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ABSTRACT

An elementary theory is developed for predicting the strength
of pressure waves to be expected from sudden breakdown of a gas
by high frequency electromagnetic waves in a one-dimensional
geometry., It is shown that for an uncontrolled breakdown where
the local field strength is not carefully matched to the instantaneous
plasma condition to avoid strong reflections, the heating effect will
be self-limiting and the resultant shock strength depends only on the
incident wave frequency and on the initial gas density. Numerical
example for microwave breakdown in air indicates that at normal
sea level density, the shock wave accompanying the breakdown is
generally quite weak (of the order of Mach 1.1 at 100 Gc/S frequency).
However, for breakdown at lower air densities, stronger shock waves
can be anticipated.

Preliminary experimental observations of pressure waves gen-
erated in a one-dimensional channel by pulse microwave discharges
tended to confirm the general features of the elementary theory but

showed somewhat stronger effects than predicted,
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I. INTRODUCTION
In theoretical treatments of high frequency breakdown and micro-

wave discharges, 1,

the hydrodynamic effects produced by the discharge
are usually neglected, While this may be justified in continuous wave
discharges where the gas sample involved is in a quasi-steady state,
such neglect of the dynamic effects in pulse discharges is open to ques-
tion on account of possible density modulation by the expansion and mass
motion of the gas in the discharge region. From a practical point of
view, these hydrodynamic effects could be of some importance in high
power communication systems since the breakdown may induce unex-
pected mechanical loads on the surrounding structures, In gasdynamics
and in astrophysics, a complementary problem of possible interest is
the question of whether it is possible to produce strong shock waves
from a distance by intense bursts of electromagnetic waves.

In a recent paper, Musson-Genon and Brousseau3 have reported
some optical observations of shock waves produced by microwave pulses
within the switching tubes (or TR tubes) in a duplexer. Using He, Ne,
Ar and Xe at initial pressure between 10 and 50 mm Hg as filling gases
for the switching tubes (glass tubes of 1.8 to 7.2 mm diameter and 40
to 80 mm length, inserted perpendicularly through the middle of a rec-
tangular wave guide, which formed part of the duplexer), and peak
power varying between 33 and 200 kw ( 1 psec pulse width, and 103

pulses/sec repetition rate, at some unspecified microwave frequency),

shock waves of apparent Mach number between 1.0l and 2.00 have been



observed to propagate transversely across the diameter and subsequently
reflect back from the opposite side of the switching tube. No attempt
has been made, however, to interpret these experimental results on a
quantitative basis.

In the present paper, we shall try to estimate the theoretical
shock strength to be expected from pulsed discharges of this type from
an elementary theory, and to examine the various factors which govern
the strength of the shock wave thus produced, For simplicity, the
theoretical analysis will be based on a one-dimensional geometry, and
attention will be paid only to the question of the initial shock formation.
The more complicated problem of subsequent wave motion and reflec-
tions from the boundaries of a finite geometry will be avoided, Numer-
ical results will be given for the case of microwave breakdown in air
as functions of wave frequency and initial density. These results will
also be compared with some preliminary experiments on shock wave
genera;tion in a one-dimensional channel by pulsed microwave discharges.

II. ELEMENTARY THEORY

It is well known that when energy is suddenly deposited non-
uniformly in a gas, the regions of high energy deposition will expand
against the regions of lower energy deposition, and hence wave motions
will be developed. In a one-dimensional situation where the energy
deposition is confined to a slab of thickness L in an otherwise undis-
turbed gas, and the time of energy déposition is short compared with
the time it takes acoustic waves to traverse the distance L, the result-

ant shock strength can be estimated from the usual shock tube formula.:4
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where M1 denotes the shock Mach number (shock velocity divided by the
speed of sound of the undisturbed gas); x is the specific heat ratio of
the gas; E1 = le/( Y - 1) is the mean initial thermal energy per gas
molecule; and AE is the mean energy deposition per molecule within the
slab IL.. For small values of A_-E-J/El, it is more convenient to expand
M1 into a series in ascending powers of ZE/El so that Eq. (1) may be

replaced by

¥+ EE) _(x+(3¥-1) (zﬁ )’

