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Method to Achieving High-Power Microwaves
in Air and Argon

Mladen M. Kekez

Abstract— The paper summarizes the results of the microwave
generation in atmospheric air and argon at high pressure. The
method how to proceed to achieving higher power level is
presented. Two experimental setups were considered. Attention is
paid to the interactions between the frequencies in the resonant
cavity i.e., the coherence effect. The objective is to get repro-
ducible data and the generation of the microwave emission at the
single frequency to avoid the coherence effect. The electrons in the
cavity are created by the electric field and by the photoionization,
enabling the population inversion to be obtained. Because of the
electron impact with N in air, molecules cannot lose this energy
by photon emission, their excited vibrational levels are metastable
and live for a long time. The microwave pulse of long duration can
be generated. The various radiation lines created in the resonant
cavity are noted. To achieve high-power microwave emission,
the resonant cavity has to be tuned to the more powerful line
of the rotational and/or vibrational transition of molecules in air
occurring at high frequency and not at 1-GHz frequency used
in this study. A compact system could be achieved by using the
high-frequency line. The study points out that the microwaves
are produced through the amplification by stimulated emissions
of electromagnetic radiation (maser action) in air and argon.

Index Terms— Coronas, microwave generations, photoioniza-
tion and coherence effect, spark channel discharges.

I. INTRODUCTION

HIS paper is a continuation of the earlier studies [1],

[2]. A maser is a device that produces coherent electro-
magnetic waves through amplification by stimulated emission.
In high pressure gases, the maser exploits a rotational and/or
vibrational transition of molecules and atoms. The frequency
corresponds to the energy difference between two quantum
energy levels of the species in the gain medium, which have
been pumped into a nonthermal population distribution [3].
The emissions from the maser (like in the lasers) are stimulated
and the radiations are emitted coherently.

In the lasers, the gain (amplification) implies the popu-
lation inversion. The gain medium (molecular, atomic, and
electronic) uses the population inversion. The laser radiation
is produced at specific frequencies only and the radiation is
independent on the size of the cavity.

In the masers, the radiation depends on the size of the cavity.
The atomic hydrogen maser is a well-recognized maser device.
The resonant cavity of the hydrogen maser is tuned precisely
to the 1.420-GHz frequency [4]. This frequency corresponds
to the amount of energy needed to reverse the spin of the
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electron of the hyperfine transition of the hydrogen atoms and
is equivalent to the photon energy of 5.8726 peV.

The main characteristic of the resonant cavity is described
by the quality factor Q(=f/Af). Af is the bandwidth of the
cavity and f is the resonance frequency of the cavity. If Q is
low, the gain (amplification of the signal) at resonance is small.
The cavity does not discriminate sharply (reject the unwanted
frequencies) between the resonant frequency of the cavity and
the frequencies on either side of the resonance.

In most experiments, the microwave pulses may contain few
frequencies in the domain covered by the quality factor Q of
the resonant cavity. In general, the interaction between two
signals of the same amplitude and of different frequency: f}
and f> is presented [5]

AF x At =1 where AF =| fi-f> | (1)

where At is the time interval at which the resulting signal has
zero value between the two consecutive interactions. At keeps
repeating in time as long as the signals f; and f, are applied.
In the literature, (1) is referred to describe the coherence effect.

Equation (1) can also be applied if the amplitudes of the
signal: fi and f> are not of the same value and their temporal
behavior is different in terms of the decay of amplitude in
time.

Equation (1) is derived under the condition that the intensity
of the signals is small enough and the interactions of the
signals are not changing the background temperature of the
matter through which they are propagating.

Using the PSPICE program a number of interesting fea-
tures can be derived regarding (1). The coherence effect is
manifested as the amplitude modulation in the time domain
and two frequencies peaks in the domain of the fast Fourier
transform (FFT) providing that f; and f, are separated far
enough.

The energy in the two pulses entering the interaction is
always larger than the energy in the resulting pulse fol-
lowing the interaction. Because the energy balance must be

maintained, the other frequencies must be generated
during the interaction to compensate for the energy
imbalance.

To understand better these processes, it is useful to consider
a single frequency microwave pulse i.e., of the duration AT =
20 ns as shown in Fig. 1, frame A. The FFT trace of this
waveform is given in Fig. 1, frame B. Fig. 1 was obtained
using the PSPICE program.

The interesting feature about the FFT plot is that the central
frequency at 1.080 GHz has the lobes with the first peak at
1.010 GHz on the left and the first peak at 1.150 GHz on the
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Fig. 1. Computer simulation. (a) Frame A is the PSPICE simulation of the
waveform of the single frequency pulse. Duration of the pulse, AT is 20 ns.
(b) Frame B is the FFT of this pulse. The rectangular window is used in
definition of the FFT. Afj is the FWHM of the frequency at 1.080 GHz.

right. If the additional signal with moderately high amplitude
and of the frequency close to the peak at 1.080 GHz would
interact with the main signal at 1.080 GHz, these lobes will
have some change. To detect the presence of this additional
signal, it is necessary to observe carefully the deformation of
the lobes and to note the deflection point being present in the
FFT curve close to the peak at 1.080 GHz.

