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The existence of classical nonradiating electromagnetic sources is one of the puzzling questions to date.

Here, we investigate radiation properties of physical systems composed of a single ultrahigh permittivity
dielectric hollow disk excited by electric or magnetic pointlike dipole antennas, placed inside the inner
bore. Using analytical and numerical methods, we demonstrate that such systems can support anapole
states with total suppression of far-field radiation and thereby exhibit the properties of electric or magnetic
nonradiating sources. It is shown that the suppression of the far-field radiated power is a result of
the destructive interference between radiative contributions of the pointlike dipole antennas and the
corresponding induced dipole moments of the hollow disk. The experimental investigation of the
nonradiating electric source has been performed to confirm our theoretical predictions. Our results pave

the way to create and realize compact nonradiative sources for applications in modern wireless power
transfer systems, sensors, RFID tags, and medical technologies.
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One of the common understandings is that, according to
Maxwell’s equations, any confined configuration of alter-
nating currents should emit electromagnetic radiation to the
far field. It was a stumbling block explaining matter’s
stability, consisting of atoms and molecules. This fact led
Bohr to the formulation of his famous postulates, which
laid the foundation of quantum mechanics. But, the ques-
tion remained open, and numerous efforts were undertaken
to find the classical (macroscopic) analog of nonradiating
confined current configurations. If they exist, such states
can be considered as meta-atoms, in analogy with realistic
atoms, governed by quantum mechanics. They should be
able to trap and confine the electromagnetic (EM) energy in
finite volumes indefinitely without far-field emission. One
of the examples is a radially oscillating charged spherical
shell, which is not realizable. Other approach to meta-atom
realizations with “unusual” EM properties [1] can be
based on the concept of the toroidal dipole response [2]
and anapole states [3,4] which generate no far-field
radiation [5].

In electrodynamic problems, anapole states are defined
as destructive interference between waves generated by
Cartesian and toroidal multipoles [2,5] presented in the
long-wavelength approximation (LWA) [6,7]. In this
context, toroidal multipoles represent subsets of the exact

0031-9007/21/127(9)/096804(6)

096804-1

electric and magnetic multipoles [8]. For example, the
toroidal dipole appears as a third-order multipole in the
Taylor expansion of the electromagnetic potentials and is
a part of exact electric dipole moments defined in
the Cartesian or spherical harmonics presentations
[9,10]. The realization of an anapole state in a system
leads to the formation of nonscattering and non-
radiating (NR) sources [4,5,11]. The general theory about
NR sources was formulated by Devaney and Wolf in
1973 [12].

In scattering and radiation or emission problems, enor-
mous efforts have been done to realize and experimentally
verify the NR-type sources [3,5,11,13-25]. Recently, an
NR source composed of four high refractive index dielec-
tric cylinders excited by an electric dipole antenna has been
reported [24]. It was demonstrated that a strong induced
electric toroidal dipole (ETD) inside the cylinders leads to
radiation suppression through destructive interference with
electric dipole (ED) radiation from the dipole antenna
creating an anapole state, as schematically illustrated
in Fig. 1(a). Another paper theoretically studied a NR
source that arises from ED cancellation between an
electric pointlike antenna placed in near proximity to a
subwavelength sphere and induced ED mode inside the
sphere [25].
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FIG. 1. The conceptual approaches to realize (a) electric ana-
pole, (b) NR electric source, and (c) NR magnetic source.

In this Letter, we investigate meta-atoms supporting
anapole states and exhibiting the properties of electric or
magnetic NR sources as demonstrated in Figs. 1(b) and
1(c). We study two practical realization of NR sources as
physical systems based on a single ultrahigh permittivity
dielectric hollow disk excited by electric or magnetic
pointlike dipoles placed inside the hollow disk. Our
theoretical results of the simulated radiated power and
near fields are obtained in CST MICROWAVE STUDIO2020.
The Cartesian multipole expansion analysis in the LWA is
performed to show the origin of NR sources explicitly. This
approach is applied because the size of the system under
study is much smaller that the wavelength of radiation.
Here, we use a secondary multipole expansion approach
[26] taking explicitly into account the contributions of
various parts of the system. It also allows us to confirm that
our results are consistent with Devaney-Wolf theorem on
NR sources (see Sec. IV in Supplemental Material [27]). To
prove out theoretical predictions, the experimental study of
the NR electric source is provided.

