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Abstract—A conceptual design of a microwave gas-discharge plasma source is described. The possibility is
considered of creating conditions under which microwave energy in the plasma resonance region would be effi-
ciently converted into the energy of thermal and accelerated (fast) electrons. Results are presented from inter-
ferometric and probe measurements of the plasma density in a coaxial microwave plasmatron, as well as the
data from probe measurements of the plasma potential and electron temperature. The dynamics of plasma radi-
ation was recorded using a streak camera and a collimated photomultiplier. The experimental results indicate
that, at relatively low pressures of the working gas, the nonlinear interaction between the microwave field and
the inhomogeneous plasma in the resonance region of the plasmatron substantially affects the parameters of the

ionized gas in the reactor volume.
PACS numbers: 52.50.Dg, 52.80.Pi
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1. INTRODUCTION

The aim of the present work was to design and
investigate a new type of microwave gas-discharge
plasma source employing nonlinear processes that
occur in the plasma resonance region, in which the den-
sity of a nonuniform plasma is close to the critical den-

2 2
sity of an unmagnetized plasma, n,, = nl(mo—-i-zveff) [1],
4me
where 0, is the microwave circular frequency and v is
the effective electron—neutral collision frequency.

In a narrow region around the resonance surface, the
microwave energy can be efficiently absorbed and con-
verted into the kinetic energy of plasma electrons. The
generation of accelerated electrons in plasma under the
action of an intense electromagnetic field is a funda-
mental phenomenon, which has been thoroughly inves-
tigated both experimentally and theoretically (see, e.g.,
[2—-4]). It should be noted that most of the studies on
this subject were concerned with an inhomogeneous
plasma in a highly rarified gas, in which the generation
of fast electrons in the resonance layer and their escape
into the surrounding medium can be analyzed without
allowance for the interaction between electrons and gas
molecules (atoms).

In the present work, we attempted to create condi-
tions under which the energy of the electrons acceler-
ated in the plasma resonance region was primarily
spent on gas ionization, thereby leading to the forma-
tion of a plasma halo around this region.

In gas-discharge applications concerned with the
plasma resonance phenomenon, the main variable
parameter is the gas pressure, which should be low
enough for the resonance not to be suppressed but, at
the same time, should be high enough for ionization
processes in the gas surrounding the resonance region
to come into play.

In our experiments, the resonant mechanism for
plasma production was studied using a coaxial micro-
wave plasmatron similar to the Duo-Plasmaline system
designed and investigated in [5]. A version of this sys-
tem with one microwave source and a specially
designed section for the output of microwaves from a
coaxial waveguide was constructed and investigated at
the Prokhorov Institute of General Physics of the Rus-
sian Academy of Sciences (see [6, 7]). The gas-dis-
charge sources described in [5—7] can operate over a
wide range of working gas pressures and are capable of
producing cylindrical plasma layers with a plasma den-
sity higher than the critical value.

It is worth noting that the resonance phenomenon
has long been utilized in devices based on the electron
cyclotron resonance (ECR) in a magnetized plasma, at
which the microwave circular frequency coincides with
the electron cyclotron frequency, ®, = ®, (see, e.g., [8,
9]). ECR discharges, however, have limited applica-
tions because the need to apply strong magnetic fields
to the discharge region substantially complicates the
plasmatron design and raises its cost.
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Fig. 1. Schematic of the coaxial microwave plasmatron: (/) magnetron, (2) outer electrode, (3) quartz tube, (4) plasma, (5) inner

rod electrode, and (6) reactor chamber wall.

2. DESIGN OF A COAXIAL MICROWAVE
PLASMA SOURCE AND SCHEME
OF THE EXPERIMENT

A schematic of the coaxial microwave plasma
source designed at the Institute of General Physics is
shown in Fig. 1. Microwave radiation from magnetron
1 is fed to a coaxial waveguide consisting of outer
cylindrical electrode 2 and inner rod electrode 5. The
inner electrode is inserted into quartz tube 3, which is
welded on the side of vacuum chamber 6. The outer
electrode is shorter than the inner electrode, which
reaches the end of the quartz tube. The end of the outer
electrode has the shape of a truncated cone, and its
sharp edge is tightly adjacent to the surface of the
quartz tube. The quartz tube extends out of the trun-
cated outer electrode over a length of L, = 10-15 cm.
The tube diameter is ©,, = 1.2-1.5 cm. The diameter of
the outer electrode of the coaxial waveguide (upstream
of the conical transition to the quartz tube) is ©,, = 2.0—
2.5 cm.

