Short-pulse high-power microwave propagation in the atmosphere
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The propagation of high-power (10-200 kW/cm?) short-burst {3-30 ns) microwave puises in
the atmosphere has been studied experimentally. Microwave power from a large orbit gyrotron
operating at 9.6 GHz is focused by a large-diameter parabolic reflector into a fest cell. The
ambient pressire in the test cell was varied over a wide range and the microwave power density
necessary for atmospheric breakdown has been determined as a function of ambient pressure
and pulse duration. Measurements of the microwave pulse duration before and after
breakdown have been obtained to determine the extent {o which microwave energy is absorbed
or reflected by the breakdown plasma. Resuits are compared with available theory and

previously reported experiments.

b INTRODUCTION

Although microwave breakdown of the atmosphere has
been 2 subject of study for many years, ™ considerable new
interest has recently developed in the field arising from the
availability of very high-power microwave sources devel-
oped for directed-energy systems and high-power radar ap-
plications. In particular, data obtained from experiments in-
vestigating microsecond-pulse f breakdown in air have
supported theoretical predictions that very high microwave
power levels could be propagated in the atmosphere if the
pulse duration could be made sufficiently short. It has also
been proposed that at low ambient pressures a very high-
power microwave pulse might accelerate free electrons to
energies in excess of that associated with the peak in the
ionization cross section for air in a distance short compared
to a mean free path. In this manner even higher microwave
powers might be propagated without breakdown.

Considerable theoretical and experimental work has
been reported in this area in recent years.''™!7 Theoretical
results reported by Woo and DeGroot,'! Yeeeral,,'? and Ali
and Coffey'® have indicated that when breakdown occurs,
an ionization front is rapidly formed which moves toward
the microwave source and consequently decouples the
microwaves from the initial breakdown region. In addition,
the amount of energy that can be transmitted through the
medium was found to be a strong function of the initial ener-
gy of the pulse and its frequency, pulse shape, and duration.

Several experiments have been reported in which the
propagation of short-burst microwaves through air has been
studied.'*” Bollen er a/.** have reported studies of microsec-
ond-pulse microwave breakdown in nitrogen by focusing the
output of a 112-kW, 35-GHz gyrotron into a test cell. Break-
down was observed at microwave power densities of about
30kW/cm? at ambient pressures below 75 Torr. Yeeeral. V2
have reported studies of short-pulse (10 ns) microwave
breakdown of air in a rectangular waveguide powered by a
15-MW S-band kiystron operating at 2.856 GHz. Results of
this study were found to be in good agreement with theory
and simulation. Experimental results of Gould and Reo-
berts!® and Tetenbaum, MacDonald, and Bandel’® em-
ploved S-band sources with repetition rates of 1200 and 20
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pulses per second, respectively. In these cases the test cell
was a resonant cavity fed by waveguide. Finally, recent work
by Armstrong ef af.'” has been reported in which high-power
microwaves from an S-band relativistic magnetron have
been used to study breakdown thresholds. In these experi-
ments, 6-us microwave pulses were focused by a parabolic
reflector into a test celi and the resultant breakdown ob-
served using optical diagnostics.

In this paper, we report the resuits of an extensive ex-
perimental study of short-burst high-power microwave
propagation through air. Data have been obtained for trans-
verse electromagnetic (TEM ) microwave pulse propagation
in a test cell large enough to ensure that surface breakdown
does not occur to any significant extent. Furthermore, data
have been obtained over a wide range of microwave puise
power densities and pulse durations and for an equally wide
range of ambient test-cell pressures. Section II contains a
review of available theory relating to these experiments. Sec-
tion I discusses the experimental apparatus used for the
study, and resulis are presented in Sec. IV. Conclusions are
drawn in Sec. V.

. THEOQRETICAL DISCUSSION

The theory of microwave breakdown of a neutral media
has been extensively treated in early work by MacDonald.?
It is assumed that breakdown occurs when the electric field
of the wave accelerates free electrons in the media to energies
sufficient to ionize neutral species and initiate an avalanche
process that produces a rapid increase in the plasma density.
The continuity equation for electrons in the media can be
written

on vin—v,n + V3(Dn),

ot
where # is the electron density, v, is the ionization rate, v, is
the attachment rate, and D is the electron diffusion coeffi-
cient. The diffusion term cam be approximated as
V(Dn)y=n( ~ D/A®), where A is the characteristic diffu-
sion length and depends upon the system geometry. Using
this approximation, the continuity equation has a solution

= vy~ DAY
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where n, is the initial free-electron density. The diffusion
coefficient D was found® to follow the empirical relation

Dp =129 4+ 0.9(E /p)] X 10%, (3)

where p is the ambient media pressure and Fis the amplitude
of the wave electric field. MacDonald noted that in cw mi-
crowave breakdown phenomena steady state is reached and

v, — v, = D /A% (4)

He then matched these results to data obtained from cw mi-
crowave breakdown experiments conducted in a cavity. In
this manner he obtained estimates of the net ionization rate
v, — v, as a function of ambient media pressure for the given
wavelength and electric field amplitude.

