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10 CHAPTER 1. INTRODUCTION

the majority of the experimental devices in this thesis. Laser generated pulsed plasmas for
integration with micro-strip devices were also investigated to demonstrate tunable signal
manipulation using a pulsed plasma laser as an active device element that interacts with the
propagation of the electromagnetic wave. Figure 1.6 is a pulsed ns laser generated plasma
spheroid array in atmospheric conditions that forms a crystal structure.

Figure 1.7: 2D 7 by 7 array plasma photonic crystal[16].

A brief discussion on potential applications of plasma photonic crystal (PPC) research
will allow for motivation of the research completed in this thesis. Within the radio and
microwave frequency range of the electromagnetic spectrum, the control and manipulation
of electromagnetic waves is important for uses in radar detection systems. The scalability
of such systems into higher frequency ranges, and in turn smaller devices, will eventually
allow for more compact and broad band applications. A plasma photonic crystal could
potentially be used as device to reduce, cloak, or redirect the reflection or transmission of
electromagnetic waves such as those commonly used in radar systems. Figure 1.7 shows a
photo of the 2D plasma photonic crystal device developed in this thesis, which allowed for
a dynamically reconfigurable device.
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Figure 3.2: (a) Real lattice with basis vectors e1 = a(1,0) and e2 = a(0,1) and (b) corre-
sponding reciprocal lattice with basis vectors b1 = 2p

a (1,0) and b2 = 2p
a (0,1) for a square

lattice crystal. The first Brillouin zone is represented by the dotted square, with symmetry
points G = (0,0), X = p

a (1,0), M = p
a (1,1), with the G - X - M - G path highlighted in red

repressing the irreducible symmetry path.
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Figure 3.3: Band diagram for a 2D photonic crystal computed using HFSS for a dielectric
square lattice (a = 50 mm, r = 10 mm, e = 8.9).
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Plasma Electromagnetics
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• Previous result applies for infinite medium
• EM “tunnels” through plasma slabs
• 𝑛 = ⁄𝑐𝑘 𝜔 = 𝜀" = 1 − ⁄𝜔"# 𝜔#

• evanescent wave 𝑬!𝑒"#$%𝑒
"!" 𝒏 '𝒓

Finite Size Plasma Electromagnetics

•wave energy transmitted and reflected:*  

imaginary for  ⁄𝜔 𝜔! < 1

decays exponentially

Figure credit - B. Wang𝑇 =
1

1 + 𝑑2
𝜎"
𝜀(𝑐

cos 𝜃
#

𝑅 = 1 − 𝑇

*Latyshev and Yushkanov, Optics and Spectroscopy, 2011, Vol. 110, No. 5, pp. 795–801.

𝜃 represents angle of incidence

Plasma Electromagnetics



Plasma-Tuning of Defect State Transmission
Plasma Loaded Photonic Crystal Vacancies

An open source finite-difference time-domain simula-
tion (MEEP)16 is used to compute the 2D EM wave transmis-
sion and to visualize the fields in the device. Propagating
modes were excited with a Gaussian pulse located at the
input waveguide and the resulting transmission coefficient
was calculated from the transmitted energy flux at the output
waveguide. The FDTD simulation requires a specification of
the plasma density distribution within the plasma tube. The
plasma experiences radial diffusion due to wall recombina-
tion with a radial electron density distribution that is
expected to be near parabolic in shape. To simplify the simu-
lation, we distribute the plasma electrons uniformly over a
diameter that is 1=

ffiffiffi
2
p

times the inner discharge tube diame-
ter (plasma diameter of 9.2 mm), with an electron density
that is twice that if the electrons were distributed uniformly
over the entire tube diameter of d¼ 13 mm. In this letter, we
refer to the cross sectional averaged plasma density as ne ,
which is the averaged electron density over the cross section
of the entire tube diameter.

Figure 2 shows the results of the FDTD simulations
describing the effect that variations in plasma density have
on the transmission spectra of the device. For the results
shown in the figure, we treat the plasma to be collisionless.
We see that the resonance frequency of the tunable peak
shifts towards higher frequency as the plasma density is

increased. The device shows fine tunability on the order of
tens of MHz when adjusting the plasma density in the range
of ne ¼ 1011 cm"3 to ne ¼ 7# 1011 cm"3. The secondary
resonance mode at 14.2 GHz shifts slightly but is not greatly
affected by the change in the plasma density. It is noteworthy
that at a plasma density of about ne ¼ 6# 1011 cm"3, the
tunable peak shifts enough to overlap with the secondary res-
onance peak. This particular operating condition is poten-
tially useful as the fast switch or modulation of radiation
centered on the passband frequency near 13.8 GHz if the
plasma can be turned on or off, or modulated, at high rates.

The designed device was fabricated using 150 mm long
alumina rods (99.6% purity) supported by an acrylic frame. A
15 mm diameter quartz tube with a inner wall thickness of
1 mm and length of 290 mm, filled with argon to 250 Pa and
mercury, serves as the discharge plasma. The discharge tem-
perature was estimated to be around 330 K,17 giving a mer-
cury vapor partial pressure of about 3.5 Pa.18 The discharge
was driven by an AC ballast with a peak to peak voltage of
160 V. The voltage waveform was triangular in shape result-
ing in a root-mean-square (RMS) voltage of VRMS¼ 46.2 V.
The ballast had a variable peak current (also close to triangu-
lar in wave form) ranging from 24.8 mA to 111.1 mA, with a
ballast frequency that decreased linearly from 55.0 kHz to
37.0 kHz for increasing peak current in the range from
24.8 mA to 51.2 mA, and a ballast frequency in the range of
32.2 kHz–33.8 kHz for peak discharge currents from 54.4 mA
to 111.2 mA. Two broad band (2 GHz–18 GHz) microwave
horns are used as the source and detector, connected to an HP
8722D Vector Network Analyzer to measure the transmission
coefficient of the device. The measured transmission was
recorded with an integration time of 5 ms. This integration
time is enough to average the transmission over several
excursions in plasma density as the plasma density is also
expected to oscillate at the driven AC frequency. Figure 3
shows the experimental setup with the horn antennas, acrylic
support frame, and the photonic crystal with the plasma dis-
charge ignited.

Figure 4 shows the experimental transmission spectra as
a function of the peak discharge current. As the discharge
current is increased, the concomitant increase in plasma

FIG. 2. Simulated transmission spectra for the plasma photonic crystal cav-
ity device for various plasma densities, with a collisionless plasma column
of diameter d¼ 9.2 mm.

FIG. 3. Experimental setup with alumina photonic crystal array, tunable
plasma discharge, and measurement setup. An acrylic base structure is used
to support the device.

FIG. 1. Schematic of plasma photonic crystal resonance cavity structure.
The black circles are alumina rods, with a single plasma element represented
by the purple circle. A 1 mm thick circular quartz envelope encloses the
plasma element.

171107-2 B. Wang and M. A. Cappelli Appl. Phys. Lett. 107, 171107 (2015)
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Figure 4.2: Simulated transmission spectra for the plasma photonic crystal cavity device
for various plasma densities, with a collisionless plasma column of diameter d = 9.2 mm.

fast switch or modulation of radiation centered on the passband frequency near 13.8 GHz
if the plasma can be turned on or off, or modulated, at high rates.

The designed device was fabricated using 150 mm long alumina rods (99.6% purity)
supported by an acrylic frame that holds each rod in place with a high degree of tolerance.
A 15 mm diameter quartz tube with an inner wall thickness of 1 mm and length of 290
mm, filled with argon to 250 Pa and mercury, serves as the discharge plasma. Typical
UV discharge lamps have mercury ranging from 5 - 200 mg. The gas temperature inside
of the discharge was estimated to be around 330 K [66], giving a mercury vapor partial
pressure of about 3.5 Pa [67].The discharge was driven by an high frequency AC ballast and
control circuit that allowed for precise tunability of the discharge power into the discharge
tube, allowing for operation with ballast draw powers of 2 W to 16W. At higher discharge
powers, the discharge current is higher and hence the plasma density within the discharge
tube is increased. The details of the performance of the discharge are found in the appendix.

Two broad band (2 GHz - 18 GHz) microwave horns are used as the source and de-
tector, connected to an HP 8722D Vector Network Analyzer to measure the transmission

• AC Hot-electrode discharge plasma (Ar-Hg)
• 250 Pa, ~150V pp, 0.2RMS 1 mm quartz
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Wang et al., Applied Physics Letters, 2015



density shifts the peak transmission of the tunable resonance
towards higher frequency. At the maximum peak discharge
current of 111.2 mA, the transmission peak is shifted into the
secondary resonance, and, at the resonance frequency in the
absence of a plasma, i.e., at 13.8 GHz, the transmission coef-
ficient is found to be less than 0.05. The reduction in the
peak of the transmission coefficient with increased discharge
current is attributed to the possible role played by electron
scattering collisions. Collisions tend to broaden and lower
the peak transmission (as a result of attenuation losses) and
the quality (Q) of the resonant cavity.

