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Abstract. This is a review of studies of the interaction of
acoustic waves and plasma. It is shown that the variation
of parameters of an acoustic wave directed along the
positive column of a gaseous discharge makes it possible to
adjust continuously the plasma properties—in particular,
to increase or decrease the gas and electron temperatures
and the electric field intensity over a wide range. The issues
considered are how sonic waves affect the compression
(contraction) and expansion (decontraction) of the plasma
column, and also the accompanying abrupt increases in
wave amplitude and discharge current modulation. The
mechanisms of the phenomena listed are examined.
Analogies between processes which occur in plasma
when sonic waves propagate in it and when gas flows
through it are discussed. The results of studies of the
combined effect of a sonic wave and a gas flow on the
parameters of a gaseous discharge are presented.

1. Introduction

The low-temperature plasma is a partially ionised state of
gas, which responds actively to the slightest external
stimulus. Insignificant heating of a wall of the plasma
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chamber gives rise to a noticeable redistribution of the
densities of charged particles over the plasma column
cross-section. The weak laminar pumping of gas along the
plasma column results in the contraction of the column and
in the drop of the electron temperature near the axis of the
discharge. The fast gas flow along the contracted positive
discharge brings about an increase in the diameter of the
discharge, buildup of the electric field in plasma, increase in
the electron temperature, and other phenomena.

Study of properties of the plasma and of how it responds
to external actions has always been a topical issue because
the results of these studies have revealed new physical
mechanisms and rapidly found their way into practical
applications. The influence of electromagnetic waves, and
electron, ion, and neutral beams on plasma properties has
been studied thoroughly. There are many reviews and
monographs on this theme. However, the influence of
acoustic waves on plasma parameters has not been studied
as thoroughly. In the last few years this issue has aroused
heated attention, promising results have been obtained, and
a great number of papers have been published. So the time
has come to write a review and summarise the data. Let me
first list several phenomena which occur in plasma when a
sonic wave propagates through it.

An increase in intensity of a standing sonic wave
directed along the positive column of a gaseous discharge
brings about a drop in the gas temperature in plasma,
reduction of the radial gradient of the gas temperature,
increase of the longitudinal electric field intensity, increase
in the electron temperature, and formation of a homoge-
neous stabilised noncontracted discharge at a high gas
pressure. In addition, the sonic wave causes the stratifica-
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tion of the positive column, modulations of the discharge
current and electric field, and changes in the electron
temperature and density.

In low-temperature plasma, owing to the difference in
temperatures of electrons and heavy particles and because
of a non-Maxwellian energy distribution of electrons, a
thermodynamically nonequilibrium state is realised such
that the sonic wave can be amplified in the plasma in which
it propagates [1]. Fluctuations of gas-dynamic parameters
of the medium may cause an acoustic instability to develop
in plasma [1]. The most general mechanism of sonic wave
amplification in plasma is related to the spatial heat release
depending on the density of charge particles. The mecha-
nism of sound amplification, related to negative viscosity, is
considered in Refs [4, 5]. The thermal mechanism is
examined within the framework of gas dynamics in
Refs [6—8] The amplification of sonic waves emitted by
an external source and propagating along the positive
column of the glow discharge in inert gases is studied in
Refs [9—-12].

In Refs [12, 13] the anisotropy of the gain is considered
depending on the direction of propagation of the travelling
sonic wave relative to the drift of electrons. The mechanism
of formation of anisotropy of the sound gain in gas-
discharge plasma is studied in Ref. [13]. In a vibrationally
nonequilibrium molecular gas, the amplification of sound is
possible because of transformation of the extra vibrational
energy into the energy of the sonic wave. In Refs [15—17], the
authors develop the linear theory of propagation of a sonic
wave in a molecular gas, though it does not account for the
reciprocal action of the amplitude of the sonic wave and the
amplifying medium. In Ref. [18] the nonlinear theory of
propagation of a sonic wave in a molecular gas is constructed
with account being taken of the above effects. In Ref. [12]the
amplification of sound is measured in discharges of inert and
molecular gases (nitrogen, air, and nitrogen —argon mixture).
However, in Ref. [12]the studies were conducted at relatively
low pressures in discharge (6 to 18 torr). The study of sonic
waves in the nitrogen —oxygen discharge was conducted at
78 torr in Refs [19, 20]. The amplitude of sound is found to
change abruptly with a contraction of the positive column in
molecular gases. In Ref. [14] the influence of sonic waves on
the properties of the positive column was studied experimen-
tally for the first time; a homogeneous positive column is
shown to become stratified under the action of a sonic wave
directed along the discharge.

This incomplete list of phenomena occurring in plasma
when acoustic waves propagate in it shows that a new line
of inquiry which has theoretical as well as applied
significance has been formed at the junction of the fields
of acoustics and plasma physics. Nearly all the parameters
of plasma in discharge may be controlled by waves.

In this review the main emphasis will be on the influence
of acoustic waves on plasma parameters in a glow discharge
since the amplification of sonic waves in plasma has already
been examined [5]. We shall describe the influence of
acoustic waves on the gas temperature in plasma, on the
electric field in discharge, on the electron temperature and
electron density, and also consider the effects of gas
pumping and sonic waves on the properties of the positive
column and expound the issues of the combined action of
sound and gas flow on the parameters of a gaseous
discharge.

2. Influence of a sonic wave on the parameters
of plasma in a glow discharge

The glow discharge is the simplest and most thoroughly
studied plasma phenomenon. The applied electric field
ionises a low-pressure gas in the gap between two
electrodes located at the opposite ends of a tube and
thus creates a glow discharge with a positively charged
plasma column. The plasma is in a nonequilibrium state
because the electron energy significantly exceeds the ion
energy. The gas is ionised mainly when electrons collide
with atoms and molecules.

The gaseous discharge is widely used in numerous
instruments and devices—in particular, in neon lamps,
magneto-hydrodynamic and plasmochemical generators,
etc. Therefore, it is important to control the plasma
parameters independently in order to bring the devices
to the optimal operational condition. Also it is equally
important, useful, and interesting to study physical proc-
esses when plasma parameters change under the influence of
acoustic waves. In this respect, the influence of sound on the
electrical parameters of the glow discharge, on the gas
temperature in plasma, and on the electron density and
electron temperature are considered in this section.

2.1 Electrical parameters of a discharge in the field of an
acoustic wave

The electric field governs kinetic, plasmochemical, and
thermal processes in plasma. The study of the electric field
gives an insight into the kinetics of birth and decay of
charged particles and the processes of compression and
expansion of the plasma column in response to external
actions. When the positive column of the discharge is
compressed at a constant gas pressure, the current density
increases near the axis and the longitudinal electric field
strength decreases; when the discharge expands, the
opposite phenomena take place.

The electric field in plasma, in the absence of an external
action, is considered in Refs [21, 22]. Here we shall examine
the results of experiments on the influence of acoustic waves
on the electric field in a plasma column at various intensities
and frequencies of the sonic wave [23, 24], compare them
with the data about the action of a gas flow on the electric
field in discharge [25], and then consider physical mecha-
nisms responsible for these processes.

The influence of sonic waves on the electric field in the
positive column was measured in the testing unit with a
fixed quartz tube (mounted upright), 9.8 cm in inner
diameter and 52 cm in length [33]. The ring wire-gauze
electrodes were separated by 27 cm. Electrical power was
supplied by a high-voltage dc-current source. To one of the
ends of the gas-discharge tube an electrodynamic radiator
of sonic waves was hermetically fastened. At the opposite
end of the tube (behind the anode) a microphone was
attached to the flange to control the parameters of the sonic
wave. The frequency of sound was varied by a low-
frequency generator of sinusoidal oscillations, and the
amplitude by an amplifier. The signal from the microphone
came to the double-beam oscilloscope. The value of the
permanent component of the longitudinal electric field
intensity in the plasma column was evaluated by the
compensation method described in Ref. [26]. The two
electrical probes were placed at a distance of 1 cm from
each other on the axis of the discharge and could be moved
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with the use of a special device along the positive column of
discharge between the anode and cathode over a distance up
to 11 cm. The electric field intensity was also determined by a
single probe. The values of the electric field measured by the
two methods were found to be in good agreement.

The gas temperature in the discharge was measured by
two thermocouple sensors with quartz protective coatings.
One of the sensors was on the axis of the positive column at
a distance of 8 cm from the anode and the second was on
the wall of the tube at the same distance from the anode.
The flange to which the microphone was fastened had a
cavity with a diameter greater than the inner diameter of the
tube. The acoustic resonator of this design is similar to a
cylindrical resonator with one open end. The theoretical
considerations show [27] that the natural frequencies of this
resonator may be calculated by means of the formula

ck
P — 1
T = 3L +08R) O
where c is the speed of sound, k = 1,3,5, ..., L is the tube

length, and R is the tube radius. At resonance, an odd
number of quarter wavelengths falls within the tube length
or, more precisely, within the length L 4+ 0.8 R. Only these
resonant frequencies were observed in the cited experiment
in the standing sonic wave regime.

Let us consider the results of measurements of the
longitudinal electric field E in the positive column over
the range of frequencies of sound f from 130 to 200 Hz,
taken in the nitrogen—oxygen discharge at the pressure
40 torr, current 40 mA, and intensities 95 and 98 dB [28]
(Fig. 1).

The peak values of the field were reached near the first
resonance f = 170 Hz in nitrogen and f = 155 Hz in oxygen.
In the nitrogen discharge, the electric field was 105 W in the

E/V cm™!

130

110

50 | | | |
130 150 170 190

f/Hz

Figure 1. Dependence of the longitudinal electric field intensity on the
frequency near the first resonance of the sonic wave at 40 torr and
40 mA: discharge in oxygen (7, 2); discharge in nitrogen (3, 4) (I,
3—at the sound intensity 95 dB; 2, 4—at 98 dB). The discharge tube
was 9.8 cm in diameter and 52 cm in length, and the wire-gauze
clectrodes were separated by 27 cm. The dashed curves represent the
values of the field in discharge in the absence of a sonic wave.

absence of sound, and 138 W at the sound intensity 98 dB
with the frequency 170 Hz; in oxygen it was, respectively,
55 W without sound, and 78 W in the presence of sound
with the resonant frequency f = 155 Hz. It follows from the
cited results that the emission of a sonic wave along the
positive discharge causes the longitudinal electric field to
build up. Moreover, the greatest buildup of the field occurs
at the resonant frequency of sound. An increase in the sonic
wave intensity at a constant frequency causes the electric
field to build up.

The comparison of the dependences of electric field
intensity on the frequency (curves / and 2 versus 3 and 4 in
Fig. 1) shows that the dependence is sharper for oxygen
than for nitrogen.

The buildup of the electric field with an increase in the
sonic wave intensity is accompanied by a drop in the gas
temperature in plasma, an increase in the electron energy,
and a diametric expansion of the visible boundary of the
plasma column. In the oxygen discharge, the gas tempera-
ture Ty = 589 K on the discharge axis in the absence of
sound at 40 torr and 40 mA. The emission of a sonic wave
of intensity 95 dB causes the temperature to drop to 548 K.
The maximum drop of T, is observed at the resonant
frequency. Simultaneously, the temperature rises on the
tube wall, i.e. in plasma the radial gradient of the gas
temperature diminishes under the action of a sonic wave
propagating along the positive column of the gaseous
discharge.

The change in the longitidinal electric field in discharge
with variation of the sonic wave frequency (at a fixed gas
pressure in the tube) should be accompanied by an
appropriate change in the current. Let us consider changes
in the discharge current and in the difference of electric field
intensities at electrodes depending on the sonic wave
frequency over the range from 100 to 420 Hz in argon
at the pressure of 110 torr and fixed intensity 83 dB in a
tube of length 100 cm and inner diameter 6 cm with
electrodes separated by 85 cm [23]. In the absence of
sound, the discharge current is 50 mA and the electric
field intensity is 3.5 kW.

