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ABSTRACT

Bound states in the continuum are exotic nonradiating modes with very high quality factors enabling enhanced wave-matter interactions.
While they typically require array-type of systems, versions of such states have been reported in single dielectric resonators, giving rise to sup-
pressed scattering states termed supercavity modes. In this work, we experimentally demonstrate a supercavity mode in an all-metallic reso-
nator open for probing by free-space microwaves. Our design exploits careful tailoring of the boundaries around the resonator, which
supports an octupole mode fostering a significant increase in the quality factor. The main advantage of the resonator is its simplicity and
robustness, and it may be utilized as a stand-alone unit for energy harvesting and sensing or as an element for advanced functional material

designs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174480

Effective control of electromagnetic waves is enabled by their
interactions with matter. In this regard, immense efforts have been
particularly exerted on the research on artificial material platforms and
their ability to enhance manipulation of waves." ” Recently, there has
been a great interest in ‘wave trapping’ structures, which may facilitate
enhanced field confinements vital for many microwave and photonic
applications. Conventional structures with very high quality factors
(Q-factors) are rather bulky and/or fully closed resonant cavities.* '”
On the other hand, dielectric resonators, utilizing Mie resonances, are
more compact, but their Q-factors are modest. Bound states in the
continuum (BICs) represent an interesting approach toward open and
high-Q systems." """ BICs are exotic nonradiating modes found typi-
cally in periodic structures and specific multilayered structures made
of extreme materials, such as epsilon-near zero materials. Although
their Q-factors are theoretically infinite, practical systems only form
quasi-BICs with finite Q-factors due to material absorption and finite
sample size as well as structural disorder and defects. Still, quasi-BICs
can be used to increase the Q-factor of a resonant system through can-
celation of the radiative channels.

Quasi-BICs have been demonstrated in various structures at both
microwave and optical frequencies. The main difference between opti-
cal and microwave BICs induced in arrays is the size. At microwave
frequencies, the number of elements is usually limited to a few hun-
dred for any practical purposes since the period is between a few milli-
meters to several centimeters.*'” This is, in general, not a problem for
optical arrays where thousands of elements can be fitted within a few

centimeters. As the Q-factor of a quasi-BIC scales with the number of
elements, a different approach is needed for microwave quasi-BIC
structures. Recently, it was demonstrated that the aspect ratio of a sin-
gle cylindrical dielectric resonator can be tuned to induce strong mode
coupling for either enhanced or suppressed scattering. In the sup-
pressed regimes, supercavity modes are formed with physical roots
closely associated with quasi-BICs.'”"** An experimental Q-factor of
12 500 was achieved at microwave frequencies using a low-loss ceramic
resonator with a relative permittivity of 44.8 and a loss tangent of
10™*. Although the development of ceramic materials has increased
the availability of ceramic resonators, their cost is still high.

A different approach toward a compact BIC structure has also
been demonstrated.”” In this work, the high conductivity of metals at
microwave frequencies was exploited to simulate periodic boundary
conditions, which was achieved with simple rectangular waveguides.
The boundary-induced BIC was achieved by inserting a metallic reso-
nator within the metallic walls of the waveguide, thus rendering an
infinite periodic array. By breaking the symmetry of the resonator with
tiny volumes of water, a quasi-BIC was excited and utilized for sensing
tiny perturbations in the water. However, since the resonator is fully
enclosed by the waveguide, the quasi-BIC can only be excited by the
natural waveguide modes and not by free-space waves. In another
work, quasi-BICs were demonstrated in configurations of rectangular
waveguides coupled to cylindrical cavities operating in the high end of
the microwave frequency spectrum.”*** Being restricted to waveguide
configurations greatly limits the potential applications, and, thus, the
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next natural step is to study how related concepts can be applied in
free-space configurations. Such all-metallic resonators will be simple,
robust, and low-cost alternatives to the costly ceramic resonators.”’ *?

The purpose of this work is to investigate a high-Q resonator,
open to free-space waves, which is based on the principle of boundary-
induced BIC. First, we show that a BIC, induced by an octupole mode,
is supported in an array of metallic complementary asterisk-shaped
resonators at around 5 GHz. In our case, the periodic conditions of the
array can be simulated with metallic surfaces. Moreover, the high-
order mode has highly confined fields, and, thus, the surrounding
metallic surfaces supporting the required boundary conditions can be
reduced to subwavelength sizes with minimal impact on the resulting
Q-factor. In contrast, the resonator also supports BICs induced by
low-order modes, which are highly affected by the size of the sur-
rounding surfaces. These observations agree well with a theoretical
study of BICs in multipolar lattices.'” A prototype of the resonator is
realized by milling its shape in a single block of aluminum. The proto-
type is investigated experimentally for both near- and far-field excita-
tions, and a Q-factor of around 1500 is reported, mainly limited by
material losses. The resonator holds several advantages, including its
simplicity, robustness, and scalability, making it attractive for a wide
range of applications where enhanced wave-matter interactions are
required.