Figure 5 depicts the measured peak frequency shift as a
function of the RMS current, IRMS. Also shown in the figure,
for comparison, is the simulated peak frequency shift versus
plasma density (averaged over the entire 13 mm diameter of
the discharge). The dashed line is a linear fit through the
simulated values. The correspondence between the two
curves allows for an estimate of this averaged plasma density
(see solid black circles in Fig. 6), within the framework of
the assumptions made in the simulations. The major source
of experimental uncertainty in this estimate is the repeatabil-
ity in the measured frequency shift for a given discharge cur-
rent. The impact on the results from the assumption of a
collisionless plasma is discussed below. The upper and lower
bound on the frequency measurements provide an estimate

of the uncertainty in the plasma density assignments. Figure
6 shows that the discharge plasma density is estimated to be
in the range of ne ¼ 0:3" 1011cm#3 to ne ¼ 4" 1011cm#3

for this collisionless plasma case.
The reasonableness of the estimated plasma densities

extracted from the resonance peak shifts given by the solid
black circles in Fig. 6 can be evaluated through the compari-
son of a simple analysis based on the measured IRMS, the
known discharge tube cross-sectional area, A, and the elec-
tron drift velocity, ud. The drift velocity requires an estimate
of the time-averaged reduced electric field, the latter of
which can be determined from VRMS=L (corrected for an esti-
mated cathode fall voltage of approximately 6–11 V (Ref.
19)), with L¼ 177 mm, the approximate length of the visible
discharge positive column (determined from images obtained
with a high speed camera). Electron drift velocities for a
mixture of argon and mercury were obtained using the elec-
tron energy distribution and swarm properties calculator,
BOLSIG,20 for reduced electric field (E/N) values ranging
from approximately 3.73 Td to 4.00 Td, assuming that the
discharge tube is filled to the specified pressure at a tempera-
ture of about 300 K and operates at a temperature of about
330 K.

The modeled averaged electron number density
extracted from this simple model analysis, nem , is derived
from

nem ¼
IRMS

eAud
: (3)

This electron density should be interpreted as a spatial (over
the entire tube diameter) and temporal average, as is that
which determines the measured resonance shift. The electron
density determined by this analysis is given by the solid or-
ange line in Fig. 6. The solid orange line is a least-square fit
to the discrete data. Also shown are upper and lower limits
based on estimated uncertainties in the properties that enter
into determining reduced field at values of current density
where data are collected. We see that the tube-averaged
plasma density determined from the resonance shift agrees
reasonably well with the simple model analysis at low

FIG. 4. Experimental transmission spectra for the plasma photonic crystal
cavity device for various peak plasma discharge currents.

FIG. 5. Experimental transmission peak shift vs. peak plasma discharge cur-
rent plotted against simulated transmission peak shift vs. plasma density.

FIG. 6. Experimentally derived plasma density vs. RMS current with the
analytically derived plasma density vs. RMS current.
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coefficient of the device. The measured transmission was recorded with an integration time
of 5 milliseconds. This integration time is enough to average the transmission over several
excursions in plasma density as the plasma density is also expected to oscillate at the driven
AC frequency, with minor rippling of the plasma density on the order of the ballast driving
frequency. Figure 4.3 shows the experimental setup with the horn antennas, acrylic support
frame, and the photonic crystal with the plasma discharge ignited.

Broadband Horn 
Antennas

Alumina Photonic 
Crystal Array

Tunable Plasma 
Element

Figure 4.3: Experimental setup with alumina photonic crystal array, tunable plasma dis-
charge, and measurement setup. An acrylic base structure is used to support the device.

Figure 4.4 shows the experimental transmission spectra as a function of the input plasma
power. As the power from the ballast is increased, the increase in relative plasma density
shifts the peak transmission of the tunable resonance towards higher frequency. At the
maximum plasma power of 16.82 W, the transmission peak is shifted into the secondary

Wang et al., Applied Physics Letters, 2015
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20 4 6 8 10

Figure 4.5: Experimental transmission peak shift vs. plasma power plotted against simu-
lated transmission peak shift vs. plasma density.

To summarize, we have presented a photonic crystal filter with active tunability through
incorporating a functionalized plasma element into the resonator of the photonic crystal de-
vice. This plasma photonic crystal is shown to be tunable by changing the plasma density
of the plasma element. A methodology is also presented for determining the plasma den-
sity of the discharge through measuring experimental shifts in the resonator frequency as a
function of plasma discharge current and correlating values to simulated shifts in resonator
frequency with known plasma densities. Incorporation of additional plasma elements for
more complex tuning schemes and device configurations will be investigated in the follow-
ing sections.

4.2 2D Plasma Photonic Crystal Design

In the section, we describe a fully tunable plasma photonic crystal that is used to control
the propagation of free space electromagnetic waves in the S to X band of the microwave
spectrum. An array of discharge plasma tubes forms a simple square crystal structure with
the individual plasma dielectric constant tuned through variation in the plasma density. We
show, through simulations and experiments, that transverse electric (TE) mode bandgaps

Plasma density from measured shifts

Wang et al., Applied Physics Letters, 2015



Plasma-Loaded 1D Photonic Crystal Defect

Pai et al, 2019
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Fig. 6. Experimental (black) and modeled (red) transmission spectra for a 8-unit pure crystal with no defect, in the 30–300 GHz
range (top) and 300–600 GHz range (bottom). Unit cell: alumina thickness = 1.4 mm, gas thickness = 2.8mm.

Fig. 7. Experimental (black) and modeled (red) transmission spectra for a 8-unit crystal, with an additional void defect
inserted in the middle, in the 30–300GHz range (top) and 300–600GHz range (bottom). Unit cell: alumina thickness = 1.4mm,
gas thickness = 2.8mm. Void defect: gas thickness = 1.4 mm.

Fig. 8. Experimental and modeled transmission spectra for a 8-unit crystal, with an additional void defect inserted in the
middle. The defect sits in the first bandgap. Unit cell: alumina thickness = 1.4mm, gas thickness = 2.8 mm. Void defect: gas
thickness = 1.4mm. Bandgap

Modeled defect

Plasma Loaded Photonic Crystal Vacancies

Simulated defect



Plasma-Loaded 1D Photonic Crystal Defect
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Fig. 11. Modeled shift of the defect peak frequency, relative
to the no-plasma position, as a function of the electron number
density for a plasma in Ar at di↵erent pressures. The shift was
determined by the frequency of maximum transmission of the
peak profile (Python library Peakutils, “indexes” algorithm).
Also shown are linear fits of the modeled points. The fitting
coe�cients are C1 and C2 shown in Table 1.

4.3 Measured frequency shift of the defect peak
at 28GHz

We are now prepared to present and discuss measurements
of the shift of the defect peak. Figure 12 shows the mea-
sured shift as a function of the RMS current (iRMS), and we
see that shifts as small as about 1 MHz are measurable. At
iRMS = 50 mA, the uncertainty becomes significant. The
plasma may be heating the spacers and causing the defect
to expand. A larger defect would have a lower no-plasma
peak frequency. This downward shift would counter the
upward shift induced by the plasma. Indeed, the thermal
expansion coe�cient of FR-4 glass epoxy is 7⇥ 10�5 K�1

in the through-plane direction of a PCB board. If the PCB
spacer heats up by 10 K, then it will expand by 0.07%.
For ne = 3 ⇥ 1010 cm�3, the model predicts that this
amount of expansion would shift the defect peak from
27.6944715 GHz to 27.6883471GHz, a downward shift of
6.1 MHz. This corresponds well to the increased amount
of uncertainty in the shift shown in Figure 12 at iRMS =
50 mA. Figure 12 also shows the corresponding electron
number densities calculated via the linear fit shown in
Figure 11. We see that it is possible to measure down to
about ne = 2⇥ 109 cm�3.

We can compare the measured shifts to estimated val-
ues based on RMS values of the current and voltage, fol-
lowing [11]. Both measured and calculated values of the
shift reflect space- and time-averaged values of ne. RMS
current-voltage measurements yield a calculation of ne,
which is then translated into a shift via the appropri-
ate linear fit (Tab. 1). The calculation of ne is based on
j = ene�d, where j is the measured current density, e
is the elementary charge, and �d = µeE is the electron
drift velocity (where µe is the electron mobility and E

Table 1. Fitting coe�cients of the linear fits shown in
Figure 11 for di↵erent pressures.

Pressure C1 C2

5 5.94⇥ 10�4 11543
10 5.76⇥ 10�4 15002
20 5.13⇥ 10�4 �61006
40 3.55⇥ 10�4 �155016
100 1.13⇥ 10�4 �84008
760 3.15⇥ 10�6 4000

Fig. 12. Measured peak shifts of the photonic crystal defect
shown in Figure 8, as a function of the RMS current of the
plasma in Ar at 5 torr. Also shown is the calculated shift based
on the RMS current/voltage values. The vertical axis on the
right-hand side indicates the electron number density that cor-
responds to the shift, calculated using the linear fits shown in
Figure 11.

is the electric field). The electron mobility in argon was
calculated using BOLSIG+ via www.lxcat.net, using the
SIGLO database [19,20]. To calculate the electric field, a
cathode fall voltage drop of 100 V for Ar plasmas with Al
electrodes [21] is subtracted o↵ the RMS voltage value. To
calculate the reduced electric field E/N , the nominal gas
pressure is used, without taking into account the e↵ect
of localized plasma heating. The plasma is assumed to be
uniform throughout a rectangular prism volume that cov-
ers a lateral span of 40 mm (as shown in Fig. 2b), traverses
the discharge gap of 26.5 mm, and fills the 4.2 mm thick
gas gap that includes the defect (Fig. 1). In reality, the
spatial distribution of ne is likely to occupy an ellipsoidal
volume, bulging outward from the edges of the electrodes
in the lateral direction and diminishing near the alumina
walls in the longitudinal direction.

The calculated shifts agree well with the measurements
at low RMS current but overshoot the experimental values
at the highest current values. This discrepancy is prob-
ably not due to a thermal expansion of the defect via
plasma heating, because the increased uncertainty in the
shift measurements only occurs at iRMS = 50mA and not
at lower values. However, plasma heating may also cause
the gas density to decrease, resulting in increased E/N . If

Eur. Phys. J. D (2019) 73: 97 Page 3 of 12

Fig. 2. (a) Top view of the plasma reactor, showing the 26.5mm discharge gap. (b) Images of the 1D photonic crystal (8-unit)
with a plasma defect inserted in the middle of the crystal, for typical conditions (p = 5 torr, RMS current 5–45mA). The image
has been adjusted in contrast and brightness to show the location of the plasma, relative to the crystal structure.

