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Results obtained in an experimental investigation of the propagation mechanism of an ultrahigh­
frequency discharge in air are presented. The mechanism of motion of the discharge can have two 
sta?Jes, comprising conductive heating of the gas ahead of the leading edge of the discharge, as shown 
inC1 , and breakdown of the heated gas. This substantially affects the discharge parameters. The 
relative roles of the different mechanisms depend on the gas pressure and electric field strength in 
the uhf wave. 

A quantitative description of the motion of an ionization 
wavefront in strong uhf fields in air at atmospheric 
pressure was attempted for the first time by Ralzer. [1J 
His solution was based on an analogy between the motion 
of an uhf discharge and the propagation of a flame in a 
combustible mixture. This approach, assuming equili­
brium of the heating and ionization of a gas, enabled him 
to calculate, as functions of the power input level, both 
the gas temperature in the wave and the velocity of wave 
propagation. The calculation agrees with the experimen­
tal results in [2J when it is assumed that the ionization 
wave moves within a heated gas, i.e., like a flame 
propagating from the closed end of a tube. However, 
this assumption, which yields quantitative agreement 
between theory and experiment for power under 2000 W, 
does not account for the steep increase, observed in[2] , 
of ionization wave velocity at generated power levels 
above 2000 W. 

A very much greater discrepancy, both quantitative 
and qualitative, between the measured and calculated 
ionization wavefront velocities was obtained by the au­
thors of[3] , who investigated uhf discharges in air at 
pressures from 16 to 150 Torr. Unlike the procedure 
in[2J, the discharge was excited at the frequency 
f = 2.4 GHz in a long glass or quartz tube pOSitioned 
along the axis of a rectangular or circular waveguide. 
Uhf power input within the range 300-1300 W was in­
sufficient for self- initiated breakdown of the gas in the 
tube. Therefore the discharge was initiated by means 
of a spark discharger located at the end of the tube that 
was distant from the uhf source. 

Detailed studies of the development of a discharge 
and the formation of a plasma cloud indicated the exis­
tence of two stages of discharge motion with different 
velocities. In the initial segment the motion of the ion­
ization front proceeds with enhanced velocity; this is 
associated with adiabatic expansion of the heated gas in 
the region of plasma cloud formation. This hypothesis 
is supported by the fact that the gas temperatures de­
termined from the energy conservation equation 

Wabs = p,uh.S (1) 

(where Wabs is the power absorbed by the discharge, 
po is the cold gas density, u is the ionization wave veloc­
ity in the region of steady motion, hk is the enthalpy of 
the gas in the wave, and S is the cross section of the 
discharge) are quite consistent with the relation between 
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the velocities in the initial and steady- state regions of 
motion: 

.!!....= 'Y,('Yk-1) CpkTk 

u 'Yk('Y' - 1) cp,T, 
(2) 

(where U is the velocity in the initial region, yo and Yk 
are the adiabatic exponents of the cold and the hot gas, 
cpo and cpk are the specific heats of the cold and the hot 

gas, To is the initial gas temperature, and Tk is the 
final gas temperature). Thus, the analogy, proposed 
in[1J, with flame propagation from the closed end of a 
tube is valid only for the initial stage of discharge mo­
tion. As has been shown in[3J, the initial region of dis­
charge motion is drastically shortened as the gas pres­
sure increases; it is therefore doubtful that the data 
in [2J pertain to this stage of motion. Evidently, the dis­
crepancy between the velocities calculated when assum­
ing that the ionization wave pro&agates in a cold gas[1J 
and the velocities measured in 2J at generated uhf power 
~ 2000 W is associated primarily with the complexities 
involved in determining the density of electromagnetic 
energy flux at the plasma boundary. 

An even more interesting conclusion follows from 
the analysis of the curves in Fig. 1 representing the 
velocity of the ionization wavefront as a function of the 
uhf power level in air at pressures of 16 and 22 Torr. 
According to the energy equation (1), nonlinear enhance­
ment of the velocity with increaSing power input indi­
cates lowering of the final gas temperature in the dis­
charge. This fact cannot be accounted for within the 
framework of the equilibrium theory of slow combus­
tion. We must therefore acknowledge the existence of 
processes that limit the applicability of the analogy be­
tween motion of the ionization wavefront in a strong uhf 
field and flame propagation in slow combustion, with 
regard to both pressure and the level of uhf power input. 
It was suggested in [3J that the reason for the discrep­
ancy between the experimental ionization wave veloci­
ties and the calculations lies in nonequilibrium of the 
plasma in a real discharre. 

