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Abstract—Results are presented from experimental studies on the unique beam–plasma generator of micro
wave radiation with a stochastically jumping phase (MWRSJP). To interpret the experimental results, a com
puter code was developed that allows one to simulate the process of gas ionization by electrons heated in the
MWRSJP field and the behavior of plasma particles in such a field. The conditions for ignition and mainte
nance of a microwave discharge in air by MWRSJP are found both experimentally and theoretically, and the
pressure range in which the power required for discharge ignition and maintenance is minimum are deter
mined.
DOI: 10.1134/S1063780X10080106

1. INTRODUCTION
In [1–3], it was shown both theoretically and
experimentally that the phenomenon of anomalous
penetration of microwave radiation into plasma, con
ditions for gas breakdown and maintenance of a
microwave gas discharge, and collisionless electron
heating in a microwave field are related to stochastic
jumps of the phase of microwave radiation.
In this case, in spite of the absence of pair collisions
or synchronism between plasma particles and the
propagating electromagnetic field, stochastic micro
wave fields exchange their energy with charged parti
cles. In such fields, random phase jumps of microwave
oscillations play the role of collisions and the average
energy acquired by a particle over the field period is
proportional to the frequency of phase jumps.
Gas breakdown and maintenance of a discharge in
a rarefied gas by a pulsed microwave radiation with a
stochastically jumping phase (MWRSJP) and propa
gation of such radiation in the plasma thus produced
were studied both theoretically and experimentally in
[4]. It was shown that, at pressures lower than optimal
(≈50 Pa for argon), the minimum MWRSJP break
down power depends weakly on the working gas pres
sure because of efficient collisionless electron heating,
weakening of diffusion, and a decrease in elastic and
inelastic collisional losses. This allows one to extend
the domain of discharge existence toward lower pres
sures. In the present work, the effect of highpower
pulsed decimeter MWRSJP on the plasma produced

in a rarefied gas filling a coaxial waveguide was studied
using the beam–plasma generator created at the
National Science Center Kharkov Institute of Physics
and Technology [5] and upgraded for the given exper
imental conditions.
2. STUDIES OF THE CONDITIONS
FOR THE IGNITION OF A DISCHARGE
BY MWRSJP IN A LOWPRESSURE GAS
IN A COAXIAL WAVEGUIDE
To ignite an MWRSJP discharge in a lowpressure
gas in an evacuated coaxial waveguide, the waveguide
was connected to the beam–plasma generator (BPG)
operating in the regime of narrowband signal genera
tion (the BPG input was shortcircuited). The coaxial
waveguide with a wave resistance of ~75 Ω and a length
of 1000 mm was made of a brass tube with an inner
diameter of 45 mm and outer diameter of 50 mm. The
central conductor was a 12mmdiameter brass rod
(see Fig. 1).
At the ends of the coaxial waveguide, there were
flanges to which conical coaxial junctions were con
nected. The gas or gas mixture was pumped out
through a socket located in the middle of the coaxial
waveguide. The gas pressure in the waveguide was
monitored using a thermocouple tube mounted in the
same socket. The working gases or their mixtures were
input using a precision valve through 2mmdiameter
channels located diametrically near both waveguide
ends. The diagnostic probes were introduced through
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Fig. 1. General view of the coaxial waveguide.