Using the PSPICE program, it is also found that for the
pulses of rectangular shape, the following relation holds:

AT x Afo <12 )

where Afp is the full width at half maximum (FWHM).
Equation (2) can be used for the pulses of short duration,
AT ranging from 10 ns to i.e., 80 ns that contain the single
frequency in the pulse of the domain from 1 to 10 GHz.

If the amplitude of the single frequency pulse would decay
rapidly in time, A fy will rise and (2) cannot be applied any
longer.

The purpose of this paper is to try to understand why in
addition to the main frequency, other frequencies are present
in the domain governed by the quality factor of the resonant
cavity. The objective is to understand how to generate only the
single frequency emission to exit the cavity. However, the main
goal is to learn how to achieve the high-power level of the
microwave generation in air.

II. EXPERIMENTAL SETUP AND RESULTS

The experimental setup used is shown in Fig. 2. The same
setup was applied in [1] and [2].

The diagnostic tools are 10-GHz B-dot probe to measure the
radiation exiting the device, Tektronix CT-1 transformer/probe
to measure the electrical current in the cavity and 3-GHz
Tektronix oscilloscope: TDS 694C to record the data.

B-dot probe records the radiation exiting the setup. The
probe was calibrated in the TEM cell. For a frequency
of 1.08 GHz, the amplitude of the signal of 1 V corresponds to
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Fig. 2. Schematic of the experimental setup. 1-HV output from the nine-
stage Marx generator, 2—copper ring, 3—copper plate, 4—metallic holder that
provides the contact to nine-stage Marx generator, 5—step in the metallic
flange, 6—metallic flange is connected to the enclosure of nine-stage Marx
generator, 7 and 8—Plexiglas flanges, 9—partial reflector, 10—cyliner, 11-helix,
12-Tektronix CT-1 probe placed into 2 3/4 in nipple, 13—copper mesh, and
14-BNC connector. B-dot probe is placed above the partial reflector.

the electric fields of 3.07 kV/cm. The amplitude of the signal
is linearly proportional to the frequencies in the range from
1 to 10 GHz.

In Fig. 3(a),
is ~4 divisions =
3.07 kV/cm/div. =

the average height of the signal
4 V. The average field E is 4 div. x
12.28 kV/cm and the power density is
E?/(2 x 377Q) ~ 0.2 MW/cm?. The area of the radiation
exiting the cavity, A = 7 X r2 = 182.4 cm?, where r = 3
inch (=7.62 cm). When the measurements of the power
density distribution over the area, A are done, it will be
possible to specify how many (tens of) megawatts the setup
in Fig. 2 is producing.

In zero order approximation, the setup in Fig. 2 could be
considered as RLC resonant circuit/cavity that can discrim-
inate/rejects the frequencies located away from the resonant
frequency on either side of the resonance. This feature is
described by the quality factor Q of the resonant cavity. B-dot
probe records only the processes in the domain dictated by the
quality factor Q of the resonant cavity.

Tektronix CT-1 transformer/probe is used to obtain the
current waveform. The frequency domain of the probe is from
almost dc to 3 GHz. The amplitude of the signal recorded
depends on the orientation of the probe in regards to the
magnetic field.

The calibration of the CT-1 probe was done with the aids
of Rogowski coil made by Pearson Electronics Inc., Model
110. “100 mV”/div recorded by the CT-1 probe corresponds
to 667 A/div. The bandwidth of the CT-1 probe is used to
record all the current waveforms presented, except the current
data given in Fig. 6 where the filter was used. The bandwidth
of the filter is from 300 MHz to 3 GHz.

Both probes observe mainly the radiations coming from the
exited molecules and atoms in the RF and the microwave
domain. These radiations are considered to be the electromag-
netic waves and the probe measures the magnetic field arising
from these radiations. The CT-1 probe records well the mag-
netic field of the radiations being generated close to the probe
in the space between the cylinder 10 and the helix 11 (Fig. 2).
The sensitivity of the probe is decreased for the radiations
occurring inside the helix due to the geometrical distance of
these radiations with respect to the probe. The CT-1 probe
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(a) Microwave emissions generated in air. These data are after [6] Fig. 7. The helix was used. Marx generator was charged to ~12 kV/stage. (b) Two

shots of microwave emissions generated in argon at 700 torr. Marx generator was charged to ~10 kV/stage. Solid rod of 48.30 mm in diameter replaced
the helix. The signals in frame A were recorded with B-dot probe together with a low (1.25 GHz) pass filter. Frame B is the FFT of the signal. Af] is the

FWHM of the frequency at the resonance. Coherence effect is absent.

records all the radiation lines being produced in the resonant
cavity from the virtually dc to 3 GHz (=bandwidth of the
oscilloscope)

To appreciate how the setup shown in Fig. 2 works, let
us first note that when the helix is removed and nine-stage
Marx generator is energized; the breakdown discharge takes
place between the copper plate 2 and copper ring 3. The
breakdown occurs in millimeter and submillimeter gaps over

the dielectric (Plexiglas) substrate. The gap is subject to
high (few MV/cm) fields. The spark discharges are creating
the uniform and rapid Ultra Violet (UV) photoionization in
the volume of gas placed inside the cylinder 10 of Fig. 2, as
discussed in [6].