The measurements in 3J showed that at gas tem­
peratures Tk ~ 2000° - 3000 Q K in the discharge the 
electron concentration is ne ~ 1012 cm -3 and the mean 
electron energy is Tav ~ 5-10 eV. It is the purpose of 
the present work to determine a concrete mechanism 
whereby nonequilibrium influences, especially, the 
velocity of the ionization wavefront. 
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The discharge investigated in [2] at atmospheric 
pressure and observed in[3] at reduced pressures com­
prises a column oriented along the force lines of the 
electric field. This similarity in the forms of the dis­
charges at different pressures and uhf power inputs 
suggests that atomic heat conduction plays a definite 
role in the motion of a discharge within the entire in­
vestigated ranges of the parameters. The main differ­
ence between the considered scheme and Raizer' s 
model [1] will consist in establishing the ionization 
temperature To corresponding to the jump of charged 
particle concentration, i.e., at the boundarr of the reg­
ion of the discharge. According to Raizer, 1 J in the 
case of equilibrium heating To is determined by thermal 
ionization of the gas. However, under the conditions of 
the considered experiments a different ionization mech­
anism is also possible. In the region of gas heated by 
thermal conduction ahead of the discharge front there 
exists an electromagnetic wave whose electric field is 
given by 

Eb.d:= (E inc + E reff + 2E ineEeff cos <p) 'I" (3) 

where Einc is the field strength in the incoming wave, 
Erefl is the field in the reflected wave, and qJ is the 
phase difference between the two waves. 

Taking Eb.d. into account, it becomes obvious that 
equilibrium propagation of a discharge is possible only 
if Eb.d. < ETo' where ETo is the electric field strength 
required for self-initiated breakdown of a gas heated to 
the temperature To at the ionization boundary according 
tol1J. When this condition is not satisfied, the propa­
gation of the discharge can depend on breakdown of the 
heated gas, while the ionization temperature To will de­
pend on Eb.d., i.e., on the uhf input of the discharge. 
If, furthermore, we assume, following[lJ, that the dif­
ference between the final temperature Tk of the gas in 
the discharge and the ionization temperature To is as 
small as previously (Tk - To « To), the velocity of the 
ionization wave will be determined by solving the follow­
ing system of equations: 

EM:=: f(T.(x, y, z)n,(x, y, z) Wine), 

Wabs = p.uh~, ",(T.) = ".(T.) + D / N, 
(4) 

where, in addition to the already known quantities, we 
have the ionization frequency Vi' the electron attachment 
frequency va, the electron diffusion coefficient D, and 
the diffusion length A. It must be pointed out immed­
iately that any attempt to solve these equations rigor­
ously will encounter great difficulties associated, first 
of all, with solving the electrodynamic equations that 

determine Eb.d.' Nevertheless, it is interesting to 
analyze the results obtained from the given formulation 
of the problem and to compare them with experiment. 

We note, first, that the field required for breakdown 
as a function of the gas pressure for the given geometry 
of the discharge chamber (the Paschen curve) possesses 
a characteristic minimum. For air in a discharge tube 
of 20-mm diameter[3J we have the minimum E~m 
= 200 V /cm. [4J This means that for Eb.d• ~ 200 '\r /cm 
the only mechanism of discharge motion is propagation 
resulting from equilibrium heating of the gas. Since 
only the reflection coefficient, and not the phase differ­
ence of the reflected wave, was measured in [3J it is 
impossible to determine Eb.d. exactly. We can only 
state that it lies within limits as follOWS: 

E:.~ = En - E • ..;; Eb.~ En + E. = Eb.d. . (4a) 

In the entire given power range, 300 watts ~ W ~. 1300 
watts, we have 

min. min mflX min. / 
Eb.d. <Er , =200V/cm, Eb.d. >Er, =200 V cm (4b) 

Thus the heated gas can break down only when Eb d is 
. . max' . 

lImited as follows: ETo ~ Eb.d. ~ Eb.d .. 
If we use E b.d. = Ew.a~ the.theoretical vel?cities 

considerably exceed the experul}ental values m the en­
tire power range. If Eb.d. = E1¥m, for W > 600 watts 
the theoretical velocities are stiialler than the measured 
values, while for W -::; 600 watts the theoretical veloci­
ties are larger. 