First, we study the meta-atom based on an ultrahigh
permittivity dielectric hollow disk with an electric dipole
antenna inside, as depicted in Fig. 2(a). The meta-atom is
much smaller than the wavelength of radiated waves; thus,
only electric dipole contributions will determine the non-
radiating regime. Being excited, the dipole antenna radiates
EM waves as an ED mode and, correspondingly, induces a
displacement current inside the dielectric hollow disk. By a
proper design, the induced current radiates secondary EM
waves as another ED and ETD which can interfere with the
ED radiation of the dipole antenna destructively. It provides
suppression of the total radiation and corresponds to
realization of the NR electric source, as depicted in
Fig. 1(b). The novelty lies in the fact that the ED moment
of the dipole antenna also takes part in the creation of the
anapole state.
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FIG. 2. (a) Schematic view of the NR electric source consisting
of a dielectric hollow disk (¢ = 1000, tand = 2.5 x 107%,
Ry =20 mm, R;, =5 mm, and & = 28 mm) and short copper
electric dipole antenna (L =25 mm, wirediameter = 1 mm)
placed in the hollow disk center. A discrete port with 50 Q
impedance is inserted into the 1 mm slit made in the dipole
antenna center. (b) Simulated radiated power of the single dipole
antenna in free space and NR electric source over the frequency.
The results are normalized to the maximum radiated power of the
NR electric source. (c),(d) Simulated electric and magnetic field
distributions of the NR electric source. Here, the dashed white
lines represent the border of the dielectric hollow disk. (e),(f)
Simulated electric and magnetic field distributions of the single
short copper electric dipole (L = 25 mm, 1 mm slit in the middle
to allocate a 50 Q port) in free space.

The radiated power and near-field distributions of the NR
electric source were studied numerically and compared to
the simulated characteristics of a single electric dipole
antenna in free space (Fig. 2). The radiated power of the NR
electric source has a maximum at the frequency of
375 MHz, that is, the resonance frequency of the dielectric
hollow disk [see Fig. 2(b)]. We consider this state as
radiative and provide its detailed discussion in Sec. I in
Supplemental Material [27]. The almost zero radiated
power is obtained at the frequency of 411 MHz. At this
frequency, the radiated power is 7 orders of magnitude
lower than the radiated power of the single dipole antenna
in free space. It reveals a strong suppression of the far-field
radiation and can serve as an indicator of the anapole state
formation. One can see a strong confinement of the electric
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field inside and around the NR electric source [see
Fig. 2(c)] in contrast to the electric field of the single
dipole antenna [Fig. 2(e)]. The magnetic field of the NR
electric source is concentrated inside the volume of the
dielectric disk and its entire bore [see Fig. 2(d)]. It indicates
a strong redistribution compared to the fields of the single
dipole antenna depicted in Figs. 2(e) and 2(f).

To gain a deeper understanding, we performed the
Cartesian multipole expansion of the EM fields generated
by the NR electric source [7,34,35] (see Supplemental
Material Sec. III [27] for more information), and the results
are shown in Figs. 3(a) and 3(b). The radiated power of the
total electric dipole (ED + ETD) agrees well with the total
radiated power [Fig. 3(a)]. Therefore, the contributions of
only ED and ETD are enough to describe the radiated
power. In this case, for the total radiated power P, one can
write

P ~|py+p; — ikT|?
= |po + p:1* + K2|T|> + 2kIm[T(p; + p)]. (1)

where p, and p; are the ED moments of the dipole antenna
and the hollow disk, respectively, T is the ETD of the
hollow disk, k is the wave number, and * indicates the
complex conjugation. It is important to emphasize that, for
anapole state realization, it is necessary to include dipole
moments of the dipole antenna in the total multipole
decomposition. As a consequence, the total radiated
power in Eq. (1) is determined by not only the direct
contributions of the all dipole moments, but also their
interference terms. Let us focus on the frequency
397 MHz, where the ED has minimum, and the frequency
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FIG. 3. Cartesian multipole expansion of the radiated power of
(a) the NR electric source; (b) the single dipole antenna and the
high-index dielectric hollow disk of the NR electric source;
(c) the NR magnetic source; (d) the single-loop antenna and the
high-index dielectric hollow disk of the NR magnetic source.

