=6(r,—1)], the expressions (4) transform
into the well-known equations'>

E(x,<1,0)=E(0,y<1)=E,, E(0,1)=gcE,

E,
Ey= o—1" go=1+io, .
I+ L+1
2. Under the condition
42
|d—rQ:]<L2 (5)

the expression for E(x, ,0) can be rewritten in the form
E(x,,0)=Eo[1+0(0,/L?)]. (6)

According to Refs. 10 and 16, the following inequalities
hold in the electrostatic stage of streamer elongation

o<1, L=1, d%/L’s1, L*>1.
Therefore, when condition (5) holds, we have
E(x,<1,0)=E,. @)

The electron number density profile was chosen in the
following form:

1’ SO(t)sssly
F(xg ¥ 5,8)=9 S/So(t),  0=<S=<Sy(1), 8)
0, S(1)<0,

where S=1 —xi - yi . This profile takes into account the
characteristic thickness of the ionization wave function in the
direction of E,

A,=1,(1—1-s) 9)

and depends only on three parameters /.(¢), [,(¢), and
So(t). In addition, the distributions of the araplitude of the
field in the X and Y directions corresponding to (8) are con-
sistent with the results of the calculations in Ref. 16. We note
that for L?>1, the calculated'® and model profiles of the
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electron number density along the x axis differ appreciably.
However, since o /L*<1 holds in this case, this disparity
can be disregarded in accordance with (6).

When (8) is taken into account, the expression for the
amplitude of the field at the poles of the plasmoid becomes

/2r
1+10'* ‘A"E, rc<Ay’
y

€y, rc>Ay,

(10a)
Ey(O,t 1 )=Eo'

(10b)

where rc=l§/ly is the radius of curvature at these points. It
follows from (10), in particular, that when the condition
rc<A, holds, the field at the head is enhanced considerably
less than in the case of a uniform plasma ellipsoid.

An analysis of the results of the calculations in Refs. 10
and 16 reveals that the width of the front A, remains ap-
proximately constant and equal to the radius of the plasmoid
R, at the end of symmetric expansion throughout nearly the
entire electrostatic stage of plasmoid elongation. When (9) is
taken into account, this allows us to write the expression for
So(t)

S Ko [2 Ko ] 1
0= 52 T (1)

Thus, within the model defined by (3) and (8), the spatial
distribution of the electron number density can be described
for an assigned value of N2(#) by solving Egs. (2) and (11)
for dl,/dt, dl,/dt and Sy(t). The model developed is com-
pleted by the system of equations of the plasma chemical
kinetics for determining Ng(t) in the central portion of the
streamer, where the field equals E|.

A plasma conductivity 0'?k=4'n'0'°/a)=0.5, which cor-
responds to the electron number density N,(0), was assigned
at the initial moment in time. Such a number density is gen-
erated after a time 7, during symmetric expansion of the
plasma cloud. At this point the radius of the plasmoid
reaches a value equal to R(7,)=3yD,7,, which was se-
lected as the initial condition Ry=R(7,). The value of
R(7,) is determined by the radial coordinate at which the
electron number density at the center N,(r=0) decreases by
a factor of e* according to (1).

2.2. In describing the plasma chemical processes we as-
sumed that under these conditions the molecules in a dis-
charge are excited and ionized predominantly by electron
impact from the ground state and that the rates of these pro-
cesses depend only on the local values of the reduced electric
field E/N. The corresponding dependences for E/N<300
Td for nitrogen and air were taken from Refs. 18 and 19. The
ionization constants for these gases at high values of E/N
were borrowed from Ref. 20. The influence of secondary
collisions with vibrationally excited molecules was taken
into account according to Ref. 21

log(k(T,)/k(Ty))=Bexp(—hw/kT,)/(EIN)?,

where hw is the vibrational quantum of a molecule and 7', is
the vibrational temperature. It should be noted that the data
in Refs. 18 and 19 were obtained for discharges in a constant
electric field. However, several investigations (see the review
in Ref. 21) it revealed that in the range of values v,/w> |

P. V. Vedenin and N. A. Popov 288



the use of these data for microwave discharges is reasonable
when the effective frequency of collisions of electrons with
molecules is properly chosen.