2.2 Discharge circuit

The plasma defect is generated by taping two aluminum
electrodes on the same side of one of the alumina plates
facing the defect, as shown in Figure 2a. A rectangu-
lar discharge gap is formed with an inter-electrode dis-
tance of 26.5 mm. The electrode span is about 12 mm, but
the plasma extends well beyond this length in the lateral
dimension, as can be seen in Figure 2b, to about 40 mm.
The high-voltage electrode is connected to an AC high-
voltage generator (Model PVM400, Information Unlim-
ited), and the other electrode is grounded. The crystal
and its jig are placed inside a bell jar that is equiped with
low-pressure feedthroughs for electrical connections. The
bell jar is pumped down to vacuum before argon is intro-
duced at the desired pressure.

The discharge produced is thus an AC glow plasma in
moderate-pressure argon, without any dielectric barrier,
that tends to fill the space between alumina slabs, as
shown in Figure 2b. Under the typical operating condi-
tions of p = 5 torr and current amplitudes greater than
a few mA, the plasma fills the void defect, as well as the
gas portion of the adjacent crystal unit (Fig. 1, bottom).
If the current is only a few mA, then the filling is incom-
plete. At high pressure, e.g. 40 torr, the plasma becomes
localized.

The voltage and current are measured outside the bell
jar using passive voltage (Tektronix model P6015) and
Rogowski coil current (Pearson Electronics model 2877)
probes, respectively. In “typical” operating conditions, the
voltage assumes an irregular AC waveform with a fre-
quency of 20 kHz (Fig. 3). As the voltage generator does
not compensate for its load, the coupling to the plasma
a↵ects the output voltage. Nevertheless, the overall profile

Fig. 3. Examples of measured voltage and current waveforms
in “typical” operating conditions of p = 5 torr and current
amplitudes greater than a few mA.

is preserved, and in any case the specific voltage waveform
is of minimal consequence in this study. Likewise, the cur-
rent waveform generally assumes a nearly triangular pro-
file whose specific form is not important. Since the voltage
and current waveforms are largely in-phase, we can assume
that the circuit is resistive, and so the capacitive current
can be neglected in this case.

The “low-current” case merits special attention because
it will be used to demonstrate the lower limit of the elec-
tron number density measurement technique that we will
discuss in Section 4.3. As shown in Figure 4 (top), the
voltage waveform becomes closer to a sinusoid with a fre-
quency of about 63 kHz. By applying a 200 kHz low-pass
FFT filter, the noise can be removed without a↵ecting the

Plasma Loaded Photonic Crystal Vacancies



One-Dimensional Gratings (1D Photonic Crystals)
Normal Excitation

• Series of plasma slabs (grating/1D photonic crystal) more complex
normal incidence, N = 20

Transmission𝑘Λ/2𝜋
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• 𝑁 = 20 slabs result in distinct bands due 
to successive scattering/interference 
(Bragg resonances)
• low plasma fill factor 𝑎/Λ results in  

transmission below =ω! =
'!(
)*+

• regions of anomalous dispersion ( ng< 0 ) -
not unique to plasma photonic crystals
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Wang, Righetti, and Cappelli , Phys. Plasmas 25, 031902, 2018.
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• Plasma slabs serve as EM wave resonators

• Bouncing of electromagnetic waves within the 
space between plasma slabs builds up EM fields

• Finite number (N = 20) allows leakage (tunneling)
Wang, Righetti, and Cappelli , Phys. Plasmas 25, 031902, 2018.

Normal Excitation
One-Dimensional Gratings (1D Photonic Crystals)



• Incident EM Wave serves as a “forcing 
function” exciting Bragg modes within 
the resonator planes
• Tunneling leaks energy out of the 

resonator array
• Equation of motion for     : 

• Solution:
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Mechanical Analogy
One-Dimensional Gratings (1D Photonic Crystals)



• Interesting features are seen with oblique incidence angles

• E-field component across slabs in TM polarization (B-in plane)

• Mode splitting occurs when 𝜔 = 𝜔HIJKK = 𝜔"
• EM activity is seen below the light line for propagation along the y-direction (everything 

below represents slow-waves) - surface modes propagating along interface?  

=ω! =
'!(
)*+

= 1

𝑘Λ/2𝜋
Transmission

Oblique Excitation

mode splitting

slow wave

One-Dimensional Gratings (1D Photonic Crystals)

light line for y-propagation



Resonant Electrostatic Plasmonic Oscillations
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Mechanical Resonator Analogy – Fano Resonance
• Resonant plasmonic oscillations in the slab represented by        and   
• EM Field couples the two resonators 
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Equilibrium positions

Y.S. Joe et al., Phys. Scr. 74 (2006) 259–266

𝛾) = 𝛾, =
𝑏)
𝑚 𝜔) =

𝑘)
𝑚𝐴 =

𝐹"
𝑚

𝜔,) =
𝑘,)
𝑚

𝑥! 𝜔
𝐴/𝜔!"

𝜔/𝜔?

𝜔" = 𝜔!
𝜔"# = 0.1
𝛾" = 𝛾# = 0

𝜔" = 1.2𝜔!
𝜔"# = 0.1

𝛾" = 𝛾# = 0.01

Resonant Mode 
Splitting
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• 2D photonic crystals of finite array size result in relatively shallow bandgaps
• Exacerbated by a lower refractive index (index contrast)

Two-Dimensional Gratings (2D Photonic Crystals)
Finite Array of Plasma Columns



Two-Dimensional Gratings (2D Photonic Crystals)
Finite Array of Plasma Columns

10 CHAPTER 1. INTRODUCTION

the majority of the experimental devices in this thesis. Laser generated pulsed plasmas for
integration with micro-strip devices were also investigated to demonstrate tunable signal
manipulation using a pulsed plasma laser as an active device element that interacts with the
propagation of the electromagnetic wave. Figure 1.6 is a pulsed ns laser generated plasma
spheroid array in atmospheric conditions that forms a crystal structure.

Figure 1.7: 2D 7 by 7 array plasma photonic crystal[16].

A brief discussion on potential applications of plasma photonic crystal (PPC) research
will allow for motivation of the research completed in this thesis. Within the radio and
microwave frequency range of the electromagnetic spectrum, the control and manipulation
of electromagnetic waves is important for uses in radar detection systems. The scalability
of such systems into higher frequency ranges, and in turn smaller devices, will eventually
allow for more compact and broad band applications. A plasma photonic crystal could
potentially be used as device to reduce, cloak, or redirect the reflection or transmission of
electromagnetic waves such as those commonly used in radar systems. Figure 1.7 shows a
photo of the 2D plasma photonic crystal device developed in this thesis, which allowed for
a dynamically reconfigurable device.

Verification of a plasma photonic crystal for microwaves of millimeter
wavelength range using two-dimensional array of columnar microplasmas

Osamu Sakai,a! Takui Sakaguchi, and Kunihide Tachibana
Department of Electronic Science and Engineering, Kyoto University, Kyoto-daigaku Katsura,
Nishikyo-ku, Kyoto 615-8510, Japan

!Received 18 July 2005; accepted 9 November 2005; published online 9 December 2005"

We experimentally verified that a microplasma assembly can create a functional dielectric layer for
the propagation of electromagnetic waves as a “plasma photonic crystal.” A two-dimensional array
in a square lattice was composed of columnar plasmas of about 2 mm in diameter, and the
transmitted microwaves at 70–75 GHz showed a change of energy flow direction. This result is
attributed to the fact that periodical structure is composed of individual plasma columns with a
different dispersion than the ambient part and the experimental frequency range lies in the vicinity
of the lowest band gap of the photonic crystal calculated theoretically. © 2005 American Institute
of Physics. #DOI: 10.1063/1.2147709$

When a plasma becomes much smaller than a given sys-
tem scale and the production position of an individual
plasma is controllable, such small !or micro" plasmas can be
converted into a functional assembly. Their collective effects
potentially give rise to novel aspects of plasma science and
technology. Here, we propose a “plasma photonic crystal,”
that is, periodical two- !or three-" dimensional structure of
spatially- and dynamically controlled microplasmas that
plays a significant role in changing the refraction of electro-
magnetic waves. In “normal” photonic crystals composed of
solid materials including dielectrics and metals, such unique
characteristics as band gaps and negative refraction, which
cannot be accomplished in bulk materials, have been
demonstrated.1,2 By replacing solid materials with plasmas,
two important features are added to usual photonic crystals:
dynamical !time-varying" controllability and strong disper-
sion around the electron plasma frequency.3 These facts will
lead to the development of dynamic and functional devices
to electromagnetic waves ranging from microwaves to THz
waves, according to the scale and the electron density of
such plasmas.

In this brief letter, we demonstrate the experimental re-
sults on photonic band gap in a two-dimensional plasma pho-
tonic crystal that was proposed in our previous work.4,5 Us-
ing a square lattice of columnar atmospheric He plasmas, the
transmittance of millimeter waves at 70–75 GHz is exam-
ined, and the change of wave energy flow is observed. Band
diagrams of plasma photonic crystals composed of colli-
sional plasma columns are calculated from a plane-wave ex-
pansion method with equivalent dielectric coefficients to
electron density ne. The obtained band diagram indicates the
existence of a unidirectional photonic band gap in the !-X
direction, which is consistent with the observed frequency
range of the unusual wave energy flow.