1/mA U/kv
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| 1 1 |
100 200 300 400 f/Hz

Figure 2. Dependences of the discharge current (curve /) and the electric
voltage of the electrodes (curve 2) on the sound frequency in the tube of
length 100 cm and inner diameter 6 cm at the intensity 83 dB and argon
pressure 110 torr. The quantities deviate most under the influence of a
sonic wave at the resonant frequencies 190 and 380 Hz, at which a
standing wave develops in the tube.
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Figure 3. Dependences of the longitudinal electric field intensity on the
sonic wave intensity in an argon discharge ( f= 150 Hz) at different
pressures in the tube of diameter 9.8 cm and length 52 cm.
(a) p =48 torr (curves / and 2), p =54 torr (curves 3 and 4);
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Jp =40 mA (curves I and 3), j, =100 mA (curves 2 and 4).
(b) p=110 torr; j, =40 mA (curve /), j, =100 mA (curve 2).
(¢) p =180 torr; j, =40 mA (curve 1), j, = 100 mA (curve 2).

With the emission of a sonic wave and a change in the
frequency, the maximum deviations are observed at the
resonant frequencies 190 and 380 Hz, at which standing
waves develop (Fig. 2). At 190 Hz the electric current drops
to 40 mA and the discharge intensity increases to 4.5 kW.
An increase in the frequency of sound oscillations above the
resonant frequency of 190 Hz results in an increase in
current and a decrease in the discharge intensity; at 250 Hz
the current amounts to 50 mA and the electric field
intensity diminishes to 3.5 kW. At 250—320 Hz the current
and discharge intensities are practically the same as those in
the absence of sound. An increase in frequency above
320 Hz results in a decrease in current, which reaches a
minimum at the resonant frequency 380 Hz. At 190 Hz the
resistance of the discharge gap (at fixed pressure and electric
power supply) is 1.6 times that in the absence of a sonic
wave.

The changes in electric parameters under the action of
an acoustic wave were accompanied by an expansion of the
positive column from 2 cm to 6 cm in diameter. The gas
temperature dropped from 432 to 390 K on the discharge
axis and increased from 305 to 335 K on the tube wall.
Thus, the radial gradient of the gas temperature diminished
from 127 to 55 K, i.e. by more than half.

Before analysing the cited experimental data, let us
examine changes in the electric field over a wide range of
sound intensities—from 70 to 92 dB in the argon discharge
at various pressures in a tube 9.8 cm in diameter and 52 cm
in length [29], and at the first resonant frequency, which is
150 Hz in these conditions. In the experiment, pure gaseous
argon was used: the argon content was no less than 99.95%,
of nitrogen no more than 0.01%, of oxygen no more than
0.0017 %, and of moisture no more than 0.03 g m™3,

In the argon discharge, the longitudinal electric field
intensity was measured by the compensation method at
various gas pressures. At 48 torr in the tube (straight lines /
and 2 in Fig. 3a), the emission of sound and increase in its
intensity from 7/ to 88 dB was accompanied by a slight
decrease in the field strength E. The emission of a low-
intensity sonic wave (from 70 to 80 dB, 1 rel. unit in Fig. 3
corresponds to 74 dB, 5.2 to 88 dB, 6.5 to 92 dB) at 54 torr

(curves 3 and 4 in Fig. 3a) and at 110 torr (curves / and 2
in Fig. 3b) brings about a sharper decrease in the field
strength E; over the range of intensities more than 82 dB—
84 dB the sharp buildup of the longitudinal electric field is
observed. At 180 torr (curves /, 2 in Fig. 3b), the buildup of
E is accompanied by the increase of the longitudinal electric
field intensity in the charge over the entire range of the
sonic wave intensity studied. Note that at 54 torr (curves 3
and 4 in Fig. 3a) and 110 torr (curves / and 2 in Fig. 3b),
the decrease in the electric field strength E is accompanied
by the contraction of the positive column and the increase
in the radial gas temperature gradient; at the intensities at
which the field builds up, the discharge experiences a
decontraction and the radial gradient diminishes. The
pattern of changes in the electric field in discharge with
variation of the sonic wave intensity over the range of
pressures from 54 to 110 torr (Fig. 3a, b) is similar to the
axial electric field dependence on the gas flow velocity in
discharge, as obtained in Ref. [25].

[ shall now cite the results of studies described in
Ref. [25]. The measurements were made in a tube of
diameter 0.6 cm and length 10 cm. The gas (argon) was
supplied axially to the tube. The longitudinal electric field
intensity in the positive column was measured from the
difference of potentials at two electrical probes located at a
fixed distance from each other along the discharge in the
gas flow. The increase in the gas flow from zero to 40 m s
at the fixed pressure of 20 torr and the discharge current of
60 mA brings about the decrease in the longitudinal electric
field E from 3.6 to 2.8 W cm™! (Fig. 4), which remains
nearly constant for the gas velocity v up to 120 m s~ and
then (for v~ 120 m 57]) increases abruptly. The value of
velocity at which the buildup of the field occurs does not
depend on the flow direction, nor on the discharge current;
it is inversely proportional to the gas pressure. The Reynolds
number Re, at which E begins to build up, is approximately
equal to 1800. This is the value at which the gas flow in the
tube goes into the turbulent regime.

The buildup of the electric field with an increase in the
sound intensity or the gas flow is accompanied by the visible
expansion in diameter of the positive column. In particular,
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Figure 4. Dependence of the longitudinal electric field on the velocity of
gas in an argon discharge when the gas flows from anode to cathode
(A —C) and from cathode to anode (C — A) in the tube of inner
diameter 0.6 cm at 20 torr.

it was established experimentally that, in the tube of length
100 cm and inner diameter 6 cm with electrodes separated by
85 cm, the emission of the sonic wave of intensity 83 dB
caused the stepping-up of the discharge voltage on electrodes
from 2.8 to 6 kV at the pressure of argon 100 torr, i.e. more
than two times [23]. The experiment was performed at the
first resonant frequency of 190 Hz. In this case, the visible
boundary of discharge expanded in diameter from 2 to 6 cm
and the positive column experienced the full decontraction.

We shall discuss the mechanisms of influence of sonic
waves on the increase in the longitudinal electric field
intensity in the discharge. It is known that the contraction
of a discharge is characterised by an abrupt shrinkage of the
area of the current cord and it is accompanied by a rise in
the gas temperature on the axis of the positive column and a
decrease in the longitudinal electric field intensity [32]. In
the experiments cited, the opposite situation was realised,
i.e. all indications show that the discharge is unraveled. The
expansion of the plasma discharge in diameter was observed
visually; the visible boundary of the cord expanded
approximately by a factor of 1.5 to 2.5 with an increase
in the sound intensity. Thermocouple measurements
showed that the increase in the sonic wave intensity over
82 dB is accompanied by a drop in the gas temperature on
the discharge axis and a rise in the temperature on the tube
wall and, as a result, a reduction of the temperature
difference between the axis and the wall.

The reduction of the radial gradient of the gas
temperature in the discharge may be explained as fol-
lows. In a sonic field, a steady-state vortex flow can
develop within solid walls. This vortex flow is most
pronounced in the field of a standing sonic wave (the
so-called acoustic flow [34]). The vortex motion in the tube

is observed as pulsations of the discharge column. The
existence of the motion results in the radial mixing of the
gas and the radial alignment of the gas temperature
difference in the tube. This latter effect is accompanied
by an expansion in diameter of the visible boundary of the
positive column. The acoustic vortices in discharge can bring
about the radial turbulent diffusion of charged particles in
plasma. It exceeds the value of the classical ambipolar
diffusion, i.e. the sound-induced decontraction of the
discharge results in the greater rate of decay of charged
particles on the tube wall. To compensate for the increased
neutralisation of electrons and ions caused by an intense
sonic wave, the ionisation rate should be increased. This is
possible when the longitudinal electric field builds up.

It seems that in parallel with this mechanism another
process causes the gaseous discharge to unravel by a sound
or by a turbulent gas flow. This phenomenon is related to
an increase in the heat conductivity in the radial direction
and to the alignment of the radial difference of the gas
temperature because of the vortex motion whereby the heat
released by the turbulent mixing near the axis is carried
away efficiently to the tube wall. As a result, the gas
temperature drops near the axis of the positive column and
rises at the tube wall; the radial temperature gradient settles
at a much lower value than that in the contracted discharge.
In such a column, the distribution of the radial ionisation
rate is more homogeneous and the discharge is more
decontracted.

To reveal the mechanism which tends to decrease the
longitudinal electric field in discharge on an increase in the
intensity of a sonic wave directed along the positive column,
we shall consider the effect of the laminar flow on the
parameters of the plasma column, as described in Ref. [30].
The study was performed in a discharge tube of length
50 cm and inner diameter 50 mm with hollow cylindrical
electrodes at the ends. The radial electron density and
temperature distributions in the positive column with and
without a laminar flow were determined by two electrical
probes. The gas flows from cathode to anode. The probe
was situated 20 cm away from the cathode. The measure-
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Figure 5. Dependence of the longitudinal electric field intensity on the
gas flow velocity in an argon discharge in a tube of diameter 10 cm at
30 mA: curve /—at 20 torr; curve 2—at 4 torr. The gas flows from
cathode to anode.
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Figure 6. Radial distributions of (a) clectron density, (b) electron temperature, (c) relative electron temperature in an argon discharge at 4 torr and
30 mA: curve I — in the absence of a flow; curve 2 — in a flow with v=5m s_'; curve 3 — in a flow with v= 10 m s~".

ments were made in the argon discharge at 30 mA and at 20
and 4 torr. The increase of the gas flow velocity from 0 to
10 m s™' brings about the decrease of the longitudinal
electric field intensity from 37 to 20 Vem™' at the gas
pressure 20 torr (Fig. 5, curve 7). This result is qualitatively
consistent with the analogous dependences in Ref. [25] (see
Fig. 4) and with the decrease in the electric field on an
increase in the sonic wave intensity at a low value of the
field (see Fig. 3)

An increase in the gas flow velocity within the laminar
flow regime brings about a compression of the positive
column and a drop in the electron temperature in the
plasma. The radial electron density distributions in the
positive column in an argon discharge were measured at
various rates of pumping, from which it followed that the
electron distribution over the discharge -cross-section
became steeper with an increase in the gas velocity
(Fig. 6a) and the value of the velocity increased along
the axis of the positive column, i.e. if in the absence of the
gas flow the value of the electron density n, is
1.4 %10 em™,  then ne=19x10"em™ for
v=5ms', and n, =2.35x 10" cm™ for v=10m s~

The compression of the discharge with an increase in the
gas flow velocity within the laminar flow regime is
accompanied by a drop in the electron temperature on
the axis of the positive column and an increase in its radial
gradient. With the argon flow velocity 5 m s along the
discharge, the electron temperature drops from 1.38 to
1.16 eV on the axis of the positive column. A further
increase in the flow velocity to 10 m s~ brings about
the drop in the electron temperature to 1.05 eV (Fig. 6b).
An increase in the gas flow velocity brings about an increase
in the radial gradient T, in addition to the drop in the
electron temperature. So, if there is no flow T./Ty = 0.9
(T is the electron temperature on the axis of the plasma
column) for p = r/R = 0.5 (where R is the tube radius and r
is the radial coordinate), and T.,/T, = 0.7 for the argon
velocity v =10 m s

The compression of the plasma column with an increase
in the laminar flow velocity at a fixed current and at a fixed
gas pressure in the tube means in fact that the current
density increases near the axis of the discharge and
decreases at the periphery. As a consequence of an increase

in the electron density on the axis of the positive column,
the frequency of collisions between electrons and neutral
particles increases and, as a result, the gas temperature rises
at the centre of the discharge and drops near the wall, i.e.
the radial temperature gradient in the discharge increases
with the gas velocity.

We shall consider the mechanism of growth of the gas
temperature gradient in the discharge with an increase in
the flow velocity within the laminar flow regime. The time
for which argon is pumped (the distances from the cathode
to probes are L =20 cm for the mean flow velocity
v=10 m sfl) is t=L/2v= 1072 s. In this time, argon
atoms drift radially from the axis over a distance of about
0.1 cm (the value of the diffusion coefficient for atoms was
calculated with the use of Ref. [29]). Consequently, the heat
that the current releases near the discharge axis, where the
current density peaks, has no time to propagate radially
because it is carried away faster with the gas flow in the
longitudinal direction.

