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A fully tunable plasma photonic crystal is used to control the propagation of free space

electromagnetic waves in the S to X bands 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 mode bandgaps exist, arising from the positive and negative dielectric constant

regimes of the plasma, and that the respective bandgap frequencies can be shifted through changing

the dielectric constant by varying discharge current density. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4946805]

The first demonstrations of photonic crystal (PC) devices

were carried out in the Ku band of the electromagnetic (EM)

spectrum using an array of alumina lattice elements.1 Since

then, PC devices that operate into the terahertz (THz)2 and

optical3 regimes have been demonstrated. The photonic

bandgaps of the first devices were not actively tunable. Over

the past decade, methods to achieving bandgap tunability have

included mechanical,2 thermal,4 and opto-fluidic strategies.5

The use of gaseous plasma elements as PCs was first

demonstrated by Sakai et al.6 All-plasma arrays,6,7 as well as

single plasma elements in solid structure metallic8 and dielec-

tric9 arrays, provide a means of achieving active bandgap and

defect state pass-band tunability at relatively high rates by the

ability to vary plasma density. These rates, limited by the ioni-

zation or recombination times of the plasma, can be signifi-

cantly higher than those limited by mechanical, thermal, or

fluidic time scales. Experimentally realizable gaseous plasma

devices have operating frequencies that are controlled by the

plasma frequency of the discharges. Plasma-based bandgap

devices have been explored through modeling and simula-

tions,10 and through experimental testing.6,11 A unique feature

of full plasma photonic crystals with square lattice configura-

tions is the preference for transverse electric (TE) propagation

bandgap modes due to the excitation of surface plasma

waves.6,7

As in their solid structure counterparts, an all-plasma

photonic crystal will have characteristic bandgaps that are a

result of successive Bragg scattering between the plasma

interfaces. Like metallic structures, the dielectric constant

can range from strongly negative to positive values of less

than unity (passing through zero), depending on the EM

wave frequency and electron density. A significant challenge

in the construction of a device based on an all-plasma array

photonic crystal is the control of plasma elements that are

individually tunable and switchable to provide rapid reconfi-

gurability that exploits this range in dielectric constant—a

feature not afforded by traditional dielectrics. Another chal-

lenge is that the plasma elements must have a low collision-

ality in order to reduce signal attenuation that results in

suboptimal performance. Our previous work on integrating a

single plasma element into an alumina photonic crystal

device demonstrated active tunability using the plasma ele-

ment as the tuning source.12 A natural extension of the tuna-

ble device is a plasma photonic crystal that is completely

formed from plasma elements.

In this letter, we present the EM wave transmission

characteristics of an all-plasma photonic crystal that operates

in the S through X bands of the microwave region of the EM

spectrum. Our focus is on simulating and experimentally

demonstrating the existence of bandgaps attributed to both

the positive and negative dielectric constants of the plasma.

Figure 1 presents a schematic diagram of the device stud-

ied. The basic structure is that of a two-dimensional (2-D)

periodic array of circular plasma elements arranged in a

square lattice. In the device simulated and tested experimen-

tally, the plasma elements consist of individually controllable

alternating-current (AC) discharge tubes. The discharge tubes

were arranged with a lattice constant of 38.1 mm, forming a

7 by 7 square array. A 15 mm diameter quartz (e¼ 3.8) tube

with an inner wall thickness of 1 mm and length of 290 mm,

filled with argon to a pressure of 250 Pa and added mercury,

serves as the discharge plasma. The discharge temperature

was estimated to be around 330 K,13 giving a mercury vapor

partial pressure of about 3.5 Pa.14 Each discharge was driven

individually by an AC ballast with a peak to peak voltage of

160 V. The voltage waveform of each discharge was triangu-

lar in shape resulting in a root-mean-square (RMS) voltage of

FIG. 1. (a) A 7 by 7 plasma photonic crystal array with lattice constant

a¼ 38.1 mm.
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V. The ballast had a variable peak current

(also close to triangular in wave form) to control the discharge

parameters, 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.

The variable discharge current controls the plasma den-

sity which determines the location of the zero-point in the

real part of the dielectric constant (epsilon-zero frequency),

i.e., the frequency corresponding to the plasma frequency of

the discharge elements. Source frequencies spanning this

epsilon-zero condition allow us to map the bandgaps associ-

ated with both epsilon positive and epsilon negative regimes,

and the associated broadening and shifting of these bandgaps

that arise when the plasma density is varied.