When the helix is attached, the voltage across many spark
channels created on the circumference of the plate 3 has
not fallen to fully zero value. The part of the voltage pulse
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Fig. 4. Microwave emissions generated in air. The shots # 2 and # 3 are the records of “poor shots” of microwave emissions. The coherence effect is present
in these two shots. Shots # 1 and # 3 have been recorded in the same run. The helix was used. Marx generator was charged to ~12 kV/stage. Descriptions
of the traces are as in Fig. 3. The signal was recorded with B-dot probe together with a low (1.25 GHz) pass filter.

from the generator will traverse between the helix and the
cylinder until it reaches the end of the helix. The wave
will see the open circuit and will reflect back toward the
electrode. There, we do not have the matching impedance
condition and the wave will travel forth and back along
the helix creating the electron impact ionization in the
space between the helix and the cylinder. The electric field
of the voltage pulse is well below the voltage breakdown
potential.

The UV preionization provides and maintains the necessary
ionization in the gas to carry the current and provides electrical

excitation of the molecules. The plasma produced by the UV
preionization is also augmented by the applied electric fields
via the Townsend multiplication parameters (defined via the
parameter related to the ratio between the electric field and
the neutral gas density) together with the parameters related
to the high-speed (runaway) electron production.

The amplitude of the electric field on the helix depends on
the value of the charging voltage of the Marx generator and
on the spacing between the copper plate 2 and copper ring 3.
To get the maximum value of the radiation exiting the cavity,
it was learned that the Marx generator has to be charged to
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Fig. 5. Microwave emissions generated in air. The helix was used. The signal in (A) was recorded with B-dot probe to cover the domain from low megahertz
domain to 3 GHz (=bandwidth of the oscilloscope). Current in frame A was obtained with Tektronix CT—1 current probe. Frames B are the FFT of the
signal and of the current, respectively. Frame B is expanded FFT of B. Af; is the FWHM at frequency of 1.080 GHz. Marx generator was charged to

~12.5 kV/stage. Coherence effect is absent.

the particular (optimum) value. If the charging voltage is a
few kilovolts above the optimum value, the voltage across the
spark channels will fall causing the decrease of the current
flowing between the helix and the cylinder up to a factor of 2,
resulting in the decrease of the ionization and excitation of
the constituencies in the gas by the electric field. If the Marx
generator is charged to slightly lower voltage in comparison
to the optimum value, the trace of the radiation emission will
have the steps at the beginning of the emission, as shown in
[7, Fig. 2].

The results obtained could be classified in two categories:
“good data” where the system produces the radiation mainly at
the single frequency, and “bad data” where in addition to the
single frequency the satellite lines on one of the side or both
sides of the single frequency are present.

A “good data” are shown in Figs. 3, 5, 11, 13 and 14,
where the system produces the radiation at the single fre-
quency. Similar to the data in Fig. 3(a), hundreds of “good
shots” were also recorded, not only just in air but also
in argon/SFg mixture [7]. It is interesting to note that the
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Fig. 6. Microwave emissions generated in air. The helix was used. Marx generator was charged to ~12 kV/stage. Descriptions of the traces are as in Fig. 5.
Current in trace A was recorded using Tektronix CT—1 current probe and the filter to cover the bandwidth from 300 MHz to 3 GHz. Coherence effect is

present.

resonant frequency had varied from 1.060 to 1.071 GHz
from shot to shot [7]. The emission was circa two times
large in amplitude in the argon/SF¢ mixture in comparison
to the emission recorded in air. The puzzling fact was that
in many series of 12 shots per run, for no obvious rea-
son, the “bad shots” (Fig. 4, shot # 2 and shot # 3) were
also recorded in addition to the “good shots” (for example
in Figs. 3 and 5).

The satellite line is present on the right of the resonant
frequency in Fig. 6, and we have a major interaction between
the main frequency of 1.079 GHz and the satellite line at 1.102
GHz as shown in Fig. 6, frame Bj of the signal. These two

lines are creating the coherence effect which is evaluated and
given in Table L.