This conclusion has been validated in experiment
through the measurement of the tube wall temperature
by a thermocouple sensor in the sustained steady-state
regime of discharge at the argon pressure of 4 torr and
the current 30 mA. The result is that the tube wall
temperature T is 51 °C if there is no flow, T =41 °C for
v=5ms!, and T =36 °C for v=10 m s~'. The drop in
the gas temperature on the periphery of the positive column
with an increase in the flow velocity results in a decrease in
the density of atoms N and this causes a decrease in the
radial flow of charged particles and tends to make the radial
electron density distribution steeper in the plasma column

The compression of the discharge with an increase in the
flow velocity, accompanied by a drop in the rate of decay of
charged particles on the tube wall, should tend to lower the
ionisation rate near the axis of the column and, as a result,
decrease the longitudinal electric field. It appears that
similar processes will occur in the discharge on an increase
in the intensity of a sonic wave directed along the positive
column over the low-intensity range. In this case, with the
increase in the sound intensity to 80 dB, the electric field
intensity drops from 32 to 22 V ecm~! (curve 3 in Fig. 3a),
the gas on the axis of the column heats up, the gas
temperature on the wall drops, and the radial temperature
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gradient rises from 85 to 125 °C. In addition, the positive
column contracts [29].

2.2 Gas temperature in plasma

The gas temperature is one of the main parameters of a
partially ionised plasma. It depends on the balance of the
energy release and heat removal. The spatial gas
temperature distribution in the plasma column depends
on the electron density distribution and is very sensitive to
a change in this distribution. Comprehensive studies of the
gas temperature and its spatial distribution based on the
heat conduction equation and on the balance equation for
the electron density with regard for measurements in the
discharge in the absence of an acoustic wave are presented
in Ref. [32]

We shall consider processes related to the effects of a
sonic wave on the gas temperature and its spatial distribu-
tion, determine the temperature as a function of intensity
and of frequency of sound for various discharge currents
and at various gas pressures, and examine the accompany-
ing processes [33]. The study was conducted in a quartz
discharge tube, of diameter 9.8 cm and length 52 cm, with
ring wire-gauze electrodes separated by 27 cm. The sonic
wave was supplied to the discharge by an electrodynamic
radiator fastened hermetically to an end of the tube; to the
opposite end the microphone for measuring sound para-
meters was fastened. The gas temperature was measured by
two thermocouple sensors. One was located on the tube
wall at 8 cm from the anode, the second on the axis of the
positive column at the same distance from the anode. The
temperature could be measured simultaneously at these two
points in the adopted scheme of measurements. Experi-
ments were conducted at pressure p = 10—60 torr and
discharge current 40—90 mA. The sound intensity was
varied from 70 to 95 dB. Industrial nitrogen was used:
the contents of nitrogen were not less than 99.5 %, of oxygen
not more than 0.5%, and of steam not more than 0.07%.

The measurements of the gas temperature on the axis of
the discharge as a function of the sonic wave frequency were
taken over the frequency range from 120 to 200 Hz about
the first resonant frequency f= 170 Hz at the pressure of
nitrogen 40 torr, discharge current 40 mA, and various
intensities of sound. In the absence of a sonic wave, the
gas temperature on the axis of the plasma column was
395 °C. At the sound frequency 120 Hz and intensity 90 dB,
the gas temperature was 395 °C. With an increase in
frequency (at fixed values of current and gas pressure in
the tube), the temperature on the axis of the discharge
dropped and at the resonant frequency 170 Hz reached the
minimum value of 380 °C (Fig. 7). A further increase in the
frequency of sound caused a rise in temperature and at
200 Hz it became equal again to 395 °C. An increase in the
sonic wave intensity (at fixed current and pressure of
nitrogen in discharge) caused further cooling of gas, and
at 95 dB ( f = 170 Hz) the gas temperature became equal to
355 °C. On an increase in the gas pressure in the tube, the
sound-induced cooling of gas at a fixed value of the
discharge current became more pronounced and on a
rise in the discharge current it became less pronounced.

In contrast to the processes on the axis of the positive
column, the gas temperature on the tube wall increased
when a sonic wave was emitted into the discharge. At fixed
values of current and pressure, the rise of the gas
temperature on the tube wall because of sound occured
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Figure 7. Dependence of the gas temperature along the axis of the
positive column on frequency in a nitrogen discharge near the first
resonance of the sonic wave ( f = 170 Hz) at 40 torr, 40 mA, and 95 dB
(curve 1), 93 dB (curve 2), and 90 dB (curve 3).

at the resonant frequency. With increases in the sound
intensity and gas pressure, the rise of the gas temperature
on the tube wall became more pronounced. In the nitrogen
discharge in the absence of a sonic wave, a rise in the gas
pressure (at a fixed current) caused an increase in the radial
temperature difference; thus, at 40 mA and 20 torr the
difference was 285 K. The emission of a sonic wave of
95 dB with the resonant frequency at 20 torr caused the
difference to settle at 240 K. The rise in gas pressure to
30 torr caused the difference to increase to 260; a further
rise in pressure caused the difference to diminish and settle
at 235 K at 60 torr.

Thus, in response to an intensive sonic wave at a fixed
current the radial temperature difference in the discharge
diminished by 45 K at 20 torr and by 125 K at 60 torr, i.e.
with a rise in the gas pressure the efficiency of the action of
a sonic wave on plasma improved. At 10 torr the sound-
induced reduction in the temperature gradient was insig-
nificant.

The stronger effect of a sonic wave at this pressure is
related to the necessity of a further increase in the limiting
values of the sound intensity. A perceptible change in the
temperature gradient was observed at a pressure above
20 torr. An increase in the sonic wave intensity to over
82 dB was accompanied by the reduction of the radial
temperature difference between the axis and the tube wall
and caused the visible boundary of the positive column to
expand.

We shall examine the mechanisms of influence of a sonic
wave on the gas temperature in the discharge. At 20 torr in
the discharge, the gas temperature distribution in the tube is
a parabolic function with the maximum on the axis. With a
rise in the discharge current or gas temperature, the radial
temperature gradient and gas temperature on the axis of the
discharge increased. Even if a sonic wave was initially plane
on entry in an axially symmetric chamber, the existence of
the radial temperature gradient in the discharge should
cause the speed of sound to be a function of the radial
coordinate; i.e. the cylindrical modes should appear. In
Ref. [9] the modes of sonic waves propagating along the
positive discharge column in the tube were experimentally
detected. The basic modes of sound oscillations coincided
with the cylindrical ones. The radial sonic mode of a wave
in the discharge could cause the heat removal to improve in
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gas, i.e. cause the radial heat conduction to increase in the
tube; but we shall dwell on another, stronger mechanism of
heat removal, that caused by a sonic wave.

In the case of a column discharge in which the current is
localised near the axis, the charged particle distribution
along the radius of the tube is bell shaped and the charge
particles decay through volume recombination; a strong
radial temperature gradient results in the positive column
and this should cause the phase speed of sound to be a
function of the radial coordinate. The speed of gas particles
in the sonic wave should also be a function of the radial
coordinate.

An increase in the intensity of the sonic wave directed
along the positive column at fixed values of current and gas
pressure causes the vibrational speed of particles to enhance
in the field of the wave near the axis of the discharge
whereas the gas velocity remains zero on the wall. At a
specific intensity of the standing sonic wave, pulsations of
gas develop near the walls and a steady vortex flow
develops (the so-called acoustic flow [34]) and may be
observed visually. In the flow there is a narrow boundary
layer (the so-called acoustic boundary layer), in which the
gas velocity drops from the value in the sonic wave to zero
on the solid wall. Outside the boundary layer there is a
steady vortex motion, the velocity of which does not depend
on viscosity [34].

The existence of a vortex motion in the discharge can
bring about gas mixing and alignment of the radial gas
temperature gradient in the tube. Increased pressure and
sound intensity produce more favourable conditions for
turbulent mixing of gas in the discharge and, as a result, the
vortex motion should create a stronger alignment of the
radial gas temperature difference in the tube. This was
verified in the experiments.

2.3 Temperature and density of electrons in plasma

The electron temperature in the discharge reaches the
steady state self-consistently and depends on the choice of
the gas, pressure, tube diameter, current density, and not on
the steady-state parameter N/E in the positive column
(where E is the longitudinal electric field, and N is the
density of neutral particles). The dependence of the electron
tempera-ture on the conditions in the discharge is considered
in detail in the absence of external actions in Ref. [22].

The electron temperature in the plasma column depends
to a large extent on the shape of the spatial electron density
distribution in the discharge, which specifies the rate of
decay of charged particles in the positive column, i.e. it
specifies whether the radial electron density distribution in
the tube has a parabolic (diffusion discharge) or a bell-like
(contracted discharge) shape. In the case of a diffusion
discharge when the plasma column fills the whole tube,
the rate of decay of charged particles on the walls is much
greater than that in the contracted discharge and the electron
temperature is higher in comparison with the value in the
contracted positive column.

The discharge diameter (the shape of the radial electron
density distribution in the tube) may be changed by external
actions at fixed values of the current and gas pressure in the
discharge. It is shown in Ref. [35] that the radial electron
density distribution in the discharge can be changed from the
bell-like to the parabolic or even to the plane shape by the gas
flow parallel to the positive column. A standing sonic wave
can act on the diameter of the discharge in a similar manner.
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Figure 8. Radial distribution of the relative electron current of saturated
dual electric probes in the tube of inner diameter 6 cm at the argon
pressure 110 torr, current 75 mA, sound intensity 85 dB, and resonant
frequency of sonic wave 190 Hz. Curve / —with sound; curve 2—
without sound.

In Ref. [23] the results of measurements of the relative
radial electron saturation current distribution for dual
electrical probes in the argon discharge, in the absence
of sound and with it, in the tube 6 cm in diameter and
100 cm in length with electrodes separated by 85 cm are
presented. The measurements were made at the first
resonant frequency of 190 Hz for the sonic wave with
intensity 85 dB. At the argon pressure of 110 torr in the
tube and for the discharge current 75 mA in the absence of
sound, the resultant relative radial electron saturation
current distribution for dual electric probes in the tube
has a bell-like shape with the diameter of the outer
boundary being 2 cm (curve 2 in Fig. 8).

The emission of a sonic wave causes the saturation
current distribution of the electron probe to take a
parabolic shape and the diameter of the visible boundary
to become 6 cm, or to equal the inner diameter of the tube;
the discharge is fully decontracted (curve / in Fig. 8). In
this case, the gas temperature drops from 420 to 385 K on
the axis of the positive column and rises from 300 to 330 K
on the wall, i.e. the radial difference diminishes from 120 to
55 K and the longitudinal electric field builds up. These
processes should be accompanied by a rise in the electron
temperature in plasma.

The ability to change the electron energy in plasma at
fixed values of current and pressure in the discharge, in
particular, by acoustic waves, is an important factor
because in this way the plasma with a fixed temperature
may be produced for accomplishing a particular task. This
is especially valuable for gas-discharge lasers [36] in which
the value of the electron temperature can be fixed by the use
of sonic waves such that the inverse population density is
maximum and the laser radiation is optimal.
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Results of studies of electron temperature and electron
density as functions of intensity and frequency of a sonic
wave are described in Refs [37, 38]. The measurements were
taken in the testing unit involving a quartz discharge tube of
inner diameter 9.8 cm and length 52 cm. Two wire-gauze
electrodes separated by 27 cm were used. The electron
temperature and density were measured by probes. The
probe was 4 cm away from the anode on the axis of the
positive column; in the case of a single probe, the anode was
used as a bearing electrode. The electron temperature in
plasma was determined from the electronic characteristics
of the single Langmuir probe. For comparison purposes,
the electron temperature was also determined from the
voltage—current characteristics of the dual probe. The
closer the potential of the negative probe is to the potential
of the plasma, the more the electronic characteristics of the
single probe differ from an exponent at a pressure above
several torr. Therefore, the parts corresponding to high
potentials were used to determine the electron temperature
from the slope of the characteristic. In these parts the
deviations from the exponential curve, related to the small,
free path length of the electron at an elevated pressure, can
be neglected and the electron temperature may be evaluated
by the methods described in Ref. [26].

