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ABSTRACT
The introduction of 3D printing has enabled fabrication of photonic crystal devices with complex crystal structures that would be
challenging to construct using other fabrication methods. In this paper, we construct and characterize a photonic crystal consisting of two
4  8  8 cubic lattices composed of spherical silicon nitride elements straddling a layer of 8 plasma discharge tubes, creating a 3D hybrid
plasma photonic crystal device. Integrating under-dense gaseous plasma elements provides a unique coupling dynamic between the dielectric
spheres and the cylindrical plasma discharges, creating a monolithic hybrid photonic crystal with solid state and reconﬁgurable elements.
The device has resonant modes that have attenuation peaks that are either switchable, tunable in amplitude, or tunable in frequency with
variations in plasma density. The response of these bands seen with varying plasma density is conﬁrmed through simulations when effects
due to the heating of the photonic crystal from the gaseous plasma elements are accounted for in the experiments. We discuss how this
reconﬁgurable device may be used and expanded upon for applications in photonic artiﬁcial neural networks and optical computing systems.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0043336

I. INTRODUCTION
Future computing platforms will manipulate electromagnetic
(EM) waves in some form to carry out computational tasks.1 Optical
computing affords a higher bandwidth and speed in comparison to its
solid state electronic counterpart and is less prone to component heating as it is not subject to direct Ohmic losses. In their most primitive
form, the earliest optical computers will likely contain discrete photonic devices that mimic traditional electronics-based circuit elements
such as the transistor2 and will carry out computational tasks very
much like that in modern electronic processors. In modern electronic
architectures, tasks such as the multiplication of numbers can be quite
involved, requiring multiple systematic steps that manipulate (shift
and add) binary digits—a process that beneﬁts from parallel algorithms. However, optical computing using these familiar schemes will
eventually encounter architecture limitations.
One alternative computational architecture is the artiﬁcial neural
network (ANN).3 Artiﬁcial neural networks can be thought of as computer automata, using machine learning to carry out state-speciﬁc
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tasks, inspired by the processes that are believed to occur in the human
brain. Artiﬁcial neural networks can be constructed using photonic
components,4–6 with various computational architectures that enable
the analysis of large data sets that lie within the training window in
single processing events. The development of such computational platforms will likely require a completely new set of photonic devices that
control the phase, amplitude, and transmission of EM waves. One
platform that has been proposed recently is an analog EM wave processor consisting of an inhomogeneous nonlinear artiﬁcial material.7
Another platform that has been proposed is for applications where
inputs and hence the complex information are encoded spatially into
the source wavefront.5 Wave-based operators such as metamaterials or
photonic crystals can be trained as recurrent neural networks, giving
them temporal dynamic behavior enabling the passive processing of
signals without analog-to-digital conversion greatly increasing computational speed. Enhancements in performance can be obtained if the
spatial properties of the artiﬁcial materials can be dynamically controlled, and prior work has shown some of these materials to be weakly
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reconﬁgurable.8,9 Artiﬁcial neural networks can exploit nonlinear10
and directional anisotropies11 of photonic crystals. An optimum metamaterial or photonic crystal would be one that offers full 3D phase
and amplitude control of EM wavefronts through reconﬁgurability
while able to tolerate high wave energy thresholds for nonlinearities.
In this paper, we present a 3D photonic crystal with embedded plasma
elements as a possible candidate for such platforms. The EM response
of complex 3D photonic crystals has been studied extensively. Added
plasma elements enable tunability and dynamic reconﬁgurability at
potentially high speeds12—features that are not readily present in conventional solid-state photonic crystals. At sufﬁciently high incident
ﬁeld intensities, the plasma response is also nonlinear owing to the
ﬁeld-dependent plasma density which controls the plasma dielectric
constant.
The device presented in this paper operates in the Ka band
(26.5–40 GHz) and requires the use of materials that have dielectric
constants and loss tangents appropriate for designing a device that can
have proper wave coupling and photonic and resonant effects. As
described below, we use 3D printing for the fabrication of a scaffold to
assemble a 3D Si2 N3 photonic crystal with embedded plasma elements. Scaffolds can be made out of a variety of 3D printable materials, most commonly PLA (polylactic acid) or nylon, but more exotic