The production of long-channel He plasmas at atmo-
spheric pressure was reported in our previous report,6 which
is briefly reviewed in Fig. 1. Microdischarges were generated
in coaxial dielectric-barrier structures in the aligned holes of
metal electrodes. The third electrode was set apart 6 mm
from the integrated-microdischarge plane, and extended dis-

charges took place toward the electrode and formed plasma
columns, where they were ignited in the presence of initial
electrons supplied by the microdischarges. In the experiment
reported here, positive square pulse voltage was applied to
the third electrode to increase the multiplication factor of the
electrons, whereas in our previous experiment the third elec-
trode was on the grounded level.6 The time evolutions of the

a"Electronic mail: osakai@kuee.kyoto-u.ac.jp

FIG. 1. !Color online" !a" Schematic view of a plasma photonic crystal in
our experimental setup. The periodical two-dimensional structure has an
area of 44 mm"44 mm. The metal aperture prevents electromagnetic
waves from entering the photonic crystal region along other paths. The
distance between the plasma photonic crystal and the transmitter or the
receiver is 80 mm. Horn antennas are set to realize TE-mode propagation.
!b" Visible emission of the plasma photonic crystal.

APPLIED PHYSICS LETTERS 87, 241505 !2005"

0003-6951/2005/87"24!/241505/3/$22.50 © 2005 American Institute of Physics87, 241505-1

Sakai et al, 2005, 2007 (T ~80% @74GHz) 

The number and spacing of the plasma columns in
the lattice were a function of the three input parameters.
This was quantified by digitally sampling images like that in
Fig. 2, determining the centers and diameter of the plasma
lattice nodes, and then performing statistics on the node spa-
tial features. For a given input condition, there was an over-
whelming occurrence of a single node spacing, a, and a node
arrangement that formed nearly perfect 60! triangles. The
predictability of the plasma lattice node structure is further
illustrated when the lattice spacing is related to the number
of lattice nodes as shown in Fig. 3. These results are for a
range of applied voltages with different channel heights, h.
The variation in the lattice spacing is observed to nearly per-
fectly follow circle packing theory, which is shown by the
solid curve.

For the transmittance measurements, the plasma device
was mounted between the two waveguide antenna horns on
nylon posts so that the active plasma region was at the mid-
height of the antenna aperture. An aluminum plate with a
4.4 cm " 5.8 mm slit aperture was placed at the exit plane of
the emitting horn. This slit was aligned laterally across the
plasma at the height of the electrode gap to guide the EM
waves and ensure that most of the energy at the receiving
antenna had passed through the active plasma region. A

similar approach was used by Sakaguchi et al.5 We confirmed
that the same sized metal plate without the opening reduced
the detected waves to zero. As a further check, all of the
transmittance measurements were performed in a sequence of
plasma off, plasma on, and plasma off. Therefore, assuming
that the wave reflections and phase disturbances caused by the
aperture were fixed, the effect of the plasma on the transmit-
tance could be observed.

A mirror was suspended at a 45! angle over the plasma
device to enable viewing of the plasma lattice. The entire
assembly including the horns was attached to an acrylic base
to ensure consistency of the structure. This arrangement can
be seen in the photograph in Fig. 4. A sample of an image
taken through the 45! angle mirror is also shown.

This entire assembly was placed in a vacuum vessel con-
sisting of a 36 cm inside-diameter by 95 cm long thick-
walled Polyvinyl chloride (PVC) tube. The ends of the tube
were sealed with aluminum end caps having acrylic windows
to provide optical access. Electrical connections were made
using vacuum-rated connectors located in the end caps. A
vacuum pump was used to lower the pressure in the vessel.
The pressure in the vessel was measured using a vacuum
pressure transducer with a digital readout.

A Rohde and Schwarz ZVB20 20 GHz vector network
analyzer (VNA) was connected to the two antenna wave-
guide horns. The waveguide horns were tuned to provide
gain between 10 and 20 GHz. Band pass characteristics were
surmised from measurements of transmittance spectra of the
S21 parameter.

III. RESULTS: PLASMA PERMITTIVITY
CHARACTERISTICS

The lattice structure was varied over a range of static
pressures, voltages (expressed as “Power Gain”), and chan-
nel heights, h, to establish a wide range of the lattice con-
stants a. Table I summarizes the variation in the lattice
constant, a, and plasma column diameter, d, for different
power settings and channel heights at a pressure of 400 Torr.

FIG. 2. Image of the plasma lattice produced by the setup as viewed through
the ITO electrode. The viewing diameter is 4.45 cm.

FIG. 3. Plasma lattice spacing as a function of the number of lattice nodes
for different static pressures and channel heights. The curve corresponds to
circle packing theory.

FIG. 4. Experimental setup for transmittance experiments (top) and black/
white camera image of a sample plasma lattice indicating 4.4 cm aperture
span.

093104-3 Matlis et al. J. Appl. Phys. 124, 093104 (2018)

Matlis and Corke, 2018 (T ~70% @ 16GHz)

Wang and Cappelli 2016 (T ~15% @ 4GHz)

This relatively low attenuation is due 
to either low plasma density, finite 
size, or poor crystal order



Righetti, Wang, and Cappelli., Phys. Plasmas 25, 124502 (2018)
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Figure 3.2: (a) Real lattice with basis vectors e1 = a(1,0) and e2 = a(0,1) and (b) corre-
sponding reciprocal lattice with basis vectors b1 = 2p
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lattice crystal. The first Brillouin zone is represented by the dotted square, with symmetry
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repressing the irreducible symmetry path.
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Figure 3.3: Band diagram for a 2D photonic crystal computed using HFSS for a dielectric
square lattice (a = 50 mm, r = 10 mm, e = 8.9).
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Experiments – Variation in Plasma Density

• Photonic bands are relatively shallow (~10-15 dB attenuation)
• Plasmonic attenuation seen at low frequency for relatively low ne

𝜔,

Low Plasma Density
𝜔R! = 𝜔"/ 2
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• Photonic bands increase in depth due to higher contrast ratio (lower 𝜀")  
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• Plasmonic mode (d) shifts into resonance with (a); Fano splitting 
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3D woodpile structure tunable plasma photonic crystal 3

Figure 1. 3D plasma photonic crystal consisting of 50 plasma discharge tubes
arranged in a woodpile configuration.

linearly from 55.0 kHz to 37.0 kHz for increasing peak current in the range from 24.8

mA to 51.2 mA, and a ballast frequency in the range of 32.2 kHz to 33.8 kHz for peak

discharge currents from 54.4 mA to 111.2 mA. Based on previous studies[6], where these

discharge tubes were used to tune the vacancy defect of a 2D PC, we estimate that the

average plasma density within the discharge is ne(cm�3) ⇡ 5⇥ 109Ip(mA).

We use the ANSYS commercial software package referred to as the High Frequency

Electromagnetic Field Simulator (ANSYS HFSS 16) to compute the electromagnetic

fields and transmission spectra. The simulations are carried out in 3D. The plasma

columns are modeled with a frequency dependent Drude dielectric constant given by

"p = 1�
!2
p

!(! + i⌫)
(1)

where ! is the EM wave frequency, ⌫ is the electron collisional damping rate, and

!p is the plasma frequency, given by !p =
p
nee2/me"o with ne, e, and me the column

electron number density, electron charge, and electron mass, respectively, and "o is the

vacuum permittivity. As described in our prior study [6], to account for the radially

non-uniform plasma density we assume in the simulations that the plasma electrons are

distributed uniformly over a reduced diameter of 9.2 mm, resulting in a region of electron

Three-Dimensional Photonic Crystals
3D woodpile structure tunable plasma photonic crystal 4
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Figure 2. (a) Perspective schematic of the 3D woodpile PPC. The solid red and
dashed black rectangles indicate the position of the microwave horn antennas for both
the experiments and simulations. (b) x-z view of the woodpile structure showing the
3D lattice structure. The k-vector of the incident wave is in the y-direction. (c) y-z

view of the woodpile structure depicting the lattice constant a = 50 mm, staggered by
a/2 (25 mm) in the z-direction for each array element in the y axis. The quartz tubes
are represented in teal, while the plasma rods are shown in purple.

density that is twice that of the case where the electrons are distributed uniformly over

the entire inner tube diameter of d = 13 mm. We assume a reasonable value of ⌫ = 1

GHz for the electron collisional damping rate, as this value resulted in good agreement

between the measured and experimental transmission in previous studies[6]. We also

include the presence of the quartz tube with an assumed dielectric constant " = 3.8. As

illustrated in Fig. 2(a), the source antenna is placed at the the location depicted by the

red rectangle with polarization (E-field) in the z-direction (transverse to the first-layer

plasma columns). The receiver antenna is placed at the depicted location of the black

dashed-line rectangle on the back side of the PPC. Radiative conditions are imposed on

all external boundaries.

In the experiments, a pair of broadband microwave horn antennas (A INFO LB-

20180 2 GHz - 18 GHz) are used as the source and detector, located in the rectangles

shown in Fig. 2(a), spaced 30 cm apart, also with the E field polarized in the z-axis.

Woodpile Configuration

Alternating orthogonal 
layers of 5 plasma columns

3D rendering

Front View

Side View

B Wang, JA Rodríguez, MA Cappelli - Plasma Sources Science and Technology, 2019
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Figure 1. 3D plasma photonic crystal consisting of 50 plasma discharge tubes
arranged in a woodpile configuration.

linearly from 55.0 kHz to 37.0 kHz for increasing peak current in the range from 24.8

mA to 51.2 mA, and a ballast frequency in the range of 32.2 kHz to 33.8 kHz for peak

discharge currents from 54.4 mA to 111.2 mA. Based on previous studies[6], where these

discharge tubes were used to tune the vacancy defect of a 2D PC, we estimate that the

average plasma density within the discharge is ne(cm�3) ⇡ 5⇥ 109Ip(mA).