M= 1+355(F 128 ¥ 2

(1a)
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A plot of Ml - 1 verses Z-)--I:‘:/I'Z1 according to Eq. (l) or (la) for Y:
5/3 (ideal monatomic gas), 7/5 (diatomic gas) and 6/5, respectively, is
illustrated in Fig. 1. It is seen that the shock strength M1 - 1 varies
almost linearly with E/El, and is surprisingly insensitive to the specific
heat ratio x

The problem under consideration is now reduced to the problem

of determining the energy deposition AE by the pulse discharge. Since
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the electromagnetic field energy is deposited into the gas mainly through
the motion of the free electrons, we may write, for the total energy

transferred per unit volume,5

27 ,ce
n,5E = nefe T NS -
r _C.g 'C'S o Y 3 (2)

AEcs 8ey bdbde dgedc. dt

where 'ng is the total number density of molecules in the initial gas
mixture; 'ne, 'n-s , and f¢ , fs are, respectively, the instanta-
neous number densities and velocity distribution functions of the free
electrons and of the type-s molecule in the gas mixture during the
discharge; AEeS is the amount of energy transferred for a collision
between an electron of velocity E'e and a type-S molecule of velocity
SS at impact parameter b and impact plane angle & ; and é‘_s
is the relative speed between the electron and the molecule before the
collision. The integrations over_c.c and _C.S are to be extended over the ap-
propriate velocity spaces, and the integration over time is to be extended
over the duration of the pulse discharge. The above expression may be con-
sidered quite exact if the energy transferred from the electron to all possible
s .

However, in the absence of sufficiently detailed information on molecular

energy states of the molecule is accounted for in the expression for AEe

properties, it is necessary to replace the energy transfer integral by

appropriate macroscopically observed quantities, This can be accomplished,



for example, by defining an averaged fractional energy loss A for the

electron-molecule collisions, such that

27 ,c0
SN _{, AE,. 8ec bdbde dc.dc, @
sgé[ [5 s fs AEes e S5 ACe

E(Ee’E)‘)c./\

where

(4)

W

| (5)

are, respectively, the instantaneous mean energies for the free elec-
trons and for the molecules (T being the gas temperature), and \)c_

is the total electron-molecule collision frequency (per electron per

unit time). For want of more precise information, one may tentatively
identify A with the fractional energy loss coefficient that can be deter-
mined, for example, from electron swarm experiments.6 In terms of

these macroscopic quantities, Eq. (2) becomes simply,
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Nn,AE =| (E¢ -E)Y. AMNedt (6)
7

A further simplication can now be made by noting that during the
discharge, E_ is generally much greater than E, and that E_, Vc ,
/\. only vary slowly with time during the discharge. One may re-
place these quantities by appropriate time-averaged gquantities, such

that

n, AE =E7¢Kfﬂedt (7)
T

If the duration of the discharge “)* is so short, or the geometrical
dimension under consideration is so large, that diffusion losses can be
neglected, then the instantaneous electron balance equation may be

written as,

dne = NeV: -~ NeYa - O(nez (8)

dt

where Yi and Va are, respectively, the ionizing collision frequency
and attachment frequency per electron; and A is the volume re-
combination coefficient for the electrons and ions. Note that V" , ))¢
and ©{ are all functions of the mean electron energy Ee and the elec-
tron velocity distribution function fe’ which, in turn, depend on the
strength and frequency of the applied electromagnetic field, The mini-

mum field strength required to maintain the discharge is given by the
-6-




dne

condition that es=" vanishes, or

Due to the existence of a threshold ionization potential of the order of

10 volts for most gases and the absence of comparable activation ener-
gies for the attachment and recombination processes, the ionizing col-
lision frequency )); is generally a much steeper function of the elec-
tron energy than are )’a and 0‘ under typical gas discharge conditions
(see numerical example in Section IIlI), Therefore, in an uncontrolled
discharge where the applied field strength is not carefully regulated to
satisfy Eq. (9) at all times, one may expect to find a considerable
fraction of the discharge period ’r during which the field strength is
appreciably in excess of the minimum breakhdown field strength, such

that

Y; >> Ya + ANe (10)