After the magnetron is switched on, gas-discharge
plasma 4 is produced near the surface of the gas-filled
quartz tube around the extending part of the rod elec-
trode.

Figure 2 shows a typical photograph of the operat-
ing coaxial microwave plasma source.

As a microwave source, we used a commercial mag-
netron commonly employed in domestic microwave
ovens. The microwave wavelength was A, = 12.5 cm,

and the mean microwave power was P < 1 kW. The
magnetron generated a train of microwave pulses with
a duration of T,= 8 ms, the time interval between pulses
being At =12 ms.

A schematic of the experimental setup used to study
the plasma produced by the coaxial microwave source
is shown in Fig. 3.

Plasmatron / (see Fig. 1) was introduced into cylin-
drical metal chamber 5 of diameter @4, = 350 mm. The
chamber was pumped out to high vacuum and was
filled with a working gas (argon) to a pressure of
Vol. 33 No. 7

PLASMA PHYSICS REPORTS 2007

0.02<p < 5 Torr. The chamber had two opposite
quartz windows 8, through which the diagnostic beam
of a microwave interferometer operating at a wave-
length of A, = 8 mm was input and output. Horn-lens
antennas 2 and 3 were used to launch and receive the
diagnostic beam. The interferometer measured the elec-
tron density in the plasma produced by the coaxial
plasma source.

Fig. 2. Photograph of an operating coaxial microwave plas-
matron.
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Fig. 3. Scheme of the experiment: (/) plasmatron,
(2, 3) horn-lens antenna of the microwave interferometer,
(4) photomultiplier, (5) reactor vacuum chamber, (6) FER-7,
(7) Langmuir probe, and (8) quartz windows.

The electron density was also measured by a double
and a single Langmuir probe. The single probe was also
used to measure the plasma potential.

The radial distribution of the plasma glow was mea-
sured by collimated photomultipliers 4.

The dynamics of plasma propagation along the
quartz tube during a microwave pulse was studied with
the help of an FER-7 streak camera.

3. EXPERIMENTAL RESULTS

The plasma density in the chamber was measured
using a diagnostic microwave beam by the scheme
shown in Fig. 3. The working-gas (argon) pressure was
varied in the range 0.02 < p < 1.0 Torr. Under our exper-

. .. v n .
imental conditions ((D—‘Sff <land — <1, where vy is
d n@C

the effective electron—neutral collision frequency and
n, is the plasma electron density averaged over the path
length of the diagnostic beam), the value of 7, was

determined from the following expressions for the
phase shift 0 and attenuation of the passed diagnostic

beam [10]:
n,\( L
A = (,;g)(x‘)"’ W

BEREZHETSKAYA et al.

o) = (L))
In|—=|=2n|— || — || — |- 2
[7p) = 2 2 N\, @
Here, L is the path length of the diagnostic microwave
beam in the plasma; w, and A, are the circular fre-
quency and wavelength of the diagnostic beam; /(0)

and /(L) are the intensities of the diagnostic radiation at
the input to and output from the plasma, respectively;

_m (03(1 + Veff)

and ne = 5

is the critical electron density
4me
for the diagnostic radiation.

Figure 4 shows typical signals from the phase detec-
tor of the microwave interferometer and from the pho-
tomultiplier recording plasma radiation.

The results of measurements of the density 7, are

presented in Fig. 5. The diagnostic beam was displaced
by 2 cm from the end of the quartz tube of the micro-
wave plasma source.

In measurements performed with the single and

double probes, the plasma density was calculated by the
formula

= G)
e = eV.S,’
where [; is the probe ion saturation current, S, is the
3kT
be surf: ,and V; = <.
probe surface area, and V 0

Figure 6 shows the dependence n,(p) measured by
the probes at a distance of r = 6.0 cm from the axis. The
radial density profile n,(r) measured by the probes at a
pressure of p = 0.1 Torr is presented in Fig. 7. The mea-
surements performed with the single probe at p =
0.1 Torr show that, 1-2 ms after the beginning of the
microwave pulse, the electron temperature reaches 10—
12 eV.

