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Nonradiating Resonances: Anapoles Enabling
Highly Efficient Plasma Jets Within
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Abstract—Plasma plays a pivotal role in numerous appli-
cations. When plasma interacts with air, it creates rare and
highly reactive species. Typically, the generation of atmospheric
air plasma jets relies on resonant cavities to enhance plasma
efficiency. In this study, we have harnessed the innovative
concept of nonradiating sources, known as anapoles, which
utilize the lowest order multipoles—specifically, electric—electric
dipole interactions—within a hybrid metallodielectric structure.
This approach enhances the near electric field, facilitating gas
breakdown for the realization of a plasma jet. The achievement
of a dielectric plasma jet is remarkable in its own right, par-
ticularly when considering the open structure employed, which
enables frequency tuning. Furthermore, the demonstrated proto-
type surpasses the existing plasma jets in several key aspects,
including compactness, compatibility with planar fabrication
techniques, power efficiency, cost-effectiveness, tunability, and
electron density. With these substantial enhancements, the pro-
posed technique can substantially enhance plasma jet technology
and open exciting avenues for exploring novel applications.

Index Terms— Anapoles, dielectric resonator, frequency tun-
able, plasma jet, power efficiency.

I. INTRODUCTION

HE confinement of electromagnetic (EM) waves or light

[1], [2] within metamaterial structures on a subwave-
length scale has emerged as a crucial platform for exploring
fundamental wave—matter interactions [3], [4], [5] and a
wide range of applications, particularly in wireless [6] and
optical domains [7], [8]. In wireless applications, such as
sensing [9], filtering [10], and energy transfer [6], achieving
high-quality wave confinement within resonating structures
is paramount. Consequently, novel concepts, such as “bound
states in the continuum” [1], [11] and “anapoles” [12], [13],
have garnered significant attention for enhancing wave con-
finement and providing high-Q resonances. However, due to
the nonexistence theorem [1], perfect bound states in a con-
tinuum cannot be realized in isolated structures. Conversely,
anapoles [14] represent charge-current configurations that can
be achieved through external excitation, inducing multipole
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moments within the structure that produce equal but out-of-
phase far-field radiation.

The initial demonstration of anapoles harnessed the interfer-
ence between electric and magnetic dipoles, primarily focusing
on toroidal dipoles, as a means to minimize outgoing scatter-
ing. Subsequently, anapoles have evolved beyond the confines
of toroidal dipoles and have been realized through various
combinations of other multipole configurations [6], [15]. This
versatility has prompted extensive exploration within the con-
text of plane wave scenarios [16], [17]. More recently, there
has been a concerted effort to achieve dipole-like excitation of
anapoles, a development that holds promise for more compact
devices [6], [18], [19]. However, a significant challenge lies in
the requirement for high dielectric constant materials, which
has posed a substantial barrier to practical applications. In our
prior work [20], we successfully demonstrated a compact
anapole technology utilizing the lowest order electric dipoles
in conjunction with readily available, low-dielectric-constant
materials. This breakthrough opens the door to developing
wireless applications that leverage anapole technology.

While anapole sources are energy storage devices, their
storage capacity is inherently constrained by the materials used
in their construction. This limitation prompts us to consider the
potential applications of anapoles. In the context of our work,
we have envisioned their application in developing efficient
plasma sources. The augmented electric field generated by the
presence of anapoles has the potential to initiate gas break-
down at much lower powers than usual, enabling the creation
of efficient plasma sources. Plasma, the fourth state of matter,
is pivotal in diverse fields, including medicine [21], materials
processing [22], agriculture [23], and space applications [24].
Given its profound impact across various aspects of daily life,
developing efficient plasma sources is paramount.

