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Selective superinvisibility effect via compound anapole
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We introduce a general concept and consider a characteristic approach to obtain the narrow-band suppres-
sion of total electromagnetic scattering independent of the irradiation conditions for the compound dielectric
structures supporting unique anapole states. To emphasize this independence from the irradiation conditions,
we call the selective superinvisibility effect. We show that the realization of this concept allows us to reach
simultaneously several goals significantly suppress the scattering (at a certain wavelength); provide the scattering
suppression for any polarization and direction of incidence waves; accumulate electromagnetic energy in the
near-field zone and inside of the scatterer. The combination of these physical properties in a compound structure
makes it possible to consider them as building blocks for two-dimensional or three-dimensional metamaterials
with the selective transparent property practically independent of the irradiation conditions. Our study includes
theoretical modeling based on a multipole approach and a corresponding experimental verification.
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I. INTRODUCTION

The interaction between electromagnetic waves and sub-
wavelength objects forms a background for the study of
nanophotonic effects such as cloaking, superdirectivity, sub-
wavelength imaging, single-molecule fluorescence, and su-
perscattering. Invisibility is one of the fascinating effects of
modern electrodynamics and the first interpretation of invis-
ibility was presented in 1902 by Wood [1]: “A transparent
body, no matter what its shape, disappears when immersed in
a medium with the same refractive index and dispersion.” In
1910, Ehrenfest demonstrated that Maxwell’s equations allow
for the existence of accelerating charge distributions that emit
no radiation [2]. The next step was the invisibility of large
objects in comparison with the wavelength associated with
transformation optics, which excludes scattering fields from
anisotropic material layers, which become responsible for
bending waves around the hidden object [3,4]. As a result, the
wavefront before and after the object would be unperturbed.

The invisibility problem is similar to cloaking approaches
developed on the basis of a metamaterial concept [5,6]. For
instance, the transformation-based cloaking approach needs
a metamaterial with strong inhomogeneous and anisotropic
distributions of the permeability and permittivity that can re-
strict a practical implementation [7,8]. Plasmonic and mantle
cloaking approaches to invisibility based on the scattering
cancellation principle are also not well suited for large ob-
jects because of the increasing number of excited modes [9].
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However, the direct invisibility effect is different from cloak-
ing. In this case, invisibility is achieved not due to a special
camouflage coating, but due to direct invisibility, provided by
the object’s own properties. In contrast to the cloaking effect,
in this paper, we present the concept of direct invisibility
based on the compound anapole effect, which has a number
of important advantages.

The invisibility of subwavelength particles has been solved
differently. For a long time, it was assumed that, due to
Rayleigh scattering, even small particles in comparison to
wavelength should be visible. However, a step further in the
invisibility theory has been taken with the anapole concept
[10–12] using the principle of destructive interference be-
tween multipole radiation of electric type: electric and toroidal
moments [13–16]; and between multipole radiation of mag-
netic type: the magnetic moment and its mean square radii
(magnetic toroidal moment) [17–22]. Electric and magnetic
anapoles provide partial cancellation of electric or magnetic
radiation or both of them in the case of a hybrid anapole up
to higher multipoles [23,24]. Moreover, for particular scatter-
ing harmonics radiating losses can be sufficiently reduced in
single scatterers with a specially built inhomogeneous internal
structure. It was demonstrated that, under special ideal condi-
tions, it is possible to excite photonic embedded eigenvalues
in a subwavelength open scattering system, like multilay-
ered spherical particles, which suppress radiating losses for
particular spherical harmonics due to interference between
plasmons in layers of multilayered sphere [25]. For cylindrical
particles, scattering cancellation for partial cylindrical har-
monics has been demonstrated for multilayer coating whose
relative permittivity surpasses unity [26].

We should note that all invisibility effects in
electrodynamics—cloaking, transformation optics and
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anapoles—have limitations following from Devaney-Wolf
theorems [12,27–30]. Accordingly, the weak and strong
solutions obey the condition of the equivalent currents
harmonics (mimicking source currents) suppression in the
far-field zone. This condition behaves only for certain
harmonics that can be considered invisible. Therefore, it is
impossible to suppress all radiating harmonics. In the context
of multipole analysis, all invisibility approaches allow us
to suppress certain main multipoles, while the higher-order
nonresonant multipoles will always be in the system, albeit
with a weak contribution to the scattering. The presence of
these contributions in the radiation spectrum of the source
is the main reason why total (ideal) invisibility cannot be
achieved.

Traditionally, the results of light scattering by particles are
characterized by scattering and absorption cross sections. In
the case of dielectric particles, absorption can be very weak,
with the scattering cross section (SCS) σS being the most
important characteristic. In the multipole representation, it can
be written as [31–33]

σS =
∑
l=1

σl (j), (1)

where σl (j) � 0 is the partial SCS corresponding to scatterer’s
multipole moment with number l and determined by the cur-
rent density j induced in the scatterer by incident light waves.
The full invisibility of a lossless scatterer is associated with
the condition σS → 0. This can be formally satisfied in two
ways: (i) j = 0 leading to σl = 0 for all multipoles; (ii) σl = 0
under j �= 0 for all multipoles. The first case corresponds to a
trivial situation—the absence of a scatterer. The latter could
correspond to a scatterer’s presence; however, it is practi-
cally unattainable because this requires exact suppression of
all multipoles that contradicts the Devaney-Wolf theorems
concerning invisibility [27]. For scatterers that are small or
comparable to the wavelength, the invisibility conditions can
be significantly weakened. In this case, the role of high-order
multipoles is negligible, and for invisibility to be realized,
only a finite number of the first multipole moments must be
suppressed. Note that the scattering strength is determined
not only by the dimensions of the scatterer, but also by its
dielectric properties. For example, depending on the dielectric
permittivity, the ratio of the SCS to the geometric cross-
section of the high-index scatterer can reach huge values at
resonant frequencies, retaining only the contributions of the
lowest-order multipoles.