During this time, the electron balance equation (8) becomes simply

%’%‘ X NV (82)

Substitution of the above expression into (7) yields,

n.rszzvzxf‘*"e
"-

Yi
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In a microwave discharge, the discharge region is connected to the
source of rf energy either through waveguides or appropriate free-space
propagation paths (as in a focused discharge). As the electron density
in the discharge region builds up toward the critical value correspond-

ing to plasma resonance at the incident wave frequency f{,
* 2 2
Neg = (7rm¢/e )f (11)

(me and e being the electron mass and charge, respectively) the propa-
gation paths will be interrupted by strong reflections at the boundaries
so that no further substantial heating of the discharge region can be
accomplished by the electromagnetic wave.7 In other words, there
exists a natural cutoff for Eq. (7a) at the critical electron density ‘Yl:,
irrespective of the magnitude and duration of the rf pulse. This leads
to the following approximate expression for the amount of energy depo-

sition in the gas that can be accomplished by an uncontrolled pulse

microwave discharge.

——————— *

Here V; represents an appropriate time-averaged value for the ioniz-
ing collision frequency during the electron density build-up period. It

is interesting to note from this simple expression that high field inten-
sity beyond that required for breakdown tends to discourage energy

deposition in the gas (since Y.', increases rapidly with field strength).

Another interesting but perhaps obvious conclusion which one may draw
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from Eqs, (l1) and (12) is that at a fixed wave frequency f, the specific
energy deposition AE decreases with increasing molecular density.n‘.
At a fixed density, the energy deposition is expected to increase roughly
as the square of the wave frequency.

1il, EXAMPLE OF MICROWAVE DISCHARGE IN AlR

As a numerical example, the mean electron energy Ee, the ioniz-
ing collision frequency ))‘- , the attachment frequency Va , and the
non-ionizing collision frequency yc at minimum breakdown power
density are plotted in Figs. 2, 3, and 4 as functions of microwave fre-
quency f and initial air density p 1 (p0 being the standard atmospheric
density at sea level). The minimum breakdown power density, which is
defined as the power density at which Eq. (9) is satisfied for n, = o,
is plotted in Fig. 5. The approximate kinetic equations and molecular
data employed in obtaining these results are given in Appendix A, It
suffices to mention here that even though the method employed was quite
crude and the molecular data uncertain, the breakdown power density
is in order-of-magnitude agreement with those obtained by others using
different methods.z’8 As a measure of the relative sensitivity of the
ionizing collision frequency Y; and the attachment frequency )’a to the
microwave power density P, the logarithmic derivatives of \)‘- and ))a
with respect to P at the minimum breakdown power density are plotted
in Fig. 6 as functions of frequency and air density.

Because of the relatively sharp dependence of V& on P, the
limiting energy deposition per air molecule in an uncontrolled pulse
microwave discharge is roughly given by Eq. (12), with the averaged
quantities E:, K , v‘.._ , and v: replaced by their respective values

-9-



at the minimum breakdown power density. Using values of (Ee)B.D. ,
(Vc )B.D.’ and (\)‘- )B.D. shown in Figs. 2, 3, and 4, and the energy
loss coefficient A represented by the dotted curve in Fig, A-l, the
limiting energy deposition AE calculated according to Eq, (12) is shown
in Fig. 7 as a function of wave frequency and initial air density. From
this, one can calculate the resultant shock strength M, -1 according to
Eq. (1) for ¥ = 7/5 and E, =6.3x 1072 electron-volts (i.e., diatomic
gas at room temperature). The shock strength so obtained is plotted in
Fig. 8 (solid curves).