For pulsed microwave breakdown, Eq. (4) does not ap-
ply and the electron density grows at a rate given by

v=v, —v, —D/A% (3)

A reasonable estimate of the time taken to achieve break-
down will be obtained if it is assumed that breakdown occurs
as the plasma density approaches the critical plasma density,

n, =10/4%cm™>. (6}

The puise duration 7 for breakdown to occur can then be
determined approximately from

n, = nge". (7N

Experimentally, the initial free-electron density is not usual-
ly known to any degree of accuracy, but the exponential na-
ture of the rise in the electron density with time tends to
minimize the effect of errors in the number assumed for 7.
In addition, studies by Rappaport, Latham, and Striffier'®
have indicated that wave propagation can be significantly
affected by plasma densities considerably below the critical
plasma density, although the exponential nature of the den-
sity increase with time minimizes errors resulting from this
assumption as well.

In 2 similar approach, Ali and Coffey"® theoretically
studied breakdown by treating electrons with a Maxwellian
velocity distribution. In this work the average electron ener-
gy was assumed to be linearly dependent on £ /p. They as-
sumied that the ionization in air is primarily from the cxygen

molecule and used known values for the attachment fre-
quency and estimates for the diffusion scale length A to de-
termine the net ionization rate as a function of ambient pres-
sure and pulse duration.

In addition to this analytical work, significant numeri-
cal simulation has been conducted of short-pulse microwave
propagation in the atmosphere,’"'>!* results in reasonable
agreement with experiment where data are available.

. EXPERIMENTAL APPARATUS

High-power microwave pulses used for the propagation
studies were generated by a large-orbit gyrotron'”'® operat-
ing at 10 GHz. This device, powered by a pulse line accelera-
tor {2 MeV, 10-20 kA, 30 ns full width at half-maximum
(FWHM) ], produces high-power microwave radiation
{ 100500 MW ) by the resonant interaction of the modes of
an axis encircling rotating electron beam with the modes of a
magnetron-type multiresonator circuit. The rotating elec-
tron beam is produced by passing a cylindrical, nonrotating
beam from a fieid emission diode through a narrow magnetic
cusp, as shown in Fig. 1. The cusp acts to convert the up-
stream electron axial velocity (v,, ) into a downstream azi-
muthal (v,,) and axial velocity (v, ) in a manner given
approximately by

vl = v, + 05, =0} + o (8)
Here @, = eB /my is the relativistic electron cyclotron fre-

quency, where e is the electronic charge, 1 is the electron
rest mass, B is the axial magnetic field, and

y=(1—v/c)"V? (9

is the relativistic mass factor for the beam electrons (¢ is the
speed of light in vacuum ). The radius 7, is the mean radius of
the rotating electron beam, which for a symmetric cusp is
approximately equal to the cathode radius. Thus for a given
applied axial magnetic field, only electrons with energies
greater than a value given by

E, = [(mcz)2+c292r§32}”2-mc2 (1)

can pass through the cusp into the downstream drift region.
The above result allows for the use of this facility for the
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FIG. 1. Large orbit gyrotron experimental con-
figuration.
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FIG. 2. Idcalized upstream diode voltage and current waveforms (top) and
downstream current waveform (battom).

production of very short microwave pulses. Since the diode
voltage waveform slowly rises to 2 maximum value and then
slowly decays, the duration of the downstream electron
beam pulse can be varied within certain limits by varying the
applied axial magnetic field strength. In this manner all elec-
trons with energies below that value required for transmis-
sion through the cusp are reflecied and the downstream
bearn pulse can be considerably shorter in duration than the
diode pulse, as shown in Fig. 2. Although optimum micro-
wave production cannot be achieved over as wide a variation
of magnetic field as might be desired, data have been ob-
tained for microwave pulses of varying power in the range 3~
30 ns (FWHM).

The experimental configuration used for the propaga-
tion experiments is shown in Fig. 3. Microwaves from the
large-orbit gyrotron are focused by a large diameter (150
cm)} paraboiic reflector with a 75-cm focal length into a 30-
cm-diam cylindrical acrylic vacuum chamber which served
as the test cell. The test cell was fitted with a high-accuracy
vacuum gauge and a calibrated leak valve that allowed main-
tenance of ambient pressures from atmospheric down t6 0.1
Torr. Measurements cf the microwave power density along
the dish axis within the test cell are shown in Fig. 4. The
points plotted are the averages of four shots taken at each

/Purcbo)ic
Mirror

Quiput Window Test Cell
Transmitted Incident
Detector Detector

FIG. 3. Configuration used for microwave propagation studies.
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FIG. 4. Microwave power density vs axial distance from the center of the
iest cell. The test-cell diameter is 30 cm.