411 MHz, where the ED and ETD contributions are equal
in magnitude and, due to the last interference term in
Eq. (1), provide strong suppression of the total radiated
power [see Fig. 3(a)]. To achieve more information, the
dipole antenna and hollow disk radiations were separately
decomposed to multipoles, and the result is depicted in
Fig. 3(b). The separate radiation contributions of the
dipole antenna and hollow disk ED moments are equal
at the frequency of 397 MHz [see the inset in
Fig. 3(b)] and are much higher than the radiated power
from ED (p, + p;) of the NR electric source [see the red
solid line in Fig. 3(a)]. It means that a destructive
interference between ED radiations from the dipole
antenna and the hollow disk occurs and at this frequency,
and we observe the so-called ED-ED anapole state. At the
same time, the total electric dipole (ED + ETD) radiation
exhibits a strong suppression at 411 MHz, which proves a
destructive interference between ED and ETD contribu-
tions. Formally, one may conclude that the dip in
the radiated power at 411 MHz is obtained due to the
ED-ED-ETD anapole state [as shown in Fig. 1(b)],
resulting in the existence of the NR electric source at
this frequency.

Next, we verify that the same approach can be used to
design an NR magnetic source based on the MD-MD
anapole state as illustrated in Fig. 1(c). For that purpose,
we have incorporated a small magnetic dipole antenna
inside an ultrahigh permittivity dielectric hollow disk as
shown in Fig. 4(a). Now, the loop antenna radiates as a
MD and induces displacement currents inside the hollow
disk. We found the conditions when the induced current
radiates as another MD moment and its radiation destruc-
tively interferes with the MD radiation from the loop
antenna. In this case, the radiated power P can be written
as [34]

P ~|my+m,[> = [mg|* + [m, > + 2Re[mym7], (2)

where m, and m; are MD moments of the loop antenna
and the hollow disk, respectively, and (m, + m;) is the
total MD of the system.

The NR magnetic source radiated power over frequency
in a comparison to the single-loop antenna in free space is
shown in Fig. 4(b). Again, we observe the maximum of the
radiated power of the structure at the frequency of
593.5 MHz. It corresponds to the resonance frequency
of the dielectric hollow disk (see Sec. II in Supplemental
Material [27] for further discussion). The almost zero
radiated power occurs at 582.5 MHz. Its magnitude is 3
orders smaller than the radiated power of the single-loop
antenna, and, at this condition, we can consider it as an NR
magnetic source. The magnetic and electric fields generated
by the NR magnetic source and the single-loop antenna at
the frequency of 582.5 MHz are shown in Figs. 4(c)
and 4(d) and Figs. 4(e) and 4(f), respectively. One may
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FIG. 4. (a) Schematic view of the NR magnetic source consists
of a low-loss ultrahigh permittivity dielectric hollow disk
(e = 1000, tan5 = 2.5 x 10™*, Ry = 20 mm, R;, = 5 mm, and
h =20 mm) and a small copper loop antenna (R; =4 mm,
wire diameter = 1 mm). A discrete port with 50 Q impedance is
inserted into the 1 mm slit of the loop antenna. (b) Simulated
radiated power of the single-loop antenna in free space and the
NR magnetic source over the frequency. (c),(d) Simulated electric
and magnetic field distributions of the NR magnetic source. Here,
the dashed white lines represent the border of the dielectric
hollow disk. (e),(f) Simulated electric and magnetic field dis-
tributions of the single-loop antenna in free space.

observe that, in contrast to the isolated loop antenna with
field concentration around of the loop position, the NR
magnetic source provides the localization of the strong
fields inside the disk.