In this paper, we introduce the concept of a “compound
anapole” obtained under the scattering of electromagnetic
waves on a compound scatterer and leading to the effect of
superinvisibility. Its application makes it possible to simul-
taneously achieve significant scattering suppression for any
polarization and direction of incident waves and to accumulate
electromagnetic energy in the near zone and inside the scat-
terer. The combination of these physical properties in a single
structure of finite size makes it possible to use it as building
blocks for a large-scale object with the property of selective
invisibility and simultaneous concentration of energy in its
volume. Moreover, the compound feature (construction of
scatterer from separate parts) could provide important degrees

of freedom for tuning of the invisibility effect for more large,
single structures by adding new compound parts.

II. COMPOUND ANAPOLE CONCEPT

Let’s assume that a compound scatterer consists of two
centrosymmetric particles so that their geometrical centers
coincide with the centers of the multipole expansion. In this
case, the SCS of the l-multipole is presented as

σl ∼ ∣∣Pl
1 + Pl

2

∣∣2 = ∣∣Pl
1

∣∣2 + ∣∣Pl
2

∣∣2 + 2Re
(
Pl∗

1 · Pl
2

)
, (2)

where Pl
1 is the multipole moment excited in the first parti-

cle and Pl
2 is the multipole moment of the second particle.

According to Eq. (2), the compound scatterer can be com-
pletely invisible if the interference terms Re(Pl∗

1 · Pl
2 ) for each

l-multipole are negative and totally compensate the contribu-
tions from the separate multipole moments. For all multipoles
of the scatterer, we can combine the quadratic terms and the
interference terms in Eq. (2) and formulate total SCS for the
compound scatterer as

σS ∼
∑
l=1

(∣∣Pl
1

∣∣2 + ∣∣Pl
2

∣∣2) + 2
∑
l=1

Re
(
Pl∗

1 · Pl
2

)
. (3)

There are no mathematical constraints, and σS can be exactly
zero if the positive first term in Eq. (3) is compensated by
the negative second interference term. In principle, a similar
equation can be derived for any number of particles of a
compound scatterer.

Thus, our idea for realization of the invisible effect is based
on the possibility of representing specific multipole moment
P̂ of a compound scatterer composed of several separate parts
(particles) as the sum of multipole moments of the same order
of these parts: P̂ = P̂1 + · · · + P̂N , where N is the number
of the parts. Since all parts of the compound scatterer are
separated from each other but have the same geometrical
center, it is possible to control their multipole moments via
their geometrical and material parameters. As a result, it can
happen due to the interference terms in Eq. (2) that, for certain
parameters, its partial SCS σl (P̂) = 0 under the condition
P̂i �= 0, i = 1, . . . , N . It means that this multipole moment P̂
does not contribute to the SCS since its partial SCS σl ∼ ||P̂||2
is equal to zero (here ||P̂||2 denotes the sum of the modulus in
square of all components of the multipole moment P̂). Such
vanishing can be associated with realization of the l-multipole
anapole state for which σl = 0 and j �= 0 [10,11,13]. If it is
possible to achieve this state for all the main multipole mo-
ments that determine the scattering, then the invisible effect
σS → 0 can be realized.

In contrast to the anapole state of a single scatterer, where
the anapole is realized due to destructive interference be-
tween the corresponding quasistatic multipole and its toroidal
counterpart [16,19], here the anapole state of the compound
scatterer is obtained due to destructive interference between
multipoles of the same order belonging to different particles.
That is why we call this concept the “compound anapole,”
in contrast with the electric, magnetic, and hybrid anapole of
single scatterers [12,18]. It is important to note that the multi-
pole moments of different parts of the compound scatterer and
its total multipole moments must be determined with respect
to the same point (usually the center of mass or the center
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FIG. 1. Numerically calculated SCS of the StS and separately
for disk and ring irradiated by plane waves propagating along the
z-axis with linear electric-polarization directed along the x-axis. Inset
shows the StS with the following dimensions: h = 8 mm; Dout =
80 mm; Din = 50 mm; Dd = 30 mm.

of symmetry of the entire system) [34,35]. In this case, it
can be guaranteed that each multipole moment of the entire
system will contain only multipoles of the same order as its
constituent parts.

III. THEORETICAL APPROACH

To prove the manifestation of the compound anapole, we
theoretically and experimentally study a simple compound
scatterer consisting of a dielectric disk coaxially aligned with
a dielectric ring [see inset in Fig. 1(a)] characterized by the
permittivity ε = 78.0. Adopting a certain configuration anal-
ogy of the proposed scatterer with Saturn planet and its rings,
we will later call it as the “Saturn”-shaped structure (StS). The
challenge of engineering the compound anapole is to create
a subwavelength scatterer that would support dynamically
induced and spatially confined near-field coupling between
Mie-type modes excited individually in a disk and ring, pro-
viding suppressed scattering at a fixed wavelength and for
all incident wave angles and polarizations. To emphasize this
independence from the irradiation conditions, we called it
selective superinvisibility.