materials have been printed including carbon ﬁber,13 conductive plastics,14 and ﬂexible thermoplastics.15 The printing of high dielectric
constant ceramics is still the subject of much research and is not readily available in commercial devices. Here, we employ the scaffold to
hold and conﬁne the Si2 N3 spherical elements and gas discharge
plasma rods. The plasma discharge tubes, placed in the center of the
crystal, provide a potentially dynamic coupling layer that alters the
transmission properties. Here, because of the high wave frequencies,
the plasma density in the tubes is signiﬁcantly underdense and the
wave manipulation is subtle yet reproducible. As shown below, this
hybrid device, therefore, operates as a single reconﬁgurable and tunable processor of EM waves.
The use of gaseous plasma elements to allow for tunability in
photonic crystal devices has been explored in previous works.16–19
Gaseous plasma discharges as elements of photonic crystals present a
frequency-dependent permittivity often modeled using the Drude
approximation. Both positive and negative dielectric constants are
accessible when operating frequencies are in the vicinity of the plasma
frequency, xp, although for applications where wavelengths smaller
than the photonic crystal size may be desirable, operation well above
the plasma frequency may be unavoidable. These signiﬁcantly underdense plasmas, therefore, have a dielectric constant very close to unity.
This regime has a signiﬁcantly different physics than the negative
dielectric constant regime and it is important to understand the photonic crystal response of this regime for possible applications. In this
permittivity regime, the wavelengths are increased within the plasma
due to the refractive index being less than 1, yet real, which is different
than the negative dielectric constant regime that is often studied in
metals and also in overdense plasma photonic crystal systems. The
need to understand how to utilize underdense plasmas and to characterize the subtle response is of importance due to the difﬁculties of
scaling the plasma density upwards as feature sizes decrease at higher
device operating frequencies.
The design of the 3D hybrid photonic crystal combines two solid
state photonic crystals with a single layer of individually addressable
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plasma elements that can be switched on and off and also tuned in
plasma density. The current design has deep bandgap structures that
are due to the two dielectric 3D photonic crystal sections, which are
coupled by a single layer of underdense plasma rods. This conﬁguration has been explored theoretically for tuning the existence of exceptional points in optical photonics.20 In future work, we will explore the
effect of changing the conﬁguration of the plasma density and
“on–off” states of the system in order to understand the phase and
amplitude mapping of various conﬁgurations, allowing for computing
systems with “one-shot” execution21 to be designed and explored. The
use of plasma elements can also act as activation functions in optical
neural networks. If there is energy coupling between the source input
and the plasma, changing parameters such as the plasma frequency
would allow nonlinear transmission features into the system.22 Unlike
solid state elements which can suffer irreversible damage at high intensity, plasmas are unique in that they have a ﬁeld-dependent permittivity and are self-healing.
II. PHOTONIC CRYSTAL DESIGN AND CONSTRUCTION
Figure 1 provides an experimental diagram of the photonic crystal and surrounding microwave source and receiver. Two horn antennas (A-Info LB-180400–15-A, 18.0–40 GHz) were used as the source
and detector, spaced 45 cm apart, with the E-ﬁeld polarized along the
y-axis, transverse to the axis along the plasma cylinders. Teﬂon lenses
(Thorlabs LAT151, f ¼ 151.1 mm) were positioned at an object and
image distance of 4 cm to assist with focusing and collecting the EM
waves. Microwave absorbing foam (ARC Technologies RT foam) was
placed around the horn antenna apertures to reduce spurious reﬂections. The antennas are connected to an HP 8722D vector network
analyzer to measure the S-parameters, particularly S21, which represents the EM wave transmission through the crystal. The measurements were acquired with an integration time of 5 ms per frequency
point (1601 points per scan from 18 to 40 GHz), with the source power
set at 5 dBm. At this level, we anticipate that the interactions

FIG. 1. Schematic of hybrid 3D plasma photonic crystal consisting of two siliconnitride 3D photonic crystals coupled with a layer of 8 plasma discharge tubes. Note
the PLA scaffold is not shown in this schematic, but the PLA is included both experimentally and in simulations.
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FIG. 2. (a) Single layer PLA 3D printed scaffold with embedded silicon-nitride ðSi3 N4 Þ spheres (d ¼ 3 mm). (b) Full experimental measurement setup with microwave horns,
microwave absorbing foam, lens, and photonic crystal with embedded plasmas.