In the present work the possible variation of the ioniza-
tion and excitation frequencies of the molecules due to e—e
processes was not taken into account [even though in high-
pressure microwave discharges there are regions with a high
concentration N,/N>10"4-10"3 (see Refs. 11-14)]. As
was noted in Ref. 21, in molecular gases the variation of the
frequencies of the ionization and excitation of molecules due
to e—e processes is relatively small up to N,/N = 1073,
This is attributed to the low-threshold excitation of vibra-
tional levels and makes it possible to disregard the influence
of these processes in a first approximation.

The reactions involving charged particles were described
with consideration of the following eight kinds of positive
and negative ions: O; , Of , N;, NO*, 0~, O;, O;,
O; . Under these conditions the predominant processes are
the bulk formation and destruction of these particles. The
system of ion—molecule reactions in Ref. 22 was chosen as a
base.

The dynamics of the neutral components of a nitro-
gen—oxygen mixture was described by a system of balance
equations for the concentrations of N(*S), N,(A%3)),
N,(C’I1,), Ny(B’II,, B'’S,, WA,)), Nya'll,.a''3,,
w'A,), NO, N(*D), OCP), O('D), O('S), Oya'A,),
0,(b'3, g)» and O3, as well as by equations for the tempera-
ture of the gas and the vibrational temperatures of N,, O,,
and O;. A detailed description of the kinetic scheme and the
results of test calculations for nitrogen with small additions
of oxygen and air were presented in Refs. 23 and 24, respec-
tively.

The possibility of the effective destruction of negative
ions on O(*P) atoms, which form upon the dissociation of
O, by electron impact and in reactions involving the quench-
ing of electronically excited nitrogen molecules by oxygen,
is noteworthy.

The local time-dependent balance equations were solved
for all the components listed above. In particular, the equa-
tion for the number density of electrons, whose formation is
most significant in the present work, has the following form:

ON,19t=N (v;—v,)+Q ,—N,[0S +0;]8
—=NJ[0,1%,+[0(°P)1k4e[ O™+ O; ],

where k,, B, and kg4, are, respectively, the constants for
three-particle attachment, electron—ion recombination, and
detachment on O(3P) atoms. The term Q,, describes the
increase in the electron number density in associative ioniza-
tion reactions.”?* It should be noted that when the above
system of plasma chemical reactions is included, the distri-
bution of the electron number density along the streamer
channel should correspond more closely to the profile (8)
than the results of the calculations in Ref. 16.

3. RESULTS OF THE CALCULATIONS AND DISCUSSION

Figure 1 presents the results of a comparison of the data
from the full-scale numerical simulation in Ref. 16 and test
calculations based on the electrostatic model described above
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FIG. 1. Time dependences of a) | E |/E, (1) and |Eo|/E (2),b) o, , and c)
1,/Ry (1) and I, /R, (2) obtained in Ref. 16 (solid line) and in the present
work (dashed line). E, /Ec,=1.2, v,/@=70, q,=1.5.

(but with the use of a simplified kinetic scheme in which
only ionization, attachment, and one kind of ion with an
effective electron—ion recombination coefficient B were
taken into account). As in Ref. 16, for o, we wrote the
equation

~1)—ﬁ*ai, (12)

where t, =tv,, v,=const, E is the breakdown field, and
By=pPm v.w/dmely,.

The calculations were performed for the following con-
ditions:

Ve

EU
—=1.2, —=70,
(0]

=1.5,
E, 1

q.=1.

The maximum relative difference between the calculated
values in the present work and in Ref. 16 to 20% and is
observed when ¢,=5. In the analogous calculations with
E,/E4=1.05, B,=0, and B, =10 this difference was al-
ready appreciably smaller.

Note that for ¢, = 1.5, the amplitude of the field at the
center of the plasmoid E, remains quasisteady value. The
cause of this behavior of Ej is illustrated by the following
scheme:
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FIG. 2. Dynamics of the elongation of a microwave streamer /,(f) in the
direction of the external field for the conditions of the experiment in Ref. 8:
air, P=760 Torr, A\=8.5 cm, E,/N=160 Td, 7,,; = 70 ns; (®) — data
from 8; y,7,=25, ¢,=1.5.