A. Suppression of scattering

The SCSs and electromagnetic field distributions related
to the simulated compound anapole effect are obtained using
CST Microwave Studio software with the time domain model-
ing approach with properly applied open boundary conditions.
For multipole analysis (MA), we use the Cartesian multi-
pole expansion in the long wavelength approximation [16,36].
Cartesian multipole expansion allows us to unambiguously
separate the electric and toroidal dipole contributions, which
cannot be recognized in the frame of spherical multipole
representation [36,37]. A secondary multipole expansion ap-
proach [34] is also used to take explicitly into account the
contributions of various parts of the scatterer. It allows us to
elucidate the physical reasons for the compound anapole. The

FIG. 2. Numerically simulated near-fields distributions at a fre-
quency of 1.85 GHz for normal incident (a) Ey component of electric
field and (b) magnetic field Hz for lateral incident (E vector is in
StS plane). The field distributions (normalized on the corresponding
amplitude of the incident wave) are plotted in the central cross
section of the StS.

theoretical basis of the multipole approaches is presented in
details in Appendixes A and B.

The intensity of the interaction of the StS and its compound
parts (disk and ring) with incident electromagnetic radiation
is characterized by the SCSs presented in Fig. 1. One can
observe a strong dip in the SCS of the StS at the frequency
of 1.85 GHz, which cannot be obtained by simple summing
of the SCSs of the single ring and disk in Fig. 1. There-
fore, it can be concluded that the strong SCS suppression
(more than a hundred times) is realized in the StS due to
the electromagnetic coupling between its constituent parts.
Figures 2(a) and 2(b) demonstrate that this state is accompa-
nied by strong electric and magnetic fields inside the StS. At
the same time, opposite magnetic vortices in the disk and in
the ring [Fig. 2(b)] indicate destructive interference between
the fields generated separately by them and upon realization of
the anapole state, which is identified by a significant suppres-
sion of scattering and a high concentration of the near field.
It is important that the anapole’s field configuration is also
realized for the lateral irradiation [see Figs. 3(a) and 3(b)]. The
similarity of the near fields for normal and lateral incidents
suggests that the compound anapole state is independent on
the incident conditions of the impinging wave. Below this
effect of the superinvisibility will be explicitly demonstrated.

FIG. 3. Simulated near-fields distributions at a frequency of
1.85 GHz for lateral incident (E vector is in StS plane) (a) Ey compo-
nent of electric field and (b) magnetic field Hz. The field distributions
are plotted in the central cross section of the StS. The black solid ring
lines represent the borders of the disk and ring.
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FIG. 4. Calculated SCS “Total” and multipoles contributions
(·)Saturn for the StS irradiated by plane waves. Irradiation conditions
correspond to Fig. 1.

B. Direct multipole analysis

For the clarification of the compound anapole effect, we
apply the MA of the numerically calculated SCSs. In brief,
direct calculation of the Cartesian multipole moments can be
obtained via integrating the induced density of displacement
currents j over the whole volume of the scatterer. The cur-
rent density is associated with total electric field E in the
scatterer’s volume as j = −iωε0(εp − εd )E, where ω is the
angular frequency, ε0, εp, and εd are the vacuum dielectric
constant, the relative dielectric permittivity of the scatterer,
and surrounding medium, respectively. Here we consider the
monochromatic time dependence in the view exp(−iωt ). The
total electric field E at certain frequencies is calculated nu-
merically using the CST Microwave Studio.

The result of the multipole decomposition of the StS total
SCS is presented in Fig. 4(a). Under consideration, we cal-
culate the contributions of the electric dipole (ED), magnetic
dipole (MD), toroidal dipole (TD), electric quadrupole (EQ),
magnetic quadrupole (MQ) moments to the total SCS, as
well as the term corresponding to the interference between
electric and toroidal dipole moments (TED) and derive them
as follows:

σ Total � σ TED + σ MD + σ EQ + σ MQ, (4)

σ TED = σ ED + σ TD + σ inter, (5)

where σ inter is the term accounting for the interference be-
tween the ED and TD. At the anapole state of a noncompound
single scatterer σ TED → 0 due to this interference term.

The origin of the strong pronounced dip at 1.85 GHz
cannot be explained directly by an anapole state generated
by destructive interference between ED and TD radiations
of the StS, as the scattering minimum corresponds to the
minima of all leading multipole contributions, including the
TD, as shown in Fig. 4. Thus, we can conclude that the direct
multipole expansion does not provide an explanation for the
nonradiating state of the compound scatterer.

FIG. 5. Calculated total SCS of the StS and the multipole SCSs
separatly calculated for the ring (·)ring in the presence of the disk and
for the disk (·)disk in the presence of the ring. Irradiation conditions
correspond to Fig. 1.

C. Secondary multipole analysis

The understating of the effect may be obtained by using
secondary multipole analysis [34,38]. Here, one can present
every multipole moment of the StS as a sum of the same
order multipole moments of its compound parts (the ring and
disk) calculated with respect to the same center of mass (see
Appendix B). For example, for the ED moment p0 of the StS
one can write down the expression [16]

p0 = i

ω

∫
V

j(r)dr = i

ω

∫
VR

j(r)dr + i

ω

∫
VD

j(r)dr, (6)

where V = VR + VD, VR and VD are the total volume, the
volume of the ring, and the volume of the disk, respectively.
The first and second integrals from the right part of Eq. (6)
are the ED moments of the ring pR and disk pD, so that
p0 = pR + pD. Using this dividing of the total volume, all
multipole moments of the StS can be presented by superpo-
sition of the corresponding multipole moments of the ring and
disk: for MQ M̂0 = M̂R + M̂D; for TD T = TR + TD; for MD
m0 = mR + mD; for EQ Q̂0 = Q̂R + Q̂D; and so on.

