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The study of invisibility of an infinite dielectric rod with high refractive index is based on the two-dimensional
Mie scattering problem, and it suggests strong suppression of scattering due to the Fano interference between
spectrally broad nonresonant waves and narrow Mie-resonant modes. However, when the dielectric rod has a
finite extension, it becomes a resonator supporting the Fabry-Perot modes which introduce additional scattering
and eventually destroy the invisibility. Here we reveal that for shorter rods with modest values of the aspect ratio
r/L (where r and L are the radius and length of the rod, respectively), the lowest spectral window of the scattering
suppression recovers completely, so that even a finite-size resonator may become invisible. We present a direct
experimental verification of the concept of switchable invisibility at microwaves using a cylindrical finite-size

resonator with high refractive index.
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I. INTRODUCTION

Invisibility, mimicry, and cloaking are perpetual problems
in both wildlife and inorganic nature. A new fresh impetus
to the progress in this field has been given by the concept of
metamaterials [1], allowing us to design a cloaking structure
that surrounds an object making it invisible to an outside
observer. Different approaches to achieve invisibility cloaking
have been proposed including multilayered shells that may
make even plasmonic particles invisible [2], being also tuned
by graphene [3] or nonlinear layers imbedded into multishell
structures [4], or magneto-optical shell activated by an external
magnetic field [5,6]. It was recognized that the invisibility
cloaking becomes possible as a product of the powerful
concepts of the so-called transformation optics [7-10], and
it was studied for a variety of applications including radar
detection, sensors, and detectors [11-13].

Unfortunately, most of the suggested methods for invisibil-
ity cloaking require the creation of specially designed shells
or media with perfect parameters making difficult a practical
realization of many invisibility concepts [1,14]. Recently we
suggested an approach for the realization of tunable invisibility
cloaking and a direct switching from visibility to invisibility
regimes and back [15]. This approach is based on two basic
ideas.

The first idea is to archive the scattering cancellation by em-
ploying the properties of the Fano resonance [16,17]. We can
realize the Fano-type interference if a spectrally narrow band
(of any origin) interacts with a broad spectrum representing an
effective background. Because the phase of a resonant mode
changes by 7 across the narrow band, its amplitude interferes
constructively with the background producing a sharp peak
in the intensity spectrum at a certain frequency, and also
destructively at the other frequency exhibiting a vanishing
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intensity. The resulting asymmetric line shape is attributed to
the Fano resonance.

It is well known that the Fano resonance has been observed
across many different branches of physics [18-21] including
plasmonic [22-24] and dielectric structures [25-29]. If there
are no parts of background avoiding the above interaction, the
Fano relation takes the form [15]
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where g = cot A is the Fano asymmetry parameter, Q2 = (v —
wy)/(I'/2), where wy and I" correspond to the position and the
width of the narrow band, and A(w) = p4(w) — ¢p(w) is the
phase difference between the narrow resonant and continuum
states correspondingly. The main point of the approach is
based on the characteristic line shape of the Fano intensity that
vanishes at a specific frequency w,ero = Wy — gI'/2. It means
that the scattering by an object completely vanishes. Note that
Wzero = Wo at ¢ = 0, Wyero < wo at ¢ > 0, and wyero > wy at
qg <0.

The second idea is to employ the well-known Mie reso-
nances. The case of an infinite cylinder, referred to as the
Lorenz-Mie theory, corresponds to a two-dimensional (2D)
problem of scattering in the plane normal to the symmetry
axis z, and it involves cylindrical functions in the infinite
series of the analytical Mie solution [30]. As a result of the
interference of the nonresonant and resonant scattering, the
spectra of the squared Lorenz-Mie scattering coefficients |a, |
demonstrate asymmetric profiles with either sharp increase or
drop at the resonance frequencies of the cylinder eigenmodes.
The scattering coefficients |a,|> can be presented in the
form of infinite cascades of resonances each of which is
described by the conventional Fano formula (1) as was shown
numerically [15,30] and then analytically for the cases of
infinite cylinder [31] and sphere [32].

Employing these two basic ideas, one can demonstrate
that the resonant Mie scattering from an infinite dielectric
cylinder vanishes at frequencies of w,, and the cylinder

sin’[A(w)], (D
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FIG. 1. Schematic of the cylindrical dielectric resonator. TE-
polarized plane wave incidents to the cylindrical resonator. Aspect
r-to-L ratio is varied from r ~ L (disk-shaped resonator) to r < L
(rod-shaped resonator).

becomes invisible at any angle of observation. Importantly,
for a high-index dielectric cylinder a typical asymmetric Fano
profile has a local maximum and local minimum located
close to each other. Such a proximity allows us to realize
switchable invisibility of a macroscopic object transforming
from the visible to invisible regimes and back, without using
any coating layers. The idea was confirmed experimentally
at microwaves by employing high temperature-dependent
dielectric permittivity of heated water in a plastic tube [15]. In
contrast to this earlier study on the scattering and invisibility
of an infinite cylinder, here we study a finite-length cylindrical
dielectric resonator (Fig. 1) and demonstrate features of the
invisibility phenomena.