position. In this way the effects of shot-to-shot variation in
the microwave output power of the device can be minimized.
Although the focusing of the microwaves into the test cell
was not as effective as had been expected from low-power
measurements, it was sufficient {o ensure that breakdown,
when observed, did not initiate on the test-cell walls. Surface
breakdown, which is generally easier to initiate than buik
media breakdown, must be avoided if true media breakdown
limits are to be established. The superposition of the incident
wave from the source with the reflected wave from the para-
holic reflector results in a small-amplitude standing wave in
the cell, aithough measurements indicate that the incident
microwave power is more than a factor of 10 lower than the
reflected microwave power at the focus. No seed ionization
source was used for these studies.
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FIG. 5. Schematic of microwave diagnostic setup used in the propagation
experiments,
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{d)
FIG. 6. Time-integrated photographs of microwave-induced breakdown in
the test cell, (a) 4.8, (b) 5.5, {¢) 20, and (d) 28 Torr.

Open-ended X-band (8-12 GHz) waveguide sections
were used to detect the microwave signals before and after
the focal point in the test cell, as shown in Fig. 5. The micro-
wave signals were passed through calibrated fixed attenua-
tors to calibrated detectors. All componentis were calibrated
inhouse using standard technigues. The detectors chosen
were selected on the basis of their measured transient pulse
response time (rise time ~ 1 ns). Detector signals were fed
directly into Tektronix 7104 fast oscilioscopes.

V. EXPERIMENTAL RESULTS

In previous work,'? the microwave puise duration that
could be propagated without breakdown was determined by
simply measering the duration of the posi-breakdown mi-
crowave pulse. The experiments reported here were de-
signed so that breakdown could be detected by two indepen-
dent criteria. The pulse durations before and after the focal
point in the test cell were compared to determine if micro-
wave absorption and reflection by breakdown plasma had

5231 J. Appl. Phys., Vol, 83, No. 11, 1 June 1988

{b)

FIG. 7. Typical microwave detector waveforms, (a} incident detector, and
(b) transmitted detector. Waveforms correspond to case {a) in Fig. 6.

shortened the duration of the post-focus microwave pulse
significantly. In addition, time-integrated photographs of
the visible light produced by ionization processes in the test
cell were obtained using a still camera. A typical set of pho-
tographs of breakdown in the test cell is shown in Fig. 6, and
they clearly indicate that surface breakdown at the test-cell
wall is not a significant factor in the measurements. For a
fixed microwave power density and pulse duration, the
breakdown region becomes progressively smaller as the am-
bient test-cell pressure is increased. At the higher pressures
evidence of the small-amplitude standing wave in the test
cell can be clearly seen in the photographs. The observed
wavelength of the breakdown pattern is fully consistent with
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FIG. & Microwave propagation data plotted using the visible light criterion
for breakdown.
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FIG. 9. Microwave propagation data plotted using the pulse width criterion
for breakdown.

the operating frequency (9.6 GHz} of the large-orbit gyro-
tron.

A typical set of oscilloscope waveforms for the prefocus
and post-focus detector systems are shown in Fig. 7. The
examples shown are for a case where breakdown resulted in
considerable shortening of the post-focus microwave pulse
duration. Data from all experiments are plotted in the famil-
iar E /p vs pr format in Figs. 8 and 9. The data points in the
two plots are the same, but in Fig. 8 the visible light criteria
for breaskdown was used to indicate on which shots break-
down occurred, and in Fig. 9 breakdown was defined by a
measured post-focus pulse duration of 80% or less of the pre-
focus pulse duration.

¥. CONCLUSIONS

From the data it is possible to draw a lineon the £ /p vs
prplot above which breakdown always occurs and a second
line below which breakdown never occurs. These results
have been compared with data from experiments by Yee ef
al,’? Gould and Roberts,”” Tetenbaum ef af.,'® and Fel-
senthal and Proud'® in Fig. 10. Also shown are the predic-
tions of theory by MacDonald® and Ali and Coffey"® for
wavelengths of 3 and 10 cmi.

The data obtained in these experiments are in reasona-
bie agreement with data obtained by Yee et al.,'* for break-
down inside a wavegnide at 2.85 GHz. The results are also in
reasonable agreement with the theory of MacDonald.® Both
the present data and the data of Yee e a/. fall somewhat
below the theoretical predictions of Ali and Coffey, although
the qualitative agreement between theory and experiment is
very good. It is interesting to note that no seed ionization
source was empioyed in these experiments, in contrast to the
experiments reported by Yee ef ¢l.'”? and Gould and Ro-
berts.'® Usually, seed ionization sources are used to provide a
reliable source of small numbers of free electrons to impove
reproducibility. In the experiments reported here, reproduc-
ibility was not a major problem, although it is likely that
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FIG. 10. Comparison of results of present study with available theory and
experiment.

% rays produced by energetic electrons striking the drift tube
walls produced sufficient free electrons to initiate the break-
down process.

Future experiments are planned to extend the range of
data obtained to even higher microwave power densities and
shorter pulse durations. In addition, the propagation of
high-power microwave pulses through preformed plasmas is
also under study.
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