High-frequency-driven plasmas have recently garnered
attention due to their operation in the a-discharge regime [25],
[26], characterized by a low sheath voltage, which comple-
ments plasma discharge stability while addressing the signif-
icant issue of electrode erosion that affects the device’s lifes-
pan. High-frequency plasmas employ two main approaches.
Nonresonant sources [27], while effective, tend to be bulky
and demand substantial power, giving rise to safety and EM
interference concerns. In contrast, resonant plasma sources
(RPSs) offer an appealing alternative. In RPS, EM energy is
concentrated at specific spatial locations within resonant struc-
tures, creating favorable conditions for gas breakdown and
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plasma formation. These RPS exhibit a range of advantageous
features, including stable discharges, a higher degree of ion-
ization and dissociation, elevated electron density, increased
production of reactive species, lower plasma discharge temper-
atures, and reduced ignition voltage. Various solutions, such
as the shorted waveguides [28], [29], cavity resonators [30],
[31], [32], and microstrip split ring resonators [33], have been
proposed as plasma sources, showcasing the versatility of this
approach.

Although RPSs are very favorable as plasma generators
operate at very low power, these suffer severely because of
impedance mismatch before and after plasma ignition. For
example, evanescent mode cavity resonator (EVA)-based [34]
atmospheric pressure microwave plasma jet can operate
at low power of 500 mW, and coaxial transmission line
resonators-based [35] plasma jet can operate at 1.5-3 W.
Moreover, recently, substrate-integrated waveguide-based cav-
ity resonator [36] and EVA resonator [37] have been proposed
for printed circuit board (PCB) compatibility. These require
slightly higher power for plasma ignition, i.e., 15-30 W for
cavity resonators and 2.7-5 W for EVA resonators. However,
their performance drastically suffers owing to the presence
of conductive plasma volume in the narrow gap, typically in
the micrometer range for the high electric field as desired for
plasma ignition.

This study introduces a novel approach for developing
highly efficient atmospheric plasma jets with minimal reflec-
tion and radiation losses using dielectric anapole structures.
Unlike commonly employed cavity resonators, anapoles do
not necessitate a metallic enclosure for radiation mitigation.
The anapole structure designed for the plasma jet application
leverages only the lowest order electric dipoles induced on
both the metallic and dielectric components of the device
to minimize radiation losses through the destructive inter-
ference of outgoing waves. The proposed device is planar,
exceptionally compact, and seamlessly integrates with PCB
structures. Its cost-effectiveness is owed to its compatibility
with PCB fabrication processes. Furthermore, the resulting
plasma jet exhibits remarkable coupling efficiency, reaching
as high as 94% at a low input power of 1.5 W and 62%
at a high input power of 15 W. The anapoles plasma jet
offers double the electron density compared with state-of-the-
art waveguide/cavity-based resonant microwave plasma jets
despite requiring any metallic enclosures.

II. ANAPOLE PLASMA JET THEORY AND DESIGN

The hybrid metallodielectric structure shown in Fig. 1
is employed to realize the anapole device. The introduced
anapole configuration combines two resonances to nullify
far-field radiation without necessitating metallic enclosures.
This achievement was attained by harnessing the HE; ;s mode
of a cylindrical dielectric resonator antenna perturbed by
an embedded loop. These resonances effectively counteract
far-field emissions. The anapole working mechanism is the
opposite of antennas, as radiation suppression is the main
goal for anapoles. The radiation suppression in the proposed
anapole device is achieved with the excitation of the lowest
order multipoles, i.e., electric dipoles over the metallic and
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Fig. 1. (a) and (c) Top and (b) and (d) bottom views of the dielectric resonator
and the feeding board of the anapole device with » = 11 mm, thickness of the
dielectric cylinder 2 = 3.81 mm, and thickness of feed board s, = 1.27 mm,
I, = 8.83 mm, [ = 20 mm, w,, = 2 mm, ext = 9 mm, off = 5.3 mm, w,; =
1 mm, df = 1 mm, d = 0.5 mm, d3 = 0.9 mm, and s = 1.2 mm. The
cylindrical resonator is made of TMM13i with a permittivity of €, = 13 and
tand = 1.9 x 1073, The bottom board is made of TMM6 with a permittivity
of €, = 6 and tan§ = 2.3 x 1073, The fabricated anapole plasma jet device:
(e) top view and (f) bottom view.

dielectric parts. The induced electric dipoles on both the
metallic and dielectric components are strategically aligned to
effectively cancel out far-field radiation while simultaneously
enhancing the concentration of the near field. This interaction
results in a substantial increase in the electric field strength in
the vicinity of the device, which is used for gas breakdown.

