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Abstract

®

CrossMark

The manipulation of millimeter-scale microwaves is studied using plasma discharges formed
within a vacancy defect of a two-dimensional photonic crystal consisting of a hexagonal
lattice of sapphire rods. When an externally driven discharge pulse is generated within the
defect, the photonic crystal response is to transmit microwave pulses with variable properties,
such as pulse widths and delays as small as 300 ns. Without external drive of the discharge, the
device is also shown to behave as a nonlinear power limiter and attenuates the incoming power
by 10-15 dB in less than one microsecond when the input power surpasses the threshold of
microwave breakdown within the cavity, even at modest incident power of order 1 W. Lastly,
by combining external pulse drive with high incident field power but below self-ignition
limits, we show using a simple model analysis of the resonator response that the plasma
formed spans a wide range of plasma densities, dependent upon the sustaining microwave

frequency.
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pulse modulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Photonic crystals have seen increased applications in the
microwave regime during the past few decades. This is par-
ticularly true in applications that exploit the stop bands, where
strong reflection or attenuation is desired. In a microwave pho-
tonic crystal, stop-band attenuation and absorption occurs over
a few lattice constants in depth allowing heat to be distributed
over a larger volume in comparison to a flat metallic mirror
[1]. Photonic crystals have also been used to either guide
electromagnetic waves [2] or form resonant cavities for use
as accelerators and gyrotrons [3, 4]. Photonic crystals may be
made from arrays of either dielectric [5] or metallic [6] rods.
Recently there has been an interest in incorporating plasmas as
tunable elements in microwave photonic crystals [7], or using
high power microwaves with photonic crystal cavities to cause
the breakdown of a gas to form a plasma [8—10].

When plasmas are incorporated into microwave devices,
the Drude model is often used to describe the plasma as a
lossy dielectric, with a relative permittivity ep,
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that depends on the wave frequency w, electron collision fre-
quency v, and the plasma frequency,
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Here, n., e, and m, represent the electron number density,
charge, and mass, and €¢ is the permittivity of free space.
Compared to conventional dielectrics with relative permit-
tivities greater than one that contract wavelengths, plasmas as
dielectrics have permittivities always less than one and will
expand wavelengths (or negative permittivities that cause
waves to become evanescent). In a fixed volume such as a
resonant cavity, the introduction of a discharge plasma causes
the resonant frequency to increase. By utilizing the ability to
control the plasma density by varying discharge properties,
we are able to thus introduce tunability or reconfigurability
into microwave devices.

© 2018 IOP Publishing Ltd  Printed in the UK
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Recently, we presented results of studies of a Ku-band
microwave resonant cavity that was partially filled with a
plasma [11, 12]. The resonant cavity was situated inside a
rectangular waveguide section and consisted of two metallic
posts that created a volume within which electromagnetic
fields were amplified. However, in moving to higher frequen-
cies, such as towards mm-waves (Ka-band or higher), it is
advantageous to create resonant cavities using dielectric pho-
tonic crystals due to their capability of achieving lower loss
and to spread this loss over a large part of the photonic crystal
structure. The resonant cavities are formed by introducing a
vacancy defect in the crystal lattice.

In this paper, we present an experimental study of a hex-
agonal lattice photonic crystal with a plasma-filled vacancy
defect that resonates in the mm-wave region of the spectrum
(~30 GHz). An hexagonal lattice is used here in these tran-
sient investigations, in contrast to the square lattice used in
the steady-state experiments of plasma-filled defects pre-
sented earlier [7], since a 2D hexagonal lattice affords a higher
resonance Q-factor arising from the presence of a complete
bandgap (i.e. independent of the wave propagation within the
crystal). We show the efficacy of controlling the transmission
properties through the crystal using laboratory plasma dis-
charges that alter the permittivity inside the resonant cavity
and hence the resonant properties. Furthermore, we demon-
strate the multifaceted uses of such a device, including power
limiting capabilities due to microwave plasma breakdown and
a tunable density plasma source.