The Cartesian multipole expansion of the NR magnetic
source radiated power was also performed. The results are
plotted in Figs. 3(c) and 3(d). In accordance with Eq. (2),
the total MD contribution is basically defined as the
contribution from the MD moment of the single-loop
antenna and the MD moment of the dielectric hollow disk.
Contributions from other multipoles including the mag-
netic toroidal dipole (MTD) of the dielectric hollow
disk are negligible, as shown in Fig. 3(d). The strong
dip in the radiated power at the frequency of 582.5 MHz
can be explained by the destructive interference
of the contributions from the MD of the single loop

and MD of the hollow disk which are crossing each
other at this frequency [see Fig. 3(d)], due to the last
interference term in Eq. (2), at this spectral point
(jmg|*> + |m,;|*) & —2Re[mom;]. Thus, one may conclude
that we have obtained the MD-MD anapole state which is
characterized by low radiation and strong field localiza-
tion in the near field. The discussion on the matching
conditions and near-field enhancement is provided in
Sec. II of Supplemental Material [27].

To prove our theoretical predictions, the prototype of the
NR electric source was fabricated, and its performance in
the near and far-field zone was experimentally investigated
(see Fig. 5). To demonstrate applicability of the developed
concept even for materials with low refractive index, we
have optimized the NR electric source to the microwave
frequency range 2-4 GHz. More details are provided in
Supplemental Material Sec. V [27]. The fabricated proto-
type is shown in the inset in Fig. 5(a). The transmittance
spectra from the NR electric source to the horn antenna
extracted from the measured data as |S,;|? is shown in
Fig. 5(b). The pronounced dip of about —80 dB in trans-
mittance at 3.03 GHz corresponds to the predicted ED-ED-
ETD anapole state. The measured radiation pattern in the
horizontal plane at the maximum and the minimum of the
transmittance is compared to the simulated ones in the left
and right insets in Fig. 5(b), respectively. The omnidirec-
tional shapes are observed in both cases, but the measured
radiation pattern in the right inset does not perfectly match
to the simulated results. It can be explained by the low
radiated power, which is very hard to detect with the
measurement equipment, since it works out of its
dynamic range.

The electric field distributions were scanned on the top of
the prototype [see Fig. 5(c)]. A good agreement between
measured and simulation results is observed. Indeed, at the
minimum of transmittance, which corresponds basically to
the ED-ED-ETD anapole state, the electric field is strongly
localized within the NR electric source.

We have proposed electric and magnetic NR sources
based on a single ultrahigh permittivity dielectric hollow
disk excited by electric or magnetic pointlike dipole
antennas. We have numerically studied the radiation
properties of NR sources and revealed that the radiation
suppression at the desired frequency is obtained due to the
realization of the ED-ED-ETD anapole for the electric NR
source and the MD-MD anapole state for the magnetic NR
source. We have experimentally confirmed the developed
concept on an example of the NR electric source optimized
to the microwave frequency range. The proposed NR
sources can be viewed as meta-atoms for more complicated
nonradiating systems with special functional near-
field properties for practical applications in sensing, cloak-
ing, secure communication, RFID tags, wireless power
transfer, etc.
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(a) Experimental setup for the radiation pattern measurements of the NR electric source prototype based on a dielectric hollow

disk (e = 235,tan§ = 2.7 x 1073, R,y = 6.4 mm, R;, = 1.5 mm, and & = 4.24 mm), tightly attached to a copper plate (60 x 60 mm?)
excited by copper monopole antenna (L/2 = 18 mm, wire diameter = 1 mm) placed in the center of the hollow disk. (b) The measured
spectra of the transmittance. The left and right insets show the measured and simulated radiation patterns of the NR source at the
maximum and minimum of the transmittance, respectively. (¢) Measured and simulated vertical component of the near electric field
distributions 1.5 cm above the NR source prototype. The field amplitudes are normalized to their maximum.
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