The Cartesian multipole expansion is employed to evaluate
the strength of electric and magnetic dipole, quadrupole, and
toroidal dipole and their contribution to the far-field radiation
over the proposed anapole device, as shown in Fig. 2. This
is done by integrating the current density within the dielectric
volume and on the metallic parts through the postprocessing
options available in COMSOL Multiphysics. The involved
Cartesian multipoles are defined as follows [38]:

= [ nav M
Lw
1
m,:§/<rx1>,»dv )
e 1 2
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1
"= 5/((r x J)irj + (r x J)jr)dv 4)

T = %/((r.])ri —2r%J)dv. (5)

Here, subscripts i, j = x, y, and z; superscripts e and m are
electric and magnetic, respectively; and symbols p, m, Q,
and T represent electric dipole, magnetic dipole, quadrupole,
and toroidal, respectively. J is the total of surface cur-
rent and induced currents inside the device

J =iwey(e, — DE (6)

where o is the angular frequency, € is the vacuum permittiv-
ity, €, is the relative permittivity of the dielectric, and E is the
electric field. The total radiation intensity of these multipoles
can then be calculated using
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The overall radiation is around 190 mW out of 1 W, mainly
contributed by electric dipoles. To analyze the underlying
mechanism, the electric dipole strength is separately evaluated
over metallic and dielectric parts. Only the x— aligned compo-
nent is dominant, which is 180° out of phase between metallic
and dielectric parts, resulting in radiation suppression. Further
details on complete radiation suppression are provided in our
previous work [20]. It is important to note that the radiation
intensity calculated through (7), as denoted by a sum in
Fig. 2, is in complete agreement with the COMSOL simulated
radiation, validating the Cartesian multipole expansion method
results.

Another validation can be observed for electric field plots
in Fig. 3, which is consistent with the multipoles approach.
The electric field is plotted on the XY plane inside the
dielectric disk at two different phase values, as shown in
Fig. 3. The phase values of 30° and 170° are utilized for
better visualization, as these correspond to +x and —x peaks
of the E-field. It can be verified that the solid red arrows
correspond to the electric dipole aligned along the x-direction,
excited in the loop that is formed by the vias. The relatively
weaker x-aligned electric dipole is excited by the dielectric
disk. At any phase, these are directed in opposite directions,
indicating antiphase as illustrated conceptually in Fig. 3. The
electric field plots agree well with the Cartesian multipole
evaluations, where x-directed electric dipoles are antiphase in
metallic and dielectric parts. Moreover, the unequal strength
of the two dipoles results in radiation leakage, which we
will refer to as radiation loss. Leveraging the insights gained,
the anapole structure was optimized to realize an efficient
atmospheric pressure plasma jet operating at 2.45 GHz.

The designed anapole structure consists of two separate
boards: a cylindrical dielectric disk and a feeding microstrip
board. The cylindrical disk is intricately fashioned from a com-
mercially available Rogers TMM13i laminate, possessing a
thickness of 3.81 mm and a 35-um copper cladding. This disk
serves as the resonant element of the anapole plasma jet and
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Fig. 2. (a) Radiation assessment for various dipoles, where ED stands for
electric dipole, MD for magnetic dipole, EQ for electric quadruple, MQ for
magnetic quadruple, ET for electric toroidal dipole, and sum is the total
contribution of all multipoles. Prq and Pi, denote the simulated values of
radiated and accepted power by anapole, with only the P;, scale corresponding
to the orange color. (b) Evaluation of electric dipole (p) strength over metallic
and dielectric components, where superscripts m and d correspond to metallic
and dielectric parts, respectively. The polarizations are denoted by x, y, and z.
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Fig. 3. (a) Conceptual illustration of out-of-phase dipoles and electric field
plot over XY plane passing through the middle of the cylindrical disk at (b) 30°
phase and (c) 170° phase.