The theoretical results shown in Figs, 7 and 8 indicate that for un-
controlled microwave breakdown in air at normal sea level density, the
hydrodynamic effects accompanying the breakdown would generally be
quite weak. For example, even at the highest frequency considered
{f = 10“ cycles/sec. , or 3 mm free space wavelength), the Mach num-
ber of the shock wave produced would only be of the order of 1.1. How-
ever, at lower air densities, it appears possible to produce stronger
shock waves by microwave discharges, ¢

1v. DESCRIPTION OF PRELIMINARY EXPERIMENT

In a first attempt to produce measurable hydrodynamic disturbances
from pulse microwave discharges in the laboratory and to verify in a
semi-quantitative manner the elementary theory just described, the fol-
lowing experiment was performed.

The experimental arrangement is schematically shown in Fig. 9,
and photographically illustrated in Figs. 10(a), (b) and (c). This experi-
ment essentially consisted of breaking down a gas by repetitive micro-

wave pulses at the end of a non-conducting one-dimensional channel (or
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shock tube) and observing the propagation of hydrodynamic disturb-
ances downstream by a pressure transducer. The microwave pulses
were provided by a Raytheon QK-624 magnetron operating at X-band
frequency (i.e., f & 10 Gc/S, or 100 cycles/sec). The modulator
and power supply required to operate the magnetron were taken from

a surplus APS-20B radar set, which allowed the peak pulse power to be
varied conveniently between 105 and 106 watts at a pulse width of about
2 psec and a repetition rate of about 200 pulses/sec. The microwave
power from the magnetron is transmitted to the shock tube through a
standard RG-51 rectangular waveguide, a ferrite circulator (which
allowed the reflected power from the breakdown region to be dissipated
harmlessly in an air-cooled dummy load), and a resonance window,
Sampling of the incident and the reflected power and pulse shape was
accomplished through a cross-guide directional coupler with appropriate
attenuators. To avoid premature breakdown in the waveguide, the en-
tire transmitting circuit was pressurized by nitrogen to a pressure of
about 3 atmospheres,

The non-conducting shock tube, which was fabricated from lucite
bar stock, had interior dimensions identical to those of the RG-51 wave-
guide (i.e., 2.85 cm x 1.26 cm) and was about 62 cm long. To mini-
mize impedance mismatch, the upstream end of the shock tube was
coupled to the waveguide through a pyramidal horn. (The shock tube
was shape-fitted and cemented to the inside of the horn as illustrated
in Fig. 9). To minimize multiple shock reflections, the downstream

end of the shock tube was exhausted into a large vacuum tank,
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In a typical experiment, the sample gas (air) was continuously
fed into the shock tube through a small orifice located near the reso-
nance window, and was continuously pumped out through the end of the
vacuum tank 8o as to maintain a fresh gas sample in the discharge zone
for the successive pulses., The pump-out rate was balanced against the
inflow rate through adjustment of a throttling valve until the desired
initial pressure in the system was reached. The initial pressure was
measured by an alphatron vacuum gage (National Research type 520),
and the pressure reading was always taken before the magnetron was
switched on: The experiment was started by turning on and raising
the magnetron power until breakdown occurred at the upstream end of
the lucite shock tube, which manifested itself by a glowing light near
the resonance window, and a steady buzzing noise, Pressure disturb-
ances produced by the breakdown were then measured by a statically-
calibrated piezo-electric transducer (Kistler type 401, with Model 568
charge amplifier) which was mounted at various fixed distances down-
stream from the resonance window.

A typical set of oscillograms from the pressure transducer output
is illustrated in Figs. 1l(a) and (b). The initial air pressure in this
case was 450 + 50 mm Hg (i.e., pl/po £ 0.6), and the onset of
breakdown was observed to occur at about 2 x 105 watts peak pulse
power. The axial distance 2 between the transducer and the reso-
nance window is marked on the left of each pair of oscillograms. The
left hand column of oscillograms in Figs. ll(a) and 11(b) was taken at
a writing speed of 100 and 200 y-sec/cm, respectively, and was trig-

