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FOREWORD

“Days on Diffraction” is an annual conference taking place in May–June in St. Petersburg since
1968. The present event is organized by St. Petersburg Department of the Steklov Mathematical
Institute, St. Petersburg State University, the Euler International Mathematical Institute, and the
ITMO University.

The abstracts of 261 talks to be presented at oral and poster sessions during 5 days of the
conference form the contents of this booklet. The author index is located on the last pages.

Full-length texts of selected talks will be published in the Conference Proceedings. They must
be prepared in LATEX format and sent not later than 25 June 2018 to diffraction18@gmail.com.
Format file and instructions can be found at http://www.pdmi.ras.ru/~dd/proceedings.php. The
final judgement on accepting the paper for the Proceedings will be made by the Editorial Board after
peer reviewing.

As always, it is our pleasure to see in St. Petersburg active researchers in the field of Diffraction
Theory from all over the world.

Organizing Committee

© ‘Days on Diffraction’, PDMI, 2018.
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In memoriam of

Alexander Mikhailovich Samsonov

1948–2017

Alexander M. Samsonov, a theorist of high international reputation, passed away on Saturday,
October 7, 2017, aged 69. He was a member of the Organizing Committee of the “Days on Diffraction”
conference since 2003.

A.M. Samsonov, D. Sci., headed the Laboratory for Theory of Solids at the Ioffe Institute of the
Russian Academy of Sciences, and was a Professor at the Peter the Great Polytechnic University in
St. Petersburg. The main area of his interest and the lifelong topic of his studies concerned nonlinear
strain solitary waves in solids, where he was a world renowned expert. His theoretical inventions
served as a basis for his collaboration with experimentalists at the Ioffe Institute; it lasted for several
decades and resulted in the prediction and observation of bulk longitudinal strain solitary waves
in various solid waveguides. Another field of his research was application of methods of nonlinear
mathematical physics to various models arising in biophysics and systems biology.

A.M. Samsonov was a meticulous and inspiring teacher, a supervisor to numerous students and
young researchers, a colleague and dear friend to many of us. His passing away puts a dent in the
community of nonlinear wave physicists, and it is an irreplaceable loss for his friends and colleagues.
He is greatly missed.
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70 years to A. P. Kiselev

The Organizing Committee of Days on Diffraction 2018 congratulates Aleksei Prokhorovich Kise-
lev on the occasion of his 70th birthday. Being a permanent member of the team of Days on
Diffraction since 1997, currently he heads the Programme Committee and participates in editing of
the Conference Proceedings. A.P. Kiselev is a Chief Research Scientist at the St. Petersburg De-
partment of the V.A. Steklov Mathematical Institute, a Professor at the Faculty of Physics, Saint
Petersburg State University; above all he is a Principal Research Scientist at the Institute for Prob-
lems in Mechanical Engineering of the Russian Academy of Sciences. He is a well known expert,
profoundly competent in various aspects of the diffraction theory, and the mastery is successfully
contributed to organization of Days on Diffraction. The main scientific results of A.P. Kiselev concern
localized solutions of hyperbolic equations and high-frequency elastic waves (partly the results can be
found in the recent book by V.M. Babich, A.P. Kiselev, Elastic Waves: High Frequency Theory, CRC
Press, 2018). The Organizing Committee wishes Aleksei Prokhorovich new scientific achievements,
in addition to good health and energy needed to organize many further Days on Diffraction.
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65 years to S.A. Nazarov

The Organizing Committee of Days on Diffraction 2018 congratulates Sergei Aleksandrovich
Nazarov on the occasion of his 65th birthday. S.A. Nazarov is a Principal Research Scientist at the
Institute for Problems in Mechanical Engineering and at the Faculty of Mathematics and Mechanics,
Saint Petersburg University. He is widely known as an extraordinary prolific scientist and for his
outstanding results in Mathematical Physics; they are based on masterly application of various
asymptotic techniques to numerous problems that involve differential equations and their applications
to Mechanics, Biology, Acoustics, etc. Days on Diffraction highly appreciate that S.A. Nazarov is
a permanent participant of this annual conference; his talks always attract much interest in view of
high-level scientific results presented in a clear and vivid style. The Organizing Committee wishes
Sergei Aleksandrovich new achievements and hopes to hear about them at many spring Days on
Diffraction ahead.
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Light beams based on diffraction catastrophes
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Paraxial light fields based on the diffraction catastrophes (cusp, fold, swallowtail, butterfly, etc.)
are a hot topic in optics now [1–6].