incorporates vias to create a split-ring resonator configuration.
A rectangular slot is also etched into the disk’s bottom layer
to enable EM energy coupling from the feeding network to the
dielectric resonator cavity. For the feeding board, another layer
is fabricated from a 1.27-mm-thick Rogers TMM6 laminate
featuring the same 35-um cladding with a 50-Q2 microstrip
line on the bottom side and a slot of identical dimensions on
the top. The positionings of the microstrip line, slot width (wy),
and length (I;) have been meticulously optimized to achieve
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Fig. 4. Vector current plot over the anapole device.

excellent impedance matching at the resonant frequency of
2.45 GHz. The assembly process involves aligning the cylin-
drical disk with the feeding board using vias and metallic rods,
which are then securely affixed using silver epoxy.

The compactness of the proposed anapole device primarily
stems from its exclusive utilization of the lowest order electric
dipoles. This characteristic facilitates a compact form factor,
even when operating with a low dielectric constant, for exam-
ple, €, = 12.85 in this design, as opposed to prior anapole
investigations, which typically employed dielectric constants
in the range of 1000 [6], [19]. In addition, the device achieves
enhanced compactness by incorporating elongated current
paths (enhancing the electrical size to lower the frequency),
illustrated in Fig. 4, by integrating copper patterns atop
its structure similar to the dielectric antenna miniaturization
techniques. Consequently, the overall dimensions amount to
merely 0.33)\, compared with approximately 4], in previous
works [6], [18], [19], where A, is the wavelength in the
dielectric medium, showing almost 12 times size reduction.
Further enhancements in compactness are attained through
the introduction of frequency tunability, facilitated by external
variable capacitors. Detailed design schematics and images of
the fabricated device are provided in Fig. 1(a)—(f).

To establish the necessary gas flow mechanism for plasma
jet formation, a 1-mm hole is drilled between the rods and
extends to the center of the cylindrical disk. As it approaches
the disk’s surface, the hole is tapered down to a diameter of
0.5 mm. This final hole size ultimately determines the diameter
of the plasma jet. A Teflon capillary tube is then threaded
through this hole, extending from the feeding board to the
midpoint of the disk. This capillary tube serves as the conduit
for gas injection. Positioning the hole at the disk’s center
within the dielectric resonator cavity is a deliberate choice,
ensuring a sufficiently strong electric field for facilitating
plasma ignition, as illustrated in Fig. 5(b). Furthermore, the
slot on the top side of the disk is tapered to minimize the risk
of air breakdown at various points along its length.

III. MATERIALS AND METHODS

The proposed anapole device is numerically evaluated
using the high-frequency structure simulator (HFSS) 2023 R1,
employing the eigenmode solver. This analysis yielded an
estimated Q-factor reaching 256 at the design frequency of
2.45 GHz. Subsequently, the driven solution was used to assess
the return loss near the resonance frequency, as illustrated in
Fig. 5(a). The radiation loss was also determined, measuring
190 mW out of 1 W for the proposed plasma jet device. The
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Fig. 5. (a) Simulated and measured reflection coefficients showcase a solid
resonance. (b) Enhanced electric field in the range of 10° (V/m) at the gas
ignition region.

proposed device consists of two distinct components: a cylin-
drical disk and a feeding board fabricated by PCB techniques.
The cylindrical disk is crafted from Rogers TMM13i laminate
and incorporates two vias and a central hole to prevent
unintended air breakdown. The feeding board is constructed
using Rogers TMM6 material. It is affixed to the disk using
metallic rods of smaller dimensions than the vias, ensuring
proper slot alignment. Silver epoxy is employed to fasten the
disk atop the feeding board securely. Microwave energy is
coupled to the device via a 50-Q2 SMA connector.

After the sample preparation, a vector network analyzer
(VNA) is employed to measure the scattering parameters,
as depicted in Fig. 5(a). Parametric studies are performed for
parameter off to enhance impedance matching, keeping the slot
width ws = 1 mm, and parameter ws to optimize the operating
frequency, keeping off = 5.4 mm, as shown in Fig. 6. The
low radiation characteristics of the proposed anapole device
make it well suited for plasma ignition without the need for
an enclosed metallic cavity.