In the first part of the work, a square array of resonators is inves-
tigated numerically for operational frequency at around 5GHz. The
simulations are performed using COMSOL Multiphysics. A sketch of
the single array element is shown in Fig. 1(a) and consists of a comple-
mentary eight-arm asterisk-shaped metallic resonator. The arms of the
resonator produce poles in the local field of the resonator, and, thus,
the employed eight-arm structure should naturally support an octu-
pole mode. A two-arm (four-arm) structure would only support the
dipole mode (both the dipole and quadrupole modes), whereas the
eight-arm structure includes the octupole mode. The values of the geo-
metric parameters are a=40mm (0.74), b=36mm (0.64),
c¢=3mm (0.05/), and d =5 mm (0.084,) with 4, being the free-space
wavelength at 5GHz. The geometrical parameters were adjusted to
achieve an octupole mode sufficiently below the diffraction limit while
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still maintaining an acceptable Q-factor. The shape of the resonator
facilitates three BICs originating from two quadrupole modes (4.7 and
4.9 GHz) and an octupole mode (5.2 GHz). When considering perfect
electric conducting material, ie., lossless material, the Q-factor is infi-
nite at the I'-point, corresponding to plane wave excitations at normal
incidences. In Fig. 1(b), the Q-factor for the three BIC modes, obtained
from the eigenmode analysis, is shown as a function of k.a/2n for
y-polarized field, where k, is the transverse wavenumber along the
x-axis. The electric and magnetic fields are shown on the top of the sin-
gle array element in Fig. 1(c). Mode 1 is highly susceptible to
symmetry-breaking showing a rapidly decreasing Q-factor in Fig. 1(b),
whereas mode 2 is far more robust to symmetry-breaking, mainly
coming from the existence of an additional BIC at k.a/27 ~ 0.06.
However, mode 3 shows superior robustness, which is facilitated by a
magnetic octupole with a high rotational symmetry.

Moving from the lossless, perfect conducting case, the results for
copper elements with the conductivity ¢ = 5.8 x 107 S/m are next dis-
cussed, see Fig. 1(b), which shows reduced Q-factors at a level of
around 2500. Although the Ohmic losses in the metal significantly
reduce the maximum Q-factor at the I'-point, the symmetry-
protection is conserved. For mode 3, the radiative leakage is smaller
than the absorption for all incidence angles up to the diffraction limit
(kya/2m ~ 0.3) making the Q-factor nearly constant. Thus, mode 3
will be greatly protected against disorders and perturbations even in
the near field. This includes not only any geometrical variations along
the array but also the truncation of the total array length. To further
minimize the effect of truncation, highly conductive walls can be added
around the sides of a single array element, which we refer to as “side
walls,” effectively emulating the periodic nature of the array and signif-
icantly reducing the size of the structure. In the case of resonators with
low-order dipole modes, the near fields of these resonators are not
very confined, and, thus, the side walls must be several wavelengths in
extent, making the configuration closed to external excitations.
However, resonators with high-order modes, like mode 3, have highly
confined near fields, such that the side walls can be significantly
reduced, effectively forming an open cavity mode or a so-called “super-
cavity mode.”

(a) < a > (b) 108 . (C) Ennax
O Mode 1
x Mode 2
10° & Mode 3|1
—
£
& 10*
c
10
1000 0‘1 0I2 0‘3 0.4
Thickness: d ’ k, d/27r ’ ' 52 Giiz [

FIG. 1. The resonator in an array configuration. (a) Sketch of the cross-sectional view of the single array element: a metallic complementary eight-arm asterisk-shaped resona-
tor with a=40, b= 36, c=3, and d =5mm. (b) Q-factor as a function of kya/2x for the three BICs with and without metallic losses. The results are obtained from numerical
eigenmode analyses using COMSOL Multiphysics. (c) The electric field magnitude (colors) and magnetic field (arrows) on the top surface of the resonator for each mode