between the EM wave and low density plasma elements will be in the
linear regime.
The dielectric photonic crystal consists of silicon-nitride spheres
(d ¼ 3 mm) that are placed in a 3D printed PLA scaffold. The 3D
printed scaffolds were fabricated using a commercially available 3D
printer (Flashforge Creator Pro dual extruder) and printed using PLA
ﬁlament (3D Solutech Natural Clear 1.75 mm). The printer has a nozzle diameter of 0.4 mm and is capable of depositing a layer thickness
of 0.1–0.3 mm. The scaffold in Fig. 2(a) consists of a top and bottom
3D printed structure that holds the silicon-nitride spheres in position.
Each of these layers is removable and can be stacked for different conﬁgurations for future experiments.
The plasma layer was fabricated using a 3D printed scaffold that
allowed each of the rods to be tightly ﬁtted in the same lattice spacing.
A 3D printed monolith scaffold was used to enclose the silicon-nitride
and plasma layers, designed to allow maximum exposure of the collimated EM beam. We found it important to have tight tolerances for
each of the scaffolds so that each of the layers does not shift or move
and that the lattice spacing is consistent throughout the device.
Silicon nitride has a reported dielectric constant, D, between 7
and 12.23 We determined our silicon nitride spheres to have a value of
D ¼ 12 by simulating the silicon nitride photonic crystal and PLA
( ¼ 2:5) scaffold with no plasma elements, and matching the measured transmission to that of ANSYS high frequency structure simulator (HFSS) simulations for various values of D.
The plasma array consists of eight individual quartz discharge
tubes (overall length ¼ 130 mm, visible plasma length ¼ 120 mm,
outer quartz diameter ¼ 3 mm, quartz wall thickness ¼ 0.75 mm, and
plasma diameter 1:5 mm) ﬁlled with argon and mercury. The
plasma discharges are driven by individual AC ballasts. Nominal operation resulted in near triangular voltage and current waveforms that
were essentially in-phase (resistive loads) with a peak-to-peak voltage
and current of 1060 V and 24.52 mA, respectively, at 47.38 kHz. The
ballast output can be controlled using a programable input voltage to
examine the system transmission to varying discharge power and
hence plasma density. As varying power changes the quartz tube and
surrounding scaffold temperature, the outer temperature of the quartz
envelope is measured with a Raytek MiniTemp infrared thermometer.
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Transmission measurements were made when a temperature of
T ¼ 23.5  C is reached from a cold start of the discharge. In a typical
experiment and at nominal discharge conditions, this temperature is
reached in approximately 5 s. The discharge was allowed to cool to
room temperature after each measurement. Figure 2(b) shows the
experimental setup with the two horn antennas, focusing lenses,
device, and ballast circuit. A closeup of the complete device is shown
in Fig. 3.
A plasma discharge model was used to estimate the experimental
plasma densities. The online electron energy distribution solver,
BOLSIGþ,24,25 was used to estimate the plasma parameters, particularly ne and the electron-atom momentum scattering collision frequency, cp. These parameters and plasma tube geometry served as
inputs to HFSS simulations of the transmitted response of the device.
The modeled volume-average electron density is derived from
ne ¼