The satellite line at 1.057 GHz is present on the left of
the resonant frequency of 1.082 GHz in Fig. 8, frame B; and
Fig. 9, frame By, and the satellite line at 1.060 GHz is next to
the main frequency line at 1.083 GHz in Fig. 10, frame B;.

Seven examples of the interactions between the frequencies
were presented in [8] and the comparison was made between
the theory and the experiments. Attention was paid to observe
the transient time for the wave to propagate in the cavity.
To improve the quality of the analysis, the same experimental
data was used again and the amplification by stimulated
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Microwave emissions generated in argon at 600 torr. The helix was used. Marx generator was charged to ~9 kV/stage. The signal in frame A was

recorded with B-dot probe and with low (1.25 GHz) pass filter. Other descriptions of traces are as in Fig. 5. Deflection point at 1.101 GHz contributes that
the coherence effect is not absent, but the coherence effect is semiabsent or it could be stated that the effect is semipresent.

emissions of electromagnetic radiation (maser effect) was
included in the theoretical formulation [9].

To examine the validity of the (2), two shots of the emis-
sions in argon are presented in Fig. 3(b). The FFT data of
the signal displayed on 25 MHz/div. closely follows the FFT
trace shown in Fig. 1. In Fig. 3(b) shot # 1, the product of
the signal duration of (=78 ns) times Af; of 14.6 MHz is ~
1.14 and this is in accordance with (2). Similarly, in the shot
# 2 of Fig. 3(b) the product of the signal duration of (91 ns)
times Afj of 12.4 MHz is ~1.13.

The same conclusion can be reached regarding the data
given in Fig. 3(a), frame B. The FFT data of the signal
displayed on 25 MHz/div. is similar to the FFT trace shown
in Fig. 1. The product of the signal duration of (*78 ns) times
Afy of 15.1 MHz ~1.18, also agrees well with (2). The same
statement can be made regarding Fig. 5.

To increase the probability of getting the “good shots,”
the following procedure was used. After 12 shots were fired,
the chamber was pumped down to 10~* torr and fresh air
was introduced. The idea was to remove the ozone and other
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TABLE I
DATA OF FIGS. 6-10 ARE COMPARED WITH THEORY: AF x At =1

Frequencies Difference
(GHz) AF At | AF*At from
Upper | Lower | (MHz) | (ns) AF*At=1
Fig.6 | 1.102 | 1.079 23 440 | 1.012 | +1.20%
Fig.8 | 1.082 | 1.057 25 414 | 1.035 | +3.50%
Fig. 9 1.082 | 1.057 25 41.8 | 1.045 | +4.50%
Fig. 10 | 1.083 | 1.060 23 43.1 | 0.991 -0.87 %

byproducts due to the spark channel breakdown created on the
circumference of the plate 3. Unfortunately, this procedure did
not yield the significant improvement in getting always the
“good shots.”

After numerous trials of what to do, it was learned that the
gap spacing between the plate 3 and the ring 2 of Fig. 2 was
the pertinent fact. The gap has to be of a particular value in
submillimeter range and be uniform around the circumference.
Also, the Marx generator has to be charged only to £2 kV up
and down around the optimum value of 12.5 kV/stage to get
the “good results.”

With the introduction of the CT-1 probe in the experimental
setup, it became possible to understand better what contributes
to making the difference between the “good shot” (Fig. 5) and
the “bad shot” (Fig. 6).

To learn more, further detailed studies were done in argon.
“Semigood shot” using 10 ns/div. time scale is given in
Fig. 7 and the “good shot” recorded on 20 ns/div. time scale
is shown in Fig. 11. The term “semi-good shot” is used
because the FFT plot of the signal shown in Fig. 7, frame
B has the satellite line of small amplitude next to the peak
at 1.082 GHz, which results in the formation of the deflection
point at 1.101 GHz.

From a few hundreds of the “bad shots” Figs. 8—10 have
been chosen to show the progressive increase in the amplitude
of the satellite line at 1.057 GHz shown in Figs. 8 and 9 and
1.060-GHz satellite line in Fig. 10. To appreciate the difference
of the “bad shot” of Fig. 10, the “good shot” is given in Fig. 11.

When the helix was replaced by the solid graphite rod of 2
inch (=50.80 mm) in diameter, Figs. 12—-14 were obtained.

The far end of the rod was machined to form the hemi-
sphere. The reproducibility in generating the “good shot” of
the microwave emissions became good. The importance of
the precise gap spacing between the plate 3 and the ring 2 of
Fig. 2 was reduced. For example Fig. 12 was obtained for the
smaller spacing in comparison to that used in Figs. 13 and 14.
Note that the solid aluminum rod of slightly smaller diameter
of 48.30 mm was applied to get the results shown in Fig. 3(b).