Assuming that both the thermal conduction and break­
down mechanisms of motion exist, the foregoing result 
can be accounted for by the fact that for W ::; 600 watts 
the value of Eb.d. determined by the field strength in 
the incoming wave and by th.e phase difference in re­
flection is smaller than E¥!:n and the motion of the dis­
charge is determined exclusively by thermal conduction. 
It is obvious that increased generated power will lead to 
breakdown of the gas ahead of the wavefront and, in the 
limit, to self-breakdown of the cold gas at antinodes of 
the standing wave that is formed by superposition of the 
incident and reflected waves. 

Using the coefficient of reflection of the uhf wave 
from the plasma cloud (25% according to experiment), 
we can calculate the power limit Wlim for which break­
down of the cold gas occurs at antinodes of the standing 
wave. At 16 Torr the calculation yields Wlim = 1300 
watts, which accords well with the experimental fact that 
for W = 1300 watts the velocity of the ionization wave 
cannot be measured. After a pulse is fed to the spark 
initiator a discharge flashes immediately throughout the 
entire length of the tube. 

Thus the quantitative comparison of experimental re­
sults with conclusions derived from the proposed model 
confirms the existence of a breakdown mechanism for 
the development of ionization. However, because of the 
great ambiguity of the calculated discharge velocities, 
resulting from the impossibility of obtaining exact data 
for the phase difference in reflection, an additional ex­
periment is needed whlch would confirm unambiguously 
the existence of breakdown ionization in the case of 
power exceeding ~ 600 watts, as follows from Fig. 1. 

The basis of this experiment can be the influence, 
observed in L5J , of a magnetic field on the velocity of the 
discharge. If the discharge moves because the gas is 
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heated ahead of the front and subsequently breaks down, 
the magnetic field can influence the motion of the dis­
charge only under the condition H ~ E. In'this case the 
effective field at the boundary of the discharge, Egf~ 
and the effective field in the plasma, Eef, will be .. 
given by p 

(Eo:ff, )' _ E'. vt,d.,pl+ oo' ( 1 
b.d.,pl - b.d.,pl 2 v~.d.,pl+ (00 - (i)H)' 

+ v~.d.PI + (~ + (i)H)' ) • (5) 

where Eb.d. I is the field at the boundary of the dis­
charge or in fhe plasma in the absence of a magnetic 
field, Vb.d., pI is the effective frequency of collisions 
between electrons and neutrals at the boundary of the 
discharge or in the plasma, W is the frequency of the 
generated uhf wave, and WH is the Larmor frequency. 
With increase of the magnetic field strength, because of 
the diminution of E eff there occurs a reduction of the 
energy input in the ~ischarge and of the thermal current 
heating the gas ahead of the discharge front, accompan­
ied" of course, by a lower velocity. The diminution of 
Eg.~. leads to a rise of the ionization temperature To 
and therefore also to a reduced velocity of the dis­
charge. Conductive heating of the gas ahead of the dis­
charge front should not be affected by a magnetic field 
having any orientation. If the motion of the discharge is 
affected by forward diffusion of the charged particles 
from the region of energy release in the direction of 
discharge motion, this mechanism should be sensitive 
to the magnetic field for u 1 H, 

To answer the questions that had been raised experi­
ments were performed to investigate the velocity of dis­
charge motion in a region within a uniform magnetic 
field having three possible orientations: 1) H 1 E, H 1 u; 
2) H ~ E, H II u; 3) H 1 U, H II E. For this purpose we 
used either a transverse magnet [cases 1) and 3)J, or a 
short section of a solenoid [case 2)J surrounding the 
waveguide containing the investigated discharge tube. 
Figure 2 shows the velocity of the discharge in a tube 
of 20-mm diameter at 38 Torr and W = 1000 watts as a 
function of the magnetic field for the case of H 1 E, 
H ~ u. It is here seen that for this orientation of the 
magnetic field the velocity of the discharge diminishes 
as H increases and that at the critical field Hcr = 4000 
Oe the discharge is halted. 