IRMS
;
eAld

FIG. 3. Hybrid 3D plasma photonic crystal device with plasma layer, Si3 N4 layers,
in a 3D printed PLA scaffold.
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where IRMS is the measured RMS current, A ¼ pd2 =4 is the inside
cross-sectional area of the discharge tube with d ¼ 1.5 mm, ld is the
electron mobility, and e the fundamental electron charge. The
BOLSIGþ simulations provide electron mobility and require an estimate of the time-averaged reduced electric ﬁeld (E/N). The electric
ﬁeld, E, is determined from VRMS, which, for the nominal conditions,
is 303:1 V (corrected for an estimated cathode fall voltage of approximately 10 V26) and the approximate length of the visible discharge
positive column (determined from images obtained with a CCD camera) Ld ¼ 120 mm. The major uncertainty in estimating the reduced
ﬁeld is the lack of knowledge of the total gas pressure (or total species
number density, N) in the discharge tube, as the ﬁll conditions of the
lamps, typically argon with saturated mercury is proprietary. These
germicidal discharge lamps usually have argon ﬁll pressure that ranges
from about 25 Pa (100 mTorr) to several hundreds of Pascals at room
temperature (300 K), and when operating, increase in temperature to
about 315 K.27 We assume a peak-to-peak voltage and current of
1060 V and 24.52 mA, respectively, at 47.38 kHz for use in the
BOLSIGþ simulations. At this temperature, the equilibrium vapor
pressure of mercury is about 1 Pa, much less than that of argon. At
operating temperature, the reduced ﬁelds for the generous range
of possible ﬁll pressures28 of 300 to 25 Pa correspond to 34.8 to
956.3 Td, respectively. For this range, the BOLSIGþ simulations (Ar,
Hg cross section for species e from SIGLO) indicate a possible range of
plasma density of 7 1011 to 4.25 1010 cm3, corresponding to a
plasma frequency
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ne e2
xp ¼
;
me e0
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transmission assuming this range of plasma conditions. The plasma
elements are modeled in HFSS with a frequency-dependent Drude
dielectric constant given by
ep ¼ 1 

x2p
xðx þ iÞ

;

(1)

where x is the EM wave frequency,  is the electron collisional
damp-ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ing rate, and xp is the plasma frequency, given by xp ¼ ne e2 =me eo
with ne, e, and me being the column electron number density, electron
charge, and electron mass, respectively, and eo is the vacuum permittivity. As discussed below, based on comparisons between simulations
and experiments, we believe that the ﬁll pressure for the lamps used is
somewhere in the vicinity of 100 Pa.
III. EXPERIMENTAL RESULTS

ranging from 1.85 to 7.50 GHz. In this equation, me is the electron
mass and e0 is the free space permittivity. Over this range, the electron
momentum scattering frequency is expected to vary from 0.6 to
9.0 GHz. Figure 4 plots the BOLSIGþ calculated plasma frequency
and collision scattering frequency for the range of possible argon ﬁll
pressures. Below we describe experiments and HFSS simulations of

Figure 5 plots the experimental transmission for the plasma-off
and plasma-on conditions of the device at nominal discharge voltage.
The device has six somewhat identiﬁable attenuation bands, or
“bandgaps” between 27 and 40 GHz, labeled BG1 through BG6. These
six bandgaps range in depth of their narrow attenuation features from
about 10–25 dB below a 10–20 dB background. The structure surrounding the bands is greater in some vs others. For example, BG1 and
BG3 are strong, narrow peaks whereas BG2, BG4, and BG6 are shallow
and more difﬁcult to assign. BG5 may be a collection of deep and narrow features. The transmission spectrum is complex, not atypical of a
photonic crystal of ﬁnite size. For the plasma-on condition, the plasma
frequency is much lower than the microwave ﬁeld frequency and so
the plasma will have only a subtle effect on the transmission in the
vicinity of these resonances. Perhaps the most notable feature is the
case of BG5, where there is an approximately 2–3 dB enhancement of
the peak of the attenuation feature. In general, the difference between
the plasma-on and plasma-off case is barely discernible in the ﬁgure.
Despite this, we ﬁnd that these small plasma-induced changes are regular and reproducible, and they are not attributable to thermal effects,
as is discussed below. Measurements were taken for short times

FIG. 4. BOLSIGþ simulations of the experimental discharge of the plasma frequency (GHz) as a function of ﬁll gas pressure (Pa) from 25 to 300 Pa, corresponding to a reduced electric ﬁeld (E/N) from 956.3 to 34.8 Td.

FIG. 5. Experimental transmission characteristics: Measured averaged (N ¼ 6)
free-space transmission (S21) from 27 to 40 GHz had 6 characteristics bandgaps
labeled BG1–BG6.
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FIG. 6. Experimental differential transmission characteristics of the plasma on
minus the plasma off conditions [delta dB (plasma-on—plasma-off)] with standard
deviation r (N ¼ 6) from 27 to 40 GHz with six characteristics bandgaps labeled
BG1–BG6.