III. DISCUSSION

The first step in the understanding of the results obtained
is to evaluate the coherence effect described by (1). The
comparison between the theory and the experimental findings
is given in Table L.
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TABLE 11
COMPARISON BETWEEN THEORY AND EXPERIMENTS

Theory states that Not in the Not in the Center,
center center
for N: N=2 N=3 N=2
and for the position in the 824 1.236 972
space, the frequency is: MHz GHz MHz
Experimental data
Fig. 5 812 1.280 978
Experimental data
Fig.6 840 1.239 977
Experimental data
Fig. 7 828 1.322
Experimental data
Fig. 8 828 1.322
Experimental data
Fig. 9 828 1.326
Experimental data
Fig. 12 1.243
Experimental data
Fig. 14 1.268

An attempt is now made to understand why the frequency
lines have been recorded in the current waveforms. The defi-
nition of the spatial resonator can help. The spatial resonator
is defined as the distance d times 2 is equal to the integral
number of wavelengths A of the wave

2xd = NA, where N is the integral number = 1,2,3...
(3)

The distance between the partial reflector 9 and the copper
plate 3 of Fig. 2 d is 36.4 cm. When the dimension of 36.4 cm
is inserted into (3), for N = 2, the theoretical value of
the frequency is 825 MHz and it is shown in the first row
in Table II. In the second row in Table II, the theoretical
frequency of 1.236 GHz is noted for N = 3.

To understand why the experimental value differs from
the theoretic value, it is useful to consider Fig. 12. Next to
1.234 GHz line, there are two additional lines at 1.278 and
1.336 GHz. It appears that these two additional lines inhibit
the observation of the theoretical frequency of 1.236 GHz in
Figs. 7 and 8.

Table II shows that the experimental value of the frequency
varies from shot to shot. This deviation could be explained by
observing the details of the geometry. There is the small step,
5 of about 2 mm between the copper ring 2 and the aluminum
flange 6 shown in Fig. 2. This step introduces uncertainties in
the determination of the theoretical value of the frequency.
This step is not included in the analysis. The term “not in
the center” is used to observe the distance between the partial
reflector and the copper plate.

The standing wave is also formed simultaneously between
the top edge of the metallic holder 4 and the partial reflector
9. By measuring this distance and using (1) the frequency
of 972 MHz was calculated for N = 2. This frequency is
noted by the term “center” in Table II. Again, there are some
uncertainties. The metallic holder 4 for the helix has the recess
needed to provide the space to accommodate the screw that
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Microwave emissions generated in argon at 600 torr. The helix was used. Marx generator was charged to ~9 kV/stage. The signal in frame A was

recorded with B-dot probe and with a low (1.25 GHz) pass filter. Other descriptions of traces are as in Fig. 5. Coherence effect is present.

is joining the metallic holder 4 to the bushing of the Marx
generator 1 shown in Fig. 2.

The frequency peak at 594 MHz was observed in Fig. 6 and
this peak is absent in Fig. 5. The peak at 594 MHz can be con-
tributed to the coherence effect. In Table I, it has already been
pointed out that the main frequency at 1.079 GHz interacts
with the satellite line at 1.102 GHz to cause the coherence
effect. As stated in Section I, the coherence effect will in
turn create the additional frequencies such as 1.001 GHz and
594 MHz (Fig. 6) to preserve the energy balance between the

pulses entering the interaction with the energy in the resulting
pulses following the interaction.

100 % modulation of the signal is present in Fig. 10. The
coherence effect is also manifested by the establishment of
the peak at the frequency of 546 MHz. There are two possible
interpretations for the experimental finding given in Figs. 6 and
10. The first interpretation is to take that these are the true low-
frequency components of the current occurring at 594 MHz in
Fig. 6, frame B and 546 MHz in Fig. 10, frame B. The second
possible interpretation is to note that the oscilloscope has only
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Fig. 9. Microwave emissions generated in argon at 600 torr. The helix was used. Marx generator was charged to ~9 kV/stage. The signal in frame A was
recorded with B-dot probe and with a low (1.25 GHz) pass filter. Other descriptions of traces are as in Fig. 8. Coherence effect is present.

the bandwidth of 3 GHz and the oscilloscope interprets high-
frequency signals well above 3 GHz as the low-frequency data.
This uncertainty can be resolved by the use of a faster (i.e.,
32 GHz) oscilloscope.

The frequency line close to 1.9 GHz is observed in all
the data of the emissions recorded in air. It ranges from
1.950 shown in Fig. 14 to 1.993 GHz given in Fig. 5. This
1993-GHz line becomes 1.958-GHz line in argon as shown in
Figs. 8 and 9. It can be taken that this high-frequency line is
due to the rotational and/or vibrational transition of molecules

present in the microwave domain in air and argon. The same
statement can be made regarding the line at 1.336 GHz
recorded in air and shown in Fig. 12 and the line of 1.322 GHz
observed in argon and shown in Fig. 8.