In the secondary multipole approach one can consider sep-
arately the multipole moments excited by incident waves in
the disk in the presence of the ring and in the ring in the
presence of the disk. Furthemore, we can formally calculate
separately the SCSs and corresponding multipole contribu-
tions for the ring in the disk presence σR and for the disk in the
ring presence σD. The results of such an approach are shown
in Fig. 5. Comparing the multipole decompositions in Figs. 4
and 5, one can observe that

σ TED �= σ TED
R + σ TED

D ; σ MQ �= σ
MQ
R + σ

MQ
D . (7)

This, in turn, appears because we ignored the corresponding
interference terms for every multipole moment [see Eq. (2)],
which should provide equality in Eq. (7). Therefore, as it
is followed from the secondary multipole representation in
Fig. 5, the pronounced dip in Fig. 4 is explained by the inter-
ference between corresponding multipole moments of the disk
and ring. Their mutual interference suppresses the separate
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FIG. 6. Dependence of SCS spectra on the incident wave angle
and polarization for the StS. (a) TE polarization. (b) TM polarization.
Angles are measured in degrees: Angle = 0 corresponds to the frontal
(normal) incidence (see the inset in Fig. 1); Angle = 90 corresponds
to the lateral incidence.

disk’s and ring’s multipole contributions to the total SCS. The
compound anapole response at the frequency of 1.85 GHz (see
Fig. 4) is realized due to destructive interference between the
waves generated by the basic multipole moments of the disk
and the ring. Note that the amplitude and phase of these mul-
tipole moments are the result of the electromagnetic coupling
between the disk and the ring. This means that the compound
anapole effect could be tuned to a different frequency using
the size-scaling procedure.

D. Independence on irradiation conditions

To observe the evaluation of the compound anapole state
on the irradiation conditions, we calculate the SCS of the
StS for different incident angles and for different polariza-
tions of the incident wave (Fig. 6). When the vector E is
perpendicular to the plane of incidence (TE polarization), the
dip in the scattering spectrum remains in a narrow frequency
range around a frequency of 1.85 GHz for all angles from 0◦
up to 90◦ [Fig. 6(a)]. Indeed, the distribution of electric and
magnetic fields at 90◦ angle of incidence [lateral incidence
in Figs. 3(a) and 3(b)] and the TE polarization is similar
to the distribution of fields at normal incidence [Figs. 2(a)
and 2(b)], while the contribution of multipoles differs only
in the increased magnetic dipole moment (see Appendix C).
In the case of TM polarization, vector H is perpendicular to

the incident plane and the scattering around a frequency of
1.85 GHz also has a minimum independently on the incident
angle [Fig. 6(b)]. Obviously, in this case, the SCS of the StS
is very small and practically transparent to the incident wave.
Figure 6(b) also demonstrates that the resonance minimum
in the scattering spectrum stands out in this case for angles
ranging from 0◦ to 60◦ and becomes broadband and low at
larger angles. Thus the response of the StS to different angles
and polarization of impinging waves looks like an unchanged
dip around f = 1.85 GHz and we observe the invisible effect
for the all irradiating conditions.

IV. EXPERIMENTAL DEMONSTRATION

To prove our concept and observe the realization of the
compound anapole state, we perform microwave experiments.
The StS prototype with the geometrical parameters mentioned
above was fabricated using distilled water with a permittivity
of ε = 78.05 + 6.89i measured at the frequency of 1.8 GHz
[39] (more details are in Appendix D). During the experimen-
tal study, we measured forward scattering and postprocessed
the results to achieve the SCS using the optical theorem [40]
(see Appendix D for more details). The SCS measured for
normal and lateral plane-wave propagations are compared to
the simulated results in Fig. 7(a). We note that the minima of
the SCS around a frequency of 1.85 GHz is not as pronounced
as in the theoretical curve in Fig. 1 due to the presence of
losses. Nevertheless, a qualitative agreement is achieved. For
the normal plane-wave incidence at a frequency of 1.85 GHz,
we observe the minimum value of the measured SCS as was
predicted by numerical simulations. It is expected that, at this
frequency, the compound anapole state is excited. To prove
it, we scanned the near electric and magnetic field distribu-
tions above the StS prototype surface [see Fig. 7(b)]. The
measured near-field distributions coincide well with the near
fields obtained during the numerical simulation [see Fig. 7(c)].
Comparison with the simulated near-fields distribution for
the case of pure compound anapole state without Ohmic
losses [Figs. 8(a) and 8(b)] also provides good qualitative
agreement.

Moreover, the anapole state must be confirmed by the un-
perturbed fields in the far-field zone. To do this, we measured
and calculated the field distributions at the anapole frequency
of 1.85 GHz and beyond for normal incidence and 45◦, as
well as for two polarizations TE and TM of the impinging
wave (Figs. 14–16 in Appendix D). Obviously, the particle
practically does not perturb the incident wave front on it at
a frequency of 1.85 GHz, although such a perturbation is
significant at neighboring frequencies. With the results of the
experimental study, we confirm the existence of the compound
anapole state in the StS.