The setup for achieving plasma ignition is illustrated in
Fig. 7. The signal generator N5181A generates a continuous
wave (CW) signal at the resonance frequency, which is subse-
quently amplified by the AMP2070 power amplifier, providing
approximately 57 dB of gain. The amplified signal passes
through an isolator to safeguard the amplifier from back-
reflected signals. Subsequently, the signal is routed through a
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Fig. 7. Experimental setup for the anapole plasma jet ignition and charac-
terization.

30-dB bidirectional coupler, where two power sensors, namely,
U2022XA, are employed to measure the input and reflected
powers. A compressed helium gas cylinder is connected to a
mass flow controller (MFC), which regulates the gas flow rate
directed to the device. For a gas flow rate of 1 slpm, plasma
ignition is achieved at an input power of 2.7 W and can be
sustained with an input power as low as 1 W.

The power sensors in the above setup are employed to
measure the input and reflected powers at the terminal of
the anapole device in the presence of the plasma jet using

a bidirectional coupler
Py = Pn — Pret (8)

P
Power efficiency = 4 9)

To accurately measure the powers, it is necessary to account
for the losses incurred by cables and components between
the reflected port and the input port of the anapole device.
These losses are determined prior to plasma ignition through
a VNA measurement and are factored in for precise power
measurements at the input port of the anapole device. The
delivered power to the anapole plasma jet device can be
readily derived from the reflected power, and the efficiency is
subsequently calculated using the transmitted power and input
power using (8) and (9). Assuming dielectric material with
a low loss tangent of 0.0019 and a radiation loss of <20%,
a significant portion of the delivered power to the device is
indeed delivered to the plasma, especially considering the low
ignition voltage compared with state-of-the-art metallic cavi-
ties. However, an advanced multiphysics simulation involving
EMs, plasma, heat, and flow physics would be required to
assess the actual power absorbed by the plasma for plasma
power efficiency calculation.

We employed the Teledyne Princeton Instruments HRS-
500-SS spectrometer, which offers an optical resolution of
0.05 nm, to assess the spectral emissions. The optical sensor
was positioned near the device, approximately 1-2 mm away
from the side, to prevent interference with the gas flow. This
placement was optimized to capture the most comprehensive
spectral profile of the desired emitter. To ensure data stability
and minimize variations, the sensor’s exposure time was set
to 10 s, allowing adequate time for the data to stabilize.

IV. RESULTS AND DISCUSSION

The frequency response of the proposed device was ini-
tially assessed in the OFF mode, employing both numerical
simulations and experimental measurements, as illustrated
in Fig. 5(a). Notably, the gas flow was found to have an
insignificant impact on the resonance frequency and can,
thus, be considered a nonsignificant factor in this context.
In the experimental measurements, a slight shift of approx-
imately 130 MHz in the resonance frequency is observed
compared with the simulation results. This deviation can
be attributed to the fabrication tolerances inherent to the
manufacturing process, as the initial design had aimed for a
resonance frequency of 2.45 GHz. Remarkably, the achieved
return loss, surpassing 20 dB, underscores that over 99% of the
input microwave energy is efficiently coupled to the anapole
device at the resonant frequency.

To induce gas breakdown, it is crucial to establish a high
electric field of around 103 (V/m) within the gas flow region.
The electric field distribution was numerically evaluated in the
proposed anapole design, utilizing an input power of 1 W,
as illustrated in Fig. 5(b). Here, a maximum electric field
strength of 1.4 x 10% (V/m) is observed, accompanied by a
radiation loss of approximately 190 mW out of the 1-W input
power. It is essential to mention that a potential strategy for
reducing radiation loss involves employing a narrower slot on
top of the disk without tapering. However, such an approach
might increase the risk of undesired air breakdown, which is
undesirable in the context of a plasma jet device. Furthermore,
it is noteworthy that the peak electric field strength remains
unaffected by the heightened radiation loss resulting from
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2.8 W input power

.