(kva/2m = 0). Both fields are shown in logarithmic scale.
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To this end, a single array element with conductive walls on its
sides is investigated. A sketch of the configuration is shown in
Fig. 2(a). The thickness of the walls is 2 mm (0.03/,), and closed/open
resonators are considered with/without top and bottom plates. As in
the previous case, the three modes are identified from the eigenmodes
analyses, and the resulting Q-factors are shown in Fig. 2(b) as func-
tions of the sidewall length for the open resonator without material
losses. The Q-factor of the closed resonator without material losses is
infinite for all modes since there is no absorption or radiation leakage.
As expected, mode 3 manifests far better protection against shortening
of the side walls compared to the two other modes. With a sidewall
length of 12 mm (0.24,), mode 3 is effectively a supercavity mode with
a Q-factor of 12000. The electric far-field pattern of mode 3 is shown
in Fig. 2(c) and is found to resemble a magnetic octupole mode of the
corresponding spherical wave expansion.”””” Including metallic losses
(6=5.8 x 10" S/m), see Fig. 2(d), the maximum Q-factor is reduced
to around 2000. The results for both open and closed resonators are
included in Fig. 2(d). In this regard, it must be mentioned that the
Q-factor of a closed cavity without the asterisk-shaped element is
higher (around 8000 for the TE;y; mode). However, if one of the
metallic walls is removed, the mode vanishes. Thus, the confinement
mechanism, as well as the applicational aspects, of the closed cavity is
very different from the one of the open cavity. When the sidewall
length is less than 0.254, the reduced space in the closed resonator
highly affects the modes, consequently decreasing their Q-factors. This
is not the case for the open resonator, where the Q-factor of mode 3 is
still high for sidewall lengths below 0.24,. In addition, the effect of the
material losses on the Q-factor of mode 3 is shown in Fig. 2(e)
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exhibiting a significant change in the Q-factor, thus a possible way to
tune the resonator.

A prototype of the open resonator was fabricated from a single
aluminum block in which the walls and asterisk shapes were milled. A
photograph of the resonator is shown in Fig. 3(a). Its scattering prop-
erties were tested in the DTU Electromagnetic Test Centre scattering
test facility using the bistatic measurement setup shown in Fig. 3(b).
Two C-band horn antennas connected to a Keysight PNA-L network
analyzer were used to transmit an incident wave and collect the scat-
tered field from the resonator. Typical scattering quantities, such as the
differential cross section (dSCS) and the extinction cross section
(ECS), will be used to experimentally characterize the performance of
the proposed open resonator. The dSCS (m?) describes the amount of
power of the incident power density that is scattered in different direc-
tions, whereas ECS (m?) describes the total power that is extinct (scat-
tered + absorbed) from the incident wave.”” Using the method of
substitution, these scattering quantities will be determined from the
measured S—parameters.zg’31 In this work, the dSCS is calculated and
measured in the opposite (backward) and the same (forward) direc-
tions from which the wave is incident. First, the experimental setup
and method were validated by measuring metallic spheres with well-
known scattering characteristics, and the measurement results were
found to show great consistency and acceptable accuracy. It must be
mentioned that the resonator has a much higher Q-factor than those
of metallic spheres, and, therefore, its scattering is more difficult to iso-
late from the clutter and additional scattering due to the antennas and
tripods. An analysis of the isolation, as well as the measurement results
for the metallic spheres, can be found in the supplementary material.

<0
(a) Closed o (b) P Open, lossless
R O Mode 1
x Mode 2
10° & Mode 3
YL: 5 10*
z & FIG. 2. The single resonator with side
sesingl & 10 walls. (a) Sketch of the single metallic res-
|Emaxl onator in closed and open configurations.
102 The thickness of the side walls is 2mm,
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FIG. 3. Far-field characterization of the single resonator with side walls. (a) Photograph of the fabricated resonator made of aluminum. (b) Sketch of the experimental far-field
scattering setup. (c) Simulated and (d) measured forward differential scattering cross sections (dSCS) as functions of the normalized frequency, f /f. with . being the resonance
frequency, for the different rotation angles of the resonator. Simulated and measured (e) forward dSCS peak and (f) Q-factor as functions of the rotation angle.

The scattering was measured for different incidence angles by
rotating the resonator around the axis parallel to the incident electric
field, see Fig. 3(b). The forward dSCS, obtained from the simulations
and measurements, is shown in Figs. 3(c) and 3(d), as a function of the
normalized frequency and for different rotation angles from 0° to 90°.
The results for the corresponding backward dSCS and the ECS, show-
ing very similar behavior, are included in the supplementary material.
For the rotation angle 0,,,=0°, corresponding to normal incidence,
mode 3 (the supercavity mode) is not excited as the wave is propagat-
ing along a nodal line of the magnetic octupole mode. However, for
oblique angles, the mode is excited causing a peak in the measured
scattered field at around 5.2 GHz. The simulated and measured scatter-
ing peak is shown in Fig. 3(e) as a function of the rotation angle exhib-
iting great agreement. The average relative deviation between the
simulated and measured normalized scattering peak is around 2.1%.