Under the conditions of the experiment, the electron
characteristics do not differ from an exponent near the
floating probe potential. In this case, the dual probe method
may also be applied [26, 39]. The processed characteristics of
single and dual probes showed good quantitative agreement
between the electron temperatures evaluated by the two
methods. The values of density evaluated agreed to within
the experimental error.

This scheme of probe measurements was used to read
the averaged characteristics as well as to determine the
sound-induced variations of the electron density and
temperature. The charged particle density modulation
was measured with a single Langmuir probe in the ionic
saturation regime and was calculated as a ratio of the
amplitude of oscillations of current to probe to the average
value with regard for the electron temperature modulation.
The oscillations of current to the probe were recorded by a
double-beam oscilloscope, along with the sound signal
coming from the microphone.

The temperature modulation was determined as follows.
For a fixed voltage on the probe, the time dependence of
current to the probe was recorded. The family of probe
characteristics was constructed to determine the electron
temperatures corresponding to different phases of oscilla-
tions.

The mean electron temperature was determined from
the probe characteristics constructed for the mean value of
current to the probe. The construction of the family of
probe characteristics for various phases of oscillations of
cur- rent showed that over the ranges of parameters of
discharge and sound studied the following inequalities hold:
Ajoljo <1, AT, /T, <1, AV, <V <1, where j, is the
current to probe; T, is the electron temperature; V is
the space potential; Aj,, AT., and AV, are deviations of
current to probe, electron temperature, and space potential,
respectively, from the mean values of these quantities. If
AT, =0, then the electron temperature can be determined
from the semilogarithmic dependence of the mean current
Jjm to the probe on V [39] In this case, the existence of
oscillations of j, and V causes the probe characteristic to

shift without a change in the slope. When AT, # 0 the
dependence of j, on V is not quite linear. However, when
AT, /T, < 1 the deviation from a straight line is insignif-
icant. The experimental relationship In jy = f (V) agrees well
with the linear law near the floating probe potential.

When constructing the probe characteristics pertinent to
various phases of oscillations, it is necessary to know the
instantaneous value of current to the probe. If the above
inequalities for the deviations of the quantities T, V, and j
hold, then the instantaneous value of current to the probe is
calculated as the sum of the mean value of current to the
probe and its variable component recorded by the oscillo-
scope. It was pointed out in Ref [39] that with a rise in
pressure the pattern of processes near the probe and the
voltage—current characteristics of the probe change, and
that the ionic part of the probe characteristic does not
exhibit a tendency towards saturation.

In the experimental conditions considered, over the
range of pressure of nitrogen in the tube from 10 to
40 torr and at the discharge current in the range from
40 to 90 mA, a clear saturation was reached in the ionic
part of the probe characteristic. Near the floating potential
probe, the electron characteristics largely follow an expo-
nential law and this makes it possible to evaluate the
electron temperature with a high precision. If we want
to be rigorous, then the temperature should characterise an
equilibrium state of the system. However, the notion of
temperature is frequently used in considerations of non-
equilibrium distributions of particles in physical systems.

Usually electrons in plasma are assumed to have a
Maxwellian velocity distribution and in this case the
electron temperature can be measured by Langmuir probes
[26]. The existence of the Maxwellian electron distribution
in plasma cannot always be established from the shape of
the voltage—current characteristics and therefore it is
preferable to measure the electron distribution function.

Data exist that show that the electron energy distribu-
tion function is not Maxwellian in the discharge plasma of
molecular gases even at several torr. The exponential shape
of the electron part of the voltage—current characteristics of
the probe near the floating potential observed in these
experiments suggests that the electron distribution is
quasiequilibrium, or that electrons are locally in a
thermo-dynamically equilibrium state. Note that to make
a more accurate conclusion the experimental data of probe
measurements are needed at a higher pressure but,
unfortunately, such data do not exist.

The emission of a sonic wave in a discharge increases the
mean value of the electron temperature. Thus, it was
experimentally established that in the nitrogen discharge
at 40 torr and 40 mA the electron temperature was 0.75 eV
on the axis of the positive column at the resonant frequency
of the sonic wave 170 Hz with intensity 98 dB (Fig. 9,
curve /), whereas it was 0.5 eV in the absence of sound at
the same current and pressure (curve 2).

The electron temperature increases with the sound
intensity. The change in the sonic wave frequency from
170 to 200 Hz at a fixed intensity is accompanied by the
drop of the mean electron temperature from 0.75 to
0.55 eV. The mean value of the electron density on the
axis of the positive column decreases upon emission of
sound in the discharge. The maximum drop in the mean
electron density in the discharge because of sound is
observed at the resonant frequency of sound (Fig. 9); the
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Figure 9. Dependences of the electron temperature and clectron density
on the sound frequency near the first resonant frequency f = 170 Hz at
the nitrogen pressure of 40 torr and discharge current 40 mA in the tube
of diameter 9.8 cm in diameter with the electrodes spaced at 52 cm.
Curves I and 2 represent the sound intensities 98 dB and 96 dB,
respectively. The dashed curves represent the values of clectron
temperature and density in the absence of sound.

emission of a sonic wave with intensity 98 dB reduces the
electron density by half.

To understand fully the processes in the discharge with
sound, we shall consider the behaviours of the longitudinal
electric field intensity and gas temperature. Besides a rise in
the electron temperature and a drop in the mean electron
density, the emission of sound in the discharge increases the
longitudinal electric field intensity. The maximum increase
in the field is observed at the resonant frequency. The
electric field was measured by the compensation method
with two probes separated by 1 cm from each other, and by
the characteristics of a single probe. A good agreement is
obtained between the values of the electric field measured
by the two methods (the difference does not exceed 3% ).
The emission of a sonic wave with intensity 98 dB at the
resonant frequency 170 Hz (at 40 mA and 40 torr) causes
the increase in the electric field from 115 to 140 V and the
reduction of the radial temperature gradient by 70 K.

It was established in electron experiments that the
depths of temperature and electron density modulations
increase with the sound intensity (at fixed pressure and
discharge current). A rise in the gas pressure at fixed
current and sound intensity causes the electron tempera-
ture and electron density modulation depths to increase.
At fixed pressure and sound intensity, an increase in the
discharge current is accompanied by a decrease in the
depths of modulations of the parameters mentioned above.
So, at the pressure 40 torr and sound intensity 96 dB
(f=170 Hz) an increase in the discharge current causes
the depth of the electron density modulation to decrease
from 19 to 6% and that of the temperature modulation
from 18.2 to 5%.

The rise in the electron temperature in plasma on an
increase in the standing acoustic wave intensity is associated
with development of acoustic vortices in discharge [34] and,
as a result, a reduction in the radial gas temperature
difference in the tube, an expansion of the diameter of
the contracted positive column, a buildup of the long-
itudinal electric field, and a larger parameter E/N. Since the
electron temperature is proportional to the ratio E/N, the
value of the resonant sound intensity controls its value in
the discharge.

3. Contraction of the positive column
in the field of an acoustic wave

The contraction of a glow discharge—a well-known
phenomenon in the physics of low-temperature plasma —
consists of compression of the positive column on an
increase in pressure or current flowing through the gas. The
contraction of discharge in the tube causes a steeper radial
electron density or current density distribution in the
positive column (with an abrupt contraction the shape of
the electron density distribution over the column cross-
section changes from parabolic to bell-like), the long-
itudinal electric field to decrease, the current density to
increase near the axis of the discharge, and the electron
temperature to drop. The parameters of the discharge, at
which the contraction occurs, do not depend on specific
experimental conditions: the choice of gas, content of gas
mixture, tube radius, etc.

The principal shortcomings restricting the use of the
contracted column in a glow discharge for practical
purposes (in gas-discharge lasers, magnetohydrodynamic
generators, etc.) are the incomplete utilisation of the
chamber, the equilibrium state of the gas-discharge
plasma, the increase in the gas temperature near the axis
of the discharge tube, the drop in the electron temperature,
and also the inhomogeneity of the gas-discharge plasma.
The issues concerning the contraction of a glow discharge
are covered in Ref. [32]. In addition, we may point out
Refs [21, 22], in which the processes of contraction of a
positive column are considered. Various mechanisms of
contraction of the discharge are determined. We shall
briefly outline their peculiarities.

In inert gases the thermal contraction occurs at fairly
high values of the electric power of the discharge, at which
the radial temperature difference forms in the tube and the
ionisation constant exhibits strong variations over the
discharge cross-section; charged particles are produced in
a narrow axial region and their volume recombination by
molecular ions on the periphery of the column dominates
over diffusion [41—44].

With a low energy supply to the discharge when the role
of the temperature inhomogeneity is insignificant, a non-
thermal contraction is possible, related to a strong radial
inhomogeneity of the constant of ionisation of atoms by
impacts of electrons due to the strong dependence of the
electron distribution function on the degree of ionisation
[45—-50]. In molecular gases, the positive discharge column
contracts when the vibrationally excited molecules appear-
ing in the discharge relax in the volume and the major part
of the power supplied to the discharge is transformed into
heat. The radially inhomogeneous state of the positive
column results and brings about the compression of the
positive column in the presence of the volume recombina-
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tion of charged particles at the periphery [51—-53]. The
contraction of the discharge in an electronegative molecular
gas is characterised by generation of electrons near the axis
due to the radial temperature gradient in the column (and
also due to the ionisation constant dependence on the gas
temperature), and by adhesion of electrons to atoms or
molecules on the periphery of the discharge with subsequent
efficient volume ion—ion recombination [54 —56].

The contraction of a discharge and decontraction of a
contracted positive column can be induced by external
action. In particular, it is shown in Ref. [57] that the
discharge experiences an abrupt contraction when the
gas flowing along the positive column goes from the
laminar to the turbulent regime; also when the turbulence
with small-scale vortices develops in the flow, the discharge
exhibits decontraction [58]. We shall now consider the
influence of a sonic wave on the discharge contraction
and the accompanying processes; in particular, the jump of
the amplitude of sound on contraction of the positive
column in molecular gases [59].

3.1 Influence of a sonic wave on the discharge contraction
To study processes of the action of sound on the
contraction of a positive column we shall consider the
voltage—current characteristics of the discharge at various
sonic wave intensities. The voltage—current characteristics
are measured in a quartz discharge tube 9.8 cm in diameter
and 52 cm in length. The ring wire-gauze electrodes are
spaced at 27 cm. An electrodynamic radiator of sonic
waves was fastened to one end and a microphone to
control parameters of the sonic wave to the opposite end
(behind the anode). The experiments were conducted in
nitrogen over the ranges of pressures from 10 to 78 torr
and of discharge currents from 40 to 120 mA. The sound
intensity varied from 84 to 96 dB. With sound the
measurements in the discharge were made at the first
resonant frequency of sound f= 170 Hz. It was estab-
lished, by studies in the nitrogen discharge over the range
of pressures less than 78 torr, that in the absence of sound
the voltage—current characteristics of the discharge have
the shape of a smooth incident curve over the range of
currents from 40 to 120 mA.

The voltage—current characteristics of the discharge in
nitrogen at 78 torr are shown in Fig. 10. On increase of
current from 40 to 70 mA in the absence of a sonic wave,
the electric field intensity U, decreases continuously from
7.3to 6 kV. However, at 70 mA the discharge voltage drops
suddenly by approximately 1 kV while the current increases
from 70 to 73 mA. Further increase in the current from 73
to 120 mA causes the discharge voltage to decrease
continuously. The decrease in current from 120 to
65 mA causes U, to decrease smoothly; then the voltage
jumps suddenly (by 1 kV) while the discharge current falls
to 62 mA, i.e. the contraction exhibits a hysteresis behav-
iour. On an increase in current, the transition of the
discharge to the contracted state occurs at a somewhat
higher current than the inverse transition on a decrease in
current. In the contracted state, a bright luminous cord, the
outer boundary of which has a diameter of 0.5 cm, is
formed about the axis.