/ IEOIl_’O-*l \
o o
T* T—>\ dl, /—Lf (13)

Acccording to Egs. (4) and (12), as oL increases the
field E, in the center of the plasmoid and the quantity o,
decrease. At the same time the field amplitude E,, at the head
of the streamer increases [cf. Egs. (10a) and (9)] and the rate
of elongation i, grows. This causes a drop in o, /L.

We recall that, according to (4), at a fixed value of the
external field the value of E, is determined completely by
o, /L, which, as is seen from (13), becomes quasisteady
after a certain time.

According to the scheme (13), the values of the station-
ary field Eg depend on the specific form of the functions
o, (Ep) and iy(Ey), which, in turn, are determined by the
kind of gas, the system of kinetic equations considered, etc.
The results which were obtained using the system of plasma
chemical reactions in Sec. 2.2 and describe the breakdown of
nitrogen (P =15-50 Torr) and air (P=760 Torr) in a field
of microwave radiation with the parameters from Refs. 7 and
8, respectively, are presented next.

Figure 2 presents the calculated and experimental data
on the dynamics of the elongation of a microwave streamer
1,(¢) parallel to the external field for the conditions in Ref. 8:
air, P=760 Torr, E,/N=160 Td, 75,;,=70 ns, A\=8.5 cm.
We note that the total pulse duration also includes the stage
of symmetric expansion of the plasma cloud; therefore,
Tout =ty Tpu- The experimental data on the plasmoid
length /,(¢) were obtained by photographing the emission
from the region of the streamer channel. Since the time be-
tween the moment when the microwave generator is turned
on and the appearance of emission under the conditions in
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FIG. 3. Dependence of the reduced electric field at the poles |E |/N (solid
line) and the reduced electric field at the center of the plasmoid |Eo|/N
(dashed line) on the time for the conditions in Fig. 2.

Ref. 8 can vary appreciably from experiment to experiment,
to compare the experimental data with the results of the cal-
culations the corresponding plots of /,(f) were matched in
the region where they vary rapidly, i.e., at /,=1*0.1 cm.
The calculated value of the rate of elongation of the plas-
moid in the direction parallel to the external field at £>65 ns
exceeds 6X107 cm/s (in the experiments in Ref. 8
U max==10% cn/s).

The transverse dimension of the streamer channel /. (f)
during a pulse varied slightly from Ry=0.1 mm (the initial
radius of the plasma cloud) to /7= 0.25 mm. Note that
according to Ref. 8, the transverse dimension of the plasmoid
reaches a value of r =2 mm, which greatly exceeds /7. In
our opinion, this may happen because the ionizing radiation
from the streamer channel creates a plasma corona around it,
whose emission is detected in the experiments under consid-
eration. The cross section for the absorption of radiation with
A< 105 nm by oxygen molecules is 0=10"'% cm? (Ref. 25),
and the characteristic absorption length equals
l;=(o[ 0,))"'=1.8 mm, in agreement with the data in
Ref. 8.

In powerful gas discharges highly excited oxygen atoms
can serve as a source of ionizing radiation.? We evaluated
the intensity of the emission of the O(3d°D—2p*P) elec-
tronic transition (the wavelength is A =102.7 nm). The cross
section for excitation of the O(3d3D) state by electron im-
pact was borrowed from Ref. 27. The inclusion of this photo-
ionization mechanism in the treatment makes it possible to
produce additional plasma with an electron number density
N,<10'> cm™3 at distances less than ;.

Figure 3 shows plots of the time dependence of the re-
duced electric fields at the poles (|E,|/N) and at the center of
the plasmoid (|Eo|/N). In the final stage of growth of the
plasmoid, the field gain reached a value of |E,|/|Eo|>30.
As the amplitude of E, increases, the ionization frequency
v; at the head of the streamer increases sharply. For
|E,|/N>450-500 Td, v; exceeds the field frequency w. As
we know, when the frequency of inelastic collisions of the
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electrons is ¥.>w and the rate constants of the ionization
and excitation processes depend strongly on E/N, the use of
values of E/N which are averaged over the oscillation period
to determine these constants can lead to large errors, and the
oscillatory character of the field must be taken into account.
In the case of microwave discharges, the condition
vi(T,)<w holds at a sufficiently high electron energy
(T, = 4.5-5 eV), which is comparable to the ionization
potential of the molecules in the mixture. At such values of
T, the plot of k;(E/N) is nearly linear,®® and describing the
ionization process in terms of a mean field does not lead to
appreciable errors.