We use the ANSYS commercial software package referred to as the High Frequency

Electromagnetic Field Simulator (ANSYS HFSS 16) to compute the electromagnetic

fields and transmission spectra. The simulations are carried out in 3D. The plasma

columns are modeled with a frequency dependent Drude dielectric constant given by

"p = 1�
!2
p

!(! + i⌫)
(1)

where ! is the EM wave frequency, ⌫ is the electron collisional damping rate, and

!p is the plasma frequency, given by !p =
p
nee2/me"o with ne, e, and me the column

electron number density, electron charge, and electron mass, respectively, and "o is the

vacuum permittivity. As described in our prior study [6], to account for the radially

non-uniform plasma density we assume in the simulations that the plasma electrons are

distributed uniformly over a reduced diameter of 9.2 mm, resulting in a region of electron
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planes passing through the center of the PPC.
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frequencies above 3 GHz, the sum of the transmission measured for the individual 2D

PPCs is much less than that measured when all plasma columns are ignited indicating

that there is synergistic destructive interference between the two nested 2D arrays.

Below 3 GHz, it seems that a linear summation captures the measured spectrum well,

which is dominated by the 2D array with TE excitation, likely as a result of a strong LSP

attenuation. At high frequencies, the attenuation is dominated by the 2D (TM) array,

but the measured attenuation is still less than that predicted by the linear summation

of the individual spectra.
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for the y-z and y-x planes passing through the center of the PPC. The y-z plane in Fig.
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1 mm quartz 
envelope (𝜀-= 3.9)

Simulations: ANSYS HFSS 16

3D woodpile structure tunable plasma photonic crystal 8

z
yx

E

Figure 5. Simulated E-fields (magnitude) for the 3D woodpile photonic crystal with
!p = 7 GHz, �p = 1 GHz at f = 2.775 GHz. The fields are shown for the y-z and y-x

planes passing through the center of the PPC.

LSP and Bragg resonances. There are no discernible features at high frequencies. Above

frequencies above 3 GHz, the sum of the transmission measured for the individual 2D

PPCs is much less than that measured when all plasma columns are ignited indicating

that there is synergistic destructive interference between the two nested 2D arrays.

Below 3 GHz, it seems that a linear summation captures the measured spectrum well,

which is dominated by the 2D array with TE excitation, likely as a result of a strong LSP

attenuation. At high frequencies, the attenuation is dominated by the 2D (TM) array,

but the measured attenuation is still less than that predicted by the linear summation

of the individual spectra.

Some insight is gained from the simulations, particularly at lower frequencies, by

examining the behavior of the predicted electric fields. To orient the reader, a 3D

schematic of the PPC with superimposed E-field magnitudes (at an instant in time) is

shown in Fig. 5 for !p = 7 GHz, �p = 1 GHz at f = 2.775 GHz. The fields are shown

for the y-z and y-x planes passing through the center of the PPC. The y-z plane in Fig.

5 is the plane where the vector E-field is displayed in Fig. 6. In Fig. 6(a), the vector

fields are shown for the low frequency feature labeled as “a” in Fig. 3(d), i.e., f = 2.775

(𝑛.= 6.1 ×10,/𝑚01 )

3D woodpile structure tunable plasma photonic crystal 9

90
80
70
60
50
40
30
20
10
0

100
E Field V/m

y

z

E

90
80
70
60
50
40
30
20
10
0

100
E Field V/m

y

z

E

f = 2.775 GHz

f = 4.350 GHz

(a)

(b)

Figure 6. Simulated y-z cross section E vector field for the 3D woodpile photonic
crystal with !p = 7 GHz, �p = 1 GHz at (a) f = 2.775 GHz (b) f = 4.350 GHz.
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Figure 4. Experimental transmission (S21) through the 3D woodpile plasma photonic
crystal for all plasma columns turned on, horizontal (x-aligned) plasmas turned on,
vertical (z-aligned) plasmas turned on, and sum of horizontal and vertical on tube
configurations with discharge current IP = 34.4 mA.

spectrum has the peak frequencies further apart than what is measured, in part due

to an assumed plasma density that is perhaps larger than in the experiments. The

shifted experimental transmission spectra compared to simulations in this region of the

spectrum is not surprising, as the simulations are highly idealized with the assumption

of uniform plasma columns separated from the quartz wall by vacuum. More surprising

is that for this higher current density case, we see the emergence of fairly strong Bragg

gaps at high frequency that are not fully captured by the simulations.

We plot the transmitted spectra for a discharge current of IP = 34.4 mA in Fig. 4.

Here we highlight three cases: (a) the case where the PPC is completely activated (the

horizontal, or x-aligned and vertical, or z-aligned plasma tubes in Fig. 2(a)); (b) only the

horizontal tubes are active; and (c) only the vertical tubes are active. For comparison

to case (a), we also plot the linear sum of the transmission of (b) and (c). When only

the vertical (z-aligned) tubes are active we do not expect LSP excitation. The single

attenuation band seen at low frequencies near 3.5 GHz is therefore the Bragg gap of

the 2D hexagonal array with TM polarization. There appear to be weak Bragg gaps at

frequencies > 7 GHz. When only the horizontal (x-aligned) tubes are active we see a split

spectrum at low frequency for the 2D array with TE polarization, suggesting coupled
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Figure 3. Experimental and simulated transmission (S21) through the 3D woodpile
plasma photonic crystal. (a) Plasma o↵, and only quartz tubes. (b) Plasma on with
discharge current IP = 24.8 mA, simulated !p = 4 GHz, �p = 1 GHz. (c) Plasma
on with discharge current IP = 28.0 mA, simulated !p = 5.5 GHz, �p = 1 GHz. (d)
plasma on with discharge current IP = 54.4 mA, simulated !p = 7 GHz, �p = 1 GHz.
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discharge current IP = 24.8 mA, simulated !p = 4 GHz, �p = 1 GHz. (c) Plasma
on with discharge current IP = 28.0 mA, simulated !p = 5.5 GHz, �p = 1 GHz. (d)
plasma on with discharge current IP = 54.4 mA, simulated !p = 7 GHz, �p = 1 GHz.
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Plasma Array as an Effective Medium
Double-Negative Medium: Experimental Verification

Iwai et al, Phys. Plasmas 27, 023511 (2020)

source that consists of a ballast and a voltage slider to control the peak
discharge current, Ip, from 25mA to 111mA. The gas temperature of
the generated plasma inside the tube is approximately 330K,21 and is
used to estimate the gas density, and, from the discharge voltage, the
reduced field strength. As discussed in our previous studies,10 the
reduced field strength is used together with the estimated swarm
parameters and the measured discharge currents to obtain estimates of
the electron collision frequency and the plasma density.

Two broadband horn antennas (A-Info LB-20180-SF; for
2.0 GHz to 18.0 GHz) are placed in front of (transmitter—port 1)
and behind (receiver—port 2) the metamaterial composite to
record the transmission (scattering parameter S21) with a vector
network analyzer (HP 8722D). The polarization is such that the
electric and magnetic fields are parallel to the plasma tubes and
normal to the plane of the DSRRs, respectively, to obtain the elec-
tric response of the plasma array and the magnetic resonance of the
DSRRs. Copper walls surround the composite to suppress wave
divergence and undesired scattering from the surroundings. We
refer to the row of plasma discharges closest to the transmitter as
the “1st line” of plasmas, and the line number increases further
from the transmitting horn, as shown in Fig. 1. A total of as many
as 7 lines can be inserted, and the example illustration in Fig. 1(a)
shows plasma tubes inserted on the 3rd, 4th, and 5th lines, which
we refer to as the “3-lines” case. In the photograph of 1(b), five lines
(2nd -6th lines) are occupied by discharge tubes.

The measured S21 spectrum shown in Fig. 2(a) of just the DSRR
array (solid black line) is consistent with a medium that experiences a
Lorentz-type dispersion with an effective relative permeability

lSReff ¼ 1þ Fx2
m=ðx

2
m $ jcx$ x2Þ: (1)

Here, F is a constant, xm is the magnetic resonance frequency, and c
is the magnetic resonance damping constant.2 The attenuation arises
from the EM impedance mismatch and energy dissipation presented
by the array of split rings. The dispersion introduced by the magnetic
resonance is seen to result in a peak attenuation of approximately
45 dB centered at &2:0 GHz. We determine the parameters in the

expression for lSReff in Eq. (1) as those which best fit the theoretical
curve with the experimental jS21j for the metamaterial [Fig. 2(a)],
and obtain the parameters xm; ¼ 2p' 2:0 GHz, F¼ 0.5, and
c ¼ 0:03xm. With these parameters, the range of negative-l is esti-
mated to be 2.0GHz <x=2p < 2.47GHz; this frequency range is
highlighted in figures discussing the frequency dependence of wave
transmission [e.g., square area in Fig. 2(a)].