II. SCATTERING FROM DIELECTRIC RESONATORS

As the starting point we use the previous results for the
elastic scattering by a homogeneous infinite dielectric cylinder
of the radius r with dielectric permittivity &; embedded in a
transparent homogeneous medium with dielectric permittivity
of &, [15]. For the electromagnetic wave incident perpendicular
to the infinite cylinder axis z, the two transverse polarizations
appear decoupled. As a result, the modes can be classified as
either TE modes (E,, E,, H;) with the electric field confined
to the (x, y) plane and the magnetic field polarized along
the cylinder axis z or TM modes (H,, H,, E;) for which the
magnetic field is oriented perpendicular to the cylinder axis
z. Here we consider the TE polarization, at which the Mie
resonances excited in the infinite cylinder are denoted as TE,;
(n is integer and k is positive integer), where # is the multipole
order, and k is the resonance number. Figure 2(a) demonstrates
the total Mie scattering efficiency Q° = % Y lanl? (x =
rw/c = 2mr/A) for the infinite cylinder in the low-frequency
part of the spectrum at ¢, = 60 where the resonant modes
TEy;, TE i, TE,;, and TEq, are observed [30]. For a reference
scattering intensity we choose standard scattering efficiency
Q%EC for the infinite cylinder made from perfect conduct-
ing metal (PEC, ¢ — 00). A window of invisibility with
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Q" < QY is clearly seen near the TE;; Mie resonance at
x ~ 0.5 [Fig. 2(a)].

Next we continue with numerical calculations of the scat-
tering from a finite dielectric cylinder Q'/%, namely, a finite-
extent dielectric resonator with the radius » and length L. The
resonator with the dielectric permittivity &, is embedded in the
transparent and homogeneous surrounding medium with the
dielectric permittivity of e, = 1. The spectra were calculated
by using the CST Microwave Studio software. We calculated
the scattering efficiency Q'/" as the radar cross section of the
cylindrical resonator divided by the projected cross section
of the resonator S = 2rL. Figures 2(b)-2(f) show the total
Mie scattering efficiency from finite cylindrical resonator Q"
for different aspect ratios r/L together with the scattering
spectra of infinite perfect conducting metal cavities er,ga.
Using the standard nomenclature [33], the resonator modes
are identified to be TM,;x, and TE,;, where n is an integer
related to the rotational behavior of the mode, k > 1 identifies
resonance number for the modes with fixed symmetry n,
and p enumerates the mode relative to the cylinder axis
direction. For a rather long cylindrical resonator (L > r),
the low-frequency spectrum Q'/% demonstrates several strong
additional “resonator modes” in comparison with the spectrum
of the infinite cylinder Q° (Fig. 2). Resonator modes have an
obvious origin being related directly to the appearance of the
end faces of a finite cylinder.

New (Fabry-Perot or resonator) modes introduce additional
scattering that suppress partly or completely spectral windows
of the invisibility, specially for the lowest Fano window
corresponding to the TE;; Mie resonance. With increasing
of r/L, all resonances that have a genetic link with the
Mie modes of the infinite cylinder demonstrate only a slight
high-frequency shift. Alternatively, exactly what one might
expect, the resonator modes demonstrate a strong shift from
the low to higher frequencies with decreasing of the normalized
length L/r, as clearly illustrated by the behavior of the TM|;
resonator mode in Fig. 2. As a result, for a resonator with
parameters /L > 1 the lowest TE;;y window of invisibility
at x =~ 0.6 completely recovers [marked by red circles in
Figs. 2(a) and 2(f)].