2. Methods

The principal device we study in this paper is a photonic
crystal with a hexagonal lattice of unpolished sapphire rods
of diameter 1.58 mm and a lattice constant of 3.8 mm. This
photonic crystal configuration has its first band gap between
25-33 GHz. The crystal is situated inside a hexagonal copper
chamber with two WR28 waveguide ports in order to transmit
millimeter waves through the device. The chamber was fab-
ricated using additive manufacturing methods with plastics
followed by an electroplating process to coat the surface with
a conducting layer of 10 um of copper. We used this same
technique on our previous device that consisted of a micro-
wave resonant cavity in a WR62 waveguide [11, 12]. In the
hexagonal photonic crystal device we create a resonant cavity
by introducing a point defect at the center of the cavity and
maintain the same lattice constant at the defect, which results
in a resonance frequency of 27 GHz. A photograph of the
assembled device, minus the top cover, is shown in figure 1.
Last, the device is designed with 1.3 mm access holes situated
on top and bottom of the defect in order to have optical access
and to allow electrodes to penetrate into the cavity.

The photonic crystal device is dry tested using a vector
network analyzer (HP 8722D) for its band gap and defect
resonance transmission properties. The resulting transmis-
sion versus frequency is shown in figure 2. The left band edge
is below the cutoff frequency of the WR28 waveguide and
the right band edge is seen at 33 GHz. The band gap has a

Figure 1. Photograph of a photonic crystal fabricated inside a
WR28 waveguide section. The top cover is removed to show the
hexagonal lattice of sapphire rods, each 1.58 mm in diameter.
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Figure 2. Transmission spectrum through the hexagonal photonic
crystal with a defect state at 27 GHz.

maximum depth of 50 dB at its center. The measured quality
factor of the unfilled cavity is 4225 and the transmission at
resonance is —5.69 dB, both of which well surpass the reso-
nator properties of our previous device.

The experimental setup to introduce plasma into the defect
state and measure its modified resonant properties is shown
in figure 3; the photonic crystal device is enclosed inside a
vacuum chamber that is pumped to low pressures and back-
filled with argon gas to 10 Torr. The background pressure is a
key parameter in the experiment as it determines the collision
and excitation frequency of argon atoms, and hence deter-
mines the breakdown condition and resistive losses within
the plasma. A more detailed discussion can be seen in [9].
The device is bolted onto a flange with a WR28 waveguide
feed-through so that there is very low loss of input power to
the device. On the receiving end of the device the microwave
signal is picked up by a waveguide to coaxial adapter and the
signal is transmitted out of the chamber to a crystal detector
using 2.92 mm coaxial cabling.

We transmit either CW or pulsed microwaves using a signal
generator (HP 83732A) followed by a frequency doubler
(Marki Microwave AQA-2040) and power amplifier (Sage
MM SBK-BP273313). A custom high voltage pulse generator
from Airity Technologies is used to drive pulsed plasma dis-
charges with tungsten electrodes 0.25 mm in diameter within
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Figure 3. Schematic of the experimental setup to study the
photonic crystal device with a combination of microwave
electronics, pulsed power supply, and vacuum components. The
device is contained within a vacuum chamber and microwave
signals are generated, amplified, and passed into the chamber and
device through a WR28 waveguide feed-through, before being
coupled to a coaxial line and detected by a crystal detector. A high
voltage pulsed power supply generates the micro-plasma inside the
waveguide using tungsten electrodes.

alumina sleeves that are situated 1 cm apart (the inner height
of the cavity). The high voltage pulser is triggered using a
Stanford Research Systems Delay Pulse Generator that sends
150 ns TTL pulses at 1kHz, with resulting voltage and cur-
rent waveforms shown in figure 4. The leading positive
voltage pulse peaks at 1160V over 150 ns and is followed
by a —400 V pulse 275 ns in width. The current pulse has a
negative peak of —1.2 A, followed by a positive peak of 0.3
A. Both the voltage and current waveforms have higher fre-
quency ringing not previously seen at lower pressures, and
the waveforms are also seemingly chopped off at the peaks,
looking more square shaped.