V. CONCLUSION

As a conclusion, we summarize and highlight the main
features of the compound anapole as well as propose its per-
spectives for application. First due to the independence of the
compound anapole from the polarization and the angle of the
incident wave, we expect that a periodic or random large-
scale objects (for example, metasurfaces) composed of the
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FIG. 7. (a) Measured and simulated SCS of the StS prototype for
normal incident, lateral incident TM polarization, and lateral incident
TE polarization of the plane wave. (b) Measured normal component
of electric and magnetic fields 4-mm above the StS prototype for
normal incidence of plane wave at a frequency of 1.85 GHz marked
by a black dot in panel (a). (c) Simulated distribution of the electric
and magnetic fields 4-mm above the StS.The dashed circles in panels
(b) and (c) show the border of the StS. The simulated and measured
field magnitudes are normalized to a maximum.

StSs will be transparent for all directions as a single particle
with simultaneous accumulation of electromagnetic energy in
the every StS (see Fig. 17 of Appendix E). Second, curvilinear
nonreflective metasurfaces could be organized from arbitrar-
ily located compaund anapoles. Third, the misconfiguration
of the parts of the compound anapole leads to the reradi-
ation of multipoles, which could be promising for sensing
and the enhancement of near fields. As shown in Fig. 18 of
Appendix F, the proposed conceptual approach of the invisi-
bility can also be applied for obtaining of a larger compound
structure supporting the anapole response. It can be related
with optimization procedures with respect to size and material
parameters. Here it is important to compare our approach with
other multilayer structures. For particular scattering harmon-
ics, the radiating losses can be sufficiently reduced in single

FIG. 8. Simulated distribution of the (a) electric and (b) magnetic
fields 4-mm above the StS for the lossless case. The dashed circles
in panels show the border of the StS. The field magnitudes are
normalized to a maximum.

scatterers with a specially built inhomogeneous internal struc-
tures, like multilayered spherical [25] or cylindrical particles
[26]. However, our approach has an important difference and
advantage since it considers compound systems consisting of
separate parts (particles) characterized by separate multipoles
that interact with each other and practically nullify the stray
field from the particle. Our results point to a direct path to the
practical application of the compound anapole effect.
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APPENDIX A: MAIN EQUATIONS OF THE
MULTIPOLE ANALYSIS

In the multipole decomposition presentation, the scattering
cross section (SCS) can be written as [38]

σsca � k4
0

6πε2
0|E|2 |p|2 + k6

0εs

720πε2
0|E|2

∑
αβ

|Qαβ |2

+ k4
0εsμ0

6πε0|E|2 |m|2 + k6
0ε

2
s μ0

80πε0|E|2
∑
αβ

|Mαβ |2, (A1)

where k0 is the wave number in a vacuum, ε0 is the vacuum
dielectric constant, εs is the relative dielectric constant of the
surrounding medium, μ0 is the vacuum permeability, E is
the electric field amplitude of the incident plane wave, p and
m are the vectors of the exact electric and magnetic dipole
moments, respectively, and Q̂ and M̂ are the 3 × 3 tensors
of the exact electric and magnetic quadrupole moments (the
integral expressions determining the exact multipole moments
are not presented here and can be found in Ref. [34]).

If the principal geometrical parameter of the scatterer is
sufficiently smaller than the incident wavelength λ, such that
k0

√
εsD � 1, where D is the characteristic dimension of the
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TABLE I. LWA multipole moments determining the scattering cross-sections is expressed by Eq. (A2). The multipole moments are
calculated with respect to the origin of the Cartesian coordinate system where V is the total volume of the particles in the system and ω is the
angular frequency of the incident wave [the time dependence exp (−iωt ) is assumed]. For the system composed of two parts, V = V1 + V2.

ED: p0 = i
ω

∫
V j dr TD: T = 1

10

∫
V [(r · j)r − 2r2j]dr

TDR: T(R) = 1
280

∫
V [3r4j − 2r2(r · j)r]dr

MD: m0 = 1
2

∫
V [r × j]dr MDR: Tm = iω

20

∫
V r2[r × j]dr

MQ: M̂0 = 1
3

∫
V ([r × j] ⊗ r + r ⊗ [r × j])dr MQR: T̂ M = iω

42

∫
V r2([r × j] ⊗ r + r ⊗ [r × j])dr

EQ: Q̂0 = 3i
ω

∫
V (j ⊗ r + r ⊗ j − 2

3 (r · j)Û )dr EQR: T̂ Q = 3
42

∫
V [4(r · j)r ⊗ r + 2(r · j)r2Û − 5r2(j ⊗ r + r ⊗ j)]dr

scatterer, the expressions for the exact multipoles can be
expanded in this parameter resulting in the long-wavelength
approximation (LWA) multipole representations [36]. With
the inclusion of the first few terms of these expansions in the
multipole definitions, the SCS in Eq. (B1) is transformed to
another presentation [16]

σsca � k4
0

6πε2
0|E|2

∣∣∣∣p0 + ik0

c
εsT + ik3

0

c
ε2

s T(R)