III. EXPERIMENTAL APPROACH

To demonstrate experimentally the realization of the in-
visibility of the cylindrical resonator with high refractive
index without any coating layers, we use a plastic cylinder
filled with water that is characterized by dielectric permittivity
of ¢ ~ 80 at room temperature and & ~ 50 at 90°C in the
microwave frequency range [34]. The microwave scattering
spectra Q'Y of the cylindrical resonator depending on the
r/L parameter and water temperature were measured in an
anechoic chamber. A rectangular horn antenna (TRIM 0.75
to 18 GHz; DR) connected to a transmitting port of a vector
network analyzer Agilent E8362C is used to approximate a
plane-wave excitation. The cylindrical rod of water with radius
r =20 mm and variable height is placed into the far-field
region of the horn antenna at a distance of 2.5 m. The similar
horn antenna is employed as a receiver and placed 2.5 m
distance from the cylindrical rod. For the TE polarization, the
electromagnetic wave incident perpendicular to the resonator
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FIG. 2. Spectral dependencies of the total scattering efficiency of the infinite homogeneous dielectric cylinder Q° (a) and finite cylindrical
resonator Q'/L for different ratio /L (b)—(f), solid curves. Spectral dependencies of the infinite O3 (a) and finite Q;/ELC (b)—(f) perfect

conducting metal cavities, dashed curves. TE polarization, &; = 60, &, =

axis z and the magnetic field is oriented along the axis z. Using
the optical theorem [35] we calculate the scattering efficiency
from the imaginary part of the measured forward scattering
amplitude. The dielectric permittivity of the plastic tube is
much smaller than that for water in microwave frequency range
and the tube has no effect on the scattering efficiency.

We observe experimentally a strong suppression of scat-
tering at frequencies corresponding to the Fano dips in the
function Q"/L. Figure 3 shows an invisibility effect, namely
suppression of scattering lower than PEC level Q]r,éLC due to
the TE;o-Fano resonance at x ~ 0.5 for r/L =0 (r/L =
0.03 in experiment) [Fig. 3(a)], at x ~ 0.55 for r/L = 0.6
[Fig. 3(b)], and at x ~ 0.6 for r/L = 1 [Fig. 3(c)]. Therefore
the incident TE-polarized electromagnetic wave passes the
cylindrical resonator without scattering making it invisible
from any angle of observation. For r/L = 0.6, the TM,,
resonator mode at y & (.58 partly suppress spectral windows
of invisibility. Nevertheless, with future decreasing of r/L,

1. The size parameter x = rw/c = 2nr/A.

the TM; resonator mode shifts to higher frequencies and the
lowest TE o Fano window of invisibility completely recovers.
To demonstrate dramatic difference in the scattering be-
tween the maximum and minimum of the Fano Mie line
shape, we calculated numerically a structure of the magnetic
field around and inside the cylindrical resonator depending on
r/L. Figure 4 shows that for the TE;y Mie resonance in the
regime of Fano invisibility we observe practically complete
suppression of the scattering, see Figs. 4(b), 4(d), and 4(f). For
those normalized frequencies the resonant H, field near the
cylinder’s boundary inside the rod mimics the incident field
distribution, Figs. 4(h), 4(j), and 4(1). As a result, an incident
TE-polarized electromagnetic wave passes the cylindrical
resonator without scattering, that is, the resonator becomes
invisible from any angle of observation without additional
coating layers. At the same time inside the resonator one can
observe very strong Mie resonance which nevertheless do not
disturb the incidence wave because of the Fano condition.
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FIG. 3. Low-frequency region of the calculated scattering effi-
ciency Q'/" (black short-dashed curve), scattering efficiency of the
perfect metallic conductor PEC Q;{ELC (green long-dashed curve), and
the experimentally measured scattering efficiency of a cylindrical tube
filled with water (red curve): (a)r/L = 0 (r/L = 0.03 in experiment),
(b) r/L = 0.6, and (c) r/L = 1. TE polarization, ¢, = 60, &, = 1.

IV. INVISIBILITY MAP

The calculations show that by adjusting the frequency and
dielectric permittivity, a homogeneous high-index cylindrical
resonator can be made essentially invisible without any
additional cloaking layers.

To analyze the invisibility dynamics, we calculated the dif-
ference Q'/F — Q;{ELC as a function of the resonator dielectric
permittivity £;. We found that the scattering efficiencies of
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FIG. 5. Invisibility map for a homogeneous dielectric resonator
in the low-frequency spectral region. Shaded areas define the regions
of strong scattering. Open domains map the region of suppressed
scattering Q"/" in comparison with the PEC scattering Qppe.. TE
polarization, &; = 60, &, = 1.

dielectric cylindrical resonator and PEC coincide when ¢ is
about 10. At &; > 10 the invisibility dynamics appears for the
TE 10 Mie resonance. The invisibility map demonstrated in
Fig. 5 shows the regions of invisibility [Q"/% < Q] with
respect to the controllable parameters x and r/L for ; = 60.
The regions of the invisibility are shaded in white. From Fig. 5
it is clearly seen that the invisibility in low-frequency spectral
regions follow strong Fano resonance for TE; o Mie mode.