gered directly by the microwave pulse without time delay, They
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represent, therefore, the full time history of the transducer output.
The right hand column of oscillograms in Figs., 11(a) and 11(b), on the
other hand, was taken at a writing speed of 20 y-sec/cm with appro-
priate time delay to magnify the main part of the pressure pulse marked
by time t_ on the left hand oscillogram in each case. It should be made
clear that all these oscillograms were taken in time sequence with a
single pressure transducer and hence do not represent the simultaneous
record of the transducer output at different distances down the shock
tube. In fact, upon close examination, it may be noted that each of
these oscillograms was a result of superposition of several consecutive
pulses, Because of the apparent reproducibility of the transducer out-
put, one may deduce the averaged propagation history of the pressure
disturbance down the shock tube from such a sequence of oscillograms,
A typical plot of the time of arrival of the main pressure dis-
turbance ts as a function of axial distance XX from the resonance
window is given in Fig, 12, It is seen that the experimental points
can be fitted closely by a straight line passing through the origin. The
apparent propagation velocity of the disturbance as given by the slope
of the straight line, U = Ax/Ats, was found to be typically a few
percent greater than the speed of sound in air at room temperature,

A, =3,44 x 10* cm/sec. In view of the fact that the speed of sound
in lucite is approximately five times greater, it is quite clear that the
main pulse in the transducer output must have been due to a weak shock
wave in the gas, even though some of the disturbances which arrived
at the transducer before t g may be attributable to propagation of elas-

tic waves in lucite,
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The apparent shock strength
M=~ = (Us - a1)/a, (13)

as obtained from propagation velocity measurment of the main pressure
pulse just described is plotted in Fig, 8 as open circles, Each plotted
point represents the geometric mean value from a large number of
runs (of the order of 10) at a fixed initial air pressure but at different
peak microwave power., The vertical bar indicates the maximum spread
of each group of experimental points, which showed no systematic vari-
ation when the microwave power was varied between the minimum value
required for breakdown and five times the minimum value, (The micro-~
wave pulse width ’Y was held at 2 u-sec.)

An alternative shock strength measurement can be obtained from
the amplitude of the calibrated pressure transducer output. Since the
pressure rise across a normal shock Ap is related to the shock Mach

number M1 by the well known expression,

AP _ 2V 2 _ (14)
P‘ —X""(M‘ |)

where P is the initial pressure ahead of the shock, one may write for

weak shock waves,

- _ov_**" AP
M T 4y P

The shock strength obtained by this alternative method is plotted

(15)

in Fig, 8 as solid circles,
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The two sets of experimental points plotted in Fig, 8 show a
factor of 3 discrepancy between the mean shock strength determined
from the two different methods. This is not too surprising since in
calculating the shock strength according to Eq. (13) with a, =
3.44 x 104 cm/sec, we have in effect neglected the mean fluid motion
due to continuous circulation of the sample gas in the shock tube, as
well as all the residual transient effects caused by the repetitive pulses,
The neglect of these effects all tended to overestimate the shock
strength, Therefore, the true shock strength is probably much closer
to that obtained from the pressure measurements (solid points), even
though the finite rise time of the transducer might have somewhat un-
derestimated the peak pressure rise across the shock.

These measurements have not yet been extended to lower initial
air densities on account of the marginal signal-to-noise ratio of the
available pressure transducer.

V. DISCUSSIONS

The preliminary experimental results reported in the preceding
section tended to confirm that the hydrodynamic effects accompanying
uncontrolled microwave breakdown in air at or near sea level density
are generally quite weak and power-independent. However, the abso-
lute magnitude of the observed shock strength turned out to be about
a factor of 10 greater than that predicted by the elementary theory,
using tentative molecular data (see Appendix A)., It is not clear at
this time if the discrepancy was mostly due to the inadequacy of the
elementary theory, or due to uncertainties in the molecular data (in
particular, the fractional energy loss coefficient A ).
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It may also be pointed out that the minimum microwave power
density required for breakdown in the experiment appeared to be very
much smaller than the theoretical value given in Fig, 5 (by a factor of
almost 100, if the full aperture of the rectangular waveguide were used
to calculate the power density). The low breakdown power required in
the experiment, which was undoubtedly due to the existence of strong
local fields near the aperture of the resonance window, may have also
contributed significantly to the discrepancy between the observed and
predicted shock strength.