∣∣∣∣
2

+ k4
0εsμ0

6πε0|E|2
∣∣∣∣m0 + ik0

c
εsTm

∣∣∣∣
2

+ k6
0εs

720πε2
0|E|2

∑
αβ

∣∣∣∣Q0
αβ + ik0

c
εsT

Q
αβ

∣∣∣∣
2

+ k6
0ε

2
s μ0

80πε0|E|2
∑
αβ

∣∣∣∣M0
αβ + ik0

c
εsT

M
αβ

∣∣∣∣
2

, (A2)

where c is the velocity of light in a vacuum; p0, T, m0, Q̂0, and
M̂0 are the electric dipole (ED), toroidal dipole (TD), mag-
netic dipole (MD), electric quadrupole (EQ), and magnetic
quadrupole (MQ) moments, respectively, given in the LWA;
T(R), Tm, T̂ Q, and T̂ M are the mean-square radii of the toroidal
moment (TDR), magnetic dipole (MDR), electric quadrupole
(EQR), and magnetic quadrupole (MQR), respectively. Ex-
plicit definitions of these multipoles entering in Eq. (A2)
are collected in Table I. Using Eq. (A2) one can analyze
the individual contributions of various multipole terms to the
SCS, and as a result, reveal their role in the scattering process.
Note that, in this paper, we use the definitions of the electric
quadrupole tensors Q̂0 and T̂ Q (see Table I) which differ from
their definitions given in Ref. [16] by a factor of 3. However,
this difference is not reflected in their contributions to the SCS
expressed by Eq. (A2).

APPENDIX B: SECONDARY MULTIPOLE ANALYSIS

In our consideration, the SCS is used in the following
approximation:

σsca � k4
0

6πε2
0|E|2 |d0|2 + k6

0εs

720πε2
0|E|2

∑
αβ

|Q0
αβ |2

+ k4
0εsμ0

6πε0|E|2 |m0|2 + k6
0ε

2
s μ0

80πε0|E|2
∑
αβ

∣∣M0
αβ

∣∣2
, (B1)

where d0 = p0 + ik0
c εsT is the so-called total electric dipole

(TED). Considering the total volume V of the Saturn scatterer
as a sum of the volumes of its parts (VD for the disk and VR

for the ring) and using the multipole definitions from Table 1,
every multipole moments of the entire scatterer in Eq. (B1)
can be presented as a sum of the multipole moments of its
parts

ED : p0 = i

ω

∫
VD

j dr + i

ω

∫
VR

j dr = pD + pR,

TD : T = 1

10

∫
VD

[(r · j)r − 2r2j]dr

+ 1

10

∫
VR

[(r · j)r − 2r2j]dr = TD + TR,

TED : d0 = dD + dR,

MD : m0 = 1

2

∫
V

[r × j]dr

= 1

2

∫
VD

[r × j]dr + 1

2

∫
VR

[r × j]dr

= mD + mR,

MQ : M̂0 = 1

3

∫
VD

([r × j] ⊗ r + r ⊗ [r × j])dr

+ 1

3

∫
VR

([r × j] ⊗ r + r ⊗ [r × j])dr

= M̂D + M̂R,

EQ : Q̂0 = 3i

ω

∫
VD

(j ⊗ r + r ⊗ j − 2

3
(r · j)Û )dr

+ 3i

ω

∫
VR

(j ⊗ r + r ⊗ j − 2

3
(r · j)Û )dr

= Q̂D + Q̂R,

where the corresponding multipole moment of the disk and the
ring is denoted by the subscript or superscript “D” and “R,”
respectively. The representation of the multipole moments of
total structure via the multipole moments of its compound
parts and the study of their role in the process of scattering of
electromagnetic waves is called secondary multipole analysis.
In this case, every multipole term of the scattering cross-
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FIG. 9. Scattering cross-section by multipoles excited by plane
wave in the Saturn structure irradiated by plane wave in lateral
direction. (a) Vector E of the incident plane wave is in the Saturn
plane. (b) Vector H of the incident plane wave is in Saturn structure
plane.

section (B1) is written as a superposition of corresponding
partial multipole moments including their interference term

σ TED
sca = k4

0

6πε2
0|E|2 |d0|2 = k4

0

6πε2
0|E|2 |dD + dR|2

= k4
0

6πε2
0|E|2 {|dD|2 + |dR|2 + 2Re(dD · d∗

R)},

σ MD
sca = k4

0εsμ0

6πε0|E|2 |m0|2

= k4
0εsμ0

6πε0|E|2 |mD + mR|2

= k4
0εsμ0

6πε0|E|2 {|mD|2 + |mR|2 + 2Re(mD · m∗
R)},

FIG. 10. Scattering cross-section by multipoles excited by plane
wave in the single disk irradiated by plane-wave propagating along
the z-axis with linear electric-polarization directed along the x-axis.

σ EQ
sca = k6

0εs

720πε2
0|E|2

∑
αβ

∣∣Q0
αβ

∣∣2

= k6
0εs

720πε2
0|E|2

∑
αβ

∣∣QD
αβ + QR

αβ

∣∣2

∼
∑
αβ

{∣∣QD
αβ

∣∣2 + ∣∣QR
αβ

∣∣2 + 2Re
(
QD

αβ · Q∗R
αβ

)}
,

σ MQ
sca = k6

0ε
2
s μ0

80πε0|E|2
∑
αβ

∣∣M0
αβ

∣∣2

= k6
0ε

2
s μ0

80πε0|E|2
∑
αβ

∣∣MD
αβ + MR

αβ

∣∣2

∼
∑
αβ

{∣∣MD
αβ

∣∣2 + ∣∣MR
αβ

∣∣2 + 2Re
(
MD

αβ · M∗R
αβ

)}
.