Note that in the region where v;> o the gradients of the
electric field strength and the gradients of the electron energy
are large. To validate the possibility of using the local depen-
dence of T, on E/N in this region, we refer to the results in
Ref. 28, where it was shown that nonlocal effects are dis-
played in a fairly small vicinity of the streamer head (at
distances less than 2—3 times the radius of the head) and do
not have an appreciable influence on the propagation rate of
the streamer or on the parameters of the plasma channel.

In addition, the appearance of a high-field region
(v;> ) at the streamer head can cause the value of E,(¢) to
differ from (4), since the assumption regarding the slow
variation of the field amplitude during an oscillation period
(9/9t— —iw) used to derive the relations (4) does not hold
when »;>w. However, as the evaluations performed
showed, the size of this region is relatively small (<<A§);
therefore, the field amplitude |E,| is determined mainly by
the space charge of the part of the streamer where v;<w
holds and can thus be calculated from Eq. (4).

Figure 4 presents calculations of the dynamics of the
main components of a 4:1 N,:0, mixture excited by a mi-
crowave discharge.® As a result of the intense dissociation of
the oxygen molecules, the degree of O, dissociation reached
20-25%. This determines the features of the further evolu-
tion of the mixture under consideration, particularly the ef-
fective destruction of the negative ions in reactions involving
O(P) atoms.

In the initial stage of burning of the discharge
(t=10-40 ns), when the field within the plasmoid is
Ey/N = 100 Td (Fig. 2), there is a rapid [relative to
N.(1)] increase in the concentration of negative ions [0~ +
0, ] (Fig. 4), which is compensated mainly by the destruc-
tion of the latter on O(CP) atoms. Since the concentration
[O(P)] is high under the conditions under consideration, the
contribution of the negative ions to the total balance of
charged particles is less than 20% in all stages of the calcu-
lation.

In addition, under the conditions considered here an im-
portant role is played by associative ionization processes in-
volving excited oxygen atoms?>2*

O('S)+0('S)—0; +e, O(*S)+0('S)—>NO* +e,
k=3x10""cm?s. (14)

The main reactions resulting in the formation and de-
struction of O('S) atoms are
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N, cm

FIG. 4. Results of calculations of the dynamics of the principal components
of a 4:1 N,:0, mixture excited by a microwave discharge.?

N;(A%%,) +0(P)—-Ny(v)+ O('S),
k=2.8%X10""" cm?s,
0(!8)+0,—0(°P,'D)+0,(v),
k=4X10"'2exp(—870/T) cm?s,
0o('s)+0(3*P)—0(*P,'D)+0(*P),
k=5%10""exp(—310/T) cm¥s.

The complete system of processes involved in the for-
mation and quenching of O('S) in nitrogen—oxygen mix-
tures was presented in Ref. 24.

Under the conditions considered here the charged par-
ticles are generated mainly in the streamer channel in asso-
ciative ionization reactions at t=25-30 ns. Thus, as the con-
centration of O('S) atoms increases, N,(t) increases due to
the reactions (14), which, in turn, causes an additional in-
crease in the concentration of O('S). This is why the deriva-
tive dN,/dt increases with time. This tendency for an in-
crease in the electron number density is apparently
maintained until there is an appreciable decrease in the elec-
tric field strength at the center of the channel.

If the associative ionization processes are not taken into
account, the values of the electron number density in the
streamer channel are found to be strongly underestimated,
and the rate of elongation of the latter decreases as a result.
For example, Grachev et al.® theorethically estimated the
maximum electron number density as: N < 4.6x10"
cm™*, which is approximately an order of magnitude lower
than the values we obtained including the associative ioniza-
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tion processes. In addition, if V"™ < 4.6x 10" cm™? holds,
then, according to (3) and (4), the streamer velocity is less
than 107 cm/s, which is significantly smaller than the mea-
sured values (Fig. 2).