When the frequency is less than (or greater than) the

plasma frequency, the plasma dielectric constant is negative

(or positive) but reverts to the dielectric constant of air when

the plasma is turned off. For the designed device, we utilize

both the positive and negative dielectric constant values to

form bandgaps. With all plasma elements active, the pho-

tonic crystal structure acts as a TE mode band gap device.

Varying the plasma density allows for the bandgap to shift in

frequency and change in width.

To anticipate the approximate locations of where the

bandgaps associated with the negative and positive epsilon

regimes of the plasma will appear, calculations were first

carried out using the High Frequency Electromagnetic Field

Simulator (formally known as the High Frequency Structural

Simulator) ANSYS HFSS 16, simulating the transmission

properties of a 7� infinite array of dielectric rods. The rods

were assigned to have a diameter and lattice constant equal

to that of the plasma array, and dielectric constants equal to

that of a plasma density of ne¼ 5.8� 1011 cm�3, a value that

is expected in these discharge tubes at a current of

34.4 mA.12 For these simulations, an assigned dielectric con-

stant of �1.75 corresponds to that of this plasma at 4.0 GHz,

while an assigned dielectric constant of þ0.20 corresponds

to that of this plasma at 7.6 GHz. Figure 2 shows the HFSS

simulated transmission spectra jS21j for the photonic crystal.

In the negative epsilon regime, there is a bandgap between

3 GHz and 4.5 GHz with an attenuation of approximately

15 dB. The positive epsilon regime has a bandgap between

7.5 and 8.5 GHz, with a much smaller rejection attenuation

(less than 3 dB) as a result of the lower dielectric constant.

The two permittivity regimes allow the crystal to operate as

either a device with negative permittivity rods in air or a

dielectric air slab with positive but lower permittivity plasma

holes. The negative permittivity bandgap in this TE excita-

tion is a consequence of the gap between the flat bands asso-

ciated with surface plasma propagation and the first Bloch

state at the X point below the plasma frequency.15

Simulations of the plasma photonic crystal with various

plasma densities were completed using HFSS. The two-

dimensional simulations consider the case of an infinite

plasma column height and an infinite number of elements in

the y-direction through setting appropriate periodic boundary

conditions. For TE polarization, perfectly magnetic conduc-

tor (PMC) boundaries assumed at the top and bottom interfa-

ces of a single array of 7 plasma columns simulate the case

of an infinite height. A perfectly electric conductor (PEC)

boundary condition placed a half lattice constant away from

the center axis of the rods mirror the rods in the y-axis direc-

tion.7,16 The boundary conditions simulate a 7 (x-direction)

by infinite (y-direction) by infinite (z-direction) array of

rods. Both the plasma and the quartz envelope were included

in the simulations.

The HFSS simulations require specifying the plasma

density distribution within the discharge tube. The plasma

experiences radial diffusion due to wall recombination with

a radial electron density distribution that is expected to be

near parabolic in shape. For our simulations, we simplified

the plasma distribution by assuming that the plasma elec-

trons are distributed uniformly over a diameter that is 1=
ffiffiffi
2
p

times the inner discharge tube diameter such that the plasma

diameter is 9.2 mm, to form a region of higher electron den-

sity that is twice that if the electrons were distributed uni-

formly over the entire inner tube diameter of d¼ 13 mm. We

define the plasma density over this reduced region of uni-

form plasma density (diameter of 9.2 mm) as ne.

The plasma is assumed to have a dielectric constant that

is described by the Drude model

ep xð Þ ¼ 1�
x2

p

x2 � icx
: (1)

Here, c is the total momentum transfer collision fre-

quency of the plasma electrons. The plasma frequency is

equal to

xp ¼

ffiffiffiffiffiffiffiffiffi
nee2

mee0

s
; (2)

where e is the electron charge, me is the electron mass, and

eo is the free space permittivity. The plasma density and thus

the plasma frequency and dielectric constant are tunable pa-

rameters controlled by varying the discharge current. The

dielectric constant and its variation with frequency and

plasma density is shown in Fig. 3. We use the electron

energy distribution function solver, BOLSIG,17 which pro-

vides a solution to the Boltzmann equation for the electrons

and associated transport properties, to estimate the total

FIG. 2. Simulated transmission ðjS21jÞ for a 7 by infinite array photonic crys-

tal with circular elements having positive (e¼ 0.20) and negative (e¼�1.75)

permittivities.
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electron momentum transfer collision frequency. For the

range of discharge conditions used here, c� 1.0 GHz.