When considering the validity of probe measure-
ments in these experiments, it should be remembered
that, according to the results presented in [5] and
obtained in our study, the microwave intensity
decreases rapidly with distance away from the plasma-
tron axis. However, the most convincing argument in
favor of the validity of probes measurements is that the
electron density measure by the probes agrees well with
that measured by microwave interferometry.

It can be seen from photographs that the microwave
discharge is attached to the quartz tube and extends
over the entire open surface of the tube, from the trun-
cated outer electrode up to the tube end (more precisely,
up to the end of the inner electrode of the coaxial
waveguide). The transverse size of the plasma layer
decreases with increasing working-gas pressure.

The thickness of the plasma layer can be inferred
from measurements performed with collimated photo-
multipliers displaced in the direction orthogonal to the
PLASMA PHYSICS REPORTS  Vol. 33
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Fig. 4. Typical signals from the (/) microwave interferometer and (2) photomultiplier.

source axis at different distances from the end of the
outer electrode. A typical distribution of the plasma
glow intensity measured with a photomultiplier at p =
0.1 Torr is presented in Fig. 8.

Figure 9 presents plasma images obtained with the
help of the FER-7 streak camera. The slit of the streak
camera was oriented along the plasmatron axis and
extended over the entire open area of the quartz tube,
from the end of the truncated outer electrode up to the
end of the inner electrode. The time and the z coordi-
nate are plotted on the abscissa and ordinate, respec-
tively. The time and spatial scales are indicated in the
figure.
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Fig. 5. Electron density averaged over the path length of the
diagnostic beam as a function of the argon pressure (Az =
2 cm).
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Figures 10 and 11 show the waveforms of the dis-
charge glow intensity (lower curve) and the floating
potential of the single probe (upper curve) at p = 0.1
and 1.0 Torr, respectively.

Figures 12 and 13 show the radial distributions of
the floating potential of the single probe at different
instants. The discharge was excited in argon at a pres-
sure of 0.1 (Fig. 12) and 1.0 Torr (Fig. 13). Since the
actual plasma potential @, exceeds the floating potential
(@, > @), it can be inferred from Figs. 12 and 13 that
¢, 275V for p=0.1Torr and ¢, 2 15V for p = 1.0 Torr.
The dependence @;(p) is presented in Fig. 6.

n,, 10" cm=3 o V
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Fig. 6. (1) Electron density measured by the Langmuir
probe and (2) floating potential of the probe as functions of
the argon pressure in the chamber.
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Fig. 7. Radial profile of the electron density for p =
0.05 Torr and Az = 0.3 cm. The experimental points are fit-

ted by the dependence n,/10'! =0.35 + 4.06exp(-r/3.68)
(solid line).

4. DISCUSSION OF THE EXPERIMENTAL
RESULTS

The results of our experiments indicate that, at rela-
tively low argon pressures, the plasma parameters in the
microwave gas-discharge source under study are gov-
erned by the nonlinear processes occurring in the
plasma resonance region. This is confirmed, in particu-
lar, by the very large values of the electron density, tem-
perature, and plasma potential that cannot be explained
by the conventional models of a microwave discharge
(see, e.g., [11, 12]): n, 23 x 10" cm™ > n,. = 6.4 X
10" cm™, T, > 10-12 eV, and ¢, =270 V.

To explain such high values of the plasma parame-
ters, it is necessary to assume that, immediately near the
plasmatron, there is a resonance layer in which the
microwave energy is efficiently converted into the elec-
tron energy.