In view of the linear dependence of the energy deposition AE on
the fractional energy loss coefficient /\ (see Eq. (12) ) and the fact
that the value of /\ for noble gases is generally much smaller than
that for air in the range of electron energy under consideration, the
apparent shock Mach number of up to 2.00 reported by Musson-Genon
and Broussea,u3 for breakdown of He, Ne, Ar and Xe in switching tubes
appeared to be somewhat high, On the other hand, the clearly three-
dimensional geometry employed in their experiment (with all dimensions
comparable to, or smaller than, the free space wavelength) might have
favored the formation of stronger shocks than would be possible in a
quasi-one dimensional geometry.

The existence of certain basic relationships between the hydro-
dynamic effects accompanying a microwave breakdown and the energy
transfer properties between the electrons and the molecules suggests
that basic molecular data and transport properties may be obtained
through proper observation of the hydrodynamic effects produced by the

breakdown., Even though care must be exercised to make the experimental
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geometry conform to the theoretical geometry in comparing the quanti-
tative results, the problem does not appear to be a fundamentally

difficult one.
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APPENDIX A

APPROXIMATE KINETIC EQUATIONS AND MOLECULAR DATA
EMPLOYED IN AIR DISCHARGE CALCULATIONS

The ionizing collision frequency ))‘- , electron-attachment
frequency Va » and the non-ionizing collision frequency vc were
all calculated from a zeroth-order collision integral of the form,

o0

o

where fe(o) is the zeroth-order electron speed distribution function;
Qj(C‘) is the total cross section (averaged over angular momentum,
direction of impact and chemical species) for the process identified by

the subscript j (i.e., j =1, a, or c) at electron speed C'_; and
19
n,=25x10 L (a2)
°

is the number density of air molecules at mass density Py (po being
the mass density at sea level).
For the electron speed distribution function, we used Margenau's

zeroth-order distribution for the field-dominant case:“o)
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3 4 2,2_.2
) 3m (Cq +2w £ Ce)
-fe = A, exp [" ;mm YANE ] (A3)

where Q) = 27" f is the angular wave frequency; 2 is the electron
mean free path; and 5 is the electric field amplitude of the incident
wave. Note that Margenau's theory was based on perfectly elastic
collisions, while in the present problem, most of the collisions between
the electrons and the air molecules would be inelastic (i.e., rotational
and vibrational excitation, as well as excitation to the low-lying elec-
tronic states of the molecules). To allow for the effects of these in-
elastic collisions on the distribution function, we have simply replaced
the actual mass of the molecule MM in Eq. (A3) by a considerably
smaller " effective mass" m,:, .

The normalization constant Ao is to be determined, as usual,
from the condition that

”cw (A4)

47 'fe Ce dCe = |

In terms of the energy parameters introduced by Margenau,uo)

€ = —é-'me o2 (A5)

622 eal ' (A6)
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and a non-dimensional velocity

& meNZ
(3]

Eq. (A3) becomes,

o)

-fe = A exp[— (b( + 24m¢ u >] (A3")
By treating m;‘ , and consequently

24m¢ 2 en

2

(A8)

as a constant (which is consistent with Margenau's constant mean-free-

path approximation) and substituting (A3') into (A4), we obtain

A, = 3’"‘) (22)® /er (%) s

Iz(§)=fexp[-(u4+§uz)]u.’du. (A 10)

From these, one can calculate the mean thermal energy of the electron,
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oo co)
4vrf (3mect)f, c2dee

m’,q 3'- I4(J§_)_ ¢ (All)
éme) I,(¢) -

where

I¢ § )= exp [—- uts |3 uz)] ar (Al2)

The non-dimensional integrals IZ(S) and 14(5) are plotted in Fig, A3
for convenient reference.