APPENDIX C: SCATTERING OF THE SATURN
STRUCTURE IN THE LATERAL DIRECTION

Here we present the results of multipole decomposition
excited in StS by plane wave for lateral excitation at a 90◦
angle [Fig. 9(a)]. For the case when the vector E is in the
StS plane, a pronounced dip is observed for all multipoles.
However, the magnetic dipole (MD) is higher than for the
normal incident. For the case when the vector H is in the StS
plane, the nonresonant excitation is observed with a reduced
scattering of 200 mm2 [Fig. 9(b)].

Moreover, we demonstrate scattering by multipoles of a
single all-dielectric disk. Note that its scattering minima is
almost defined by the electric anapole origin with increased
magnetic quadropole (MQ) manifistation, see Fig. 10. Thus,
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FIG. 11. Photo of the StS prototype. The dimensions are given
in mm.

the response of StS is different from the electric anapole and
represented by the compound anapole.

APPENDIX D: EXPERIMENTAL STUDY OF THE
“SATURN”-SHAPED STRUCTURE

1. “Saturn”-shaped structure prototype

The photo of the “Saturn”-shaped structure (StS) prototype
is shown in Fig. 11. In the current study, the StS material
is water and we use commercially available distilled water.
Studies of its permittivity were performed earlier and were
described in Ref. [39]. Thus the water permittivity is ε =
78.05 + 6.89i measured at a frequency of 1.8 GHz. To form
the StS shape the method of milling was used. As a holder, we
used a Styrofoam material characterized by the permittivity
ε = 1 in the microwave frequency band. Water was added to
the StS shape after it was fabricated.

2. Experimental study of the Saturn’s particle response in the
microwave frequency band

The experimental study of the StS prototype response was
performed in an anechoic chamber over the microwave fre-
quency band 1.5–2.2 GHz. During the study, the SCS and
near-field distribution were measured.

The sketch and photo of the experimental setup to measure
the SCS of the SS prototype are shown in the Figs. 2(a) and
Fig. 4(a), respectively. A wide band horn antenna was used
to generate the incident wave to excite the StS prototype.
Another identical antenna symmetrically positioned from the
other side of the prototype was used to detect the transmitted
signal. The distance between the antennas is 4 m, which is
mainly limited by the height of the chamber. The antennas
were connected to the ports of a vector network analyzer
(VNA) ZVB20 by a 50-Ohm coaxial cable. The polariza-
tion of the wave can be set by the antenna orientation. In
the current paper, we study two directions of the excitation
wave propagation. To get the normal incidence of the wave,
the antennas were installed from the bottom and top of the
prototype, as shown in Fig. 12(a). To get the side irradiation
condition, the antennas were situated to the left and right

FIG. 12. Sketches of the experimental setup to measure the
(a) scattering cross-section and (b) near-electric-field distribution of
the StS prototype for the normal incidence of the excitation wave.

sides of the prototype as shown in Fig. 12(a). During the
experimental study, we measured the complex values of the
S-parameters. Later, the background signal was subtracted by
means of a free-space measurement [41]. Forward scattering
was then obtained from the measured transmission coefficient
[41]. The SCS was extracted from the imaginary part of
the measured forward-scattered signal by means of the op-
tical theorem [42]. The scattering cross-section is calculated
as [43]

σ = lim
r→∞ 4πr2 Ss

Si
, (D1)

where σ is the scattering cross-section (SCS), Si is the incident
power density, and Ss is the scattered power density seen at a
distance r away from the particle. In electromagnetic analysis,
this is also commonly written as [44]

σ = lim
r→∞ 4πr2 Es

Ei
, (D2)

where Es and Ei are the far field scattered and incident electric
field intensities, respectively. In the experiment, forward scat-
tering measurements were performed in an anechoic chamber
[45]. A pair of wideband horn antennas connected to a two-
port VNA were positioned facing each other at a distance of
4 m with the sample placed at the midpoint. The optical the-

FIG. 13. Photos of the experimental setup to measure the
(a) scattering cross-section and (b) near-electric-field distribution of
the SS prototype. Here the prototype is excited from the side with
TM polarized wave. The inset in (a) represents the StS prototype
position.
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Simulated
(a) Re(Hy) @ 1.65 GHz (b) Re(Hy) @ 1.85 GHz (c) Re(Hy) @ 1.95 GHz

Measured
(d) Re(Hy) @ 1.65 GHz (e) Re(Hy) @ 1.85 GHz (f) Re(Hy) @ 1.95 GHz
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FIG. 14. Simulated and measured real value of the vertical magnetic field component (Hy) in x-z plane for normal angle of the wave
incidence. The green lines indicates the Saturn particle location.

orem was used to calculate the SCS from the imaginary part
of the measured forward scattering amplitude [32]. Indeed,
the distance between the particle and antenna is R = 2 m, the
operational frequency if f = 1.8 GHz, the particle diameter is

80 mm. According to p. 130, formula 4.10 in Ref. [44], the far
field criterion for measurements is performed by

R > 2
d2

λ
, (D3)