The conditions under which an electromagnetic
wave can interact nonlinearly with an inhomogeneous
plasma are schematically illustrated in Fig. 14. The
electromagnetic wave is efficiently absorbed and the
plasma electrons are accelerated within a narrow
plasma layer adjacent to the resonance surface, at
which the electron density is equal to the critical den-
sity. The theory attributes the generation of fast elec-
trons with energies far exceeding the thermal energy
(such a generation was observed experimentally, e.g.,
in [13-15]) to the considerable enhancement of the
electric field in the plasma resonance region in an inho-
mogeneous plasma. The electrons interacting with such
a localized microwave field can acquire energy via col-
lisions [16], due to the Cherenkov resonance accelera-
tion [17], or as a result of wavebreaking of nonlinear
plasma oscillations in a strong pump field [18, 19]. If
the ion density profile is nearly linear, the electrons in
the plasma resonance region are primarily accelerated
toward the lower plasma density.

BEREZHETSKAYA et al.
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Fig. 8. Radial profile of the radiation intensity from a micro-
wave discharge excited in argon at a pressure of p = 0.1 Torr
(t = 5 ms). The coordinate r = 0 corresponds to the axis of
the coaxial plasmatron.

A necessary condition for the strongly nonlinear
interaction of an electromagnetic wave with an over-
critical inhomogeneous plasma is the presence of the
electric field component parallel to the plasma density
gradient.

The main parameters characterizing the plasma res-
onance region can be estimated using the existing the-
ory of the plasma resonance (see, e.g., [4, 20]).

Thus, the width of the resonance region is deter-
mined by the formula

AR =R,S, “)

res

the amplitude of the enhanced electric field in this
region is

T EOr
Eies = —, 5
S )
and the characteristic energy of fast electrons generated

in the resonance region in the collisionless regime can
be estimated as

Seh~€E0,Rp. (6)

In Egs. (4) and (5), the parameter S is equal to the max-
imum of the three dimensionless quantities,

_ Veff . pe 2/3. Vosc 12
S = max{(mo), (Rp) ; (Rp) , (7

where R, is the characteristic scale length of the plasma
inhomogeneity, A is the microwave wavelength, rp, is
the Debye radius, r is the amplitude of electron oscil-

lations in the plasma resonance, and Eq, is the ampli-
tude of the radial component of the vacuum electric
field of the electromagnetic pump wave.

PLASMA PHYSICS REPORTS  Vol. 33
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Fig. 9. Streak images obtained with the help of the FER-7
streak camera. The entrance slit is oriented along the z axis.
A microwave discharge was excited in argon at a pressure
of p = 1.0 Torr. The time scale is (a) 75, (b) 250, and

(c) 750 ps/cm.
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Turning to the experimental results described in this
paper, we note that almost all of the necessary condi-
tions for the plasma resonance are satisfied at pressures
p << 1 Torr. The electron density near the plasmatron
well exceeds the critical density and, at a certain dis-
tance r,, from the source takes the value n,,. If the elec-
tron density reaches its maximum value at a certain dis-
tance from the surface of the quartz tube, then the radial
profile of the density n, may have two points at which
n, = n,., one lying on the plasmatron side and the other
lying on the chamber-wall side. This means that there
may be a resonance region (or two such regions) within
which the density gradient is directed radially, i.e., is
orthogonal to the plasmatron axis. The electric field of
the electromagnetic wave emitted from the plasmatron

also possesses the radial component Ey,. This is con-
firmed, in particular, by the numerical simulations per-
formed using the KARAT code [21]. Figures 15 and 16
show a typical calculated distribution of the electric
field of the electromagnetic wave emitted from the plas-
matron in the prebreakdown phase (the vacuum field in
the absence of a plasma). Figures 17 and 18 show the
distribution of the electric field calculated under the
assumption that, near the surface of the quartz tube,
there is a plasma layer with the critical density at r =
1.0 cm.

It should be noted that the presence of a substantial

radial component of the electric field Eo, near the
dielectric tube in the plasmatron under study (as well as
in the Duo-Plasmaline system [5]) is related to the spe-
cific design of the microwave energy output from the
coaxial waveguide. Conventional configurations in
which the plasma is produced inside a dielectric tube

0

6 8 10
t, ms

Fig. 10. Waveforms of the (/) plasma radiation intensity and (2) floating potential of the Langmuir probe. A microwave discharge
was excited in argon at a pressure of p = 0.1 Torr. The floating potential was recorded using a 1 : 1000 voltage divider.
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Fig. 11 The same as in Fig. 10, but at a pressure of p = 1.0 Torr.