The “effective” relative permittivity of the plasma discharge array,
epeff , is estimated using the effective medium theory,22 which is appro-
priate when the diameters of the plasma discharges (13mm) and the
plasma spacing (20mm) are smaller than the incident EM wavelength
(&130 mm). In this regards, the plasma photonic crystal acts as a uni-
form metamaterial of lower overall plasma density. For this analysis, the
plasma within the discharge tube is treated as uniform in plasma density
with a radius-averaged value of !ne, even though the actual plasma den-
sity is expected to vary across the tube radius. Figure 2(b) shows the var-
iation in epeff for different values of !ne as determined using the effective
medium theory. The value of epeff becomes negative in the negative-l
range of the DSSRs when !ne > 2:0' 1017 m$3. We see that epeff is
positive for average plasma densities !ne < 0:5' 1017 m$3. Our previ-
ous studies23 indicate that !ne varies from about 0:3' 1017 m$3 to
4:0' 1017 m$3 over the range in the discharge current, 25mA <Ip
< 111mA. We see then, that epeff is readily varied from positive to neg-
ative in this experimental system by changing Ip (applied AC voltage).
Figure 3 shows jS21j for a case in which there are two lines of active
(Id ¼ 111mA) discharge tubes [lines 4 and 5 in Fig. 1(a)] without the
presence of any DSRR plates. For comparison, we also show the trans-
mission when the discharge tubes are turned off (black broken line). We
see that with the plasma on, there is a cut-off at approximately 6GHz
with the attenuation at about $40 dB in regions where we expect the
DSRRs to be active. With the discharge off, the transmission in this
range is significantly higher, with an attenuation of at most 10dB attrib-
uted to scattering from the quartz envelopes and lead wires.

FIG. 3. Measured jS21j for 2-lines’ of plasma discharge tubes [lines 4 and 5 in Fig.
1(a)] in the absence of DSSR plates without (black broken line) and with an active
discharge (red solid line). The discharge current Id is 111mA, which is the
maximum value used with our discharges.

FIG. 2. (a) Measured jS21j of the DSRRs’ array (no plasma) and theoretical curve
calculated by Eq. (1). The square area (2.0 GHz <x=2p < 2.47 GHz) indicates
the estimated negative-l region. The DSSR geometry is explained in the inset. (b)
Estimated effective relative permittivity of the plasma array tuned by the average
density !ne of the plasma.
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Here, we focus primarily on the EM response in the vicinity of
the double-negative state which satisfies negative-l and negative-e
simultaneously, i.e., the transmission properties of the plasma meta-
material composite from 2.0GHz to 4.0GHz. The measured jS21j of
the composite for two values of discharge current (Ip ¼ 25 mA and
111mA, corresponding to low- and high-!ne cases) and for as many as
5-lines (lines 2–6) of plasma tubes inserted, is shown in Fig. 4. The
dashed lines indicate the measured jS21j of just the DSRRs, e.g., Fig.
2(a). According to Fig. 2(b), epeff decreases as !ne increases, causing
reflection from, and absorption in, the plasma array. Where lSReff is
almost unity (x=2p > 2:6 GHz), the jS21j diminishes with increasing
Ip (i.e., higher !ne and with increasing number of lines of plasma dis-
charge tubes). When we activate just a single line (line 5) of the plasma
tubes, jS21j in the region x=2p > 2:4 GHz for the high !ne case is
lower than that for the low !ne case. However, in the frequency range
2.2GHz <x=2p < 2.4GHz (within the negative-l band), we see the
opposite response.

Increasing the number of plasma discharge tube lines inserted for
the high !ne case increases the recovery of jS21j within the negative-l
range, and a single transmission peak (jS21j > "30 dB) is observed as
seen in the 5-lines case in Fig. 4. For this case, where x=2p > 2:6 GHz
(positive-l), jS21j is strongly suppressed because the length of the neg-
ative-e region is greatly extended. For both low and high !ne cases, jS21j
decreases rapidly under 3.0GHz also due to the scattering from the
small lead wires that run along the length of the tubes. In fact, as we
saw in Fig. 3, the jS21j begins to decrease near 3.0GHz for the case
with two inactive lines of plasma tubes indicating that the composite
consisting of the DSRRs and plasma discharge tubes actively permits
wave transmission when both l and e are simultaneously negative.
This result suggests that this composite achieves a negative-N as dem-
onstrated in previous reports.1

Figure 5 depicts the jS21j for the 5-lines case for a range of Ip.
Again, in the spectral region, x=2p > 3 GHz, decreasing Ip from

111mA to 25mA (therefore decreasing !ne) drastically increases jS21j
(by more than 40 dB). This increase is due to the change in epeff from
strongly negative to positive values in regions where lSReff # 1.
However, the behavior is quite different in the negative-l range
(2.0GHz <x=2p < 2.47GHz), where we see that jS21j increases with
increasing Ip. For Ip ¼ 111 mA, jS21j increases by more than 15 dB
beyond that for Ip ¼ 25 mA at 2.4GHz. These results indicate that
one can control transmission over a wide frequency range by simply
varying !ne, demonstrating that such a plasma metamaterial composite
can be a dynamically tunable device with regions of both positive and
negative values of N. When Ip ¼ 0 mA, jS21j in the negative-l range is
significantly larger than that for the Ip ¼ 25 mA case even though the
real part of epeff is close to unity because of the electron neutral colli-
sional damping of the EM wave within the plasma tubes.

We have modeled the transmission peak that was observed in the
double-negative frequency band for the 5-lines case in Figs. 4 and 5.
The S21 parameter is determined from the impedance of the plasma
metamaterial composite, predicated on the assumption that the ep of
the plasma columns and lSReff of the DSSRs can be represented with
Drude- and Lorentz-type dispersion, respectively. The normalized
impedance of the effective medium representing the plasma metama-

terial composite, Zeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lSReff =epeff

q
, is converted to S21 using the

relationship between the impedance matrix and the scattering matrix,
as described by Pozer.24 The analysis requires specifying the dispersion
parameters that enter into ep and lSReff in order to obtain an S21 that
well represents the one measured. The parameters for ep are guided by
our past experiments.10 In order to reasonably reproduce the S21 mea-
sured in the negative-l band for the composite consisting of the 5-
lines of plasma tubes at a discharge current Ip ¼ 111 mA, we use the
following:

epðxÞ ¼ 1" x2
pe=ðx

2 þ j!xÞ: (2)

Equation (2) is only an approximate expression for the dielectric con-
tribution to the metamaterial composite because the actual composite
consists, in addition to the plasma columns, the surrounding quartz
envelope and thin metal wires that run along the tube to service the
discharge. Furthermore, the plasma has spatial variations in electron
density that are not known. As such, these factors may contribute to
the collisional damping and plasma density that appear in the equation

FIG. 4. Measured jS21j as a function of frequency for Ip ¼ 111 mA and 25mA and
for various plasma lines of tubes inserted into the DSRR array. The values in paren-
theses indicate the line numbers in Fig. 1. The square area (2.0 GHz <x=2p
< 2.47 GHz) indicates the estimated negative-l region.

FIG. 5. Variation in jS21j by controlling Ip for the 5-lines case in Fig. 4. The square
area (2.0 GHz <x=2p < 2.47 GHz) indicates the estimated negative-l region.
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Plasma Array as an Effective Medium
Plasma Computer
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encouraging. Unlike binarized photonic devices which
are static, the PMM geometry allows a single device to
achieve both propagation modes because the permittiv-
ity of the device elements can be tuned electronically.
Quickly switching between the straight and bent waveg-
uide behavior, which is easily enabled by the controllable
plasma current, opens up the possibility of transistor-like
optical switches.

B. Demultiplexer

Next, we present a frequency demultiplexer designed to
distinguish between frequencies of !̃1 = 1 and !̃2 = 1.1.
Inverse design methods have been used before to optimize

wavelength demultiplexers in optical photonic structures
[9, 12]. The optimization problem here is fundamentally
di↵erent from the waveguiding case for three reasons: (1)
a single device must now adhere to an objective based
on two simulations, one for each operating frequency (2)
the permittivity distribution is slightly di↵erent for the
two frequencies because of the Drude dispersion relation
and (3) a penalty is required to minimize leakage into
the wrong output waveguide. The third di↵erence is es-
pecially subtle since we want to discourage any leakage,
not just a spurious m = 1 mode. This means we cannot
use the same mode integral as before. Instead we simply
penalize the simulated field intensity at the incorrect ex-
its:

R
|E|2dl. With all this considered, the demultiplexer

objective is:

Lmp =

✓Z
E!1 · E⇤

m=1
dl!1 exit

◆✓Z
E!1.1 · E⇤

m=1
dl!1.1 exit

◆
�

✓Z
|E!1|2dl!1.1 exit

◆✓Z
|E!1.1|2dl!1 exit

◆
,

where E!1 is the simulated field for the !̃ = 1 source and
E!1.1 is the simulated field for the !̃ = 1.1 source.

After the 1250 epochs of training, the TE and TM de-
vices presented in Fig. 6 were obtained. Though these
devices represent a jump in complexity, the objective
functionalities were still accomplished quite well. The
largest discrepancy is the minor leakage into the incor-
rect exit waveguide in the TE case operating at !̃1 = 1.1.
It is interesting to note that, despite the increased fre-
quency sensitivity of the device in the TE mode when its
constituent plasma elements have !p > !src and there-
fore ✏rod < 0, the algorithm did not push rod permit-
tivities deep into negative values. Perhaps bringing the
source frequencies closer together might allow more ef-
fective usage of LSP excitations to di↵erentiate the two
frequencies. Fig. 7 shows the evolution of the objective
for the two devices. It appears as before that a suitable
local maximum is obtained in both cases. Once again, the
final distribution of plasma frequency among the PMM
elements for the demultiplexers provides little suggestion
of their intended function.