The experiments verify that in the discharge tube with a
sonic wave of a relatively low intensity the contraction
occurs at higher currents than in the case of discharges
without sound. Thus at the sound intensity 84 dB the
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Figure 10. The voltage—current characteristics of the discharge in
nitrogen at 78 torr in the tube 9.8 cm in diameter and 52 cm in length.
(a) Curve I represents the discharge without sound; curves 2-4
represent discharges with sound of 84, 88, and 90 dB, respectively. (b)
Discharges with sound of 92, 94, and 96 dB are represented by
curves /-3.

contraction occurs at 80 mA (curve 2 in Fig. 10a), and
at the sound intensity 88 dB the transition to the contracted
state occurs at 95 mA (curve 3 in Fig. 10a). The hysteresis
area on the voltage—current characteristics of the discharge
shrinks with the sound intensity; there is no contraction at
the sonic wave intensity 90 dB and the hysteresis on the
voltage—current characteristics vanishes completely.

At the sound intensity 92 dB (curve / in Fig. 10b) the
voltage—current characteristics of the discharge of the
growing part tend to form at large currents. With increase
in the sound intensity, i.e. at 94 dB (curve 2 in Fig. 10b)
and 96 dB (curve 3 in Fig. 10b), the increase in current
from 100 to 120 mA causes a steeper stepping-up of the
discharge voltage, i.e. an increase in the input power into
the discharge.

The emission of sound in the discharge tube and increase
in its intensity causes the diameter d of the visible boundary
of the plasma column to extend. So, for example, at 120 mA
in the discharge without sound the diameter of the visible
boundary of the cord is d = 0.4 cm, and in the presence of
sound with intensity 96 dB d = 4.5 cm, i.e. the diameter of
the visible boundary of the positive column extended more
than 10 times under the action of the sonic wave.
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At the nitrogen pressure of 78 torr the thermocouple
measurements were taken. The gas temperatures on the axis
of the positive column and on the wall of the discharge tube
were measured by two thermocouple sensors 8 cm away
from the anode. It was established that in a discharge
without sound at 70 mA the gas temperature is 866 K on
the axis, and the temperature difference between the axis
and the tube wall is 470 K. Upon transition to the
contracted state, the temperature on the axis rises and is
933 K at the discharge current of 80 mA; the radial
temperature gradient increases by 80 K and becomes equal
to 550 K. The increase in the gas temperature gradient was
also observed during transition to the contracted state in the
discharge with a sonic wave. At 84 dB the temperature
gradient increased by 53 K and at 88 dB by 30 K.

At fixed values of gas pressure and discharge current, a
further increase in the sound intensity is accompanied by a
decrease in the gas temperature on the axis of the positive
column; in this case, the radial gas temperature gradient
also diminishes. The increase in the sound intensity to
96 dB at 100 mA causes the gas temperature to drop by
100 K on the axis of the positive column and the radial gas
temperature gradient to diminish by 135 K. At 100 mA
(with the same sound intensity), the temperature drops by
138 K and the temperature gradient by 165 K.

The general physical model of contraction of a discharge
is the thermal inhomogeneity of the positive column. This is
verified by the results given above which show that the
positive column becomes thermally more inhomogeneous
with the transition of the discharge to the contracted state.
The emission of a sonic wave along the positive column
causes the radial gas temperature difference to diminish in
plasma and the discharge diameter to increase. At a sound
intensity over 90 dB, the plasma column becomes fully
decontracted.

3.2 Sound-induced modulation of the discharge current

on contraction of a gaseous discharge

As well as taking readings of the voltage—current
characteristics of the discharge, we measured the ampli-
tude of oscillations caused by the sonic wave in the
discharge current. The modulation depth of the discharge
current increases with the sound intensity at fixed pressure
and current, and at the sound frequency f =170 Hz. An
increase in the pressure of nitrogen at fixed values of
discharge current and sound intensity causes an increase in
the current modulation depth.

However, at fixed values of nitrogen pressure and sonic
wave intensity, the modulation depth of the discharge
current falls smoothly with the permanent component of
the discharge current. This dependence of the modulation
depth on current is observed in the nitrogen discharge in the
absence of contraction at 60 torr and 84 dB (Fig. 1la,
curve /). At a pressure of 78 torr and sonic wave intensity
84 dB, the modulation depth of the discharge current jumps
abruptly from 7 to 14% at 80 mA (curve 2 in Fig. 11a).
This means that the amplitude of the sonic wave experiences
a jump at that value of current. Note that at 80 mA the
discharge undergoes a contraction (see Fig. 10a, curve 2).
A further increase in current causes the modulation depth
to decrease.

The decrease in the discharge current from 100 to
75 mA results in a larger modulation depth. At 75 mA
the modulation depth of the discharge current drops
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Figure 11. Dependence of the depth of sound-induced modulation of
current on the discharge current. (a) Curve 7 is obtained at 60 torr and
84 dB; curve 2 at 78 torr and 84 dB. (b) The curve is obtained at
78 torr and 90 dB. (c) Curves I — 3 are obtained at 78 torr and,
respectively, 92, 94, and 96 dB.

abruptly by half. At this value of current, the discharge
undergoes decontraction (see Fig. 10a, curve 2). The jump
of the depth of the sound-induced modulation of discharge
current occurs when the value of the sound intensity is
smaller than 90 dB. At an intensity over 90 dB, the
hysteresis area is totally absent (Fig. 11b). A further
increase in the sound intensity causes an expanding area
to form at large currents on the curves in Fig. 1lc.

3.3 Jump of amplitude of a sonic wave on contraction

of a gaseous discharge

With the abrupt contraction of gaseous discharge in
nitrogen caused by a sonic wave, the current modulation
depth increases steeply and the increase is accompanied by
a sharp growth in the amplitude of sound. We shall
consider the results of the experimental investigations of
evolutions of amplitude and sonic wave intensity during the
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Figure 12. The voltage—current characteristics of the nitrogen discharge with the sonic wave at the first resonant frequency ( f = 170 Hz) at 78 torr

for different sound intensities Jg:

(a) Jo =68 dB, (b) 72 dB, (c) curves / and 2 represent, respectively, 76 and 88 dB.

transition of the discharge in molecular gases to the
contracted state [19, 20].

The measurements were taken with a testing unit
involving a quartz tube of inner diameter 9.8 cm and
length 52 cm. The ring wire-gauze electrodes were spaced
at 27 cm. The sonic wave in the discharge tube was created
with an electrodynamic radiator fastened hermetically to
one of the tube ends. To the opposite end (behind the
anode) a microphone was fastened to monitor the para-
meters of the sonic wave. The experimental investigations in
the nitrogen discharge were conducted at p = 78 torr over
the range of discharge currents from 40 to 120 mA at the
first resonant frequency f = 170 Hz of the sonic wave. The
nitrogen used in the experiments contained up to 0.07% of
steam and less than 0.4% of oxygen.

At a nitrogen pressure of 78 torr in the discharge
without a sonic wave, the abrupt contraction of the
positive column with formation of hysteresis was observed
(see Fig. 10). The emission of a sonic wave in the discharge
tube and growth of its intensity results in a larger energy
contribution to the discharge and a shrinkage of the
hysteresis area on the voltage—current characteristics of
the discharge. For each value of the sound intensity, the
readings of the voltage—current characteristics were taken
at a fixed intensity, which was artificially sustained in the
discharge tube over the entire range of discharge currents
from 40 to 120 mA.

In Fig. 12 the voltage—current characteristics of a
discharge in nitrogen in the field of the sonic wave are
shown. To obtain these characteristics, the sonic intensity
was not sustained at a fixed value with a change in current,
in contrast to the results shown in Fig. 11. The measure-
ments were taken at different fixed values of the sonic wave
coming from an external source. The values of the discharge
voltage U, at each value of current (from 40 to 120 mA)
were taken at the sound intensity, which was set up in the
discharge tube at the given current upon interaction
between the sonic wave and plasma. In the experiment,
the intensity J, of sound coming from an external source at
40 mA was set to be between 66 and 88 dB depending on
the amplitude.

In the nitrogen discharge without a sonic wave, at
78 torr the transition to a contracted state occurred at
I, =70 mA. The emission of sound results in a slight shift
of the value I, towards a stronger current. The values of [,
for different sound intensities J, are listed in table 1; the

Table 1.

Jy/dB 66 68 70 72 76 81 84 88
I, /mA 71 73 75 76 78 79 83 —
I,/ mA 75 77 79 80 82 82 86 —
Jy/dB 68 70 72 75 79.5 825 85 —
J,/dB 70.5 74 79 83 845 855 86 —
J;/dB 71 76 81 84 85 86 88 91

values of /,, that were set up in the discharge immediately
after the contraction are also listed there. The increase in
the intensity J, is accompanied by a shrinkage of the
hysteresis area on the voltage—current characteristics of
the discharge; a significant shrinkage occurs at J, > 72 dB.
At J, = 88 dB the hysteresis area vanishes totally (Fig. 12c)
and in this case the discharge is fully decontracted.

We shall consider the evolution of parameters of a sonic
wave directed along the positive column as the current in
the nitrogen discharge changes from 40 to 120 mA. The
investigations show that in the range of pressure lower than
78 torr an increase in the discharge current is accompanied
by a smooth increase in the amplitude of sound. At 78 torr,
over the range of intensity J, from 66 to 88 dB and for
specific values of discharge current, the amplitude of the
sonic wave increases abruptly on contraction of the positive
column (in Fig. 13 A /A, is the relative amplitude of sound,
where A, is the amplitude of sound at 40 mA).

The comparison of plots in Figs 12 and 13 shows that at
these currents the charge goes suddenly to the contracted
state. The A/A, dependence on current as well as the
voltage—current characteristics of discharge (see Figs 12
and 13) exhibit the hysteresis behaviour. It follows from the
results of studies that an increase in J, from 66 to 72 dB is
accompanied by an enhancement of the effect of the abrupt
growth of the amplitude of sound. The maximum growth of
the amplitude of sound is observed at J, =72 dB. The
amplitude of the sonic wave at the current immediately after
the contraction (/, = 80 mA) is 3.6 times that at the current
immediately before contraction (/, =76 mA). Over the
range of intensities J, > 72 dB, an increase in J, is
accompanied by a weakening of the effect of abrupt
growth of the amplitude of sound. At J, =88 dB the
hysteresis area in the A/A, dependence on the discharge
current is eliminated totally (Fig. 13c, curve 2); in this case,
the discharge is decontracted fully by the sonic wave
(Fig. 12¢).
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Figure 13. Dependence of the relative amplitude of a sonic wave A /A,
(where A is the amplitude at 40 mA) on the discharge current in
nitrogen at 78 torr for sonic waves with different intensities Jy:
(a) Jo=68dB, (b)Jy=72dB, (c)curves!/ and 2 represent,
respectively, J, = 78 and 88 dB.

For a clearer understanding, in Fig. 14 the dependence
of the ratio of the amplitude of sound at 7, to the
amplitude of sound at /, on the sound intensity J, is
examined. In the same figure, the ratio of the amplitude of
sound at 120 mA to the amplitude at 40 mA, A;/A,, is
plotted against J,, from which it follows that at J, =72 dB
the increase in current from 40 to 120 mA results in the
sevenfold growth in the amplitude of sound.

Simultaneously with the measurement of the amplitude
of the sonic wave, the dependence of the sonic wave

Ay /A, Az /A,
7+ 47
5+ 45
3+ 43
1 | |
60 70 80 90 Jo/dB

Figure 14. Dependence of the ratio of amplitudes A,/A| immediately
after and before the jump on the sound intensity J, for a sonic wave
directed along the discharge in nitrogen at 120 and 40 mA.

intensity on the discharge current was recorded. The values
of the sound intensity J; at currents immediately before
contraction and the values J, after contraction, and also Jj
at 120 mA for different J, are listed in table 1, from which
it follows that the largest jump of the sound intensity occurs
at Jo =72 dB accompanied by an increase of 8§ dB in the
sound intensity. The increase in current from 40 to 120 mA
(at Jo =72 dB) is accompanied by the growth of the sonic
wave intensity by 12 dB.