3. Results

We present two sets of experiments, the former using driven
electrodes at low microwave powers in order to unobtrusively
probe the cavity and study the decoupled behavior, and the
latter at high transmission power to study the coupled micro-
wave-plasma behavior.

3.1 Low microwave power experiments

The first set of experiments consist of driving the plasma with
the 150 ns, 1160V pulse shown in figure 4 while transmit-
ting a CW microwave signal. The transmitted power is shown
in time for various transmission frequencies, each line corre-
sponding to a trace at a particular frequency shift away from
the original 27 GHz (Af = f — fo).

The transmission waveform with a frequency set to 0 A
f (27.03 GHz) is shown in the dark violet line, and begins
at full transmission (0 dB). The plasma ignition causes the
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Figure 4. Typical current and voltage waveforms generated while
driving a microdischarge in 10 Torr argon with 0.25 mm tungsten
electrodes separated by 1cm.

transmission to drop 20 dB within 1 us then recover within
75 ps. Compared to our previous work using a simple two
copper post resonator in a WR62 waveguide [12], the initial
transmission drop occurs in approximately the same time
due to a similar voltage pulse waveform, while the recovery
is faster by a factor of 5 due to the higher pressure (10 Torr
versus 2 Torr). However, it should not be concluded that the
WR62 resonator experiments should also be ran at 10 Torr, as
such an increase in the pressure would result in a excessively
high electron collision frequency, and hence increase in losses
within the cavity. It is thus a benefit of the higher frequency
of the hexagonal photonic crystal device that we are able to
increase the pressure without incurring significant losses.
Increasing the transmission frequency causes the initial and
final transmission to decrease in accordance with the unfilled
line-shape of the cavity frequency response. It also results in
the formation of microwave pulses with delays and widths
ranging from tens of microseconds to sub-microseconds. The
formation of these tunable microwave pulses has been the
motivation of our research in these devices [11, 12], where
previously we had achieved in creating microwave pulses at
14 GHz with pulse delays and widths as small as 1 ps and
3 us, respectively. The microwave pulses are formed when the
plasma density changes in time within the resonator, causing
a changing plasma-cavity resonance frequency, and hence a
CW microwave signal will change from being reflected to
transmitted and back to being reflected. The microwave pulses
seen in figure 5 occur while the plasma decays, but there
should also be microwave pulses due to ionization. However,
we see little evidence of microwave pulses due to ionization,
likely due to the rapid ionization timescales and the high col-
lisionality of the plasma during this time. It is still clear that
setting the transmission frequency to the peak frequency shift
of the cavity, around +130 MHz, both ionization and decay
of the plasma together cause a single microwave pulse to
form with a minimum pulse delay and width of both 330 ns,
a substantial improvement over our previous work. However,
at larger frequency shifts the attenuation of the microwave
pulses becomes greater with 10 dB of loss at the +130 MHz
condition. Along with the properties of the microwave pulses
formed at small frequency shifts, which can be upwards of
50 ps, the tunable pulse properties of pulse delay and width
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Figure 5. Experimentally measured microwave cavity transmission
waveforms for various CW probe signal frequencies, given as

Af = (w — wp) /27 in MHz. The plasma was driven by a voltage
pulse shown in figure 4 in 10 Torr of argon.
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Figure 6. Experimentally measured microwave cavity transmission
spectrums at various times during the plasma pulse. The plasma was
driven by a voltage pulse shown in figure 4 in 10 Torr of argon.

span over two orders of magnitude with only half a percent
change in the transmission frequency.