Fig. 8. Images of the anapole plasma jet at various helium flow rates at a
constant input power of 2.8 W.

slot tapering. To further assess the safety of the device for
commercial applications, the specific absorption rate (SAR)
is evaluated using a three-layer model [39], [40] at the input
power of 2.8 W, 5 cm in front of the device, and the SAR value
of 1.9 W/Kg was obtained, which is below the permissible
limit of 2 W/Kg for the European standard at such as close
distance.

To test the device in ON mode, helium gas was introduced
into the device at 1 slpm. At 2.7 W of input microwave power
at the resonant frequency, gas breakdown occurred, forming a
plasma jet. Due to the reduced effective area postbreakdown,
even lower power in the 1-W range proved sufficient to sustain
the plasma jet after ignition. To gain further insight into the
characteristics of the plasma jet, the helium flow rate was
varied, ranging from 1 to 7 slpm, and the resulting plasma jets
are depicted in Fig. 8. Notably, the plasma jet length exhibited
an increasing trend with a rising flow rate until it reached
5 slpm. At this point, an optimal plasma jet configuration
was observed. Beyond this flow rate, the jet length began
to decrease. The jet length directly corresponds to the nature
of the gas flow, which can be estimated from the Reynolds
number; the details can be found in [36]. The laminar flow
is desirable for achieving a uniform plasma discharge, a char-
acteristic that aligns well with the experimental observations
presented in Fig. 8.

The plasma jet’s efficiency is experimentally characterized.
The device exhibits a reflection coefficient of approximately
—20 dB in the OFF mode. However, when plasma ignites,
it perturbs the frequency response due to the creation of a rel-
atively conductive plasma region positioned directly within the
high-field region of the structure. Due to plasma’s conductive
nature, perfect impedance matching is hindered upon plasma
formation, diminishing the delivered power to the device
and consequently reducing its efficiency. This phenomenon
becomes particularly pronounced when utilizing high power
levels to generate reactive species, as it expands the plasma
volume. Experimental measurements are conducted to deter-
mine the input and reflected powers at various flow rates,
enabling the calculation of the delivered power to the anapole
device. Based on these numbers, the device’s efficiency is
calculated and depicted in Fig. 9. It is observed that the
proposed anapole plasma jet consistently maintains a relatively
low reflection, even at high operating powers. This charac-
teristic highlights that the need for circulators and couplers
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Fig. 9. Measured power efficiencies versus input power at various helium

flow rates.

can be circumvented without compromising the safety of
the microwave sources, as is often required in the case of
conventional resonant plasma jet sources.

The power efficiency of the proposed device is impressively
high, reaching 94% at a low input power of 1.5 W and 62%
at a higher input power of 15 W. This level of efficiency
sets the proposed anapole device apart from earlier plasma
jets, particularly those designed for low-power operation. For
instance, the efficiency of the anapole device significantly
surpasses that of the evanescent-mode cavity resonator-based
plasma jet [34], which achieved 80% efficiency at 1-W input
power and 18% efficiency at 15-W input power. Similarly, the
proposed anapole device outperforms coaxial transmission line
resonator-based plasma jets [35], which attain 80% efficiency
at a low input power of 1.5 W. The comparison of the proposed
technology with the literature is presented in Table I.

Critical parameters governing the usability of a plasma jet
for various applications include gas temperature and electron
density. To ensure the safety of the plasma jet, it is essential to
maintain a temperature close to room level. In this context, the
plasma discharge temperature was characterized by evaluating
the rotational gas temperature for diatomic molecules N [34].
To achieve this, optical emission spectroscopy (OES) was
employed, utilizing a high-resolution optical sensor to capture
the spectral profile of NJ” molecules over a 10-s duration. Sub-
sequently, the experimentally obtained profile was compared
with the spectrum generated by LIFBASE for N molecules.
The discharge temperature was accurately calculated with a
+5-K precision by comparing the two spectral profiles. As an
illustration, for an input power of 15 W and a gas flow rate of
5 slpm, the experimental and simulated profiles are juxtaposed
in Fig. 10(a), showcasing an excellent alignment between the
two profiles at a temperature of 350 K. The gas temperature
remains at 315 K for an input power of 5 W. It rises to 350 K
at an input power of 15 W. This temperature range ensures the
device’s safety for temperature-sensitive applications, such as
plasma medicine.