To determine the effective mass m':‘ » one may make the follow-
ing observation: In the Chapman-Enskog expansion (on which Margenau's
theory was based) the collision term involving the mass ratio me/mm
was due to the change in magnitude of the electron velocity vector
after an elastic collision (see for example, p. 349-350 of Reference 5).
In an inelastic collision, the corresponding fractional change in magni-
tude of the velocity vector would be given by one-half the fractional
loss of electron kinetic energy _/\ (assuming isotropic scattering) in-
stead of by the mass ratio ‘me/mm- Therefore, as far as the

electron motion is concerned, an inelastic collision involving a fraction-

al energy loss /\ has the same effect as an elastic collision with a

-21-
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molecule of mass
m,’,‘ = Zm._//\ (A13)

The average fractional energy loss for electron-molecule collisions in
air, N2 and 02 has been determined from electron swarm experiments
as a function of the mean electron energy by Townsend and Bailey,
Huxley and Zaazou, and others.6 The results are reproduced here in
Fig. Al., It is seen that Townsend and Bailey results agreed quite well
with the NZ’ O2 data, but Huxley and Zaazou's results fell considerably
lower (by a factor of about 10) than the NZ' 0Z data at electron ener-
gies above 2 ev. In spite of this apparent discrepancy, all measured
value of /\ fell above the elastic-collision limit by a large factor
even at the lowest electron energy. In our calculations, a simple ana-
lytic curve (dotted curve shown in Fig. Al) which was fitted heavily
toward Townsend and Bailey's data was used,

By applying Eq. (Al13) to Eqs. (A8) and (All), and ignoring the
difference between the averaged electron energy as defined by Eq. (All)
and the mean electron energy as defined in the swarm experiment, we
now obtain the following implicit functional relationship among the mean
electron energy EC’ the field strength g , the angular wave frequen-

cy (&) , and the electron mean-free-path ,Q :

Ee""" €§£ I4(§) (Al4)
J3AE) 1:(5)

where
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The mean-free-path 2 , which is to be treated here as a constant,

is simply given by,
- |
L= ('nnac) (A16)

where QC is the total cross section for electron-air molecule collisions.
Within the range of electron energy of interest, one may take (see for

example, Fig. 101, p. 206 of Reference 6),

P ol 2
c =10 cm (A 17)

Combining (A2), (Al6) and (Al7), one obtains,

Q= 4*155 (£ /ﬁ, )-' cm (A18)

*
For an underdense plasma (i.e., Mg << NMe). the electric field ampli-

tude 5 is related to the power density P through the free space

impedance Zo = 377 ohms, such that,7

L
s = (ZOP)Z (A19)
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With the aid of Eqs. (Al8), (Al9), and Fig. (A-1), the implicit
equations (Al4) and (Al5) can be used to determine the mean electron
energy IIE:e as a function of the power density P, the wave frequency {,
and the initial air density pl/po.

Similarly, the various collision frequencies as defined by Eq.
(Al) can be calculated from the corresponding cross sections as func-
tions of P, f, and pl/po. From these, the power density and other
quantities of interest at breakdown can, in turn, be calculated as a
function of wave frequency and air density from the breakdown condi-
tion defined by Eq. (9) in the main text.

In our calculations, the electron-impact ionization cross section
Qi was taken from Table LI, p. 265 of Reference 6, The electron
11

attachment cross section Qa was based on Harrison and Geballe's

measurement in OZ (i.e., the dash-dot curve shown in Fig. AZ2).
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trary cross-section. Ej is the initial internal energy of the
gas in the same segment and M) is the shock Mach number
(i.e., the speed of the shock wave divided by the speed of
sound of the undisturbed gas ahead of the shock) immediately
after the energy deposition.
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Fig. 2 Mean electron energy at minimum breakdown power density
as a function of initial air density and frequency (1 Gc¢/S =
107 cycles/sec). The minimum breakdown condition is
defined by Eq. (9), with T = 0. These results are obtained
from Margenau's zeroth-order electron energy distribution
and molecular data summarized in Appendix A.

«27-



- .m%%%ku

|°’: T T lllfﬂ' v ’lllllll 1 'Tllllll I LI LR
O
¢ 108
@ =
w C
a
z N
o
2 -
O
W 0’k _
w - 3
1 - n
f=100 Gess
a 108 —
2 = E
= C ]
S ) ]
) i T
o
@ 105 -
2 = ;
i i
|04 gl ool 1t sl L1 ittt
10-4 10-3 10-2 lo~!
INITIAL AIR DENSITY,  p, /p,
Fig. 3 Ionizing collision frequency (or electron attachment frequency)

2097

at minimum breakdown power density as a function of initial

air density and frequency.