Let us examine the mechanism of the abrupt growth of
the amplitude of sound upon transition of the discharge in
nitrogen into the contracted state. The propagation of the
sonic wave in the plasma column leads to spatial and
temporal modulations of temperature and gas density.
These modulations bring about the modulation of the
intensity of heat released because of the vibrational
(V —T) relaxation. In its turn, the last modulation causes
the modulation depths of the initial temperature and gas
density to increase, i.e. the amplitude of the sonic wave
grows. With transition of the discharge to the contracted
state, the diameter of the positive column decreases, the
current density increases on the axis of the discharge tube
and, consequently, the gas temperature rises in the plasma.
If, in addition, the V — T relaxation is much less than the
period of sound oscillations, then the intensity of heat release
caused by this process will be modulated efficiently by the
sonic wave and this can result in a substantial growth of the
modulation depths of the initial temperature and density
and in a jump of amplitude of the sonic wave.

When the pressure of nitrogen is 78 torr, the gas
temperature T does not exceed 860 K on the axis; with
contraction T rises above 935 K (the gas temperature was
measured by a thermocouple sensor located on the axis of
the discharge tube at 8§ cm from the anode). At 7 =900 K
the gas particle density is N = p/kT = 8.5 X 107 ecm™. In
these conditions in pure nitrogen the V—T relaxation
constant is k = 107 em3 57! [58] and the V—T relaxation
time is Tyr = (kyyN)™' =1.1x 1072 s. The period of
sound oscillations is 7, =6 X 1073 s, ie. Tyt > T in pure
nitrogen. However, the nitrogen used in experiments
contained the 0.07% admixture of steam. The vibrational
relaxation of molecules of nitrogen is studied comprehen-
sively over the range of temperatures from 300 to 963 K in
Ref. [59]. At T =900 K the vibrational relaxation constant
for molecules of nitrogen is 107'"° ¢cm’®s™' according to
Ref. [59]. The V—T relaxation time for the N,—N,O
mixture may be calculated by means of the formula given
in Ref. [60]:

I 1P 1 P
yr Tyr P oty P

where P, and P, are partial pressures of nitrogen and
steam, 797 and Ty are the times of relaxation of nitrogen
by nitrogen and by molecules of water, respectively. In the
conditions considered, the partial pressure of water is
approximately P; = 0.1 torr. The cited formula yields
Tyr =5 X 1073 s for nitrogen with the 0.07% admixture
of steam. If we also take account of the fact that nitrogen
has a 0.4% admixture of oxygen, then the constant of
vibrational relaxation of nitrogen by oxygen is greater by
two orders of magnitude than that of nitrogen by nitrogen
[61]. As a result, Ty should be even less than 5 x 107° s.
The jump in the amplitude of the sonic wave is most
pronounced at a relatively low sound intensity (J < 75 dB).
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At J > 75 dB the effect weakens because of development of
an acoustic flow at this intensity. In these conditions, the
vortex flow may be observed visually in the discharge tube.
Vortices shrink as the sound intensity increases.

The vortex motion in the discharge tube (of small-scale
vortices much smaller than the tube diameter in size) is most
pronounced at a sound intensity J > 88 dB. In this case, the
discharge experiences decontraction in the field of the sonic
wave and the process is accompanied by elimination of the
jump in the sound amplitude. The existence of the steady
vortex motion (acoustic flow [34]) causes remixing of the
gas over the tube cross-section and alignment of the radial
temperature gradient; as a consequence, the gas tempera-
ture T on the discharge axis is lowered. The drop in T
causes the V—T relaxation processes to slow down and,
with the inequality Ty < 7, being violated, the modulation
of intensity of the heat release caused by V—T relaxation
will have a low efficiency; in this case, the amplitude of
sound cannot increase significantly. At J =85 dB the gas
temperature on the axis drops by more than 100 K, and Tyt
amounts to 1072 s, i.e. the inequality Ty < ¢ is violated.
Thus, the elimination of the jump in the amplitude of
sound, accompanied by decontraction of the discharge, may
be explained by the development of the steady vortex flow
in the plasma column because of sound waves.

We shall now consider the results of experimental
investigations of the abrupt growth of the amplitude of
the sonic wave emitted by an external source along the
positive column, upon contraction of the discharge in
nitrogen —oxygen mixtures. The measurements were taken
at 78 torr over the range of discharge currents from 40 to
120 mA [20]. The oxygen content in mixtures varied from 0
to 40%. The investigations show that the abrupt contrac-
tion of the positive charge at 78 torr is observed also when
oxygen is added to the nitrogen discharge. In this case, the
values at which the contraction of the positive column
occurs shift towards low currents on an increase in the
percentage of oxygen in the mixture.

In a nitrogen discharge without additional oxygen the
critical current is 70 mA, with 10% content of oxygen in the
mixture it is 65 mA, and with 40% content of oxygen in the
mixture it is 55 mA. In the field of a sonic wave (when the
sound intensity is maintained constant over the entire range
of discharge currents from 40 to 120 mA), with an increase
in the sound intensity in the discharge in an oxygen-—
nitrogen mixture, the abrupt growth of the amplitude of
sound on the voltage—current characteristics of the dis-
charge occurs at a higher value of the discharge voltage and
is accompanied by a shrinkage of the hysteresis area, as is
the case in a nitrogen discharge [19].

In the nitrogen discharge at the sound intensity 90 dB
the discharge is fully decontracted in the field of the sonic
wave and this process is accompanied by the elimination of
the hysteresis area on the voltage—current characteristics of
discharge. A further increase in the sound intensity results
in a larger energy content in the discharge. In nitrogen —
oxygen mixtures with the oxygen content between 0 to 30%,
the full decontraction of the discharge occurs also at the
sound intensity 90 dB. With the oxygen content of more
than 30% in mixture, the discharge is fully decontracted in
the field of the sonic wave at a higher sound intensity
(J > 92 dB).

The study of voltage—current characteristics of dis-
charges in mixtures was conducted at the first resonant
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Figure 15. Dependence of the ratio of amplitudes of the sonic wave
immediately after the discharge contraction and before the contraction
on the percentage of oxygen in a nitrogen —oxygen mixture at the sound
intensity 72 dB.

frequency of sound. The addition of oxygen to the nitrogen
discharge resulted in the downward shift of the resonant
frequency ( f = 170 Hz); with 10% content of oxygen in the
mixture the frequency was f = 167 Hz, with 20% content it
was 165 Hz, and with 40% content it was 162 Hz. With an
increase in the percentage of oxygen in the mixture, the
jump in the amplitude of sound as a result of the
contraction of the positive column becomes greater. So,
in the nitrogen discharge the ratio of the amplitude of the
sonic wave immediately after the contraction to the
amplitude of sound before contraction, A,/A;, is 3.6 at
the sound intensity of 72 dB. In the mixture with the 10%
content of oxygen, A,/A| =5, with the 20% content it is 7,
and with the 30% and 40% contents it is 8.8 (Fig. 15). In
this case, the intensity of the sonic wave increases by 13 dB.
As in nitrogen, in the discharge in an oxygen—nitrogen
mixture the discharge undergoes decontraction with the
elimination of the jump in the amplitude of sound when the
sonic wave intensity increases to over 84 dB.

In the course of the study of the effect the sonic waves
have on the contraction of the positive column, the
characteristic time T was measured for which the amplitude
of sound increased from A; at the current immediately
before contraction to A, settling immediately after con-
traction of the discharge. An increase in the percentage of
oxygen in the mixture is accompanied by a decrease in the
characteristic time of growth of the amplitude of sound
caused by the contraction of the discharge (Fig. 16). At the
sonic wave intensity of 70 dB in the nitrogen discharge
T =2.5 ms, in the mixture with 10% content of oxygen is
=13 ms, and in the case of 40% content of oxygen
T = 0.4 ms. The time of growth of the amplitude of sound
upon contraction increases with an increase in the sonic
wave intensity. One of the mechanisms of the jump of the
amplitude of sound upon contraction of the discharge in a
molecular gas is related to the strong temperature depend-
ence of the constant of vibrational relaxation of excited
molecules. The sharp increase in amplitude is possible if the
V—T relaxation time 7yt is less than the period of sound
oscillations 7, [18]. In this case, the intensity of heat released
because of V—T relaxation is modulated by the sonic wave
and this can result in a significant increase in the amplitude
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Figure 16. Dependence of the time of growth of the amplitude of a sonic
wave caused by the jump of the amplitude on the sonic wave intensity J,:
I—1in a nitrogen discharge; 2 and 3—in the discharge in a nitrogen —
oxygen mixture. (Curve 2 corresponds to an oxygen content of 10%,
and curve 3 to 40% .)

of sound. In pure nitrogen the V—T relaxation constant
kyr = 107" em® s7! at T =800 K [58], and the relaxation
time Typ = 1.1 x 1072 5. The period of sound oscillations
7, =6 x 107> s, i.e. in pure nitrogen Tyy > 7,. However, the
nitrogen used in the experiment contained an admixture of
water at T = 900 K, according to Ref. [60] kv is 107" cm?®
s~'. For the H, + H,O mixture at the partial pressure of
steam of 0.1 torr (0.07), the V—T relaxation time is
Tyr =5 X 1073 s, Ty < Ts. In Ref. [68] the results of
studies of sound-induced modulation of the discharge
current in nitrogen with the 0.07 % admixture of water
are reported. The authors established that at 50 torr and
40 mA in the tube of inner diameter 9.8 cm at the sound
intensity 98 dB the current modulation depth is 26% . They
showed that this large value of the depth of sound-induced
modulation of current stabilised because of the V—-T
relaxation for Tyt < 7.

The addition of oxygen to nitrogen in the discharge
results in a larger current modulation depth and with 40%
content of oxygen in the mixture the modulation depth
stabilises at 36% . This is related to the fact that the
vibrational relaxation of nitrogen by oxygen is two orders
of magnitude higher than that of nitrogen by nitrogen [60],
i.e. with the increase in the percentage of oxygen in a
nitrogen discharge the value of 7y becomes smaller and the
amplitude of sound increases. This fact explains the
stronger effect of the abrupt growth of the amplitude of
sound upon contraction of the discharge in the nitrogen —
oxygen mixture and the behaviour of the A, /A dependence
on the percentage of O, in N, +0O, (shown in Fig. 15).
With the increase of the percentage of oxygen in the
mixture, the characteristic time 7, for which the amplitude
of the sonic wave increases from A, at the current before the
contraction to A, immediately after contraction of the
discharge, becomes smaller.

4. Joint influence of a sonic wave and a gas
flow on the parameters of a discharge

The sonic wave propagating along the positive column
causes drops in the gas temperature and in the radial gas
temperature gradient, changes in the longitudinal electric
field, in temperature and electron density, compression and
expansion of the plasma column, and stabilisation of the
discharge. A longitudinal gas flow has a similar effect on the
positive column [35]. With a high rate of pumping and an
elevated pressure, the flow provides for the excitation of an
homogeneous noncontracted discharge by virtue of the
turbulent mixing of gas. In this case, the radial distribution
of charged particles in the positive column can be more
homogeneous than that in the diffusion discharge at low
pressure.

In Ref. [25] the authors established experimentally the
intensity dependence of the longitudinal electric field
intensity on velocity in the argon discharge with a long-
itudinal flow. They found that, over the range of gas flow
velocities from 0 to 40 m sfl, the longitudinal electric field
intensity E decreases with an increase in the rate of
pumping; on a further increase in the rate of pumping,
the electric field increases sharply. The buildup of the field
for a velocity above 120 m s~ is explained by the transition
of the gas flow to the turbulent regime [25]. In Refs [30, 62]
it was shown experimentally that, in the laminar regime of
pumping, a decrease in the longitudinal electric field
intensity is accompanied by a drop in the electron
temperature and an increase in the radial electron tem-
perature gradient in the discharge. The authors established
that the laminar pumping of gas brought about an increase
in the electron density on the axis of the positive column
and a steeper radial electron density distribution in the
plasma column than that in the discharge without a flow.
This is because the particles are carried off with the
longitudinal flow faster than electrons and ions decay on
the tube walls as a consequence of their radial diffusion or
of their volume recombination on the periphery of the
positive column. The effect of contraction of the profile of
the radial electron density distribution in the positive
column takes place when the gas is pumped from the
cathode to the anode, as well as when it is pumped in
the opposite direction.