These beams attract researchers by their stable propagation in space. First beams of this type
have been constructed on the base of Airy function [1, 2]. Numerical simulations and experi-
ments show that Airy beams possess self-healing, self-focusing and self-accelerating properties. Fur-
ther investigations have been connected with higher-order diffraction catastrophes, namely, Pearcey
beams [3, 6] and swallowtail [4, 5].

In this work we consider paraxial beams based on diffraction catastrophes:

Cat1(x) =

∫

R

exp(ixt) dt = 2π δ(x),

Cat2(x) =

∫

R

exp(it2 + ixt) dt =
√
π exp

(
− ix2

4
+
πi

4

)
,

Cat3(x) =

∫

R

exp(it3 + ixt) dt =
2π

31/3
Ai

( x

31/3

)
, (Airy function)

Cat4(x, y) =

∫

R

exp
(
i[t4 + yt2 + xt]

)
dt = Pe(x, y), (Pearcey function)

Cat5(x, y, z) =

∫

R

exp
(
i[t5 + zt3 + yt2 + xt]

)
dt = Sw(x, y, z), (swallowtail)

Cat6(x, y, z, w) =

∫

R

exp
(
i[t6 + wt4 + zt3 + yt2 + xt]

)
dt = Bu(x, y, z, w), (butterfly)

. . . . . . . . . . . . .

Catn(x1, x2, . . . , xn−2) =

∫

R

exp
(
itn + i

n−2∑

k=1

xkt
k
)
dt,

We analytically calculate how such beams propagate in space. We show that the dynamics of such
beams can again be described in terms of the same diffraction catastrophes.
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Propagation of acoustic waves during the control of hydrogen-induced
destruction of metals by the acoustoelastic effect

Alekseeva E.L., Alkhimenko A.A., Grishchenko A.I., Semenov A.S., Tretyakov D.A.

Peter the Great Saint-Petersburg Polytechnic University, 29, Polytechnicheskaya, St. Petersburg,
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Belyaev A.K., Polyanskiy V.A., Yakovlev Yu.A.
Institute for Problems in Mechanical Engineering RAS, 61, Bolshoj pr. V.O., St. Petersburg, 199178,
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The propagation of acoustic waves in metals with an inhomogeneous microstructure does not
lead to an additional reflection of the sound wave. As a rule, its length exceeds the dimensions
of individual microstructural elements by orders of magnitude. The additional absorption of the
acoustic wave, associated with the excitation of additional degrees of freedom, is possible. The
change in the velocity of wave propagation also occurs [1].

The implementation of advanced high-strength materials in the nuclear power industry, oil and
gas industry, aviation and construction is accompanied by an increase in accidents. The development
of main cracks occurs in high-strength materials very quickly. They are well detected by the acoustic
method.

The prehistory of destruction accompanied by the formation of microdefects and a network of
microcracks does not subject to non-destructive testing. Such an important phenomenon as hydrogen
induced degradation of the mechanical properties of metals, developed as a result of corrosion and
stress-corrosion processes, is also does not diagnosed. The velocity of propagation of sound wave
depends on many factors besides microdefects, for example, on the temperature of the metal. The
absence of reflections of sound wave from defects does not allow to detect them during the ultrasonic
inspection.The methods of acoustic non-destructive testing, based on measuring the relative difference
between the velocities of transverse waves with mutually perpendicular polarization [2], differ from
other methods of non-destructive testing by the possibility of investigating of the small relative
changes in the velocities propagation of ultrasonic waves comparable in magnitude with the influence
of the degraded internal structure .

The investigation of the changes in the field of this relative difference during the development
of hydrogen embrittlement was carried out. The results of theoretical estimates and experimental
investigation of the influence of hydrogen embrittlement on the relative difference between the veloc-
ities of the corrosion-resistant steels during standard tests on hydrogen-induced cracking (HIC) are
given. The relationship between the standard cracking parameters and the principal values of the
damage tensor using the model of the material with anisotropic continuum damage [3] was obtained.
This result allows us to expand the field of application of the model [3] to non-destructive acoustic
control of the state of technical structures.