(seconds) after the discharge is turned on from a cold start, and the
temperature rise of the lamps (and therefore surrounding photonic
crystal structure) is measurably small. Stronger effects are seen on the
transmission spectra if we leave the plasma on for much longer times
prior to recording the transmission. These stronger effects are attributed to thermal expansion of the scaffold. As shown below, the subtle
variations seen here are consistent with nonthermal, plasma effects
reproduced qualitatively in HFSS simulations. We emphasize that care
must be taken to separate these thermal effects from pure plasmarelated shifts in plasma photonic crystal experiments. Here, we systematically reduced the times at which the discharge is left on until we saw
consistent and unchanging spectral variations that can only be attributed to the plasma density itself.
Figure 6 plots the experimental differential transmission (averaged over N ¼ 6 scans) deﬁned as the transmission with the plasma on
minus the transmission with the plasma-off, along with the standard
deviation of the N scans. We see that for some features there are distinct plasma-induced shifts. For example, The attenuation associated
with BG1 is “blue-shifted” by the plasma—discernable from the
signoidal-like shape with a negative differential transmission at lower
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frequency and positive differential transmission at higher frequencies.
In contrast, the BG3 shifts slightly toward the red and experiences a
strong, nearly 2 dB strengthening of the attenuation. The attenuation
feature associated with BG5 seems to also be enhanced but also symmetrically broadened by the plasma. BG2, BG4, and BG6 are affected to
a lesser extent. Simulations are carried out to determine if a similar
trend is seen and how it depends on properties such as the plasma frequency (plasma density). In this limit, changes in the transmission features were at most 1–5 dB in scale. These are rather small changes—
much smaller than the changes seen in plasma photonic crystals that
operate at frequencies closer to the plasma frequency.12,29–32
The hybrid structure, which includes the dielectric spheres as
well as the plasma and surrounding quartz envelope, is simulated
using ANSYS HFSS 17.2 as an inﬁnite photonic crystal along the x
and z axis while applying a perfect magnetic boundary condition in
the x–y plane and a perfect electric boundary condition in the x–z
planes, as shown in Fig. 7(a) for a assumed plasma frequency of
7 GHz. Figure 7(b) shows a representative ﬁeld calculation in the x–y
plane. The effect of plasma density variations was investigated by varying plasma frequency. The collision frequency was set to 1 GHz, corresponding to the lower range predicted in the BOLSIGþ modeling and
was held constant for all values of the plasma frequency. The simulations also predict the presence of six prominent bandgaps between 27
and 40 GHz, with attenuation feature depths and underlying background comparable to those very close in range to those seen experimentally, as shown in Fig. 8. The features in the simulations are more
pronounced and free of nearby structures, in part because of the inﬁnite size of the crystal due to the applied boundary conditions. Despite
this difference, like the experiments, the attenuation bands range from
20 to 40 dB, on a background attenuation of 10–20 dB. Some notable
differences are that BG2, BG4, and BG6 are much more pronounced
than what we see in the experiments, and BG5 seems to be much
broader, perhaps blending together the ﬁner structures seen in the
experimental transmission spectrum.
Figure 9 plots the differential transmission as a function of various plasma densities anticipated in the experiments. The underdense
plasma layer expands the interspacial wave coupling between the two
photonic crystal slabs due to the positive but less than 1 dielectric constant, allowing for a shifting in the location of the band edges. The
hybrid device exhibits simulated responses that fall into three unique
categories. The ﬁrst, see, for example, BG4, is an attenuation band that

FIG. 7. (a) ANSYS HFSS Simulation domain with perfect magnetic boundary and perfect electric boundary conditions (b) E ﬁeld cross section.
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FIG. 8. Simulated transmission S21(dB) of plasma on (xp =2p ¼ 7 GHz, cp ¼ 1 GHz)
and plasma off state of the hybrid plasma photonic crystal.