sockets located at distances of 60, 260, and 840 mm
from the MWRSJP power input. Such an arrangement
of diagnostic probes allowed us to monitor the param
eters of the microwave discharge along the waveguide
length and provided information on the processes
occurring in the waveguide. Spectrometric studies of
the microwave discharge and plasma parameters were
carried out through two 40mmdiameter 2mm
thick quartz glass windows. The windows were located
on the side wall of the waveguide in a plane perpendic
ular to the plane in which the diagnostic probes were
installed. The first optical window was situated at a
distance of 60 mm from the MWRSJP power input,
and the second one, at a distance of 600 mm. Teflon
washers with a diameter of 45 mm and thickness of
10 mm and 160mmlong 75Ω conical coaxial junc
tions with flanges were used to provide necessary vac
uum conditions in the coaxial waveguide. Lead wash
ers with a thickness of 3 mm were installed between the
flanges of the conical coaxial junctions and the
waveguide to provide good electric contact. The stand
ingwave ratio and the attenuation coefficient of elec
tromagnetic waves in the frequency range 50–
1250 MHz in the evacuated coaxial waveguide were
measured using an RK247 panoramic display. The
standingwave ratio (Fig. 2a) and the wave attenuation
(Fig. 2b) did not exceed 1.19 and 0.9 dB, respectively.
The block diagram of measurements of the main
parameters of the BPG and the plasma produced in
the coaxial waveguide is shown in Fig. 3. Stochastic
microwave oscillations generated by the BPG (1) were
supplied from the output of the slowwave structure
through a broadband directional coupler (2) and 75Ω
conical coaxial junction (3) to the input of the coaxial
waveguide (4) and then, through a conical coaxial
junction (5) and coupler (6), were fed to an IBM2
highpower gauge (7). The input of the BPG slow
wave structure was attached to a shorting plug (8). The
oscilloscopes (11, 12) and the submodulator (9) and
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modulator (10) of the high voltage supplied to the
cathode of the BPG electron gun were triggered syn
chronously by using a timing unit (13). A timedelay
circuit (14) was used to vary the instant of triggering
the oscilloscopes with respect to the beginning of the
highvoltage pulse. This allowed us to observe the
shape of the generated signal at different instants after
the beginning of the electron beam pulse. A detector
head (15) and D213 variable resistive–capacitive
attenuator (16) connected to the secondary line of the
coupler (2) were used to measure the envelope of
microwave oscillations. The waveforms and spectral
characteristics of MWRSJP at the input and output of
the coaxial waveguide were studied using an HP Agi
lent Infinium fourchannel broadband (2.25 GHz)
oscilloscope (12). A PEM29 photomultiplier (17)
powered from a VSV2 highvoltage stabilized rectifier
(18) was used to measure the integral intensity of opti
cal radiation from the plasma. An ISP51 threeprism
glass spectrograph (19) was used for optical spectros
copy of the discharge in the coaxial waveguide. The
(а)
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Fig. 2. (a) Standingwave ratio and (b) attenuation coeffi
cient of electromagnetic waves in the coaxial waveguide.
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Fig. 3. Block diagram of measurements of the main parameters of the BPG and plasma.

discharge radiation was focused by a lens onto the
input slit of the spectrograph. A PEM36 photomulti
plier (20) was connected to the output slit of the spec
trograph. The ISP51 spectrograph was calibrated
using the spectral lines of a PRK2M mercury lamp
(21) and the Balmer hydrogen lines emitted by a Gei
ssler tube (22). The mercury lamp and the Geissler
tube were powered from an OU1 lighting unit (23).
The MWRSJP power was input via the conical
coaxial junction in the waveguide pumped out to a
pressure of 1.33 Pa. In certain ranges of the gas pres
sure, gas composition, and microwave power, a dis
charge was ignited in the coaxial waveguide. Figure 4
shows photographs of the discharge glow in the coaxial
waveguide at a working gas (air) pressure of 13.3 Pa.

(а)

(b)

Fig. 4. Photographs of the discharge glow in the coaxial
waveguide, taken at distances of (a) 60 and (b) 600 mm
from the microwave power input in the waveguide.

It can be seen from Fig. 4 that the discharge glow is
inhomogeneous over the cross section and has a fila
mentary structure. This is because 2.5mmdiameter
holes were made in the side wall of the coaxial
waveguide near the diagnostic windows. These holes,
on the one hand, provide output of optical radiation
from the coaxial waveguide and, on the other hand,
prevent escape of microwave radiation from the dis
charge region. It is seen that the discharge radiation
intensity decreases along the waveguide. It should be
noted that the discharge color depends on the working
gas pressure and the microwave power input in the
waveguide. The waveforms of the main BPG parame
ters (the electron beam current, the electron beam
voltage, and the envelopes of the highfrequency sig
nal and integral optical radiation) are shown in Fig. 5.
It can be seen that microwave oscillations are excited
when the current exceeds a certain critical value and
that the discharge continues to glow for a certain time
after the end of the electron beam pulse due to recom
bination processes.
Figures 6 and 7 show oscillograms recorded 80 μs
after the beginning of the highvoltage pulse at gas
pressures of 2.6 and 2.0 Pa in the coaxial waveguide,
respectively. The upper and lower traces in Figs. 6a and
7a show waveforms of the electron beam voltage and
electron beam current in the BPG, respectively, and
the upper and lower traces in Figs. 6b and 7b show
waveforms of microwave signals and the local spectra
of microwave oscillations, respectively. The waveforms
of microwave signals (the time dependences of the
PLASMA PHYSICS REPORTS
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(а)
(b)

(c)

(d)

Fig. 5. Oscillograms of the main parameters of the BPG:
(a) electron gun voltage (5 kV/div), (b) electron beam cur
rent (1 A/div), (c) envelope of the microwave signal
(0.05 V/div), and (d) envelope of the integral optical radi
ation (2 V/div). The time scale is 50 µs/div.