The experimental investigations reported in Refs [30, 62]
were conducted in discharges of electropositive gases: in
argon, helium, and nitrogen. In this section we present the
results of experiments on the combined influence of a sonic
wave and a longitudinal gas flow on the discharge para-
meters and establish general rules. For this purpose it is
sufficient to study how a sonic wave directed along the
positive column affects the properties of the discharge [63].
We study the influence of sound on the voltage—current
characteristics of the discharge in the gas flow, on the
longitudinal electric field intensity, electron temperature,
and gas temperature difference between the axis and the
discharge tube wall. We shall show that, in the field of a
sonic wave at a comparatively large intensity (above a
critical one), the positive column is more homogeneous in
the transverse direction in discharge with a gas flow than in
discharge without a flow. In this case, the power input in
the discharge with a flow exceeds the input in the discharge
without a flow. The situation is just the opposite when the
sound intensity is lower than the critical value.
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The experimental measurements were taken in the unit
with a quartz discharge tube of inner diameter 9.8 cm and
length 52 cm. The ring wire-gauze electrodes were spaced at
27 cm. The sonic wave in the discharge was emitted by an
electrodynamic radiator fastened to one of the ends of the
discharge tube; to the opposite end (behind the anode) a
microphone was fastened to monitor the parameters of the
plasma. The gas was pumped by a roughing-down pump
along the discharge tube from the anode to cathode. The
section-averaged gas flow velocity in the discharge tube was
0.63 m s~'. The experiments were conducted at a pressure
of 40—60 torr and discharge current 40 —60 mA. The sonic
wave intensity varied from 84 to 98 dB. The measurements
were taken at the first resonant frequency of sound, which is
170 Hz in the discharge without pumping. The initiation of
pumping brings about a downward shift of the resonant
frequency by 15 Hz, i.e. the resonant frequency is 155 Hz in
the discharge with a gas flow.

4.1 Sound-induced decontraction of the discharge in a gas
flow

In Refs [30, 62] the authors established that the laminar
pumping along the discharge in an electropositive gas
resulted in a contraction of the positive column. A similar
contraction is observed when a sonic wave is emitted along
the positive column. We shall compare here the voltage—
current characteristics of the discharge in nitrogen at
60 torr over the range of currents from 40 to 90 mA in the
absence of sound, in a gas flow, and in the presence of a
sonic wave (Fig. 17).

The discharge voltage at 40 mA in the absence of sound
and gas flow is Uy = 5.2 kV (curve /), and the diameter of
the visible boundary of the positive column is about 2 ¢cm in
these conditions. Upon creation of a flow U, decreases to
4.3 kV (curve 2) and the diameter to 1.2 cm. Upon the
emission of a sonic wave with intensity 88 dB in the
discharge with a flow, the voltage settles at Uy = 4.8 kV

U,/kV
8 -
\6
o | \
\5
4
4
1
3
2
2 | | |

40 60 90 1,/mA
Figure 17. The voltage—current characteristics of the discharge in
nitrogen at 60 torr: 1, 2 (without sound); 3 — 6 (with sound); 1,4, 5
(without pumping); 2, 3, 6 (with pumping, v=0.63 ms");
4 (J=288dB), 5,6 (J =098 dB).

and the visible boundary of the positive column settles at
2.4 cm. In the case of a discharge with a sonic wave
(J/ =88 dB) but without a flow Uy, =15.6 kV (curve 4),
the discharge diameter d = 2.4 cm. In the discharge without
a flow at the sonic wave intensity of 98 dB (curve 5), the
discharge voltage increases significantly (U, = 6.8 kV), and
the diameter of the visible boundary of the positive column
extends to 6.5 cm at 40 mA. In the case of a discharge with
a gas flow in the field of a sonic wave with intensity
J =98 dB (curve 6), the discharge voltage and the diameter
increase still further (U, = 8 kV, and at 40 mA d= 7.5 cm).

The results of measurements show that with the sonic
wave of intensity J < 90 dB at the resonant frequency the
diameter of the positive column and the discharge current
are lower with pumping than those in the discharge without
a gas flow. At J > 90 dB the situation is just the opposite: in
the discharge with pumping of gas the values of the
discharge voltage and of the diameter of the visible
boundary of the positive column become larger than in
the case of a discharge without a gas flow (at the same sonic
wave frequency).

4.2 Influence of a sonic wave on the electric field in the
discharge with a gas flow

As pointed out above, the electric field in the discharge
with a gas flow was studied in Refs [30, 62]. It is shown
there that the discharge experiences a contraction and the
longitudinal electric field intensity decreases as the velocity
of the laminar gas flow parallel to the positive column
increases. When the flow is turbulent, an increase in the
rate of gas pumping results in a larger diameter of the
positive column and in a stronger electric field.

We shall examine here how the sonic wave affects the
electric field of discharge in the laminar gas flow with the
velocity 0.63 m s_]; in fact this means that we shall study
the combined influence of a gas flow and a sonic wave on
the longitudinal electric field in the positive column. The
measurements were taken in the tube of diameter 9.8 cm
and length 52 cm. The electrodes were spaced at 27 cm. The
electric field was measured by a compensation method
(described in Ref. [26]) with two probes spaced at 1 cm
on the axis of the positive column and 8§ cm away from the
anode. The experiments were conducted in the nitrogen
discharge at 60 torr and 40 mA. The longitudinal electric
field intensity without pumping of gas and in the absence of
a sonic wave was 160 V ecm~' (Fig. 18, curve 7). The
emission of sound with intensity 88 dB causes the electric
field strength to increase to 170 V cnf'; E=175V em™ ! at
J=90dB,and E =210V cm~! at J =98 dB. The creation
of a nitrogen flow along the positive column in the absence
of a sonic wave brings about a decrease in the electric field
strength; as a result, the field strength stabilises at £ = 133
Vem™! (Fig. 18, curve 2). At the sound intensity 90 dB in
the discharge with a gas flow, in the positive column the
electric field becomes equal to 175 V cmfl, i.e. it has the
same value as that in the absence of the flow. However, at
98 dB in the gas flow the value of the field stabilises at
E =240 Vecm™'; it is 30 V em ™! greater than that without
pumping of gas. Consequently, the sonic wave causes the
longitudinal electric field to build up in the discharge with
laminar pumping as well as without it.

A characteristic feature of the electric field dependence
on the sound intensity in a gas flow occurs at 90 dB when
these two curves intersect. At J < 90 dB the value of the
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Figure 18. Dependence of the longitudinal electric field intensity on the

sonic wave intensity in a nitrogen discharge at 60 torr and 40 mA:

curve / — without pumping; curve 2 — with pumping, v = 0.63 m s

electric field in the discharge with a flow stabilises at a
higher value than that in the discharge without pumping (at
the same sonic wave intensity). In the case of / < 90 dB, the
value of the field in the discharge with a flow is less than
that in the positive column in the absence of a gas flow.

4.3 Influence of a sonic wave on the temperature

gradient in the discharge with a gas flow

For a better understanding of the processes occurring in
the discharge with a laminar gas flow in the presence of a
sonic wave, we shall examine the dependence of the radial
gas temperature gradient on the sound intensity in the
positive column with pumping. The temperature was
measured by two thermocouple sensors. One was located
on the axis of the discharge tube at a distance 8 cm from
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Figure 19. Dependence of the temperature difference between the axis
and tube wall on the sound wave intensity in a nitrogen discharge at
60 torr and 40 mA:  curve / —without pumping; curve 2—with
pumping, v =0.63 m s~

the anode and the other on the discharge tube wall at the
same distance from the anode. In the nitrogen discharge
without a flow and in the absence of a sonic wave, at
60 torr and 40 mA the gas temperature on the tube axis
settles at T = 733 K.

The pumping of gas at the rate v=0.63 m s’ brings
about a drop in the temperature by approximately 70 K.
Although the gas temperature drops on the axis in the
discharge with a flow, the radial gas temperature difference
T in the discharge with a flow is greater than that in the
discharge without pumping (Fig. 19). The emission of a
sonic wave brings about a reduction in the radial tem-
perature difference in the discharge with a flow as well as
without it. Over the range of sound intensities J > 90 dB,
the radial difference is less in the discharge with pumping
than that in the discharge without a gas flow. In the
discharge without pumping of gas, at J =98 dB and
40 mA the gas temperature 7y on the axis of the positive
column settles at 610 K and the radial difference at 200 K;
in the discharge with a flow Ty = 510 K and AT = 165 K in
this case.

4.4 Dependence of the electron temperature on the sonic
wave intensity in the discharge with a nitrogen flow

One of the most important tasks for which a gaseous
discharge is used in practical applications is to control
independently the electron temperature in plasma at fixed
values of current and gas pressure in the discharge. The
ability to bring the electron temperature in the discharge to
the optimal value makes it possible to create conditions in
plasma such that peak output parameters of a gas-
discharge unit are obtained. Thus the attainment of the
optimal electron temperature in a gas-discharge laser
results in the peak output power of the laser. It will be
shown later that the combined use of a gas flow and a sonic
wave to change the electron temperature makes it possible
to expand significantly the range of variation of the
electron temperature in discharge at fixed values of current
and gas pressure in the tube.

The electron temperature was measured by a Langmuir
probe. The gas temperature in plasma was measured on the
discharge axis and on the tube wall by two thermocouple
sensors at a distance of 8 cm from the anode. The
measurements were taken in the nitrogen discharge over
the range of pressures from 30 to 40 torr and at the electric
current 40 mA. The sonic wave intensity at the first
resonant frequency f= 170 Hz varied from 84 to 98 dB.
The laminar gas flow velocity was 0.63 m s~ The gas was
pumped by a roughing-down pump from the anode to the
cathode. Theelectron temperature in the nitrogen discharge,
in the absence of a flow and with a sonic wave on the axis of
the positive column at 30 torr and 40 mA in the tube 9.8 cm
in inner diameter, was 0.5 eV. An increase in the sonic wave
intensity raised the electron temperature 7, (Fig. 20, curve
I). At the sound intensity 84 dB (2 in rel. units)
T.=0.53 ¢V, at 90 dB (8 in rel. units) 7, = 0.6 eV, and
at 98 dB (12 in rel. units) 7, = 0.72 eV. In this case, the
discharge experienced a decontraction, the diameter of the
visible bound-ary of the positive column expanded from 2
to 6.5 cm, the gas temperature on the axis dropped from
614 to 574 K, and the radial gas temperature gradient
diminished from 310 to 260 K.

As the experiment showed, the pumping of gas in the
absence of a sonic wave causes the electron temperature to
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Figure 20. Dependence of the electron temperature on the axis of the
positive column on the sonic wave intensity in a nitrogen discharge at
60 torr and 40 mA: curve ] —without a gas flow (at the first resonant
frequency of sound, f=170 Hz); curve 2—in a gas flow with
v=0.63m s~ (f=155 Hz).

drop from 0.5 to 0.38 eV while the discharge diameter
diminishes from 2 to 1.2 cm. In this situation, the long-
itudinal electric field also decreases. If there is a gas flow,
then an increase in the gas intensity brings about a steeper
rise in the electron temperature than that in the absence of
pumping (see Fig. 20, curve 2), and T, amounts to 0.6 eV
at 90 dB, i.e. curves / and 2 intersect. A further increase in
the sonic wave intensity brings about a steeper rise in the
electron temperature in the nitrogen flow, and at J = 98 dB
it amounts to 0.92 cm while the diameter of the positive
column expands to 7.75 cm. Thus, it follows from the cited
experimental results that, at fixed current and gas pressure
in the discharge, the electron temperature in the positive
column may be increased 2.5 times by appropriate choice of
the gas flow and sonic wave intensity.

Note that at a sonic wave intensity lower than the
critical value (in the conditions considered it is J, = 90 dB),
the gas flow brings about a drop in the electron tem-
perature, whereas at J > 90 dB the pumping of gas causes
the electron temperature to settle at a higher value, i.e. at T,
which is higher than the value of 7, in the discharge in the
presence of sound but in the absence of a flow.