(the so-called configurations with an “internal surface

wave” [5]) fail to produce a substantial component Ej,
and, therefore, do not satisfy the conditions necessary
for electron acceleration (heating) in the plasma reso-
nance region.

An electromagnetic wave propagating in the radial
direction down the plasma density gradient penetrates
into a plasma to a depth on the order of

o= ®)

c
)
o,
which under our experimental conditions amounts to a

few centimeters and is comparable with the character-
istic radial size of the plasma layer. This means that the
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Fig. 12. Radial profile of the floating potential of the Lang-
muir probe at successive instants: (1) 1, (2) 2, (3) 3, (4) 4,
(5)5,(6)6,(7)7,(8)8,(9)9, and (10) 10 ms. A microwave
discharge was excited in argon at a pressure of p = 0.1 Torr.

nonlinear interaction of the electromagnetic wave with
the plasma can occur on both the inner and outer slops
of the electron density profile.

Our experiments were performed at argon pressures
satisfying the inequality v i < ®,, which is a necessary
condition for the occurrence of resonance processes.
(Using the approximate relationship for argon [11],
Ve = 7 X 10°p, where p is in Torr, we find that strong
resonance effects can occur at pressures p < 2 Torr.)

Under our experimental conditions, the parameter S,
characterizing the intensity of nonlinear processes in

L . Vegr
the resonance region, is equal to the ratio —(ﬁ— and, at
0

p = 0.1 Torr, amounts to S = 5 X 1072,

Fig. 13. The same as in Fig. 12, but at a pressure of p =
1.0 Torr.
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Fig. 14. Schematic representation of the plasma resonance
in an inhomogeneous plasma.

In our experiments, we have R, = (1-2) cm; there-
fore, the width of the discharge region (see Eq. (4)) is
equal to AR, = (0.05-0.1) cm.

According to Fig. 16, the radial component of the
vacuum microwave electric field at z = 5 cm does not

exceed Eo, = 100 V/cm. It then follows from Eq. (5)
that the enhanced electric field in the resonance region

is Eres =2 % 103 V/em.

From Eq. (6), we find that the energy of fast elec-
trons generated in the resonance region is €,, = 80 eV.

609

At p =1.0 Torr and z = 5 cm, we have S = 0.5. This

means that AR, = 1 cm and Eres = 200 V/cm. The

. . 1
electron mean free path at this pressure is /, = — =
n

m
3 x 1072 cm (where © is the cross section for elastic
electron scattering), which is much smaller than the
width of the resonance region, and the enhanced field

E. differs only slightly from the vacuum field. Under
these conditions, the average energy (or temperature)
acquired by the electrons in the resonance region can be
estimated using conventional models [11, 12] by the
formula

~2 2
Erese

T 2 2
3m M (®g + Vo)

®)

eres

where 1, is the energy fraction lost by an electron in a
collision event with a neutral particle. For the reduced

res

electric field typical of our experiments, we have

M. = 0.1-1 [11, 12]. Using these values of 1n,, we find
that the average energy acquired by the electrons in the
resonance region is on the order of 7,. = 0.1-1 eV,
which is much smaller than the energy of electrons
accelerated in the resonance region at low argon pres-
sures (g,, = 80 eV for p = 0.1 Torr).

The fast electrons that are generated in the reso-
nance region and then are accelerated down the plasma
density gradient can lose their energy in collisions with
neutral particles, thereby ionizing the gas in the cham-
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Fig. 15. Calculated spatial distribution of the microwave electric field in a coaxial plasmatron in the prebreakdown stage: (/) central
electrode of the coaxial waveguide, (2) dielectric tube, and (3) outer electrode of the coaxial waveguide.
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Fig. 16. Calculated longitudinal distribution of the radial
component of the microwave electric field at the outlet from
a coaxial plasmatron (r = 0.5 cm).

ber volume. The characteristic mean free path of fast
electrons (g,, = 80 eV) with respect to ionizing colli-
sions at an argon pressure of p = 0.1 Torr is

;= ! =] cm <R,

mGi

(10)

where ©; is the ionization cross section (which, for €, =
80 eV, is on the order of 6, = 3.5 x 10 cm™ [11]) and
R, is the chamber radius.