The  frequencies  exiting the  oscillatory  cir-
cuit/system (Fig. 2) can be considered as coming from
the coaxial waveguide. As shown in [1], [2], and [10],
the experimental evidence points out that the TE;; mode
predominates in the experimental setup (Fig. 2). The TEj;
(peak-on axis) mode has the smallest cutoff frequency value
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Fig. 10. Microwave emissions generated in argon at 600 torr. The helix was used. Marx generator was charged to ~9 kV/stage. The signal in frame A was
recorded with B-dot probe and with a low (1.25 GHz) pass filter. Descriptions of traces are as in Fig. 8. Coherence effect is present.

of all the TE modes propagating in the coaxial waveguide.
The cutoff wavelength for TE{; mode is

Je=1/4 x 1.8737(D +d) when D = 3d. @)

where D is the diameter of the inner wall of the cylinder
and d is the diameter of the circular conductor of the coaxial
waveguide. The helix can also approximate the inner circular
conductor. For D = 6 inch (=1524 cm) and d = 2
inch (=5.08 cm) used in Fig. 2, (4) yields 1. = 29.876 cm,
and fc = 1.004 GHz. The experimental data is the frequency
range from 1.060 in Fig. 3(a) to 1.083 GHz in Fig. 11.

For a long coil of 50 cm used in [10], the diameter of the
inner wall of the cylinder D is 12 inch (=30.48 cm). Using
the circular plastic tube of 4 inch (=10.16 cm) in diameter,
the 15 AWG copper wire of 2.9 mm in diameter was tightly
coiled on the tube. This makes d to be equal to 10.16 cm plus
2 diameters of 15 AWG copper wire of 2.9 mm. For these
dimensions the theoretical cutoff frequency, f. is 490 MHz.
The theoretical value of f, differs from the experimental value
of 472 MHz by 4%. The error could be attributed to the fact
that (4) is derived under the condition that D = 3d, and in
the experimental setup used, we have only D = 2.75d.



2254
Signal: 250 mV /div.: 20 ns/div.
1.083 GHz
- Af,=10.37 MHz -
1052 GHz||
Toszeha
FFT of signal : 50 mV /div.; 125 MHz / div.
1.083 GHz
Af=665MHz =
122MHz N
FFT of current: "5 mV "/ div. ; 125 MHz/ div.
Fig. 11.

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 45, NO. 8, AUGUST 2017

Af=10.37 MHz =

1\.098 GHz

1.058 GHz | :

FFT of signal : 50 mV /div.; 25 MHz / div.

1.083 GHz

B,

| Af,=665MHz © |

Microwave emissions generated in argon at 600 torr. The helix structure was used. The signal in frame A was recorded with B-dot probe and using

a 1.25-GHz low pass filter. Descriptions of traces are as in Fig. 8. Coherence effect is absent.

For the short coil of 20 cm used in [10], all the dimensions
are the same except 24 AWG copper wires of 0.51054 mm in
diameter was used. Applying (4), we get 1, = 60.90 cm and
fe = 492 MHz. In comparison with the experimental value
of 483.5 MHz, the error is 1.83%.

To understand the sensitivity of (4), the experiments used
to get the data given in Fig. 3(b) were repeated. Instead of the
solid aluminum rod of 48.30 mm in diameter, 15 AWG copper
wire was tightly coiled on the plastic tube of the same diameter
of 48.30 mm. With the solid rod the frequency is 1.090 GHz
as shown in Fig. 3(b). By replacing the solid aluminum rod

with the coil tightly coiled on the plastic tube, the frequency
becomes 1.046 GHz.

Throughout the research on the microwave generation in air,
the coherence effect was the obstacle which inhibited the effort
to make significant progress in the research and development.

In this study, further effort was made trying to understand
the processes involved. For this reason additional experiments
were carried out and the results are shown in Figs. 7-11.
The data presented are the summary of a few hundred shots
recorded. The most interesting part of these data is the evolu-
tion of the emission i.e., what is happening from the onset of
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The signal in frame A was recorded with B-dot probe and using a 1.25-GHz low pass filter. Other descriptions of traces are as in Fig. 8. Coherence effect is

absent.

the emission to the time when At starts to be measured (Figs.
6 and 8-10). Studying these processes on the faster (5 ns/div.
and 2 ns/div.) time scale, numerous signal lines, and current
lines were recorded. The observations of the evolution of the
microwave emission points out that these lines are of similar
nature as the records given in Fig. 6.

The overall conclusion is that the electromagnetic wave
between the cylinder and the helix propagating in the TE;
mode [and given by (4)] is not occurring in a synchronized
fashion with the radiation wave propagating in the center of
the helix. Because of this, it appears we have the interactions

between the different modes, possibly establishing and causing
the many frequencies to be formed in the resonant cavity and
to have significant variations from shot to shot.