electric field strength in the wave) and the local spec
tral characteristics were obtained using the HP Agilent
Infinium fourchannel broadband (2.25 GHz) oscillo
scope (Fig. 3, item 12).
Comparison of the results presented in Figs. 6 and
7, as well as in Figs. 8a and 8b, shows that, as the spec
trum of the microwave signal used to initiate and
maintain a steadystate discharge is narrowed, the
amplitude of the MWRSJP electric field can be
decreased by nearly a factor of 2. However, in order for
the pressure range in which breakdown occurs and a
steadystate discharge exists to be sufficiently broad, it
is necessary that the phase jump frequency be suffi
(а)
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ciently high (as will be seen below, it should be about
onethird of the microwave frequency).
Let us now analyze the measured characteristics of
MWRSJP at the input and output of the coaxial
waveguide in the optimal BPG mode (the magnetic
induction in the beam–plasma interaction region is
B = 0.096 T, Uopt = 13.2 kV, and Ibopt = 3 A). The oscil
lograms shown in Figs. 6–8 were processed by the
method of correlation analysis, and the frequency
spectra, the time dependence of the phase of micro
wave oscillations, and selfcorrelation functions were
determined. Figure 9 shows the measured parameters
of MWRSJP recorded at 100 μs after the beginning of
the electron beam pulse in the optimal BPG mode for
two air pressures corresponding to the pressure range
in which discharge in air is ignited and operates stably.
It can be seen from Fig. 9 that gas breakdown takes
place only after the electric field amplitude of
MWRSJP reaches a certain critical value, which
depends on the gas pressure. The instant of discharge
ignition can be easily determined from the abrupt
decrease in the amplitude of the microwave signal at
the output of the coaxial waveguide to almost zero. It
can also be seen that the electric field amplitude
required to maintain a steadystate discharge is one
order of magnitude lower than that required for break
down. The reason for this is that the correlation time
and the spectral width Δf of the generated oscillations
are related by the formula
τΔ f ≈ 1.
(1)
Hence, the shorter the correlation time, the broader
the spectrum (and vice versa), i.e., the higher the
degree of stochasticity [6, 7]. It was shown in [3, 4]
that the degree of stochasticity of generated oscilla
tions (i.e., the frequency and amplitude of stochastic
(b)

Fig. 6. (a) Oscillograms of the electron beam voltage (4.73 kV/div) and electron beam current (1 A/div) in the BPG (the upper
and lower traces, respectively), recorded 80 µs after the beginning of the highvoltage pulse (the time scale is 50 µs/div). The upper
trace in plot (b) shows the waveform of microwave signal (the voltage scale is 100 (V cm–1)/div, and the time scale is 10 ns/div),
and the lower trace shows the local spectrum of microwave oscillations plotted on a logarithmic scale (10 dB/div). The gas pres
sure in the waveguide is P = 2.6 Pa.
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(а)

(b)

Fig. 7. (a) Oscillograms of the electron beam voltage (4.73 kV/div) and electron beam current (1 A/div) in the BPG (the upper
and lower traces, respectively), recorded 80 µs after the beginning of the highvoltage pulse (the time scale is 50 µs/div). The upper
trace in plot (b) shows the waveform of microwave signal (the voltage scale is 100 (V cm–1)/div, and the time scale is 5 ns/div),
and the lower trace shows the local spectrum of microwave oscillations plotted on a logarithmic scale (10 dB/div). The gas pres
sure in the waveguide is P = 2.0 Pa.
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Fig. 8. Waveforms of MWRSJP at the (1) input and (2) output of the coaxial waveguide, respectively, and local microwave spectra
on a logarithmic scale (10 dB/div) at the (1') input and (2') output of the coaxial waveguide, respectively. The gas pressure in the
waveguide is P = (a) 2.0 and (b) 30 Pa, respectively. The time scale is 5 ns/div, and the voltage scale is 100 (V cm–1)/div.

phase jumps) increases with increasing beam current
in the interaction region of the BPG.
3. NUMERICAL SIMULATIONS
OF THE ACTION OF MWRSJP
ON THE PARTICLES IN A DUSTY PLASMA
Since phase jumps in different radiation sources
can occur in different ways, it is expedient to consider
and compare two characteristic models. In one model,

phase jumps occur without returning to the initial
state, while in the other, oscillations are misphased
only for a finite time, after which the phase returns to
its initial value. Diffusion is enhanced in both cases,
but in different ways.
It is important that, when oscillations are mis
phased for a finite time, the field correlation function
varies insignificantly with increasing rate of phase
jumps (as compared to the case without phase jumps).
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Fig. 9. (a, b) Waveforms of E(t) at the (1) input and (2) output of the coaxial waveguide and (c, d) amplitude–frequency charac
teristic log10S(f) at the input (curves 1–3) and output (curves 1'–3') of the coaxial waveguide for gas pressures of P = (a, c) 30 and
(b, d) 2 Pa. Curves 1, 2, and 3 (as well as curves 1', 2', and 3') refer to the beginning, middle, and end of the MWRSJP pulse.