Simulated

Measured

(a) Re(Hy) @ 1.65 GHz

(d) Re(Hy) @ 1.65 GHz

(b) Re(Hy) @ 1.85 GHz

(e) Re(Hy) @ 1.85 GHz

(c) Re(Hy) @ 1.95 GHz

(f) Re(Hy) @ 1.95 GHz
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FIG. 15. Simulated and measured real value of the vertical magnetic field component (Hy) in x-z plane 45◦ incident angle of the
TM-polarized incident wave. The green lines indicates the Saturn particle location.
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Simulated

Measured

(a) Re(Hz) @ 1.65 GHz

(d) Re(Hz) @ 1.65 GHz

(b) Re(Hz) @ 1.85 GHz

(e) Re(Hz) @ 1.85 GHz

(c) Re(Hz) @ 1.95 GHz

(f) Re(Hz) @ 1.95 GHz
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FIG. 16. Simulated and measured real value of the vertical magnetic field component (Hy) in x-z plane 45◦ incident angle of the
TE-polarized incident wave. The green lines indicates the Saturn particle location.

where the R-distance between antenna and particle, d-size of
particle, λ-wavelength. In our case, the distance is sufficient
enough.

To measure the distribution of the SS prototype near fields,
we used a near-field mapping method. For that purpose, one
of the antennas was replaced by an electrically small magnetic
or electric probe mounted to an arm of the three-axis scanner.
Figures 12(b) and 13(b) demonstrate the sketch and the photo
of the experimental setup to map the near magnetic field. The
magnetic probe implemented as a small metallic loop was
connected to the second port of the VNA using a coaxial cable.
It was used to detect the vertical component of the magnetic
field across the scan area. To scan the near electric field, the
magnetic probe was substituted by an electric one. It was
implemented as a short monopole antenna and connected to
the second port of the VNA using a coaxial cable. The electric
field probe was oriented to detect the vertical component of
the electric field.

During the experimental study, we measured the complex
value of the transmission coefficient as a function of frequency
over the scanning area and calculated the field intensity as
|S21|. First, we mapped the near fields of the StS prototype
excited under normal incidence of the wave in x-y plane
4-mm above the prototype surface. The scanning area was
set as 120 mm × 120 mm with the scanning step of 5 mm.
The measured electric and magnetic field distributions are
shown in the main text. We observe a good agreement of the
measured data with the results obtained during the numerical
simulations. Next we mapped the near magnetic field distri-
bution of the StS prototype under the normal wave incidence
over the larger scanning area. For that purpose, we scanned

a 40 cm × 40 cm area with the scanning step of 5 mm.
The results of the measured and simulated field distribution
are compared in Fig. 14. As one can see, at a frequency of
1.85 GHz corresponding to the frequency of the compound
anapole excited in the StS prototype, the incident wave has
a uniform profile and the particle becomes invisible. Finally,
to demonstrate the independence of the compound anapole
of the SS prototype from the wave irradiation direction and
polarization, we also mapped the near fields over the large
area for incident wave irradiated under 45◦ incident angle. The
measured data and simulated results are compared in Figs. 15
and 16 for TM- and TE-polarized incident waves, respectively.
For these conditions of the incident wave, we also observe
the uniform profile of the magnetic field at a frequency of
1.85 GHz. Thus we can conclude that the compound anapole
is excited in the SS prototype and the particle becomes
invisible.

APPENDIX E: SCATTERING OF THE LARGE
COMPOUND OBJECT

Geometrically small (in comparison to the wavelength)
particles with very high permittivity do not always reveal a
low scattering making their cloaking challenging. To cloak a
large-scale object one needs to construct a large-scale object
from building blocks which are individually invisible and their
interaction between each other is negligible. To demonstrate
our approach we numerically studied a large-scale structure
composed from the building blocks supporting the compound
anapole states as shown in the inset of Fig. 17. The simu-
lated scattering cross-section (Fig. 17) shows the pronounced
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FIG. 17. Simulated scattering cross-section for randomly ori-
ented compound StS mimicking a large-scale object obtained for the
(a) normal and (b) side incident of the TE-polarized plane wave.

minima which do not depend on the irradiation conditions.
It confirms that the large-scale object is invisible and the
incident waves transmit through it without perturbation. It par-
tially seems like the “dark matter effect.” In a similar manner,
one can construct a very large system in two-dimensional or
three-dimensional geometry based on the proposed compound
anapole particles.

FIG. 18. A schematic view of the StS composed of a disk and
two rings. Here the permittivity of the disk and inner ring is 78, but
the permittivity of the outer ring is 20. The change of the compound
parts permittivity gives us an additional degree of freedom to extend
the operational bandwidth where the scattering is suppressed. (Right)
Numerically simulated scattering cross section of the StS composed
of disk and one ring and disk and two rings.

APPENDIX F: WIDE BROADBAND STS STRUCTURE

Since our approach is also based on a resonant StS the
cloaking effect behavior can be observed in a narrow spectral
band. To solve this issue we performed additional numerical
simulations of the StS composed of more compound parts as
shown in the inset of Fig. 18. We numerically demonstrate
that the strong suppression of the scattering can be reached in
the wider frequency band for the StS composed of more com-
pound parts. So expanding the working band (in certain limits)
can be obtained by the application of optimization procedures
for the definition of the structure’s size and configuration pa-
rameters. Moreover, one of the last papers [46] demonstrated
broad-band excitation of the toroidal mode, and we expect that
this element can be applied as an ingredient for compound
anapole manifestation. Moreover, active metamaterials also
can be promising for a broad compact anapole in the active
regime, see Fig. 18.
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