As can be seen from Figs. 2 and 5, for a rather long
cylindrical resonator (L > r), the resonator mode TM;;
introduces additional scattering within TE;;9 window of
invisibility. The effect regains with increasing r/L when the
resonator modes demonstrate a strong shift from the low to
higher frequencies. For structural parameters r/L > 1 the
lowest window of invisibility completely recovers.

All resonant modes manifest themselves as asymmetric
shapes with no sharp difference between them, e.g., as for
the case of TE(y;p and TE;;yo modes. However, we do not
describe invisibility with the lower-frequency TEg;o mode.
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FIG. 4. Numerical results. Magnetic field map for the H, component around cylinders (a)—(f) and inside cylinders (g)—(1). Shown are
strong Mie scattering (a) and (g) forr/L =0, x = 0.48, (c) and (i) for r/L = 0.6, x = 0.52, (e) and (k) forr/L = 1, x = 0.57, and the Fano
invisibility regime (b) and (h) for r/L = 0, x = 0.50, (d) and (j) for r/L = 0.6, x = 0.54, (f) and (1) for r/L = 1, x = 0.59. TE polarization,

g =60,6 =1.
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The reason is that the Fano parameter g has positive values for
the TE( ;9 mode at low frequencies [30], whereas g < 0 is only
for higher-order modes. As a result, the TE(o resonant mode
generates the scattering cancellation in the lower frequency
range x < 0.33 [see Fig. 2(f)] and invisibility due to the
TEp1o mode is much weaker respective to the TE;;o-mode
invisibility. Another issue is why the “dark” TE,;o mode does
not demonstrate the scattering cancellation. The modes with
different n (the first index of TE,;,) do not interfere, hence the
TE,19 mode cannot cancel the intensive background scattering
related to the TE ;o mode and other modes with n # 2.

V. DEMONSTRATION OF SWITCHABLE INVISIBILITY

Figure 2 shows that for the high-index dielectric resonator
an asymmetric Fano profile has a maximum and a minimum
located close to each other. This proximity can be used
for the demonstration of the switching between visibility
and invisibility. To prove the concept of Fano invisibility
experimentally, we take advantage of the strong temperature
dependence of the water permittivity &; in the microwave
frequency range [34]. It changes from ¢; =80 at 20°C
to &1 =50 at 90°C. Such unique dependence of &; leads
to a considerable temperature shift of the maxima (strong
scattering) and minima (possible invisible regime) of the
Fano-Mie resonance modes, as seen in Fig. 6 for TE(;o and
TE| 0 bands. When a high-frequency wing of TE, ;¢ Fano line
shape moves through a fixed frequency we observe a strong
change of the scattering intensity from high to very small
values. Therefore, the Fano resonance makes it possible to
switch the scattering of a cylindrical resonator filed with water
from the visible regime of strong Mie scattering (¢; = 64,
water at 7 = 80 °C) to the invisibility regime (¢; = 72, water
at T = 35°C) at the same frequency of 1.22 GHz.

VI. CONCLUDING REMARKS

We have demonstrated that different Mie resonances of a
homogeneous dielectric resonator with high refractive index
are responsible for sharp Fano resonances in the TE-polarized
scattered spectra. The unique property of the characteristic
Fano line shape is that the transmission intensity vanishes at
a special frequency. This means that the scattering completely
vanishes at this frequency, and an object becomes invisible at
any angle of observation. The effect of the Fano invisibility
has been suggested earlier for an infinite dielectric cylinder in
alow-frequency spectral region [15]. Here we have studied the
scattering from a finite-length dielectric resonator and revealed
that the spectra of a rather long resonator (L > r) contain
additional TM,;, and TE,;;, (p # 0) modes that superimpose
in the low-frequency region and introduce additional scattering
suppressing or completely removing the spectral windows
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FIG. 6. Experimental results. (a) Measured temperature depen-
dence of the total scattering efficiency Q'/* of a finite-length
(r/L = 0.6) cylindrical resonator filled with water (TE polarization,
&, = 1). Curves are shifted vertically by the values marked on the
plot. Insets (a) and (b) show the calculated magnetic fields at the
frequency 1.22 GHz in the regimes of the Fano invisibility and strong
Mie scattering, respectively.

of the invisibility. However, when the ratio r/L becomes
larger, the resonator modes shift to higher frequencies and
the invisibility window completely recover at /L > 1. As a
result, a finite-length dielectric resonator becomes invisible
from any angle of observation at certain frequencies for
the TE-polarized waves. We have verified these theoretical
predictions in microwave experiments.
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