narrows signiﬁcantly and asymmetrically with the onset of the plasma,
and where the center of gravity shifts to lower frequency with increasing plasma density. The second, such as the bands associated with BG1
and BG2, consists of a red (lower frequency)-shift with plasma onset,
and a further increase in shift and in attenuation strength as plasma
density is increased without a signiﬁcant change in shape. It is noteworthy that this shift is opposite to that which we saw in the experiments. The feature labeled as BG3 also falls into this category, but it is
a more narrow feature and shifts toward the blue at low plasma density with increasing plasma density—hints of which were seen in the
experiment. The third consists of peaks where the resonance is not
affected by changes in plasma density in both location and intensity
but can be switched on and off by turning on and off the plasma. BG5
has a positive shift in frequency and the magnitude is not affected by
changes in plasma density. A high frequency shift is seen in some of
the features on the high frequency side of BG1 in the experiments. BG6

FIG. 9. Simulated differential transmission characteristics of the plasma-on minus
the plasma-off conditions [delta dB (plasma-on—plasma-off)] from 27 to 40 GHz
with 6 characteristics bandgaps labeled BG1–BG6.
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appears to undergo a negative shift, with a magnitude of the shift only
slightly changed by plasma density. BG6 may be the oddest of features,
as it shifts for even low plasma density, but then becomes relatively
insensitive to plasma density. BG3 has the greatest differential magnitude that is positive at plasma frequency xp =2p ¼ 3, 4, and 5 GHz and
shifts negative in magnitude at 6 and 7 GHz. These simulated features
are not due to thermal effects, as thermal expansion or heating is not
accounted for in the HFSS simulations.
To better understand the structure of the ﬁeld disturbances
within the crystal and how the plasma inﬂuences propagation, we plot
in Fig. 10 simulated E ﬁelds along the centerline of the crystal, intersecting the dielectric spheres and plasma, at three incident wave



phases, H ¼ 0 ; H ¼ 45 H ¼ 90 , and for the plasma off case, with
frequencies corresponding to the center of all six attenuation features.
This allows an examination of the response of the crystal structure to a
moving wavefront. Figure 11 shows the corresponding differential E
ﬁelds, i.e., the difference between plasma-on and plasma-off conditions
(xp =2p ¼ 7 GHz, cp ¼ 1 GHz), which visualizes where in the crystal
the plasma-on condition has a greater effect on the propagation. The
plasma and quartz elements couple the two photonic crystal components, and we can see that the plasma alters the coupling dynamics.
There is a distinct difference between the response of the three
lower and three upper frequency features to the activation of the
plasma. The lower three attenuation features, i.e., BG1, BG2, and BG3,
tend to have the E ﬁelds concentrated at the upstream interface of the
quartz/plasma layer, with the E ﬁeld intensity enhanced at the interface
when the plasma is switched on. The ﬁeld intensity is also high within
the plasma elements at these three attenuation features. At these lower
frequencies, the plasma presents a higher contrast in the refractive
index, although the difference is expected to be small whereas the
change in the characteristics between the lower and upper frequency
features are rather abrupt. This suggests that there is a very distinct
difference in these two groupings of resonance frequencies. The differential ﬁelds show that there is a high ﬁeld concentration at the
PLA-quartz interface at H ¼ 0, that seems to move to the quartzplasma interface at H ¼ 90 . These three features also seem to be
PLA-mode dominated, with the ﬁelds concentrating in the PLA gap,
enabling the quartz-plasma layer to better couple the two dielectric
photonic crystal structures. It is apparent that at these frequencies, the
plasma affects the ﬁelds on both sides of the quartz-plasma layer due
to this PLA-mode coupling. This is an important feature for a device
that requires the wavefronts to be modulated or manipulated, and the
quartz-plasma layer is expected to modulate both the reﬂected and
transmitted wavefronts.
In contrast, the upper three bandgap features, i.e., BG4, BG5, and
BG6, have ﬁelds that are less concentrated within the quartz and
plasma, with the majority of the E ﬁelds concentrated in the high
dielectric constant silicon nitride and lower ﬁelds in the PLA gaps. The
wave propagation is still within the quartz-plasma elements as the
wave propagates from the ﬁrst photonic crystal to the second photonic
crystal; however, the waves are already attenuated due to the ﬁrst photonic crystal layer compared to BG1–BG3. The differential ﬁelds for
BG1–BG3 show small ﬁeld shifts at the quartz-plasma interfaces, which
is enough to shift the coupling of the two photonic crystals. The
plasma is signiﬁcantly affecting the ﬁelds in the ﬁrst crystal near the Ey
source, with less differential ﬁelds in the second half of the crystal. The
quartz acts as a coupling element between the two photonic crystals,
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FIG. 10. XY cross-sectional E-ﬁelds along the centerline of the photonic crystal at phase: (a) H ¼ 0 , (b) H ¼ 45 , and (c) H ¼ 90 for each of the bandgap frequencies for
plasma-on (xp =2p ¼ 7 GHz, cp ¼ 1 GHz) and plasma-off conditions.