The second important conclusion became evident by making
the comparison between Figs. 10 and 11. The coherence
effect is due to the interaction between the main frequency
at 1.083 GHz and the satellite line at 1.060 GHz in Fig. 10.
The coherence effect is absent in Fig. 11 and only the main
frequency line at 1.083 GHz was recorded. The surprising fact
is that the satellite line is not evident in the FFT of the current
trace in Fig. 10.
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The signal in frame A was recorded with B-dot probe and using a 1.25-GHz low pass filter. Other descriptions of traces are as in Fig. 8. Coherence effect is

absent.

These observations may be explained by the following
facts. The CT-1 probe records well the magnetic field of the
radiations being generated close to the probe in the space
between the cylinder 10 and the helix 11 of Fig. 2. The
sensitivity of the probe is decreased for the radiation occurring
inside the helix. Second, the FFT trace shown in Fig. 10, frame
B; is the integral function in time and differs from the FFT
observed in a short time period. If we sum up large value many
times, also sum up small value many times, it will appear that
the sum of small values is difficult to be noticed in comparison
to the sum of large values.

To avoid the coherence effect altogether, it is necessary to
return to the conditions stated in Fig. 3(b): the solid rod is to
replace the helix. The results obtained with the graphite rod
of 2 inch (=50.8 mm) in diameter are shown in Figs. 12-14.

In Fig. 3(b), argon was used instead of air and the rod
of smaller diameter (=48.30 mm) was applied. The charging
voltage of nine-stage Marx generator was adjusted until the
minimum variations of the signal’s amplitude were obtained.
The goal was to examine whether (2) could be confirmed.

The microwave emissions were obtained in air at the fre-
quency of 1.071 shown in Fig. 12 and 1.079 GHz shown
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difference between shots is the shape of the current trace. The signal in frame A was recorded with B-dot probe and using a low (1.25 GHz) pass filter. Other

descriptions of traces are as in Fig. 12. Coherence effect is absent.

in Figs. 13 and 14. Using different spacing, the amplitude
of the radiation at the frequency close to 1.950 GHz will
change. The maximum emission occurs usually at the charging
voltage of the nine-stage Marx generator close to 10 kV/stage.
By increasing or decreasing the charging voltage from this
optimum value, the emission close to 1.079 GHz will fall.

Also, the FFT of the current in Fig. 14, frame B shows that,
the peak at 1.081 GHz is 10 times smaller in comparison to
the peak at 1.950 GHz.

It should be noted that (4) was found to hold in [10]
for the diameter of the inner wall of the cylinder D
of 12 inch (=30.48 cm) to generate the frequency of 472 MHz

(for a long coil) and 492 MHz (for a short coil). In this study
D of 6 inch (=15.24 cm) is used and (4) is found to be valid
to give the frequency of circa 1 GHz.

If the system is to generate the maser action at the frequency
of 1.950 GHz, (A = 5.385 cm), (4) points out that the
dimensions of the chamber have to be decreased approximately
by factor of 2 in comparison to the structure used in this study.
For f = 1.950 GHz, d should be 1.029 inch (=2.615 cm),
and D = 3.088 inch (=7.844 cm).

The peak at 1.95 GHz frequency as reported in [2]
in Fig. 2 is just one of the peaks at which the microwave
emission does occur in air. The largest peak of the emission
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takes place at 7.55 GHz. For the frequency of 7.55 GHz,
the (4) gives d of 0.2658 inch (=6.753 cm), and D = 0.7975
inch (=2.026 cm).

Producing the microwave emission at higher frequency i.e.,
at 7.55 GHz provides the possibility of not only having just a
small size system, but also the method to couple the radiation
exiting the cavity, by the small size helical antenna to direct
the radiation output.

So far, not sufficient attention has been paid to the quality
factor Q of the resonant cavity. If the Q of the cavity
is large (Q > 50), the gain in the current in the cav-
ity/emission at the resonance is high and the cavity discrim-
inates sharply (reject the unwanted frequencies) between the
resonant frequency and the frequencies on either side of the
resonance.

To determine the quality factor of the system (Fig. 2),
it is necessary to consider the exit of the energy from the
cavity (represented by the impedance of 377 Q), the energy
addition in the cavity due to the maser action (and represented
as the resistor of the negative value), the propagation of the
wave inside the cavity, the energy loss to the walls and the
dimensions of the components in the cavity.

These terms can be approximated by the lump parameters
to yield the equivalent series RLC circuit in the vicinity of the
resonance. The analysis of the passive series RLC circuit is
given in [11].

The conclusions of the preliminary analysis are the follow-
ing. The quality factor of the radiation line, O, = f/Afi
is always larger than the quality factor of the cavity Q. =
f/Afc. For the data shown in Fig. 3(a), it was evaluated
that the bandwidth of the cavity Af. is close to 50 MHz,
whereas the bandwidth of the line Af] is 15.1 MHz at f of
1.060 GHz. When Q. is of high value, the satellite lines close
to the resonance are well attenuated (Fig. 5). When the maser
emission is efficient and contributes that the current in the
cavity rises to high value, the quality factor of the cavity Q.
resembles that of the commercial klystron tube (i.e., Q. > 80).