Rapid decay of the emission was noted in Ref. 8 after the
streamer achieved a length /,=~\/27 (curing the time
Tpu)- This can be associated with the mismatching of the
cavity to the microwave generator, which occurs after break-
down of the gas and is recorded by the cavity field amplitude
detector. It was postulated on the basis of these data that
E,=0 at times greater than 7p,,.

The results of the calculations of the evolution of the
composition of the mixture in the postdischarge period (Fig.
4) attest to an appreciable increase in the concentration of
N(*S) atoms. This is attributed to occurrence of the reaction

O(*P)+N,—N(*s)+NO, (15)

whose rate increases significantly as the the high vibrational
levels of the nitrogen molecules further populated. Reaction
(15) and the subsequent oxidation of the N(*S) atoms results
in the vigorous formation of nitrogen oxides, whose concen-
tration reaches the value [NO] = 10'® cm™3.

The increase in the gas temperature in the discharge
stage is associated mainly with the occurrence of the reaction

O('D)+N,—OCP)+N,(v)+AT,,
k=2x10""-2.5[m1]0" "cm¥s,

in which up to 70% of the O('D) excitation energy is uti-
lized to heat the mixture.?* Metastable O('D) atoms can
form as a result of the dissociation of oxygen via the
0,(B33,,) state, which is populated from the ground state by
electron impact, and in reactions involving the quenching of
electronically excited Ny(B’Il,, B'’%,, w’A,) and
Ny(a'll,, a''%,, w'A,) molecules. The density of
O('D) at the end of pulse is equal to 6X10'® to 8x10'®
cm 3. The temperature of the gas in the discharge stage less
than 100-150 K, while the total amount of energy supplied
to the streamer channel during a pulse can be as high as
=0.9 eV/molecule.

In the postdischarge peri- 1 the VT relaxation reaction of
N,(vib) on oxygen atoms c.uses an sharp temperature rise,
which is accompanied by gas-dynamic expansion of the
channel at times t>7,~1,/C; (C; is the velocity of sound).
Since the heating of the gas occurs mainly in the streamer
channel and since the temperature in the plasma corona var-
ies relatively little, we have /,<<0.2 mm and 7,~0.7 us.

Figure 5 presents experimental data and the results of the
calculations of the dependence of the rate of elongation of
the - plasmoid on the gas pressure for the following
conditions:’ nitrogen, P=15-50 Torr, E,=2.1 kV/cm,
Tou=1-15 us, N=4 cm. The pulse duration, which was
determined during the calculations from the condition of ap-
plicability of the electrostatic approximaticn 21,(t)<\/,
was equal to 350—450 ns. As the pressure increases and the
value of E,/N decreases, the ionization frequency and, ac-
cordingly, the rate of elongation of the streamer decrease.

The transverse dimension of the plasmoid /(t) varied
by a factor of about 1.4 during a computational pulse. At the
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FIG. 5. Dependence of the rate of elongation of the plasmoid on the nitro-
gen pressure for the conditions in Ref. 7: E,=2.1 kV/cm, A\=4 cm. @ -
experimental data from Ref. 7; solid line, dashed line — results of calcula-
tions with and without consideration of the associative ionization reactions,
respectively.

same time, the ratio /, /1, reached values of 4-4.6 for all the
pressures considered, in agreement with the experimental
data in Ref. 7.

Figure 6 presents plots of the time dependence of the
reduced electric fields at the poles and in the center of the
plasmoid (a), as well as the main components of a nitrogen
plasma (b) excited by a microwave- discharge.

The important role of the associative
reaction®

Ny(a''3,)+Ny(a''%,)— Ny +e,

ionization

k=2x10""%ms,
(16)

which results in an increase in the ionization frequency v; at
the center of the plasmoid at the end of the computational
pulse, when |Ey|/N decreases to 80—100 Td, should be
noted. As v; increases, the rate of elongation of the plasmoid
also increases (solid curve in Fig. 5). The associative ioniza-
tion reactions become more important as the pressure in-
creases, since the reduced electric field at the center of the
plasmoid decreases and the ratio of the impact ionization
frequency to the excitation frequency of the singlet nitrogen
states participating in reaction (16) decreases as a result.