The volume ionization can also be produced by the
UV radiation generated on the quartz tube surface bom-
barded by the electrons reflected from the potential bar-
rier formed by the quasistatic charge-separation field in
the plasma. In this case, step photoexcitation can sub-
stantially contribute to photoionization [22].

Thus, in our experiments, a situation can occur in
which electrons are accelerated in the collisionless

E. kV/icm

1.0

051

=057

-1.0 1 1 1 1 ]

Fig. 17. Calculated distribution of the radial component of
the microwave electric field at the outlet from a coaxial
plasmatron in the presence of a plasma layer near the sur-
face of the quartz tube (z = 5.0 cm).
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regime to energies on the order of 100 eV within a
narrow resonance region and then efficiently expend
this energy on gas ionization in the chamber volume
outside the resonance region.

The concept involving the processes occurring in
the plasma resonance region agrees with many of our
experimental results. First of all, this is an increase in
the electron density and plasma potential with decreas-
ing gas pressure. It follows from the above analysis that
such an increase can be caused by a decrease in the ratio

% . . .
— and, hence, by an increase in the electric field and,

®

accordingly, in the energy acquired by the electrons in
the resonance region. It was found experimentally (see,
e.g., [2, 13]) that the energy distribution function (EDF)
of the electrons that have passed through the resonance
region contains a group (or groups) of high-energy
electrons (beams) whose energy is determined by
expression (6). In addition, the EDF is characterized by
the high temperature of the bulk electrons. (The high
temperature is a result of the high effective collision
frequency, which is caused by the onset of plasma insta-
bilities in the resonance region and is substantially
higher than the frequencies of electron—neutral and
electron—ion collisions.)

Depending on which component makes the main
contribution to the electron flux toward the chamber
wall, the plasma potential can be determined by either
the temperature of the Maxwellian part of the electron
energy distribution [11],

9= = 2 (M)
EZLIOZV/cm
05r
N
-0.5F
I e

Fig. 18. Calculated distribution of the axial component of
the microwave electric field at the outlet from a coaxial
plasmatron in the presence of a plasma layer near the sur-
face of the quartz tube (z = 5.0 cm).
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regime to energies on the order of 100 eV within a nar-
row resonance region and then efficiently expend this
energy on gas ionization in the chamber volume outside
the resonance region.

The concept involving the processes occurring in
the plasma resonance region agrees with many of our
experimental results. First of all, this is an increase in
the electron density and plasma potential with decreas-
ing gas pressure. It follows from the above analysis that
such an increase can be caused by a decrease in the ratio

% . . .
— and, hence, by an increase in the electric field and,

®

accordingly, in the energy acquired by the electrons in
the resonance region. It was found experimentally (see,
e.g., [2, 13]) that the energy distribution function (EDF)
of the electrons that have passed through the resonance
region contains a group (or groups) of high-energy
electrons (beams) whose energy is determined by
expression (6). In addition, the EDF is characterized by
the high temperature of the bulk electrons. (The high
temperature is a result of the high effective collision
frequency, which is caused by the onset of plasma insta-
bilities in the resonance region and is substantially
higher than the frequencies of electron—neutral and
electron—ion collisions.)

Depending on which component makes the main
contribution to the electron flux toward the chamber
wall, the plasma potential can be determined by either
the temperature of the Maxwellian part of the electron
energy distribution [11],

kT M,
~ eresl _l 1 1
0, === [0, an
or the energy of the fast electron beam
8’eh
= — 12
9= (12)

The measured electron temperature and the calculated
(from expressions (6) and (9)) values of €, and 7, are
consistent with both the value of the plasma potential
measured by probes and its dependence on the work-
ing-gas pressure. At relatively low pressures (when the
resonant phenomena are most pronounced), the colli-
sion frequency vy entering into expression (9) is the
frequency of electron scattering by Langmuir plasma
waves. According to [23], this frequency can be very
high: v,;, ®,; < v < ®,,, where v,; is the electron-ion
collision frequency, ®,; is the plasma ion frequency,
and ), is the plasma electron frequency.