On the other hand, when the phase does not return to
its initial value, the field correlation function changes
substantially with increasing phase jump rate. How
ever, the diffusion coefficient increases appreciably in
both cases. Below, we will analyze how the diffusion
coefficient depends on the field correlator.
3.1. Numerical Models
Let us consider particle motion in an electric field
that is described by the scalar potential ϕ( x, t ) and is a
superposition of waves with random phases. The ran
dom field has the form
M

φ ( x, t ) =

∑φ cos (ωt − k x + α
i

i

i

+ ϕ(t )) .

(2)

i =1
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The intensity of partial harmonics is distributed over
wavenumbers according to the Gaussian law,

(

)

⎧ k − k0 2 ⎫
φi2 = 2 φ 20 δk exp ⎨− i
⎬.
π Δk
Δk ⎭
⎩

(3)

The Gaussian distribution is typical of many experi
ments, but its specific shape is of minor importance
and insignificantly affects the final results. We assume
that each partial wave has its own random phase αi and
that the common phase φ( t ) of all partial waves under
goes random jumps. During a unit time, the phase φ( t )
can vary by an arbitrary value from the interval (0, 2π)
with a given probability. As was mentioned above, we
will consider two models.
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Fig. 10. Time evolution of the phase jump correlation calculated for different values of the phase jump rate ν in two models: (a) the
phase does not return to its initial value, and (b) the phase returns to its initial value.

The character of phase variations affects the form
of the correlator of the random field potential,

⎧ ⎛ ( Δkx ) 2
⎞⎫
= φ 20 δk exp ⎨− ⎜
+ γt ⎟⎬ cos (ωt − k0 x ) , (4)
xt
Δk
⎩ ⎝ 4
⎠⎭
namely, the rate of correlation damping γ caused by
phase jumps. Moreover, the Euler field correlator cal
culated in the frame of reference moving together with
the particle is damped as the particle moves in the field
of a random wave packet having a finite width in wave
number space, i.e., phase jumps introduce an addi
tional damping rate γ. It is interesting to find out how
this additional damping affects the diffusion coeffi
cient.
φ2

3.2. Diffusion Coefficient and Field Correlator
In 1921, Taylor proposed a formula relating the dif
fusion coefficient in space of some quantities to the
correlation of the rate of variations of these quantities
[8]. In our case, this formula takes the form

( )∫E

D (υ,t ) = e
m

2

t

2
υτ,τ

d τ.

(5)

0

Formula (5) represents an integral relationship
between the diffusion coefficient in velocity space and
the accelerator (field) correlator. In particular, it fol
lows from formula (5) that small variations in the field
correlator only slightly affect the diffusion coefficient.
3.3. Simulation of the Time Behavior
of Dispersion
The time dependences of the correlators φ (0) φ ( t )
calculated in the framework of the first and second
models are shown in Figs. 10a and 10b, respectively. It
is seen that the time behavior of the phase correlator in

these cases differs substantially. In the first model
(Fig. 10a), the phase correlator rapidly drops to zero at
a rate depending on the probability of jumps, whereas
in the second model (Fig. 10b), it varies only slightly
and remains close to unity.
In the first model, the damping rate of the field cor
relation function increases with increasing probability
of jumps (Fig. 11a). In the second model (Fig. 11b),
the field correlation function varies insignificantly,
which agrees with the weak dependence of the phase
correlator on the probability of jumps (see Fig. 10b).
Taking into account the above dependences, it
could be expected that, in the first model, the diffusion
coefficient would decrease with increasing phase jump
rate, i.e., with increasing the damping rate of the field
correlation function. In the second model, one could
expect that the diffusion coefficient would change
insignificantly, because the field correlation function
depends weakly on the phase jump rate. However, sim
ulations show that, in the first model, the dispersion in
velocity space increases monotonically with increas
ing phase jump rate (Fig. 12a), whereas in the second
model, it also varies substantially, but depends on the
phase jump rate nonmonotonically (Fig. 12b) and has
a maximum. Diffusion in coordinate space behaves in
a similar manner (Fig. 13). The increase (as well as the
subsequent decrease) in the diffusion coefficient in
velocity space with increasing phase jump rate can be
partially attributed to the broadening of the frequency
spectrum of field correlations, as well as to the increase
in the duration of the initial ballistic stage.
However, such an explanation is not always obvi
ous. To interpret the above results, let us consider Tay
lor formula (5). The diffusion coefficient is the integral
of the oscillating field correlation function, the ampli
tude of which decreases in time. If the amplitude is
damped weakly, then the integral contribution from
correlations is small and increases with increasing
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Fig. 11. Time evolution of the Eulerian field correlation calculated for different values of the phase jump rate ν in two models:
(a) the phase does not return to its initial value, and (b) the phase returns to its initial value.
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Fig. 12. Time evolution of the velocity dispersion calculated for different values of the phase jump rate ν in two models: (a) the
phase does not return to its initial value, and (b) the phase returns to its initial value.