4.5 Results of experiments
Eaperimental results show that a sonic wave in discharge
with a flow as well as without it brings about increases in
the longitudinal electric field intensity and in the electron
temperature, a reduction in the radial gas temperature
difference in the tube, and an expansion of the diameter of
the visible boundary of the positive column. In the
discharge without a sonic wave but with laminar pumping
of gas, the plasma parameters exhibit the opposite
behaviour. Sound with intensity J <90 dB causes the
longitudinal electric field intensity and electron temperature
to settle at higher values and the radial gas temperature
difference to settle at a lower value than in discharges with
pumping of gas. The diameter of the visible boundary of the
positive column with a flow is then smaller than that in the
discharge without pumping of gas.

In the range J > 90 dB the electric field and electron
temperature, and also the diameter of the positive column
in discharge with a flow, are larger and the gas temperature

gradient is smaller than in discharges without pumping. In
the nitrogen discharge at 40 torr a similar change in the
behaviour of the discharge parameters is observed at the
sonic wave intensity J = 96 dB. In Ref. [33] the reduction of
the gas temperature difference in the discharge with a sonic
wave (without a gas flow) is associated with development of
a steady vortex flow in the standing sonic field (so-called
acoustic flow [34]).

The reduction of the radial gas temperature difference in
the discharge, as a result of the turbulent mixing of gas in
the vortex flow, brings about a smoother radial distribution
of the E/N parameter in the positive column than in the
discharge without a sonic wave. As a result, the radial
ionisation rate and electron density distributions are
smoother and hence the longitudinal electric field den-
sity, electron temperature, and diameter of the positive
column are larger.

The vortex flow in the tube may be observed visually in
the experiment. The vortex acoustic flow develops subject to
the inhomogeneity of the acoustic flow [64]; in the discharge
tube the inhomogeneity develops because of the sharp,
radial gas temperature difference in the positive column.

The measurements show that, in a discharge with a
laminar gas flow (without a sonic wave), the radial gas
temperature difference in the positive column is larger than
that in a discharge without a flow. This fact can be
explained as follows. The time 7, =L /2v, for which the
flow carries gas particles away from the axis of discharge
with the section-averaged rate of pumping v =0.63 m s~
for L = 13.5 cm (the centre of the tube), is 0.1 s. At 60 torr
and 40 mA in the discharge with a flow, in the absence of a
sonic wave the gas temperature on the axis of the plasma
column is 660 K. For nitrogen molecules the diffusion
coefficient D calculated with the use of data cited in
Ref. [65] is 25 cm® s~ in this case, and the characteristic
time of diffusion to the wall is 7, = R*/D = 0.7 s. It follows
that the time for which the flow carries gas particles away
from the discharge zone is much less than the characteristic
time of diffusion to the wall and, as a result, the radial
distribution of neutral particles in the positive column is
more inhomogeneous and the radial gas temperature
difference is greater in the discharge with a laminar flow.

The acoustic flow shows up in the discharge without
pumping as well as in the discharge with a gas flow.
However, at a relatively high sonic wave intensity (at
P =80 torr and J, > 90 dB) the stronger radial tempera-
ture inhomogeneity of the discharge with a gas flow
encourages a stronger development of the acoustic flow
than that in the discharge without a gas flow and, as a
result, the plasma parameters experience greater quantita-
tive changes in the discharge with a flow in the field of a
sonic wave.

In a discharge with a gas flow in the field of a sonic wave
over the range of the sound intensity J., > 96-90 dB (J;
changes from 96 to 90 dB as the pressure of nitrogen
increases from 40 to 60 torr), the size of vortices is less
than that in the discharge without pumping of gas (at the
same sonic wave intensity) and the discharge is more
homogeneous in the transverse direction than in the case
without pumping. The situation is just the opposite in the
range of sound intensities J < J,. The gas-dynamic effects
caused by a gas flow and a sonic wave in discharge at an
intensity J > J, are added.
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5. Mechanisms of interaction of sound
and gas-discharge plasma

The theoretical considerations of how acoustic waves affect
the parameters of a gaseous discharge may be found in
Refs [67, 69, 75]. In Ref. [67] the processes that cause the
decontraction of a gaseous discharge because of a sonic
wave are analysed theoretically. The authors point out
that, because the discharge current flows along the tube
axis and there is a radial temperature gradient in the positive
column, in such temperature-inhomogeneous media the
standing sonic wave assumes a profile related to the
temperature gradient profile [66]. In the tube, the long-
itudinal standing mode is excited. Because of deformation of
the phase planes, the vibrational velocity in the longitudinal
acoustic mode acquires a transverse component. In the
discharge tube, in addition, the inhomogeneity of the
acoustic field develops because of the existence of a strong
radial temperature gradient in the tube and also because of
the boundary layer near the walls, where the velocity of
motion of the medium drops from the value in the sonic
wave on the axis of the positive column to zero at the walls.

Because of the inhomogeneity of the acoustic field, the
vortex acoustic flow develops in the standing sonic wave
[64]. This flow enhances the radial transfer processes in the
tube. As a result, heat conductivity increases and this brings
about a drop in the gas temperature on the axis of the
plasma column and a reduction in the radial gas tem-
perature gradient, a greater diffusion loss of charged
particles on the wall, and unraveling of the positive column.

Note that a linear acoustic flow cannot actually affect
the transfer processes in the tube, whereas in the field of a
standing sonic wave a nonlinear flow can make an
appreciable contribution to the transfer processes but the
size of inhomogeneities of the acoustic field should be large,
g> 0 (0 is the thickness of the boundary layer), for the
latter flow to exist. The strong radial temperature inho-
mogeneity in the tube is responsible for development of
large acoustic flows which affect the radial transfer
processes in the discharge and, hence, for decontraction
of the positive column.

In Ref. [69] the theoretical study of how acoustic waves
affect the structure of a discharge, i.e. the stratification of
the positive column and the contraction of the discharge, is
conducted. The sound-stimulated stratification of a dis-
charge was first observed experimentally in Ref. [14] and
the sound-induced contraction of a positive column in
Ref. [70]. In Ref. [69] the existence of a sharp dependence
of the ionisation rate constant k; on the ratio of the electric
field intensity to the neutral component density E/N in
plasma, modulated directly by sound, is considered to be a
link through which the acoustic wave affects the discharge.
This modulation can be enhanced by the parametric
interaction between acoustic waves and one of the eigen-
modes of the discharge or discharge circuit at an appropriate
ratio between frequencies. As a result of this modulation, the
efficient rate of ionisation in plasma increases and this
provides the necessary conditions for one of the ionisation
instabilities to develop; the type depends on the properties of
the discharge and the structure of perturbations. In the
nonlinear stage of development of these instabilities, a new
structure of the discharge is normally formed —either
stratification [71, 72] or contraction of the discharge [22,
72] occurs. In addition, if E/P, where P is the gas pressure, is

large enough, then according to Ref. [73] negative relaxation
(second) viscosity which decreases the overall dissipation of
sound can develop. The presence of an acoustic field in the
positive column renders the discharge unstable at a specific
density of energy of acoustic field even if it is stable in the
absence of sound. In Ref. [69] an expression for the
threshold value of the amplitude of sound is derived and
it provides the excitation condition for strata. In addition, a
threshold condition is derived from the discharge and energy
balance equations. The excess over the threshold leads to the
development of the ionisation-overheat instability and, as a
result, to a new stable state with the transverse scale lower
than the initial one. This means that the sound-stimulated
decontraction of discharge occurs.

An acoustic wave directed along the positive column
causes a time—space modulation of the neutral component
of plasma and, as a result, the parameter E/N, on which the
main parameters of the discharge depend, will be larger in
the rarefied layers than in the dense layers (in the
approximation that the electric field is not constant along
the positive column). As a result, the rate of ionisation
depends exponentially on the parameter E/N and the rates
of birth differ strongly in rarefied and dense layers and
eventually this brings about the stratification of the positive
column. However, the ionisation waves can develop at a
higher rate of ionisation than the acoustic wave frequency.
Note that the modulation depth of the electron density in
the discharge with a sonic wave is enhanced with intensity
[74, 75].

This conclusion based on calculations was verified fully
by the results of later experiments [37, 62, 68, 76, 77]. In
Ref. [62] the measured values of the modulation depth of
the discharge current in nitrogen, nitrogen—argon and
nitrogen—helium mixtures are listed versus the sonic
wave intensity, gas pressure, and discharge current.

In a nitrogen discharge with a 0.07% admixture of
steam at 50 torr and 40 mA (in the tube of inner diameter
9.8 cm) the increase in the sound intensity from 88 to 98 dB
at the resonant frequency 170 Hz brings about an increase
in the modulation depth of the discharge current from 11.2
to 25%. At fixed values of the permanent components of
current and sound intensity, an increase in the gas pressure
in the tube brings about an increase in the modulation
depth of the discharge current. At the sonic wave intensity
of 90 dB an argon or helium addition to nitrogen (at the
pressure of mixture 40 torr and current 40 mA) causes the
modulation depth to decrease from 10% in nitrogen to 2%
in the mixture with the 75% content of argon or helium.

In discharges of molecular gases, the V—T relaxation
processes occur and, as a result, the energy is pumped from
vibrational degrees of freedom to translational ones. The
heat release modulation caused by the vibrational —transla-
tional relaxation brings about increases in the modulation
depths of the gas parameters [18] and the discharge
parameters. In this case, if the V—T relaxation time is
less than the period of sound oscillations, then the intensity
of release because of this process will be modulated
efficiently by the sonic wave and a high value of the
discharge current modulation depth can be reached. An
argon or helium addition to nitrogen will bring about drops
in the partial pressure of nitrogen in the mixture and in the
density of the vibrationally excited molecules and, as a
result, a decrease in the modulation depth. However,
addition of oxygen to nitrogen, on the contrary, will bring
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about an increase in the depth of sound-induced modula-
tion of current in the discharge [68]. Addition of oxygen to
nitrogen (at 50 torr in the mixture with the 40% content of
oxygen) at the discharge current 40 mA and the sonic wave
intensity 98 dB increases the modulation from 25 to 40% .

The larger depth of the sound-induced modulation of
the discharge current with an increase in the percentage of
oxygen in the nitrogen discharge is, it appears, related to the
fact that the probability of the vibrational relaxation of
molecules of nitrogen by oxygen is greater than that of
nitrogen by nitrogen. According to Ref. [60] at T =288 K
the probability of the vibrational relaxation of nitrogen by
oxygen is two orders of magnitude greater than that by
nitrogen at a higher temperature (7 = 600 K). The study of
the depth of the sound-induced modulation of electron
temperature and electron density in the nitrogen discharge
is given in Ref. [37]. The authors showed that at the
nitrogen pressure of 40 torr, current 40 mA, and sound
intensity 95 dB with the frequency 170 Hz, the modulation
depth of the electron temperature is 18% and that of the
electron density is 22%, whereas that of the longitudinal
electric field in a nitrogen discharge at the same pressure,
current, and sound intensity is about 0.5% [24]. This proves
that the approximation adopted in Ref. [75] and cited
above, i.e. that the electric field along the positive column
is constant, is to a large extent correct.

It should be pointed out that this review does not cover
some issues which influence the effect of sonic waves on the
discharge parameters. These include, for example, the phase
shift between oscillations of different components of plasma
and sonic waves in a gaseous discharge [8, 11, 78, 79].

6. Conclusion

The results of studies of the influence of acoustic waves and
gas flow, and of their combined action on the parameters
of a gaseous discharge, make it possible to conclude that
there is a deep analogy between the processes in a plasma
when sonic waves propagate in it and when gas flows
through it. Consequently, instead of the bulky pumping
devices needed to create a turbulent gas flow in a plasma
column so that a homogeneous excited plasma can be
produced at an elevated pressure, by mixing of gas and by
attaining the prescribed values of electron temperature and
pressure, acoustic radiators with which these parameters
can be controlled over a wide range can be used.

The material reviewed shows that the parameters of the
gas-discharge plasma change under the action of acoustic
oscillations. Thus, a simple and handy method of action on
the properties of plasma consists of the use of sound
oscillations. There is no doubt that it will occupy a
prominent place among the methods used in experimental
investigations of gaseous discharge.
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