For the experiment, a pair of microwave broadband

(2 GHz–18 GHz) horns are used as the source and detector

antennas set to the TE polarization, each connected to an HP

8722D Vector Network Analyzer to measure the transmis-

sion coefficient. The TE source polarization is defined as

having the electric field vector oriented in the y axis, such

that it is perpendicular to the plasma discharge element. The

measured transmission was recorded with an integration

time of 5 ms per frequency point in the scan. Figure 4 shows

the experimental setup with the plasma photonic crystal

array and microwave horns. The individual ballasts are not

in phase with one another; however, simulations on similar

discharges have shown that the plasma density is essentially

unchanging over each current cycle and does not respond to

the high frequency (40 kHz) current waveforms.18

Figure 5 shows the experimental transmission spectra

jS21j for three cases of the discharge current. The ratio of the

dielectric constant of the plasma to that of the surrounding air

(ep/eair) effects the shape and strength of the bandgap.19 Three

different plasma parameters are presented to illustrate the

bandgap tunability. The band gap opens for plasma densities

ne> 5.8� 1011 cm�3. As predicted by the calculations shown

in Fig. 2, we see the development of two bandgaps, centered

at about 4 GHz and 8 GHz, at the higher plasma densities. The

strength of the bandgaps increases strongly and shifts to

higher frequencies with increased plasma density. This shift is

due to the increased plasma frequency which defines the zero-

epsilon condition.

Also shown in Fig. 5 are the transmission spectra pre-

dicted by the simulations. The values for the plasma density

used in the simulations were estimated from our previous

studies.12 At a discharge current of 24.8 mA, the plasma

dielectric constant is very close to unity and we predict free

transmission from 4 GHz to 10 GHz, in good agreement with

experiments. The structure that develops in the region below

about 3 GHz occurs where the dielectric constant of the

plasma falls below the plasma frequency. In this region, the

Im(e) is significant, and leads to an attenuation of the signal

to �7 dB. The experiments also suggest some attenuation in

this region at these low plasma densities. At the highest

FIG. 3. Real and imaginary components of the plasma relative permittivity

for various plasma densities.

FIG. 4. Experimental setup with plasma photonic crystal array and measure-

ment setup. An acrylic base structure is used to support the device.

FIG. 5. Simulated transmission spectra for the plasma photonic crystal

device vs. experimental transmission spectra for various peak plasma dis-

charge currents and plasma densities. The primary and secondary bandgaps

are seen in the transmission spectra in (b) and (c).
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discharge current investigated (74.4 mA), the simulations

predict a strong bandgap between 3 GHz and 6 GHz due to

the negative epsilon plasma contribution, and a weaker

bandgap between 7 GHz and 8 GHz. The simulations have a

sharp attenuation drop around 9 GHz due to the periodic

quartz envelopes, which was observed when the plasma ele-

ments were removed in the simulations. Experimentally, the

plasma has an interface with the quartz that was not modeled

in the simulations, explaining the increased scattering and

reflection at higher plasma densities around 9 GHz. The sim-

ulations are in good agreement with the experiments,

although shifted slightly towards lower frequencies, suggest-

ing perhaps that the plasma densities used in the simulations

are slightly higher than those in the discharge tube at these

current densities. Similar agreement is seen for the interme-

diate case of 34.4 mA in discharge current. The experimental

results here have expected signal leakage and scattering in

the z axis due to the three dimensional structure of the de-

vice, which corresponds to the attenuation found in the pass-

bands of the photonic crystal.

The results presented here confirm that all-plasma pho-

tonic crystals can develop strong bandgaps, particularly at

high plasma density conditions. The lower frequency regime

at conditions below cut-off affords the most favorable condi-

tions, where a relatively strong bandgap develops that is tuna-

ble with discharge current. In this regime, the device is

characterized as an array of negative permittivity plasma rods

in air, with TE modes being preferred as a consequence of sur-

face plasmon effects.15 The weak bandgap that forms at con-

ditions above the cut-off frequency is due to positive epsilon

contribution from the plasma, with the air acting as a high

dielectric constant slab with plasma holes acting as the mate-

rial of lower dielectric constant. This is a unique mode of

operation that allows for TE bandgap formation in frequencies

above the critical plasma frequency. The device described

here extends our previous work that demonstrates the integra-

tion of a plasma element into a dielectric (alumina) photonic

crystal array. The characterization and design of this all-

plasma photonic crystal structure will provide the groundwork

for other operational modes that are a result of the switchabil-

ity of the plasma elements, as well as an increased understand-

ing of the interactions between electromagnetic waves and

plasma based photonic devices. Future experiments will inves-

tigate reconfigurable waveguiding, bends, and cavity modes.
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