with the plasma changing the interfacial index contrast. For all of these
band gaps, the plasma has a positive, but less than unity dielectric constant which increases the wavelength of waves within the plasma.
The XY plane cross-sectional E-ﬁeld maps are shown for the
plasma-on case in Fig. 12 and for the plasma-off case in Fig. 13. For
BG1 the plasma-off condition has ﬁelds concentrated at the inside of
the quartz envelope, which is reduced in intensity when the plasma is
turned on. BG1–BG3 have a higher ﬁeld concentration at the quartzplasma element, with ﬁelds that also move around the cylindrical
element. BG4 has a lower ﬁeld intensity inside the plasma and is dominated by ﬁelds located at the silicon nitride—PLA interface. BG5 and

BG6 have very low ﬁelds within the plasma, with the majority of the
ﬁeld concentrated on the left side near the source.
Figure 14 describes the results of a study that demonstrates the
effects of increasing the discharge current (hence plasma density) on
the transmission spectra and also how thermal effects can distort these
spectra. In this study, we ramp up the discharge current from a cold
start (plasma off and system at room temperature) starting at 2 A,
keeping it there for 10 s, followed by an off state for 10 s. The discharge
current is eventually increased to 2.8 A at 0.2 A steps with 10 s on followed by 10 s off. The entire experiment lasts for 110 s. During each
off and on state, the transmission is recorded 2 s after the power is

FIG. 11. XY differential (plasma-on—plasma-off) cross-sectional E-ﬁelds along the centerline of the photonic crystal at phase: (a) H ¼ 0 , (b) H ¼ 45 , and (c) H ¼ 90 .
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FIG. 12. XY plane cross-sectional E-ﬁelds for the plasma-on condition at the bandgap frequencies at Ø ¼ 90 .

turned on, and also after it is turned off. The experimental plan and
the analysis of the transmission spectra are aided by the matrix at the
bottom of the ﬁgure. It is noteworthy that the only time the system
was at room temperature is before the start of the experiment, and so

off states are expectedly at higher temperatures as the 10 s off cases are
not sufﬁcient for the system to cooldown to room temperature. This is
a rather thermally aggressive experiment in comparison to those for
which the spectra have been shown earlier, where conditions were

FIG. 13. XY plane cross-sectional E-ﬁelds for the plasma-off condition at the bandgap frequencies at Ø ¼ 90 .
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frequency. All three of these attenuation bands do not seem to be
strongly affected by temperature, as the orange and blue traces seem to
be very similar. Of the higher frequency features, again, the BG4 feature seems to change only slightly with increased current and its feature is quite weak in comparison to that suggested by the simulations.
BG5 has also a slight positive differential S21 at 2 A discharge current
and appears to be weakly sensitive to increasing current consistent
with simulations. Like BG5, BG6 shows some sensitivity to current and
at the highest current value is susceptible to thermal effects.
IV. DISCUSSION

FIG. 14. Experimental transmission characteristics: measured free-space transmission (S21) from 27 to 40 GHz at 5 different discharge currents.