In the case H ~ E, H II u the discharge loses velocity 
Similarly and is stabilized (Fig. 3). The small (not ex­
ceeding 30%) discrepancy between the respective values 
of Hcr for H 1 E, H 1 u and H ~ E, H II U results from a 
difference in the geometry of the magnetic field region. 
The discharge velocity in the case of H ~ E, H 1 u does 
not vary up to the maximum field ~ 9000 Oe reached in 
this experiment. 
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FIG. 2. Velocity of uhf discharge in a tube of 20-mm diameter 
versus magnetic field strength; W = 1000 watts, H 1 E, H 1 u. 
----pjG. 3. Critical magnetic field as a function of air pressure: O-H 1 
E, H 1 u; .-H 1 E, H II u. Tube diameter 20 mm. 

We note that the ambipolar diffusion coefficient in 
the hot gas is reduced one- half at H = 9000 Oe. This 
should lead to a decrease of the discharge velocity if its 
motion depends on electron diffusion. 

The rotation of the discharge column in a circular 
waveguide immersed in a longitudinal magnetic field 
where H ~ E and H II U constitutes evidence that a region 
of gas heated to a high temperature exists ahead of the 
discharge. It follows from [2,3J that at all pressures the 
discharge is oriented along the electric field lines. It 
is reasonable to assume that the rotation of the dis­
charge is associated with rotation of the polarization 
plane of the electromagnetic wave. A plane-polarized 
wave propagating in a plasma along a magnetic field 
can be represented by the sum of two waves with left­
hand and right-hand circular polarization, respec­
tively. LSJ High- speed cinematography (Fig. 4) shows 
that rotation of the discharge is not accompanied by a 
change of its shape. It can therefore be assumed that 
the region where the two waves exist is the region of 
hot gas ahead of the discharge boundary. 

A change in the angle of rotation as a discharge 
moves through a region in a nonuniform magnetic field 
can be attributed to diminishing velocity as H increases. 
Decreasing velocity leads to increased length of the hot 
gas region ahead of the discharge, i.e., to increasing 
phase difference between the waves of different polar­
izations at the discharge boundary. A familiar proce­
dure was used to determine the rotation angle of the 
polarization plane. ISJ For the parameters of the dis­
charge shown in Fig. 4 we obtained quite reasonable 
values of the electron concentrations and the requisite 
extent of the hot gas region ahead of the discharge front. 
For example, with n = 5 x 1010 cm -3 the polarization 
plane rotates within a length ~ 2 cm. The actual length 

FIG. 4. Rotation of a discharge moving through a magnetic field region. 
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1 of the heated gas region ahead of the discharge front 
was of the order of 3 cm. This was estimated using the 
formula I = a/uH' where a is the thermal conduction co­
efficient and uH is the discharge velocity in the magnetic 
field. 

In addition to applying a magnetic field, another ex­
periment was possible, in which at an already investi­
gated gas pressure and generated power level the influ­
ence of the breakdown mechanism of ionization can be 
excluded. We calculated the diameter of the tube where 
Ep;n > E~a~ for aU the available values of the power; 
this tube diameter was found to be 6.5 mm. Figure 5 
shows the measured velocities of discharges in tubes of 
20-mm and 6.5-mm diameter at 22 Torr. The absence 
of any bend in the curve for the 6.5-mm diameter shows 
that the breakdown mechanism of ionization was sup­
pressed in accordance. with the proposed model of dis­
charge motion for EPom < Eb.d .. 

Thus the experiments with a magnetic field and tubes 
of different diameters confirmed the hypothesis that the 
mechanism of uhf discharge motion can have two stages 
consisting in conductive heating of the gas ahead of the 
discharge front and subsequent breakdown. The respec­
tive roles of the two processes depend primarily on the 
gas pressure and the electric field strength. Even at 
high pressures the breakdown mechanism can prevail if 
the field strength of the incoming wave is high enough. 
An estimate of the region where the breakdown mechan­
ism existed in the experiments of[2] at atmospheric 
pressure showed that gas breakdown at the discharge 
boundary is possible with W ~ 2000 watts. In precisely 
this region a steep rise of discharge velocity is observed 
with the increase of incoming power. 
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