When the currents/emissions are small, the bandwidth of
cavity Af, is increased to 100 MHz, making the discrimination
of the satellite lines less efficient.

IV. CONCLUSION

In this paper, the microwave generation close to 1 GHz
was investigated. Two experimental setups were used. In the
first setup, the helix was used. In the second setup, the helix
was replaced with the graphite rod of 2 inch (=5.08 cm) in
diameter. The helix or the rod were placed alternatively in the
cylinder of 6 inch (=15.24 cm) in diameter.

The self-supporting  helix was made using
1/4 inch (=0.635 cm) copper tubing and the tubing
was coiled on the tube of 2 inch (=5.08 cm) in diameter d.
According to [12], the pitch for the helix is close to A/4 and
the wavelength A = # x d. These dimensions enable the
frequency of the helix to be 1.879 GHz, when the helix is
not in the cylinder.

Using the helix, the amplitude of the microwave emission
close to 1 GHz is 2 times large in comparison to that found
when the solid rod is used. Unfortunately, the probability of

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 45, NO. 8, AUGUST 2017

getting always the “good results” with the helix is not satis-
factory. This is because in the domain dictated by the quality
factor of the cavity, numbers of frequencies are generated
and the interactions between the frequencies will lead to the
coherence effect. This fact has the consequence that the “good
results” became the “bad results” in some shots.

Using the solid rod, the propagation of the electromagnetic
wave in the cavity occurs in the TE;; mode and the repro-
ducible results are obtained. The system is behaving like a high
gain narrow bandwidth amplifier that has a positive feedback
and produces the microwave amplification by the stimulated
emission of radiation as in the case with the atomic hydrogen
maser [4].

The CT-1 probe observes all the radiations being generated
in the resonant cavity that are coming from the exited mole-
cules and atoms in the RF and the microwave domain up to
the frequency of 3 GHz (=bandwidth of the oscilloscope).
The probe measures the magnetic field arising from these
electromagnetic radiations.

The FFT trace of the current shown in Fig. 14, frame B
indicates that at the frequency of 1.950 GHz, the number of
excited molecules is 10 times larger than the number of excited
molecules at the frequency of 1.081 GHz.

If the resonant cavity is to be tuned to 1.950 GHz, the inner
diameter of the chamber (as well as the solid rod) has to be
reduced by factor of 2 in comparison to the cavity designed
to get the radiation at 1.079 GHz.

By making the cavity more compact, it becomes practical
to add the helical antenna of relatively small dimensions to
the exit of the cavity. The helical antenna is to be attached
to the partial reflector and the axis of the antenna is to be
in the same line as the axis of the cavity. The radiations now
exiting the cavity will be coupled to the winding of the helical
antenna [13].

If future experiments designed at 1.950 GHz line are
successful, this will open further avenues trying to have
higher frequency and to make the system even more compact.
According to [2], the number of excited molecules in air has
the maximum at 7.55 GHz in the microwave domain. This fact
means that, theoretically it should be possible to reduce the
diameter of the cylinder to about 2 cm.

How far the method suggested can be successful depends
on the optimum degree of ionization (produced by the UV
radiation and by the electrical field) and in getting a stable
uniform discharge between the cylinder and the rod. The
problems related to the gas-electrical breakdown between the
cylinder and the rod and arc formation are to be avoided.
Tailoring and optimization of the discharge parameters is the
task ahead. This future work may have some resemblance to
the explosively driven (compact) magneto-cumulative genera-
tor (MCG) [14].

Some time ago, it was claimed that the MCG of [14]
is capable during the detonation of producing the power-
ful microwave at the frequency range of 10-12 GHz [14].
Many distinguished scientists have disputed such claim. Nev-
ertheless, using the nondestructive method proposed in [10],
future experiments offer an inexpensive way to reexamine this
discrepancy.
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Initially, the system can be energized by the low impedance
Marx generator such as the one described in [15] and applied
in this study, and later to achieve the burst of the microwave
pulses, Nikola Tesla coil generator should be used [10].

By using short rise time Marx generator with the low
impedance, the gas discharges may well create conditions
where nitrogen laser emission is possible in the future compact
coaxial cavity designs. Kindly note that the nitrogen laser
operates in the UV domain at the wavelength of 337.1 nm
(f = 8.89910'* Hz) [16]. The high gain in the nitrogen laser
leads to relatively efficient super-luminescent emission even
without a laser resonator, not just in nitrogen but even in
air [17] (with lower performances). For this reason, the fast
photodiode (of rise time < 100 ps) together with the interfer-
ence filter (337.1 £ 15) nm should be added to get the UV
(laser emission) data and supplement the data recorded with
B-dot probe in the range from 1 to 10 GHz.
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