(a)

νjp = 10
1
0.1
0

νjp = 10
1
0.1
0

80000
〈DX 2〉

(b)

60000
40000
20000

0

200

400

600

800

~

t

200

400

600

800

~

t

Fig. 13. Time evolution of the coordinate dispersion calculated for different values of the phase jump rate ν in two models: (a) the
phase does not return to its initial value, and (b) the phase returns to its initial value.
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in the MWRSJP field as a function
/ Vosc

of the dimensionless time ˜t (curve 1). Curve 2 shows the
result obtained in [16] for the case in which the phase reg
ularly jumps by π after a given number of the field periods.

damping rate (as is the case in both models when the
phase jump rate increases gradually, which is accom
panied by the progressive increase in the damping rate
of the field correlator). On the other hand, when the
damping rate of field correlations is strong, the inte
gral contribution from the first halfperiod of the
oscillating field correlation function can exceed the
integral contribution of the subsequent halfperiods,
in which the sign of the field correlation function
alternates. Thus, both weak and strong damping of the
field correlation function can result in an increase in
the diffusion coefficient.
4. NUMERICAL SIMULATIONS OF GAS
IONIZATION AND COLLISIONLESS
ELECTRON HEATING BY MWRSJP
4.1. SingleParticle Approach
Let us first consider collisionless electron heating
by MWRSJP in a singleparticle approach and ignore
the contribution of pair collisions to the energy
exchange between the electromagnetic wave and elec
trons. We consider the increase in the electron energy
in a wave the phase of which undergoes stochastic
jumps and the value of the phase jump is a random
quantity. It was shown in [1, 13–15] that collisionless
electron heating and the penetration of MWRSJP into
a dense (supercritical) plasma occur in a similar man
ner regardless of whether phase jumps take place at
random instants or they are regular (the average time
interval between phase jumps is constant). Thus, the
presence of jumps, rather than whether they are ran
dom or regular, is important.
In our simulations, we assume that the electric field
is uniform and that its phase undergoes random phase
jumps at random instants. For comparison, curve 2 in
2
Fig. 14 shows the time dependence of the ratio V 2/ Vosc
(where V is the electron velocity at the instant t and Vosc

is the electron oscillation velocity in the wave field) for
the case in which the phase regularly jumps by π after
a given number ℜ of the field periods [16]. Curve 1 in
Fig. 14 shows the results of calculations of the energy
exchange between MWRSJP and an electron. It can
2
be seen that, in curve 2, the ratio V 2/ Vosc
is propor
tional to the time t. In our simulations (curve 1), the
2
ratio V 2/ Vosc
grows more slowly than curve 2 (i.e., it
increases diffusively, which is caused by the random
character of phase jumps). In particular, it can be seen
2
from Fig. 14 that the ratio V 2/ Vosc
increases over
800 periods by a factor of 600. This means that, when
the phase regularly jumps by π after a constant number
ℜ of field periods, the electron energy grows nondiffu
sively.
Let us estimate the required field strengths and
optimal pressures for the parameters of the MWRSJP
generated by the BPG (see [5] for details).
The amplitude of the MWRSJP electric field corre
sponding to a given electron oscillation energy
2
mVosc
/ 2 = εosc is
E = Vosc mω,
e
where ω is the field frequency.
The electron oscillation energy should be taken
such that the effect of elastic collisions is minimum.
For xenon, which will be considered below, the corre
sponding field strength is E = 100 V/cm.
To decrease energy losses caused by elastic colli
sions, the density of the working gas is chosen in such
a way that the second term on the righthand side of
the energy balance equation is much smaller than the
first one,

∂ε = ν ε − ν ε .
(6)
jp osc
ε
∂t
Here, ε is the instantaneous value of the electron
energy and ν ε is the electron energy loss rate in elastic
collisions, which is related to the momentum loss rate
νtr by the formula ν ε = (m M Xe)1/2ν tr (where M Xe is the
mass of a xenon atom). Then, we obtain

( )

ν jpε osc M Xe 1/2
(7)
.
σ tr(ε)V (ε) m
The working pressure is determined by the formula
P = NkBTg ; i.e., we have
NⰆ

PⰆ

( )

ν jpε osckBTg M Xe
σ tr(ε)V (ε) m

1/2

(8)