We also present the same set of microwave data as figure 5
in the frequency domain at various times during the pulse
discharge in figure 6. The initial frequency response is a
Lorentzian like peak centered at the origin that rapidly moves
to +130 MHz in less than 100 ns. The primary resonance at
the origin persists for several microseconds, which is con-
sistent with the attenuation slope at low frequency shifts seen
in figure 5. Finally, the shifted resonance returns to the origin
almost completely in 10 us.

3.2. High microwave power experiments

We now present experiments that utilized higher microwave
power in order to study nonlinear behavior within the pho-
tonic crystal cavity. We first study microwave breakdown of
plasma inside the cavity by pulsing the input microwave for
5 ps and measuring the transmitted power through the cavity
in time. The waveforms of transmitted power in dBm for
various input powers to the cavity are shown in figure 7. At
input powers below 1.5W the pulse waveform has a square
shape with cavity ring-down occurring after 5 us. Increasing
the power above 1.5W causes the attenuation mid-pulse due
to plasma breakdown and attenuate between 10 and 15 dBm,
depending on the input power. Higher input powers also cause
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Figure 7. Microwave breakdown during 5 us high power pulses
inside a photonic crystal resonant cavity in 10 Torr of argon.

the plasma to break down sooner, but the decay slope remains
relatively constant. This behavior suggests that this sort of
photonic crystal device may be used as a nonlinear power lim-
iter, with cutoff powers around 1.5 W. This device is not unique
in its power limiting capabilities; there are other devices
utilizing plasma breakdown in resonant cavities to achieve
similar behavior [8, 10, 13], or thin film devices utilizing
semiconductor-metal transitions [14]. However, the benefits
of a dielectric photonic crystal over metallic resonant cavity
are due to the low loss dielectrics that make possible higher
Q devices for lower breakdown powers and lower insertion
losses at high frequencies. Finally, utilizing plasma break-
down rather than thin films for power limiting is beneficial
because the maximum sustained power will be much higher
with the former. Plasmas are self-healing and can absorb more
power, increasing plasma density in response, which further
detunes the cavity resonance and prevents device failure.

For the last experiment we present, the microwave signal
is pulsed for 5 us at 1.2W (below breakdown threshold) and
simultaneously the high voltage pulse is triggered 500 ns after
the microwave pulse has initiated to cause plasma breakdown
and alter the transmission properties. The resulting transmitted
signal is shown in figure 8, for various transmission frequen-
cies. At Af — 0 MHz, the microwave signal is simply attenu-
ated over 25 dB in 2.5 us before plateauing for the duration
of the microwave pulse. Higher transmission frequencies have
increasing delays in the onset of the microwave pulse since
less power is able to transmit away from the unfilled cavity
resonance. After 500 ns, these signals rise rapidly before all
plateauing at +12 dBm. The cavity is seen to have either an
under damped, critically damped, or over damped response
depending on the the transmission frequency.

4. Discussion

The low-power microwave pulse data from figure 5 can be also
used as a diagnostic of the plasma density resident inside the
microwave cavity. There are several ways to do this including
electromagnetic simulations [7, 11] and analytic methods
[12, 15, 16], with the latter being sufficient for most estimation
purposes. We have previously described a theory of plasma
density estimation [12], and for convenience to the reader, we
repeat the equation for the nondimensional frequency shift
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Figure 8. Experimentally measured microwave cavity transmission
waveforms for 5 us high power microwave pulses at various
frequencies. A plasma is ignited by a 1160V, 150 ns, pulse in

10 Torr of argon after 500 ns after the microwave pulse begins.

Alyes = (Wres — wo)/wo, where the subscript 0 denotes the
unperturbed properties,