The amount of energy supplied to the streamer channel
during the computational pulse is equal to 0.1 eV/molecule,
most of the energy being released not in the initial stage
(<50 ns), when the value of Ey/N is relatively high, but
later on, when Eq/N < 130 Td (see Fig. 6a). At this point
the electron number density in the channel exceeds
N,>10'3 cm™3 (Fig. 6b). A similar situation is observed in
air (Figs. 3 and 4), where most of the energy is released at
Ey/N=85-90 Td and the electron number density reaches
N,>10'% cm™?. These circumstances should be taken into
account in analyzing the possibility of using the streamer
form of microwave discharges in supercritical fields for
plasma chemistry and other applications.

Let us comment on the conditions for the existence of
the streamer form of discharges in wave fields. The criterion
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FIG. 6. Time dependences of the reduced
electric field |E,|/N at the poles (solid line)
and the reduced electric field at |[Eo|/N the
center of the plasmoid (dashed line) (a) and
of the principal components of a nitrogen
plasma (b). For the conditions, see Fig. 5.
I @ - experimental data from Ref. 7; P=30
Torr.
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for passage from the Townsend mechanism of breakdown to
the streamer mechanism is that the field of the space charge
equal the external field E,,. At fixed values of E, and P the
time needed to produce the required number density N* in
stationary fields is bounded by 7,=d/V4(E,), where d is
the distance between the electrodes, V4, is the drift velocity
of the electrons, and the corresponding condition (Meek’s
criterion) can be written in the form

V,-d/VdIZ 20-30.

In wave fields the restriction placed on the value of 7 is
attributed to the fact that the dimensions of the plasmoid
cannot exceed the wavelength \ (see, for example, Ref. 16
and the experimental data in Refs. 6-8), i.e., 2R(7,)
=< \. This inequality (with consideration of the criterion
VT, = 20-30) is equivalent to the relation

v\%/D,=1000-1500 (17)
or
AP [cm- Torr]=5X103-(» ? [s71])703

(v} is the ionization frequency in the field E, at P=1 Torr),
which specify the condition for passage to the streamer
mechanism of breakdown in self-sustained high-frequency
high-pressure discharges.

We note, however, that as the wavelength increases, the
minimum area of the focal spot increases as A2, therefore,
the creation of supercritical fields at the focus of the beam
requires

AP [cm- Torr]<0.3\yW, (18)

where W is the power of the radiation source in watts. It
should be acknowledged that the microwave range is optimal
for simultaneously satisfying the conditions (17) and (18),
since the inequality (18) can be difficult to satisfy in hf high-
pressure discharges and (17) is generally violated in the op-
tical frequency range.
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The results of the calculations performed allow us to
advance several hypotheses, which have a fairly general
character.

1. The model of a uniform plasma ellipsoid A, <r is not
applicable during the development of a high-frequency
streamer. It follows from our calculations, as well as the data
in Ref. 16 that A, /r.=AL/l,>1. The latter is especially
important, since the parameters of a microwave streamer are
often evaluated on the basis of just that model (see Refs. 8, 9,
etc.), which can overestimate |E,|/N by a factor of 20 or
more [see the expressions (10a and 10b)] and, accordingly, to
significant overestimation of the rate of elongation of the
streamer.

It was postulated in Refs. 7,8,12,13 and elsewhere that
the field within a plasmoid E is equal to the incident field
E, . However, as is seen from Figs. 3 and 6, the polarization
of the plasma created produces a significant difference be-
tween Eq and E,, .

2. One of the main characteristics influencing the dy-
namics of a microwave streamer is the parameter o, /L,
which determines the amplitude of E at the center of the
plasmoid [see (4) in the limit L>[]. As we have already
noted, this is a consequence of the fact that o, /L and E,
reach stationary values at these times [see (13)].

How o, /L approaches a stationary value varies as a
function of the initial conditions. When o*?k< 0.5, o, /L in-
creases to a steady value as the electron number density in-
creases (at a practically constant value of L=1,/l,=1).
When o*i>0.5, rapid elongation of the streamer and an in-
crease in L occur as E, increases. In contrast same time,
when the value of ag is overestimated, the rate of the in-
crease in N,(t) is small, since the field E, decays rapidly. As
a result, o, /L decreases from its initial value to a steady
value.