Our concept is also consistent with the observed
time evolution of the electron density n, and the probe
floating potential ¢; (see Figs. 4, 10, and 11). The time
evolution of n, and @y is characterized by the time delay
At = (1-2) ms between the beginning of the microwave
pulse (which approximately coincides with the appear-
ance of the plasma glow detected by the photomulti-
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plier) and the rapid growth of the plasma density and
the plasma potential. Probe measurements show that
the growth of the electron temperature is delayed by
nearly the same time interval. An analysis of the photo-
multiplier signals and streak images of the discharge
indicates that the plasma layer forms around the entire
open surface of the quartz tube over a time shorter than
the time by which the growth of n,, T,, and @, is
delayed. The observed time delay may be interpreted as
the time it takes for the electron density in the formed
plasma layer to increase above the critical value, after
which a resonance region (or regions) with an enhanced
electric field appears in the plasma.

From Fig. 6, which presents the results of probe
measurements of the electron density and plasma
potential, it follows that the nonlinear interaction of the
microwave field with the plasma in the resonance
region manifests itself at argon pressures from p =
0.5 Torr to p = 0.03 Torr. It should be noted, however,
that not all of the experimental results obtained in the
present work can be explained by the theory of the
plasma resonance (see, e.g., [3, 4]). To develop an ade-
quate physical model of a microwave plasmatron, it is
necessary to take into account the specific features of
the plasma source under study, first of all, the specific
character of the initiation and formation of the primary
plasma layer. Thus, a decrease in n, and @; at pressures
below p < 0.1 Torr may be attributed to the worse con-
ditions for gas breakdown on the left branch of the
breakdown curve (an analogue of the Paschen curve). It
should be noted that, when operating with this type of
coaxial plasmatron, the plasma is generated only at
pressures p = 0.02 Torr.

The problem of the initiation and formation of a pri-
mary plasma layer near the quartz tube is of particular
interest and calls for special investigations. In recon-
structing a physical picture describing the initiation
processes, we should take into account the specific
character of the initial phase of the discharge, which
manifests itself in streak images (see Fig. 9) as a
sequence of plasma bursts generated at a rate of f >
20 kHz. Such a bursty character of plasma generation
in the early stage of the discharge may be attributed to
the specific features of magnetron operation (see [24]).
The matter is that, in the initial stage of its operation,
the magnetron first produces a sequence of short (T <
100 ns) high-power (=20 kHz) pulses with a repetition
rate of P = 20 kW and, after a certain time period,
reaches its standard operating regime with a pulse dura-
tion of T = 8 ms and repetition rate of f= 50 Hz.

When considering the nonlinear interaction of
microwave radiation with the gas-discharge plasma
produced by this radiation, it is necessary to take into
account the results of [25, 26], where the possible role
of the plasma resonance in the formation of a gas dis-
charge was pointed out. Unfortunately, the transforma-
tion of the microwave energy into the energy of plasma
electrons and the role of the accelerated electrons in the
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ionization processes outside the overcritical plasma
layer remained beyond the scope of these very interest-
ing works.

5. CONCLUSIONS

The results of our experiments indicate that we have
managed to create conditions under which the parame-
ters of the plasma produced in the reactor chamber of a
microwave plasmatron are governed by the nonlinear
processes occurring in the plasma resonance region.
That the nonlinear interaction of an electromagnetic
wave with the inhomogeneous plasma created by this
wave is efficient is evidenced by the high electron den-
sity n, and high plasma potential ¢, achieved in the
plasmatron at working gas (argon) pressures of
0.03 < p £ 0.5 Torr. In most of this pressure range, the
plasma density at a distance of a few centimeters from
the plasmatron is substantially (by a factor of 3-5)
higher than the critical density for the microwaves
exciting the discharge. The electron temperature in this
case reaches 7, = 10-12 eV.

Fast electrons and UV radiation generated in the res-
onance region can serve as ionization sources in the
plasmatron chamber.

The resonance microwave plasma source described
in this paper can be used in various applications, in par-
ticular, in plasma chemistry (e.g., for dry etching of
large semiconductor plates), in developing gas-dis-
charge sources of visible light and UV radiation, etc.
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