,

where T g is the gas temperature and kB is the Boltz
mann constant.
The ionization rate is taken equal to the phase jump
rate at the optimal electron energy εopt. Taking into
account that phase jumps occur in every period, we
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obtain ν ion (ε opt ) = ν jp = ω/3. Calculations show that
the optimal pressure is P = 10 Pa. Energy losses caused
by elastic collisions can be found from formula (6).
13
For the optimal gas density N = 2.5 × 10 cm–3 and
the wave field E = 100 V/cm, we find that the rate of
collisional energy exchange is ν ε = 2.8 × 10 7 s–1 for
εion = 12.13 eV [17].
4.2. Kinetic Approach
The Boltzmann kinetic describing the electron dis
tribution function f ( r , p , Ω , t ) (where r is the radius
vector, p = mv is the absolute value of the electron
momentum, v ( p ) is the electron velocity, Ω = p /p is
the unit vector directed along the electron momen
tum, and t is time) has the form

∂ f ( υ , μ, t ) e
− E cos (ωt + φ( t ))
∂t
m
∂ f ( υ , μ, t )
⎡∂f ( υ, μ, t )
⎤
×⎢
dv/ dv || +
dμ/ dv ||⎥
∂μ
⎣ ∂v
⎦
= − N 0σ tot(υ)υf
d σ ( mυ | Ω ' → Ω )
+ N 0 dμd φυ el
f ( v , μ, t )
dΩ '
dσ
(p ' → p )
f (v ', μ, t ),
+ N 0m d υ ' υ ' nonel
dp '

(9)

2

2
⎛
⎛υ⎞ ⎞
10 σ nonel = 2.4 − 0.01⎜16 − ⎜ ⎟ ⎟ ,
⎜
⎝ υ0 ⎠ ⎟⎠
⎝
for 4.5υ0 > υ > υ*,
16

⎛ ⎛⎛ ⎞2
⎞⎞
1016σ nonel = 2.22exp ⎜ −β ⎜ ⎜ υ ⎟ − 20 ⎟⎟ ,
⎜ ⎜ ⎝ υ0 ⎠
⎟⎟
⎝ ⎝
⎠⎠
for 4.5υ0 < υ , β = 0.01,

⎛ ⎛ υ − υ0 ⎞ 2 ⎞
⎡υ
⎤
, where Θ( x ) is
0.85 Θ ⎢ − 1⎥ + 3exp ⎜ − 2 ⎜
⎜ ⎝ υ 0 ⎟⎠ ⎟⎟
⎣ υ0
⎦
⎝
⎠
2010

(10)

(11)

where υ * = 2 I Xe/ m = 1.29 υ 0.
The dimensionless quantities (marked with a tilde)
are introduced as follows:
(12)

For E = 100 V/cm, 0.2 ≤ a ≤ 4, and b = 1, the expres
sions for σnonel can be rewritten in the following
dimensionless form:

σ nonel = 0 for υ < υ*,

where e is the elementary charge; m is the electron
mass; E is the electric field strength; N 0 is the neutral
gas density; σ tot is the total collisional cross section;
σel is the cross section for elastic scattering; σnonel is
the cross section for inelastic scattering; ω = 2 π f is the
MWRSJP cyclic frequency; and ϕ is the wave phase,
which undergoes random jumps (from 0 to 2 π ) in
every wave period. In this case, the characteristic time
−9
interval between jumps is Δ t = 1 / f = 1.6 × 10 s, but
the value of the phase jump is a random quantity from
the interval (0–2 π ). For a typical field strength of E =
100 V/cm, the electron oscillation velocity is
υ0 = eE/ mω = 5 × 108 cm/s, which corresponds to the
oscillation energy ε 0 = mυ02/ 2 = 7.5 eV = 1.2 ×
10 ⎯11 erg. The typical oscillation amplitude is r0 =
υ 0/ ω = 0.13 cm. For xenon, the ionization energy is
IXe = 12.129 eV. Under our experimental conditions,
the neutral gas density is N 0 = 5 × 1014 − 1016 cm–3.
The cross section for elastic collisions σel , as well as
the total cross section σ tot , can be taken equal to
3 × 10–15 cm2 (more precisely [17], 1015σ el =

No. 8

σ nonel = 0 for υ < υ*,

Δt → 2πω−1, eE/ mωυ0 = b, N 0υoω−1σ tot = a.