From this information [as well as the scheme (13)], it
can be concluded that the self-organization of a microwave
streamer occurs in such a manner that the amplitude of the
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field E, at the center of the plasmoid varies as little as pos-
sible.

3. An important parameter, which determines the
strength of the field at the head of the streamer, its rate of
elongation, etc., is the product of the electron number density
in the ionization wave and the time N, 7, for polarization of
the plasma at the head of the streamer. Unlike discharges in
a static field, where 7,~v; ' holds (Refs. 29 and 30), in
high-frequency fields there is a new characteristic time
o~ !, and Te=min(y; ! ™). In microwave fields we have
7,~w" !, and the field gain at the head is determined by the
value of 4o/ w>1 (see, for example, Refs. 5 and 6). Thus,
the electron number density and the release of energy in the
streamer channel can be regulated within certain ranges by
varying the frequency w. This may turn out to be important
for applications. When the frequency of the field is high, a
high value of N, is needed for the streamer to move. This
accounts for the relatively large (compared with the values in
a stationary electric field)" values of the degree of ionization
N,/N>10"%-10"2 which were obtained in our calculations
and observed experimentally in Refs. 11-14 in fields in the
microwave range.

4. CONCLUSIONS

A numerical model has been developed, which makes it
possible to investigate the two-dimensional (planar) dynam-
ics of plasma formation in a supercritical field in the electro-
static stage with a sufficiently complete system of plasma
chemical reactions. Calculations have been performed of the
evolution of a microwave streamer from diffusion-controlled
plasma formation to a plasmoid extended along the electric
field with a length 2/, comparable to the half-length of the
electromagnetic wave. Rates of elongation of the streamer
and parameters of the plasma channel have been obtained in
nitrogen and air, which are consistent with the available ex-
perimental data.

It has been shown that under the condirions considered
the space charge of the streamer channel influences the elec-
tric field strength in the region of the ionization wave front to
a considerably greater degree than does the charge of the
head. This calls for a fairly complete description of the pro-
cesses which determine the distribution of the electron num-
ber density in the channel. For example, consideration of the
reaction:s involving the dissociation of negative ions into
oxygen atoms and associative ionization processes, which
cause a significant increase in the conductivity of the plasma
channel and its rate of elongation, turned out to be very
important for discharges in air. These processes cause a sig-
nificant increase in the conductivity of the plasma channel
and its rate of elongation.

The conditions for passage to the streamer mechanism of
breakdown in self-sustained high-frequency high-pressure
discharges have been obtained. It has been shown that the
microwave range is optimal for satisfying these conditions.

One distinctive feature of a high-pressure microwave
streamer is the fact that the amplitude of the electric field at
its head and, therefore, its rate of elongation depend not only
on the value of the electron number density (as in a static
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field), but also on the frequency of the field w or, more pre-
cisely, on their ratio o, = 4o/ w. This makes it possible to
remove the restriction on the peak electron number density in
the streamer channel (which exists in static fields)? due to
the increase in w and explains the relatively high values of
the degree of ionization N,/N>10"4-10"2 which were ob-
tained in our calculations and observed experimentally in
fields in the microwave range.

In addition, it was shown that the propagation of a mi-
crowave streamer is accompanied by self-consistent variation
of the electron number density in the channel and its spatial
dimensions in such a manner that the charge of the plasma
channel and the amplitude of the electric field at its center
E, would vary as little as poissible. It should be stressed that
the possibility of utilizing the streamer form of microwave
discharges in applications is highly dependent on the strength
of this field, since E determines the temperature of the elec-
trons in the stage in which the release of energy in the
streamer channel occurs for the most part.

We thank E. M. Bazelyan and Yu. F. Kolesnichenko for
their interest in this work and useful discussions.

It was shown in Refs. 29 and 30 that in a static field the electron number
density at the head of a streamer is proportional to its rate of propagation
V.. Therefore, in the absence of preionization, a restriction on the maxi-
mal electron number density in the streamer channel follows from the
condition that V is small in comparison with the velocity of light.
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