Determining the gas temperature makes it possible to
characterize the electron density of the anapole plasma jet.
To achieve this, OES is employed to analyze spectral profiles.
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TABLE 1
COMPARISON WITH THE STATE-OF-THE-ART PLASMA JET DEVICES
Pin (W) Electron Technology/ Power PCB Compactness Frequency
Density (cm™>) Topology Efficiency Compatibility N) tuning

[41] 2-10 10'° CTL resonator 83% No 0.25 No

[42] 88 10%° CTL resonator - No - No

[34] 0.5 7.6x10"° EVA resonator 80% No 0.25 No

[36] 15-40 - Cavity Resonator - Yes 0.54 No

[37] 2.7 10%° SIW-EVA resonator - Yes - No
This work 1 1.5x10'¢ Anapole 94% Yes 0.05-0.09 1.6GHz - 2.5GHz
. ? 1 —e—Méasured ' ' and Stark broaden.ing effects. .It is important to note that
2 —LIFBASE resonance broadenlqg due .to mteractl.ons l?etween n§u.tral
Q atoms of the same kind, while present, is typically negligible
RS for Balmer lines at atmospheric pressure and can, therefore,
2 be disregarded. The remaining three broadening mechanisms
20_5 L ] are accurately considered when assessing the electron density.
g Doppler broadening, for instance, arises when emitting atoms
5 exhibit random motion, and the full-width at half-maximum
Z. (FWHM) can be determined as follows:

0 . : : Adp = Ao(smzK”Tg). (10)
(a) 426 427 428 a¢
| Wavelength (nm) Here, the gas temperature T, is in kelvin, Boltzmann’s constant

Normalized Intensity
(]
N

656 656.2 6564 656.6
Wavelength (nm)
Fig. 10. (a) Excellent agreement between the simulated and measured spectral
profiles at 5-slpm flow rate and 15-W input power for a temperature of 350 K.

(b) H-« line at 15-W input power and 5 slpm of helium flow rate. AAgark is
calculated from FWHM as required to extract the jet electron density.

0 :
655.6  655.8
b)

Among the commonly utilized spectral profiles in this context
are the spectral emissions of hydrogen atoms, specifically
Balmer alpha (H-«) at 656.279 nm and Balmer beta (H-8)
at 486.135 nm, due to their visibility in the spectrum and
distinct linear Stark effect. In this study, we opted to employ
the H-o lines for estimating the electron density (n,), as they
offer more outstanding distinctiveness when compared with
the H-B spectral profiles.

A spectral profile within the atmospheric plasma jet can be
described as a convolution of Gaussian and Lorentzian profiles,
collectively referred to as the Voigt function. The Gaussian
component of the spectral profile is influenced by factors,
such as the mass of the hydrogen atom, central wavelength,
and gas temperature. Conversely, the Lorentzian component,
which is more dominant, encompasses Doppler, van der Waals,

Kp is in JK™', and m, denotes the mass of the emitter. Van der
Waals broadening, on the other hand, arises due to interactions
between atoms of different species and can be estimated as
follows:

C
Adpaw = T07 (11)
g

where C is a gas constant equal to 2.42 for helium.

The Doppler and van der Waals broadenings are calculated
using the above formulas for a gas flow rate of 5 slpm under
various input powers, as detailed in Table II, along with
the corresponding measured temperatures. Furthermore, the
FWHM of the H-« spectral line is determined from Fig. 10(b).
It is noteworthy that AAp and A\,,y are found to be very
small compared with the FWHM of H-«, indicating that Stark
broadening is the dominant profile. Consequently, the electron
density of the plasma jet is estimated using Stark broadening
as follows:

ne = 10"7 X (Adguarc/1.098) 147133, (12)
Here, n, is in cm ™3, and Aguek is in nm. The evaluated 7, is
approximately 1.55 x 10'® cm™3, at least twice the values typ-
ically achieved in conventional plasma jets employing resonant
cavity approaches. Repeated measurements were performed,
and there was no visual effect of the plasma on the device,
but the results were repeatable. The device works fine up
to 100 W of power. However, with further power, the arcing
(air ignition) could happen at the slot, which could slightly
shift the frequency because of dielectric burning.