The scattering peak is maximum at 0, = 35°, whereas the minima are
at 0,0, =0° and 0,,, = 90°. Moreover, the Q-factor shown in Fig. 3(f)
as a function of the rotation angle also presents very good agreement
between the simulations and measurements. The Q-factors have been
calculated by taking the ratio of the frequency of the forward dSCS
peak (f,) and the full width half maximum (Af). The Q-factor for the
aluminum resonator is slightly lower (around 1500) compared to the
copper resonator (see Fig. 2), which is due to the slightly lower conduc-
tivity of aluminum (3.6 x 107 S/m). Still, the resonator shows great
protection against symmetry-breaking by the minimal change between
different rotation angles.

The resonator was also characterized in the case of near-field
excitation using a simple loop antenna, see the sketch of the setup in
Fig. 4(a). The loop antenna (port 1) was connected to a network ana-
lyzer, and a C-band horn antenna (port 2) was used to measure the
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FIG. 4. Near-field characterization of the single resonator with side walls. (a) Sketch of the near-field excitation of the resonator using a small loop antenna. (b) Measured reflec-
tion coefficient S11 as a function of the normalized frequency f /f. with . being the resonance frequency. (c) Measured normalized transmission coefficient Sy¢ as a function of
the normalized frequency and rotation angle. (d) Simulated and measured normalized |S,;|? at the resonance frequency as a function of the rotation angle. The resonance fre-

quency is 5.24 GHz, and the Q-factor is 650.

radiated field. The resonator and loop antenna were rotated from 0° to
180° in a similar way as in the experimental setup in Fig. 3(b). The
measured reflection coefficient (S;;) is shown in Fig. 4(b) as a function
of the normalized frequency. The loop antenna is highly coupled to
the octupole mode of the resonator causing a significant reduction
of the reflection coefficient around the resonance frequency. However,
the coupling also affects the Q-factor, which is reduced to 650. A sec-
ond resonance is observed at lower frequencies, which has a lower
Q-factor and intensity. A minimal change between different rotation
angles was observed for the S;; showing good stability of the experi-
mental setup, see the supplementary material. The measured normal-
ized transmission coefficient (S,;) is shown in Fig. 4(c) as a function of
the normalized frequency and the rotation angle. There are two strong
transmission peaks at two different rotation angles coming from the
excited supercavity mode (mode 3). In fact, the radiation intensity is
much higher than the other resonance found at lower frequencies,
thus demonstrating the applicability of the resonator in antenna con-
figurations. The two transmission peaks are also found in Fig. 4(d),
where the measured and simulated radiation patterns are shown at the
resonance frequency. Four lobes are measured in the scanned zy-plane,
which agrees well with the simulations and the 3D far-field scattering
from the eigenmode analysis in Fig. 2(c).

In this work, the concept of a supercavity mode in a purely metallic
resonator was demonstrated. The supercavity mode was achieved with

an octupole mode facilitated by an eight-arm asterisk-shaped resonator.
The resonator was surrounded by metallic walls on its sides to induce
periodic conditions and effectively boost the Q-factor. Utilizing the
highly confined fields of the octupole mode, the side walls were reduced
to subwavelength sizes, thus minimizing the overall footprint of the reso-
nator and making it open to external excitations. A prototype of the res-
onator made in aluminum was fabricated and tested experimentally for
both near- and far-field excitations. An experimental Q-factor of around
1500 was achieved mainly limited by the aluminum losses. The resona-
tor design is very simple, which enabled a straightforward fabrication of
the prototype: the asterisk-shape and walls were simply milled out in a
single square block of aluminum. Thus, the fabrication can easily be
upscaled and is even suitable for additive printing techniques, with the
only requirement being that highly conductive materials are used. In
addition, it must be emphasized that the resonator design can easily be
scaled for other operational frequencies. In addition to its simplicity, the
resonator has several other advantages. Its solid and homogeneous form
makes it very robust. Moreover, it can easily be extended to an array of
multiple resonators. In particular, its complementary form makes it suit-
able for metasurfaces engineered for transmission. However, it can also
be used as a gas sensor since gas is able to naturally flow through it.
Thus, the resonator is attractive for many applications where enhanced
wave-matter interactions are of prime importance, including advanced
functional material designs, energy harvesting as well as sensing.
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See the supplementary material for details of figures and discus-
sion of the scattering measurement of metallic spheres, figures of the
simulated and measured backward differential scattering cross section
and the extinction cross section as well as the measured reflection coef-
ficient for all rotation angles for the resonator, and the definitions of
different parameters.

The authors would like to thank the workshop at the Division
for Electromagnetic Systems, Technical University of Denmark, for
the fabrication of the resonator prototype used in the experiment.
The authors also thank M.Sc. Engineer Jeppe Majlund Bjurstorp for
the assistance in the experimental work.
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