such that the system was always close to room temperature. The temperature of the system was not measured during this particular 110 s
of current ramp-up; however, the temperatures of similar studies were
found to heat the ends of the discharge tubes to around 25  C–30  C,
which suggests that the internal temperature of the device is even
higher. At these higher temperatures, the thermal effects on the PLA
scaffolds and quartz envelopes become apparent, as suggested by the
analyzed spectra described below.
We study the behavior of the system by examining the differential spectrum determined by subtracting that spectrum recorded for
each off state from the subsequent higher current spectrum collected
with the plasma on. This represents the “backward difference” case,
shown in blue in the matrix, and as the blue traces in the panel for the
various discharge current cases. The second differential spectrum is
that recorded with the plasma off from the spectrum recorded with
the following plasma on state. This represents the “forward difference”
case, shown in orange in the matrix, and as the orange traces in the ﬁgure for the various discharge current cases.
We would expect that the difference between the forward and
backward differential spectra would be exacerbated as the current
ramps up toward the 2.8 A condition, highlighting the increasing
importance in the thermal effects. As we can see, the differential spectra recorded for the 2 and 2.2 A cases show only small differences
between the forward and reverse difference curves. The differences are
more pronounced at higher currents, reﬂecting the increased heating
from these higher discharge current cases. It is interesting that the differences affect some of the attenuation bands more than the others. It
seems that the higher frequency modes, BG4, BG5, and BG6, are more
sensitive to thermal effects than the lower frequency modes.
Consistent with the simulations, BG1 exhibits an increase in the differential S21 with increasing plasma current. Experimentally BG2 shows
little change with increasing plasma current, consistent with Fig. 6,
and in contrast with that of the simulations. BG3 exhibits a more complex response, consistent with simulations increasing in both its differential S21 but also seems to experience a slight positive shift in center
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Due to the rich coupling dynamics that we see between the
plasma and dielectric elements within the device, we can conclude that
a more robust iteration with slightly higher density plasma elements
would serve as a good platform for EM wave manipulation and ANNs
due to the potentially high level of nonlinearity and easy reconﬁgurability in continuous state space. The experimental realization of nonlinearity in glow discharge type plasmas driven by external ﬁeld
forcing without and with an external magnetic ﬁeld has been explored
experimentally.33,34 Ponderomotive force-induced nonlinearities have
been investigated theoretically35 and experimentally.36 For our experiments, we anticipate strong nonlinearities due to external wave ﬁeld
forcing when the wave energy ﬂux is in the range of 100 mW/cm2,
with pondermotive-induced noninearities at somewhat higher levels.
The shifting of the resonance bandgap peaks can be regulated by
switching on and off of the plasma elements. The plasma elements are
in an underdense conﬁguration with a relative dielectric constant less
than one but positive and can be tuned in the positive space by adjusting the plasma discharge current.
This platform could be trained using existing inverse design algorithms which are well-utilized in the ﬁeld of electromagnetic devices.
In a recent study,37 we used computational methods and inverse
design algorithms to train a similar plasma platform to perform functions such as demultiplexing and logic operations. Inverse design
methodology may be particularly applicable to devices containing
plasma elements due to the inﬁnite conﬁguration space that arises
from the continuously reconﬁgurable plasma density of the elements.
An example inverse design method is forward-mode differentiation38
wherein the plasma current (and hence electron density) of each of the
plasma elements is mapped to a set of parameters that are related to
an objective, such as attenuation or transmission at a given frequency
or ﬁeld intensity in a given spatial location as deﬁned by the user. The
parameters are then varied while running the experiment either
numerically or in situ to obtain gradients of the objective which can be
used to optimize the device. Numerical simulations, while simpler to
carry out, become costly as the various nonideal factors associated
with the plasma sources are considered in order to maximize the chances of being able to experimentally realize the device with simulated
parameters. Building a platform for experimental/in situ training of
the device will likely lead to better performance but presents more of
an engineering challenge. Both options are promising and represent a
path for future work.
The 3D design of the crystal structure allows encoding of large
amounts of information within the crystal by addressing each of the
plasma elements individually. The ability to have a device that allows
manipulation of wavefronts to be mapped to a potentially inﬁnite state
space of device conﬁgurations will provide a platform for one-shot
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computing. Since the device is actively reconﬁgurable, photonic neural
network devices can be realizable at the microwave frequency. The
uniqueness of this approach comes from the use of underdense plasmas as tunable elements, utilizing the positive dielectric regime which
has never before been fully explored. Future work will focus on making
ﬁeld measurements of the wavefronts at the receiver plane as a function of different plasma conﬁgurations and parameters. Ultimately,
experiments carried out at high incident ﬁeld power may reveal nonlinearities that might be exploited in these neural network applications.
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