The interaction between a plasma jet and the surrounding
ambient air holds significant potential for generating highly
reactive species [43], including OH, NO, NO,, O, and O3,
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TABLE I

MEASURED GAS TEMPERATURE AND THE CORRESPONDING SPECTRAL
BROADENINGS AT 5 slpm AND VARIOUS INPUT POWERS

Input Power 5SW 10 W 15 W
T4(K) 315 330 350
AXstark(nm) 0.3 0.305 0.31
AXp(nm) 0.01025  0.0105 0.01081
AMdyagw (nm)  0.04315  0.04177  0.04008

5 slpm flow rate,
3W input Power

t 0.09 & -

1 1.5 2 2:5 3
Frequency (GHz)

Fig. 11. Frequency tuning of the anapole plasma jet is realized by employing
two tuning capacitors positioned at the edges of the tapered slots. By varying
the capacitance within the range of 0.3-0.7 pF, the system achieves an
impressive tuning capability, spanning nearly 900 MHz, with frequencies
ranging from 2.5 GHz (no capacitor) to 1.6 GHz in the presence of the 0.7-pF
capacitors.

among others. These reactive species have garnered consider-
able interest for their applicability in medical and agricultural
contexts. The production of these reactive species is intricately
linked to the specific attributes of the plasma jet, such as the
background gas composition, the rate of gas flow, and the
method employed to generate the plasma jet. For example,
as demonstrated in [44], microwave plasma jets can yield
substantial quantities of desirable NO species. The frequency
of operation plays a pivotal role in influencing the production
of a diverse array of reactive species. However, it is essential
to note that the characteristics associated with frequency
remain underexplored, mainly owing to the complex nature
of microwave plasma jet technologies. Recent developments
in low-power operated plasma jets [34], [35], [37] have
significantly enhanced the accessibility of plasma sources for
generating and utilizing reactive species within the microwave
frequency range. However, these technologies are primarily
built around cavities with electric fields confined within metal-
lic enclosures, making frequency-tunable operations complex.

The presented anapole structure is designed as an open
cavity featuring an accessible electric field for frequency
tunability. As depicted in Fig. 11, this tunability is achieved by
using two capacitors positioned at the edges of a tapered slot
on the dielectric disk. This design facilitates tunable operation
within a broad frequency range, spanning from 1.6 to 2.5 GHz,
offering a 900-MHz bandwidth. To validate this concept, three
prototypes were successfully demonstrated, each operating
at different frequencies: 1.6, 1.8, and 1.97 GHz. In each

case, a plasma jet was generated using a S-slpm flow rate
of helium with only 3 W of input power, highlighting the
low-power operation of the system. Furthermore, adjusting
the same design to a lower frequency of 1.6 GHz while
maintaining the exact dimensions emphasizes its compactness,
enabling scalability and facilitating seamless integration with
microwave sources.

V. CONCLUSION

This work successfully demonstrated a novel, fully planar,
compact, and frequency-tunable atmospheric pressure plasma
jet device. This plasma jet technology leverages the capabili-
ties of a dielectric anapole structure, a nonradiating resonator,
to enhance the near electric field while effectively suppressing
far-field radiation. This demonstration represents a pivotal step
in unlocking a new pathway toward highly efficient plasma
sources characterized by minimal reflection and radiation. The
key advantages of the proposed technology, including its high
electron density, compact form factor, seamless integration
capability, and cost-effectiveness, hold the potential to open
up new horizons for discovery and application. Given the
profound impact of plasma technology across many fields,
these advanced attributes are positioned to make substantial
contributions to progress in various domains. Moreover, the
inherent ease of frequency tunability of the proposed tech-
nology holds the promise of facilitating explorations into
enriched chemistry within the RF/microwave spectrum, further
enhancing its utility and versatility.
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