C. Low plasma frequency designs

Now, while these cases do exhibit compelling results,
there is much to be said about their experimental re-
alizability. Using the dimensions of plasma discharge
tubes like those in refs. [22] and [23], the dimensional-
ized lattice frequency is estimated to be ⇠ 20 GHz. Thus
these devices call for plasma frequencies as high as ⇠ 39
GHz, or, equivalently, plasma densities of ⇠ 2⇥1019m�3.
These conditions are only possible through pulsed oper-
ation, which introduces complex transient behavior. In
an e↵ort to examine how these devices may be realized

�̃ = 1 �̃ = 1.1

TE
⃗Ew

TM
⃗Bw

(a)

(b)

(b.ii)(b.i) (b.iii)

(a.ii)(a.i) (a.iii)

�̃ = 1

FIG. 6. (a) TE FDFD simulation showing (a.i) the field mag-
nitude |Hz|2 (ẑ out of the page) for !̃1 = 1 and (a.ii) !̃1 = 1.1,
along with (a.iii) the relative permittivity of the plasma rods
when !̃1 = 1 where the maximum plasma frequency among
the plasma elements is !̃p = 1.17. (b) FDFD simulations and
!̃1 = 1 permittivities for the TM case where the maximum
plasma frequency is !̃p = 1.95.

with currently existing plasma sources, we consider the
case where the lowest frequency source allowed by the
waveguides (width 2a yielding !̃ = 0.25) is used and
the plasma frequency is limited to 7 GHz (an attainable
quasi steady-state operation condition). These limits are
enforced via a reparameterization of the optimization al-
gorithm where an arctan barrier is employed. The results
for these waveguide cases along with the evolution of the
objective function are presented in Figs. 8 and 9 respec-
tively.

We observe that for both objective functionalities, the
TM-polarization case exhibits very strong performance
while the TE case struggles to match its higher frequency

𝑓, = 𝑐/𝑎v 𝑓) = 1.1𝑓,

v v
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FIG. 7. Evolution of the objective functions for (a) the TE
demultiplexer and (b) the TM demultiplexer. Once again, the
y-axes on these plots are e↵ectively arbitrary since they are
normalized by the initial (epoch 0) value.
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FIG. 8. (a) TE FDFD simulation showing (a.i) the field mag-
nitude |Hz|2 (ẑ out of the page) for an optimized straight
waveguide and (a.ii) the relative permittivity domain that
gives rise to this behavior, along with (a.iii) the field mag-
nitude for the bent waveguide and (a.iv) its permittivity do-
main. (b) FDFD simulations and domains for the TM po-
larization. Among all of these cases, the highest plasma fre-
quency is !̃p = 0.338 which corresponds to ⇠ 6.75 GHz within
existing experimental facilities.

alternatives. The reason for this is likely enhanced cou-
pling to LSP modes. Since the plasma rods are now much
smaller in radius than the wavelength of the source, LSPs
are much more likely to appear and have a strong e↵ect
on the overall wave propagation. This is evident in the
TE objective training curves which are far more erratic
than their TM counterparts. Since the algorithm adjusts
the permittivities of many rods at each step after calcu-
lating the gradients with respect to each parameter, the
presence of LSP excitation can cause unexpected spu-
rious losses that cause the objective to abruptly drop.

TE

TM

(a)

(b)

(a.i) (a.ii)

(b.ii)(b.i)
Training Epoch

Training Epoch

Straight

Training Epoch

Training Epoch

Bent

FIG. 9. Evolution of the objective functions for (a) the low-
frequency TE waveguides in the (a.i) straight waveguide case
and (a.ii) the bent waveguide case. The same is presented for
(b) the TM waveguides. The y-axes on these plots are again
arbitrary.

In addition, the Adam optimization algorithm includes
’momentum’ as part of its gradient ascent routine [27],
so the objective is not guaranteed to increase monotoni-
cally. We see the same performance discrepancies in the
demultiplexer, shown in Fig. 10, and the demultiplexer
objective, plotted in Fig. 11. Despite the losses in the
TE polarization cases, these lower frequency simulations
suggest that a reconfigurable device operating in the TM
mode could be constructed with experimental discharge
tubes such as those described in our prior studies [22, 23].
More work needs to be done to identify objective func-
tionalities that can reap the benefits of coupling into TE
LSPs, perhaps with devices which require an extremely
sensitive frequency response.

D. Optical logic gates

The success of these preliminary devices encourages
experimentation with more complicated objectives and
device geometries. Past work has established a connec-
tion between the wave dynamics inherent to electromag-
netic phenomena and the complicated computations per-
formed by recurrent neural networks (RNNs) [28]. This
type of analog computing appears to be the natural ap-
plication of these PMM devices. The reconfigurability of
gaseous plasmas means that the complicated classifica-
tion tasks which are the staple of RNNs can be readily
trained and implemented in-situ. As a natural depar-
ture from traditional Von Neumann architectures, these
optical computing platforms might yield significant ad-
vantages in bandwidth and throughput in an age where
electronic computing appears to be reaching physical lim-
its. Here we explore the application of inverse design to
the fabrication of devices crucial to the development of
more general optical computing platforms. Specifically,
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FIG. 10. (a) TE FDFD simulation showing (a.i) the field
magnitude |Hz|2 (ẑ out of the page) for !̃ = 0.25 and (a.ii)
!̃ = 0.27, along with (a.iii) the relative permittivity of the
plasma rods when !̃ = 0.25 where the maximum plasma
frequency among the plasma elements is !̃p = 0.288 which
corresponds to ⇠ 5.75 GHz within our existing experimental
facilities. (b) FDFD simulations and !̃ = 0.25 permittivi-
ties for the TM case where the maximum plasma frequency
is !̃p = 0.358 or ⇠ 7.13 GHz experimentally.
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FIG. 11. Evolution of the objective functions in the low-
frequency case for (a) the TE demultiplexer and (b) the TM
demultiplexer. Once again, the y-axes on these plots are ar-
bitrary.

we consider the basic building block of traditional com-
puting platforms: the electronic logic circuit. As physical
realizations of boolean algebra, logic gates serve as the
backbone for the core arithmetic, storage, and processing
operations used in modern computing architectures. Op-
tical logic gates could serve as the basic components of
optical computing platforms [29], and have been realized
using photonic crystal systems [30–32] as well as other
techniques like semiconductor optical amplifiers [33]. We
propose the application of inverse design PMM devices
as a novel avenue for the fabrication of reconfigurable
optical logic devices.

These devices represent the most complicated objec-
tives considered thus far, particularly since the boolean
arithmetic is an inherently nonlinear algebra. Because
of this, we remove the plasma frequency constraints im-
posed for the simpler devices and use a TM polarized
source frequency of !̃ = 2 to allow for more complex
propagation structures. As with the demultiplexers, the
same device must be optimized to handle multiple cases

depending on the source. Figs. 12 and 13 illustrate
our platform for the realization of boolean logic through
plasma arrays. Logical 1s and 0s are captured by the
presence or absence of a modal source at each of the two
input data waveguides. To account for situations where
a logical 1 is required while both databits are o↵ (as is
the case for a NOR or NAND signal), a constant field
source is provided via the bottom waveguide. This in
turn necessitates the addition of a ”ground” sink in the
case when a logical 0 is required. The inclusion of this
sink has the added benefit of dissuading reflection back
into the input waveguides, which would hinder any ef-
forts to link connectives and perform more complicated
computations.
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FIG. 12. (a) E-field magnitudes for the OR gate in each of the
input cases. (b) The evolution of the objective throughout
training. (c) The relative permittivity domain along with
labels for the device input and exit waveguides where the
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FIG. 13. (a) E-field magnitudes for the AND gate in each of
the input cases. (b) The evolution of the objective throughout
training. (c) The relative permittivity domain along with
labels for the device input and exit waveguides where the
maximum plasma frequency is !̃p = 0.864.

While the previous cases were run entirely by the algo-
rithm, the complex nature of this problem required the
addition of many hyperparameters in the form of a set of

7

�̃ = 0.25 �̃ = 0.27

TE
⃗Ew

TM
⃗Bw

(a)

(b)

(b.ii)(b.i) (b.iii)

(a.ii)(a.i) (a.iii)

�̃ = 0.25

FIG. 10. (a) TE FDFD simulation showing (a.i) the field
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Scattering from Magnetized Plasma Discharges
Gyrotropic Plasma Rods 

• Magnetized plasma columns exhibit asymmetric scattering*

• Scattering depends on plasma and field properties

• Experiments needed to confirm scattering behavior
*Valagiannopoulos et al., Nanomaterials and Nanotechnology 8: 1–10 (2018) 

resonances of the dipolar terms Sþ1 and S"1, with a degen-
erate solution at ! ¼ !p=

ffiffiffi
2
p

and !c ¼ 0, corresponding to
the conventional dipolar resonance of an unbiased isotropic
cylinder. Also note that !c, unlike !, can be negative since
the sign simply indicates the direction of the magnetic bias.

To confirm these quasi-static results, we report in Figure
2 the normalized scattered power P scat=P inc of a gyrotropic
cylinder (b ¼ 0:1lp), on the ð!=!p; !c=!pÞ plane, obtained
by exact Mie-theory calculations. The solid black line cor-
responds to condition (7) for maximal scattering pattern
rotation, and the dashed white lines to the resonant condi-
tion (9) for maximal scattering. The exact calculations are
in good agreement with the quasi-static analytical

predictions. In particular, we indeed observe a bifurcated
pattern for the scattered power in this parameter space,
associated with the effect of the static bias that lifts the
degeneracy of the dipolar resonances of Sþ1 and S"1. This
can be considered as a scattering manifestation of the well-
known Zeeman effect,12,13 which occurs when an external
magnetic field results in the splitting of spectral lines.
Indeed, a magnetic bias gives “rotational preference” to the
system and makes the moving electrons behave differently
depending on their sense of direction. Such a splitting is
relatively well captured by the predictions of equation (9);
the differences are attributed to the non-negligible size of
the cylinder (b ¼ 0:1 lp) and the presence of radiation loss,
which is neglected by equation (9). The estimation given by
equation (9) of the left resonant branch (! < !p=

ffiffiffi
2
p

) is
more accurate compared to the right resonant branch
(! > !p=

ffiffiffi
2
p

), because the former corresponds to lower
frequencies, hence the rod is electrically thinner. However,
both branches overestimate the operational frequencies
supporting the maximal scattering for a given !c=!p.
Furthermore, the decrease of P scat=P inc as the cyclotron
frequency is increased (which is also observed in Figure
1(b) and (c)), is clearly confirmed by the results of Figure 2.