-28-



PER ELECTRON PER SEC

(% )g.p.»

'o's ¥ ] 'lll"l i L ||l'll| T ] ll""l ) LI BRI B

|ol2

mTTTTT]

A

&

|o||

T T TTTT
Loyl

f=100 Ge/S

1
|

lolo

T T T
it anl

Ll
1

109

|°' L1 aaaud y sl I o taagad L4 1 i1

104 10-3 10-2 10!

INITIAL AIR DENSITY,  p /p,

Fig. 4 Total collision frequency at breakdown as a function of initial
air density and frequency.

-29-



Qo

e R,

BREAKDOWN POWER DENSITY, Pgp, WATTS/CM2

Fig.

107

103 |

02}

0

i LA A | ¥ L] LR

f=100 Ge/S

AN R R | R |

¥ L} LERER AL |

L1 11 3anl

i

1Ivy

i 1114

|
10°4

5

10-3 10-2
INITIAL. AIR DENSITY,

P\/Py

10-!

Minimum breakdown power density as a function of initial

air density and frequency.

-30-




‘ 1] L l'llll' ¥ T llllll' T I-Illllll L) LR LA RA
3 -
('ol-w,)
ah P B.D- '
10 f=100 Ge/S
2 + -
| |- -
" /f-IOO Ge/S
-\\\\ ——--Qs\\ ”’—- ‘\
~ AN \
0. l/g \\\ \\\ \\
O_‘!\.P B8.0. \~~- \\§~ \\ss
-l L I lllllll 1 L lllllll 1 1 llllll.l i 1 L i ilil
10-4 10-3 10-2 10~

INITIAL AIR DENSITY, p,/pPo
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fig. 10 (a), Photograph of experimental arrangement for observation
of pressure waves produced by pulse microwave discharges
in a one-dimensional channel,
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Fig. 10 (b) Photograph of experimental arrangement for observation
of pressure waves produced by pulse microwave discharges
in a one-dimensional channel.
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Fig. 10 (c) Photograph of experimental arrangement for observation
of pressure waves produced by pulse microwave discharges
in a one-dimensional channel,
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Fig. 10 (c) Photograph of experimental arrangement for observation
of pressure waves produced by pulse microwave discharges
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Fig.

9907

X=25.7cm

11 (a) Typical oscillograms of pressure transducer output obtained

at different axial distances 2 downstream of resonance
window, where the microwave breakdown took place (see
Fig, 9). The left hand oscillograms were obtained by
triggering the oscilloscope with the microwave pulses with-
out time delay. The right hand oscillograms were delayed-
triggered and taken at higher sweep speed to magnify the
main pressure pulse, the leading edge of which is marked
by the time tg beneath each oscillogram on the left. The
initial air pressure was 450 + 50 mm Hg (i.e., pi/po =
0.6). _The microwave pulses, of 10 G¢/S frequency,

2 x 102 watts peak power, and 2 p-sec duration, were
repeated at the rate of 200 pulses/sec.
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X=43.7cm

11 {b) Typical oscillograms of pressure transducer output obtained

at different axial distances 2 downstream of resonance
window, where the microwave breakdown took place (see
Fig. 9). The left hand oscillograms were obtained by
triggering the oscilloscope with the microwave pulses with-
out time delay. The right hand oscillograms were delayed-
triggered and taken at higher sweep speed to magnify the
main pressure pulse, the leading edge of which is marked
by the time tg beneath each oscillogram on the left. The
initial air pressure was 450 + 50 mm Hg (i.e., Pl/Po =
0.6). _The microwave pulses, of 10 G¢/S frequency,

2 x 10° watts peak power, and 2 g -sec duration, were
repeated at the rate of 200 pulses/sec.
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ATTACHMENT CROSS-SECTION, Q,, CM?2

Fig. A2
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Electron attachment cross sectio n in air as a function of
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