∫

Vol. 36

the Heaviside step function), and the cross section for
inelastic collisions σnonel for xenon can be written as

f → N 0v 0−3 f, σ → σ totσ , υ → υov, t → ω−1t,

∫
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(13)

2 2
⎧⎪
⎛
⎛ υ ⎞ ⎞ ⎫⎪
N 0υoω σ nonel = 0.33 a ⎨2.4 − 0.01⎜16 − ⎜ ⎟ ⎟ ⎬,
⎜
⎝ υ0 ⎠ ⎟⎠ ⎪⎭ (14)
⎪⎩
⎝
for 4.5υ0 > υ > υ *,
−1

⎛ ⎛⎛ ⎞2
⎞⎞
N 0υoω−1σ nonel = 0.732a exp ⎜ −β ⎜ ⎜ υ ⎟ − 20 ⎟⎟
⎜ ⎜ ⎝ υ0 ⎠
⎟⎟ (15)
⎝ ⎝
⎠⎠
for 4.5υ0 < υ , β = 0.0 1.
4.3. Simulation Results and Discussion
In terms of dimensionless variables, the two
dimensional kinetic equation takes the form

∂f (v, μ, t )
∂f (v, μ, t )
− b cos (ωt + φ)
∂t
dv ||
= − av

(σel (v ) + σnonel (v )) f

σ tot


→
Ω
dσel(v | Ω
'
)
v
a

+
dΩ '
f (v, μ ', t )
dΩ '
σ tot

∫

∞

∫

+ 0.33a dv 'v '
v*

dσ nonel
2
2
f (v + v ' , μ, t ).
′
dv

(16)
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Fig. 16. (a) Total electron energy ε and (b) electron density
n as functions of the dimensionless time ˜t for the case in

Fig. 15. (a) Total electron energy ε and (b) electron density
n as functions of the dimensionless time ˜t for the case in

which the phase undergoes two jumps in every period.

which the phase undergoes one jump in every period.

The first two terms in Eq. (16) are responsible for elas
tic collisions. Transforming them into a diffusion form
(see [18, 19]) and eliminating the derivative with
respect to the velocity component parallel to the elec
tric field, we obtain the following kinetic equation:
∂f (v, t )
∂f (v,t )
− b cos (ωt + φ(t ))
dv
∂t
3
k
T
⎧ 2
⎡ 2
⎤
= am 12 ∂ ⎨v σel (v ) ⎢v − B 2g ⎥ f (v, t )
σ totM v ∂v ⎩
m
υ
⎣
0 ⎦
kT⎤
⎡
⎫
+ ∂ ⎢σel (v ) v 3 B 2g ⎥ f (v, t )⎬
∂v ⎣
mυ0 ⎦
⎭
σ nonel (v ))
(
f ( v, t )
−v
σ tot

(

max( 20 −v

+ 0.0132a

(

)

2 1/2

∫

,0)

(

dv 'v ' 2 16 − v 2 − v ' 2

max( 1.66 −v

)

2 1/2

,0)

)

clearly demonstrates that it changes most significantly
at μ = ±1, i.e., when the angle of collisional scattering
or the phase jump is π, which corresponds to electron
motion along the electric field or opposite to it. The
change in the electron energy in this case is naturally
the largest. The results of calculations of the change in
the total energy (collisionless electron heating) and
plasma density (ionization) clearly demonstrate that
the increase in the phase jump rate leads to an increase
in both the growth rate of the total electron energy
(upper curves in Figs. 15–17) and the plasma density
(lower curves in Figs. 15–17) due to the growth of the
ionization rate.
It is worth noting that the electron distribution
function substantially deviates from thermodynami
cally equilibrium and is cut off near the ionization
energy. The ionization of the neutral gas is most
intense and, accordingly, the electron and ion densi
ties grow most rapidly at the optimal phase jump rate.
The optimal phase jump rate should coincide with the

(17)

× f (v 2 + v ' 2, t )
+ 0.0147a

(

∫

max( 20−v

(

dv 'v ' 2

)

2 1/2

)

ε

∞

,0)

× exp[β 20 − v − v ' ] f (v + v ' , t ).
2

2

2

A code based on an implicit finitedifference
scheme was developed to integrate twodimensional
equation (16) and onedimensional equation (17).
The initial electron distribution function corre
sponded to the thermodynamically equilibrium Max
wellian electron distribution function with a tempera
ture equal to the electron oscillation energy. The
dimensionless time step was 0.01.
The results of calculations are presented in
Figs. 15–19. The electron distribution function
(Fig. 19) obtained in twodimensional simulations
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Fig. 17. (a) Total electron energy ε and (b) electron density
n as functions of the dimensionless time ˜t for the case in
which the phase undergoes four jumps in every period.
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Fig. 18. Electron distribution function f vs. dimensionless
velocity squared.

ionization rate at electron energies close to the ioniza
tion energy of the working gas.
5. NUMERICAL SIMULATIONS
OF THE TRANSPORT OF OPTICAL
RADIATION IN DISCHARGE
INITIATED BY MWRSJP

f
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Fig. 19. Electron distribution function f vs. absolute value
of the dimensionless velocity v and cosine μ of the angle
between the directions of the electric field and electron
velocity.

described by the following ordinary differential equa
tion:

We developed the SPECRAY code, which allows
one to calculate the radiation spectrum along a ray for
the known profile of the absorption coefficient under
the assumption that the medium is in thermodynamic
equilibrium and does not scatter radiation.
The spectrum of radiation emitted from a homoge
neous 18mmthick slab of a Xe–Na gas mixture at
0.5 eV (5800 K) was calculated. It was assumed that
radiation was emitted only by the neutral atomic com
ponents. The fraction of Na atoms was 0.1%. The
electron density was taken equal to 1015 cm–3, and the
total pressure of the mixture at the given temperature
was 1 atm. Radiation scattering was ignored.
The change in the spectral intensity I ν(s ) with dis
tance s along the ray for a given frequency ν is

∂I ν
= j ν − kν I ν .
∂s

Here, kν is the spectral absorption coefficient of the
medium and jν is the emissivity, which was calculated
under the assumption of thermodynamic equilibrium
by the formula jν = kνU νP , where
3
U νP = 8πh3ν hν / k1BT
c e
−1
is the Planck energy density of blackbody radiation.
The solution to Eq. (18) with the initial condition
I ν(s0) = I ν0 has the form

⎛ s
⎞ s
⎛ s
⎞
I ν(s ) = I ν0 exp ⎜ − kν(s '')ds '' ⎟ + jν exp ⎜ − kνds '' ⎟ ds ' .
⎜
⎟
⎜
⎟
⎝ s′
⎠
⎝ s0
⎠ s0

∫

∫
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Fig. 20. Spectral intensity of radiation as a function of the radiation wavelength.
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Fig. 21. Optical thickness of the slab τ as a function of the radiation wavelength.

For a piecewise constant distribution kν ( s) , this solu
tion can be calculated analytically.
The code uses the pretabulated dependences of the
absorption coefficients on the wavelength and temper
ature for a given plasma chemical composition. Since
the temperature dependence of the ion composition is
already taken into account in this table, the optical
properties of the mixture along the ray are specified by
prescribing the temperature profile in the form of an
arbitrary piecewise constant function or a fourparam
eter powerlaw dependence.
For a given mixture composition and given temper
ature, the values of the absorption coefficient in the
wavelength range 200–2000 nm were tabulated with a
step of 0.1 nm.
The calculated spectrum of plasma radiation is
shown in Fig. 20.
Figure 21 shows the optical thickness

τ=

∫

s1

kν( s) ds of the slab as a function of the wave

both experimentally and theoretically, and the pres
sure range in which the power required for discharge
ignition and maintenance is minimum are deter
mined.
The results of one and twodimensional numeri
cal simulations can be formulated as follows.
(i) The intensity of collisionless electron heating
increases with increasing rate of phase jumps in
MWRSJP.
(ii) There is an optimal phase jump rate at which
the rate of gas ionization and, accordingly, the growth
rate of the electron and ion densities are at a maxi
mum. The optimal phase jump rate is equal to the ion
ization frequency at electron energies close to the ion
ization energy of the working gas.
(iii) The results of numerical simulations agree
qualitatively with the experimental data.

length. The total radiation intensity and the intensity
of visible radiation were found to be 4.8 × 104 and 3.3 ×
104 W m–2 sr–1, respectively.

The original SPECRAY code has been used to cal
culate the spectral radiation intensity along a ray for
the known profile of the absorption coefficient under
the assumption that the medium is in thermodynamic
equilibrium and does not scatter radiation.

6. CONCLUSIONS
We have carried out experiments on the ignition
and maintenance of a microwave discharge in air by
using the unique MWRSJP BPG. To interpret the
experimental results, a computer code has been devel
oped that allows one to simulate the process of gas ion
ization by electrons heated in the MWRSJP field and
the behavior of plasma particles in such a field.
The conditions for ignition and maintenance of a
microwave discharge in air by MWRSJP are found

Due to strong absorption of the MWRSJP power,
the discharge ignited in the coaxial waveguide is non
uniform along the waveguide, because the field ampli
tude decreases by more than one order of magnitude at
the waveguide output. It should be noted that the spec
tral components corresponding to the maximum of
the MWRSJP spectrum at the input to the waveguide
are practically absent at the waveguide output. In a
steadystate discharge maintained by MWRSJP, the
main spectral components are damped almost com
pletely due to gas ionization.

s0
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The discharge glow decreases substantially with
distance from the MWRSJP input and has a filamen
tary structure.
As the air pressure decreases, the optical radiation
spectrum of the discharge shifts toward a shorter wave
length range. Thus, at a pressure of 20 Pa, the dis
charge glow is red, but, as the pressure is decreased by
one order of magnitude, the discharge glow becomes
blue.
The discharge glow and microwave generation are
observed practically over the entire duration of the
electron beam pulse in the BPG.
The results of this work can be used to develop a
new type of efficient sources of optical radiation with
a quasisolar spectrum. This may result in a break
through in the field of lighting engineering.
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