1

i+1 w? :
Aws = | 1 — - P Flav| -1, G
Wres ( QO /V w% + il/eLUO 0 ( )

that involves a numerical integral about the cavity volume V
of the resonant mode profile E, weighted by the dielectric
response of the plasma. As a simplified analysis, we assume a
uniform plasma cylinder with a radius of 1 mm centered inside
a cylindrical cavity and solve (3) for various plasma densities.
Following this, the inverse problem may be solved to calcu-
late the corresponding plasma density from the measured fre-
quency shift of the cavity. We show both the frequency shift
of the cavity and the electron density in time in figure 9(a).
The curve has the characteristic shape consisting of plasma
decay due to recombination at early times followed by diffu-
sion at later times. We then estimate the recombination rate
coefficient (o) and diffusion timescale (7) of the plasma by
fitting the parameters in the ordinary differential equation,

dn. 1
c’;t = fang — ;ne (@)

that has the solution,

1+ ne(to)ar !

ne(t) = 7a(to) exp (;) — 047] ) . (5)

The fitted curve is also shown in figure 9(a) and the normalized
residual of the fit is shown in figure 9(b). The fitted parameters
are found to be @ = 6.4 x 1077 ecm® s~ 'and 7 = 102 us and
are similar to previously reported values [11, 17, 18].

We noticed in the last section for the data presented in
figure 8 that the transmission plateaued at the same power for
a wide range of transmission frequencies, around 100 MHz. In
other words, we can say that T(w;) = T(w,) = const., where
w) < w, are transmission frequencies. If we assume that the
resonant cavity has a Lorentzian frequency response, then it
can be then shown that [19],

w w 2 1\* w w : 1\*
( 1 n resl) + (7) _ ( 2 n res2) + (7) — const.
Wres1 w1 01 Wres2 w2 O

(6)
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Figure 9. (a) Experimentally measured resonant cavity frequency
shift in time is shown as a solid line along with the corresponding
plasma density calculated with (3). Also shown in a dashed line is a
fit of the parameters in (4). (b) The normalized residual of the ODE
fit to the measured electron density in time.

where wyes; and wyes are the shifted resonance frequencies of
the cavity with plasma. If we assume that the change in the
quality factor of the cavity is small, then given w; < w; it must
be the case that wyes; < wresp. Furthermore, if w; = wy + dw
then it also must be the case that wes; = wreso + dw. Thus,
since we observed a constant transmitted power across
100 MHz, by (3) this is equivalent to a change of approxi-
mately two orders of magnitude in plasma density (from 10'6
to 10'® m~3). This suggests that the sustained plasma density
inside the cavity prior to the ending of the microwave pulse
is widely variable and dependent upon the small changes in
the transmission frequency. This is surprising because with all
else being equal, a small frequency change in the transmission
frequency should have little to no effect on the electron den-
sity. It does in this situation due to increased absorbed power
into the plasma, as a result of the permittivity change with the
introduction of plasma inside the cavity. In this way, the device
seems to act not only as a highly tunable plasma source, but
also able to lock into a particular resonant frequency response
that is dependent upon the transmission frequency powering
the plasma.

5. Conclusion

We have presented in this paper a plasma actuated photonic
crystal device with a hexagonal lattice of sapphire rods used
to manipulate millimeter-scale electromagnetic waves. By
utilizing pulsed plasma discharges, it was shown that micro-
wave pulses of varying properties were produced with widths
and delays as low as 300 ns, implying that such devices could
be used for modulation or switching purposes with band-
widths upwards of a few MHz. Furthermore, the photonic
crystal device was shown to act as a nonlinear power limiter
due to microwave plasma breakdown in the presence of high
power input microwaves. In this case, microwave pulses were
shown to be attenuated between 10—15 dB in 1-2 us. Last, by
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combining both pulsed plasma discharges with high power
microwaves, simple model analysis of the experimental
results suggest that the resonator cavity served to sustain
plasma density tunable over range of values determined by
the incident wave frequency. The device used here is con-
structed using additive manufacturing methods enabling
rapid production of practical microwave devices that would
have otherwise been difficult or impossible to make by tradi-
tional methods.

Future work includes the application of laser or optical
diagnostics for independent measurements of properties such
as electron density and temperature in order to corroborate
our results and findings. The principles of the device studied
here, exploiting plasma control of a resonator response, could
be applied to microwave couplers, switches, or other forms of
junctions.
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