To offer more physical insight, four characteristic
designs, indicated by different points in Figure 2, have been
numerically simulated (full-wave finite-element simula-
tions using a commercial software COMSOL (5.3)).29 The
spatial distributions of the scattered magnetic field (z-com-
ponent) are shown in the corresponding insets, under TEz

plane-wave incidence propagating toward the positive
x-axis. For an unbiased cylinder (!c ¼ 0), we select the
frequency giving maximum P scat=P inc, and obtain the con-
ventional dipolar resonance of a plasmonic cylinder, asso-
ciated with the excitation of a localized surface-plasmon
polariton.30,31 The resulting scattering pattern (bottom left
inset) is that of a y-oriented induced dipole, as dictated by
the incident electric field. The other three considered cases
have the same bias, !c ¼ 0:25!p, but different frequency.
The two resonant branches of the split surface-plasmon
resonance correspond to circularly polarized induced
dipoles with opposite sense of rotation, which yield a heli-
cal distribution of scattered field (two upper insets) with
different angular momentum, similar to the response
observed by Eskin et al.8 This unusual scattering response
is attributed to the fact that one of the two coefficients S+1

becomes much larger than the other according to equation
(5). Indeed, when practically only one of S+1 is present, the
response is dominated by a circularly polarized dipole of
certain helicity or, equivalently, two orthogonal linear
dipoles oscillating out-of-phase (+p=2). Conversely, when
both of the coefficients S+1 are non-negligible—but
unequal—more complicated scattering field distributions are
obtained. For example, by operating near the black line in
Figure 2, corresponding to the condition for maximally
rotated radiation pattern (7) (bottom right inset), we can
clearly see the tilt in the induced dipole, which produces a

Figure 2. Normalized scattered power P scat=P inc, as a function of
operating frequency !=!p and cyclotron frequency !c=!p for an
infinite cylinder with b ¼ 0:1lp and Im½et' ¼ "0:02 (obtained by
exact Mie-theory calculations). The solid black line corresponds
to condition (7) for maximal rotation of dipolar radiation pattern,
and the dashed white lines indicate the condition (9) for maximal
resonant scattering. The four insets show the spatial distributions
(time-snapshot) of the normalized scattered magnetic field for
four characteristic designs indicated by different points on the
contour plot.
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FIG. 10: (a) Experimental scattering measurements for the magnetized plasma rod with the two magnetic field directions, B-
(left) and B+ (right). (b) Predicted scattering using the analytical model with w = 2.78 ⇥ 1010 rad/s, wce = 8.4 ⇥ 109 rad/s,

wp = 5.28 ⇥ 1010 rad/s, and nc = 1.34 GHz. (c) Normalized scattered power derived from experiments (blue curves) and the
analytical model (red curves) as a function of angle, j , in degrees. The experimental results are reproduced from L. S.

Houriez, H. Mehrpour Bernety, J. A. Rodríguez, B. Wang, and M. A. Cappelli, “Experimental study of electromagnetic wave
scattering from a gyrotropic gaseous plasma column,” Applied Physics Letters 120, 223101 (2022)31, with the permission of

AIP Publishing.

V. SUMMARY

This paper introduces a straightforward method for charac-
terizing a large class of plasma discharge tubes for the pur-
pose of determining their largely-unknown parameters, i.e.,
plasma frequency (electron density) and electron collisional
scattering frequency, particularly so when these discharges
are strongly magnetized. The proposed method leverages the
problem of electromagnetic scattering from magnetized dis-

charge tubes and, by comparing with the experimental results
of the scattered fields, enables us to estimate their unknown
parameters. The technique precludes the need for compu-
tational electromagnetic resources for determining scattering
parameters for this configuration, and can be applied to dis-
charge tubes of varying diameters or sizes. This exercise pro-
vides a basis for evaluating such discharge tubes in the con-
struction of novel gyrotropic plasma metamaterials and topo-
logically non-trivial magnetized plasma structures.

𝜙c

𝜔/2𝜋 = 4.43 GHz
𝜔+/2𝜋 = 1. 34 GHz

𝐵" = 58 𝑚𝑇
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FIG. 4: Normalized scattered power from the model
magnetized plasma column in the near-field region. Plasma,
cyclotron, and field frequencies are fp = 7, fb = 1.85 GHz,

and f = 4 GHz, respectively.

mated from previous non-magnetized studies, which is ex-
pected. The theoretical analysis and simulations are just a
first step for the design of the circulator, and fine tuning of
the performance is achieved by examining the response over
a range of operating frequency, as described in Sec. III. Fi-
nally, the relative permittivity of the quartz layer is taken to be
eq = 3.75.

Considering the configuration of the circulator and the pa-
rameters of the coordinates shown in Fig. 1, to direct the
incoming fields from, say, Port 1 to Port 2 of Fig. 2, the
magnetized plasma rod should rotate the Poynting vector of
scattered fields by j = 60�. Although one needs only to ex-
amine the near fields to achieve this scattering objective, to
narrow down the search, we may start with an analysis of far
fields, i.e., the scattering width of the rod impinged by a nor-
mal plane wave with TEz polarization. We assume that our
design frequency is in the vicinity of f = 4 GHz, and a value
for the electron collisional damping frequency, nc = 1 GHz,
and a plasma frequency, fp = wp/2p = 7 GHz. These con-
ditions for the plasma are close to that extracted from the re-
cent near-field scattering measurements mentioned above34.
In Fig. 3, we compute the bistatic scattering normalized to
the wavelength, i.e., s2D/l , for different values of cyclotron
frequency, fb = wb/2p , which is linearly dependent on the
magnetic bias field, , B0, i.e., fb = eBo/(2pme). Here, me and
e are the electron mass and charge, respectively. In the fig-
ure, the solid lines represent that determined by the analytical
model. For comparison, we have also computed the bistatic
scattering using CST Microwave Studio, and represent these
as the dashed lines. It is apparent that the analytical model
produces the same bistatic scattering as that computed using
CST. This confirms that the simple model can be used to iden-
tify conditions for a desired scattering angle. We also see that
that by increasing B0, or as a result, the cyclotron frequency
( fb), the angle defining the maximum in the bistatic scatter-
ing increases. In designing a circulator, one desires that the
angle between waveguide ports coincides with the maximum

scattering computed for the frequency range of interest, and
the range of plasma conditions accessible. Here, as we are in-
terested in waveguide circulators that have ports separated by
120�, we desire j = 60� - scattering that can be achieved with
fb = 1.85 GHz, fp = 7 GHz, and nc = 1 GHz, and for the op-
eration frequency of f = 4 GHz used here. Since the bistatic
scattering is a far-field concept, a more refined design target-
ing specific frequencies of operation given plasma parameters
requires computing near-field scattering power. Fig. 4 plots
the CST-simulated normalized near-field scattered power (in
dB, i.e., (10 log10[|Hs

z
|2/|Hs

z
|2max]), for the above plasma con-

ditions. We find that the near-field scattering is also preferably
in the vicinity of j = 60�. With the identified plasma condi-
tions and geometry, we can examine the isolation capability of
the magnetized plasma rod when used in the circulator design
shown in Fig. 2.

Full CST simulations are carried out of the three-
dimensional circulator shown in Fig. 2 to predict the isolation
capability when plasma-loaded. The resulting S-parameters
are shown in Fig. 5. In these simulations, waves are launched
into the device using the "waveguide ports" feature of CST.
While we determined from the analytical study above that
optimum scattering occurred for a plasma frequency, fp = 7
GHz, we also show the computed S-parameters for fp = 6.8
GHz and 7.2 GHz. Better performance, defined by the iso-
lation, S31 �S21, is seen at approximately 3.975 GHz, for the
fp = 6.8 GHz case. For the intended plasma fp = 7 GHz case,
the best isolation seems to occur at f = 4.1 GHz, and the val-
ues for the return loss, insertion loss, and isolation are 1.2
dB, 14 dB, and 22 dB, respectively. A color map of the nor-
malized power, in dB (10 log10[|H|2/|H|2max]) at a snapshot in
time, delivered from Port 1 to Port 2 is shown in Fig. 6. We
find that the magnetized plasma column efficiently redirects
the power to Port 2, while minimizing the power delivered to
Port 3, confirming the effectiveness of the design. It is note-
worthy that a close inspection of the fields depicted in Fig. 6
reveals that the EM waves penetrate the plasma despite that
the field frequency (4.1 GHz) is well below that of the cut-
off of the lower extraordinary (X) mode of the magnetized
plasma,27

f1 =
q

f 2
p
� f

2
b
/4 � f

2
b
/2. For these conditions,

this cut-off f1 = 4 GHz, approximately that of the electron
cyclotron frequency and considerably less than the modeled
plasma frequency fp = 7 GHz. Transmission of the plasma
is a consequence of tunneling of the EM fields35, as the skin
for the X-mode36 is of the same scale as that of the plasma
diameter.

III. EXPERIMENTAL DEMONSTRATION

A device is built leveraging the understanding gathered
from the above theory and simulations, to experimentally con-
firm the plasma’s gyrotropic response and to assess the circu-
lator performance. These studies provide initial data that may
guide further plasma-loaded circulator performance improve-
ments. While the experiments described below span the S and
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The first order of business is to look for a magnetized photonic crystal with a complete 
band gap for a reasonable operating condition given our experimental equipment.
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