The support by the Russian Foundation for Basic Research, projects 17-08-00783 and 18-08-00201,
is acknowledged.
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Simulation of 3 quantum dot network dynamics

Altaisky M.V.1, Kaputkina N.E.2, Krylov V.A.3
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We present results of numerical simulation of the dynamics of 3 quantum dot array with dipole-
dipole interaction between quantum dots, which are linearly coupled to a common phonon bath.
The simulation is performed by solving the von Neumann equation ıρ̇ = [H, ρ] using the adiabatic
path integral method by Makarov and Makri. Based on the symmetry properties of three quantum
dot array, an attempt was made to implement NOT XOR operation using 3 QD array network with
common heat bath.

Approximate solution of MHD boundary layer flow of a non-Newtonian
power-law fluids over a continuous moving surface using B-spline

collocation

Khimya Amlani

Applied Science and Humanities Department, Sardar Vallabhbhai Patel Institute of Technology,
Vasad, Gujarat, India
e-mail: khimya_amlani@rediffmail.com

The problem of laminar boundary layer flow for non-Newtonian power-law fluid over a contin-
uous moving surface in the presence of transverse magnetic field is studied. The governing partial
differential equation is transformed into a non-linear ordinary differential equation using appropriate
transformation. This non-linear ordinary differential equation is solved numerically by using B-spline
collocation technique. It is found that solution depends on various parameters including magnetic
field, power law index and velocity ratio parameter. It has been proved that B-spline is powerful tool
to solve these types of problem due to ease of use and quality of results.
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Seiches and harbour oscillation in a semi-closed basin of various
geometric shape with porous media
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Seiches are the long-period standing oscillation in an enclosed basin or in a locally isolated part
of a basin. Harbour oscillations are a specific type of seiche motion that occur in partially enclosed
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basins that are connected through one or more openings to the sea. When the period of these
motions coincides with the natural period of sway, further resonance occurs, which can result in
possible damage of a moored ship or port facilities. Porous wave absorber offers an exellent solution
for protecting harbours against the action of resonance phenomenon. In this research, we propose
a modification of shallow water equation involving the existent of porous media to investigate the
effect of it for resonance phenomenon.

In this paper, we will observe wave profile that comes to a harbour of various geometric shape,
which are rectangular, triangular, and semi-parabolic, with porous media at the edge of it. The
governing equation is shallow water equation with friction term defined in the linearized Dupuit-
Forcheimer’s formula. The analytical solution is calculated to get the value of a natural resonant
period of the basin, which causes resonance phenomenon. The equation will be solved numerically
using finite volume method on a staggered grid to confirm the analytical solution. Effect of the
porous media for wave’s amplitude will be analyzed numerically.
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Efficient asymptotic formulas for waves generated by a localized source
with finite duration
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We consider the Cauchy problem for the two-dimensional non-homogeneous wave equation with
variable coefficients

∂2η

∂t2
−∇c2(x)∇η =

∂g(t)

∂t
V

(
x

µ

)
, η|t=0 = 0, ηt|t=0 = 0, t ≥ 0, x ∈ R2

x, (1)

where the function g(t) is some smooth ‘delta-like’ function. Here V (y) is smooth in R2
y, decaying

faster than 1/|y|κ1 (where κ1 > 2) as |y| → ∞. Function g(t) in case (b) is smooth on [0,∞), decaying
faster than 1/tκ2 (where κ2 > 1) as t→ ∞, moreover, g(t) = 0 for t ≤ 0.

This problem describes, in the linear approximation, tsunami waves appearing due to local bottom
displacements (see e.g. [1, 2]). Usually, the size of the source, i.e. the domain, where these local
displacements take place is much less than the size of the ocean. Their ratio µ, may be considered
as a small parameter and used in the asymptotic analysis of the solution.

This model describes a time-spread source, i.e. its action has small but finite duration. In [3]
the asymptotics for the solution was given in a form of Maslov’s canonical operator. In [4], an
approximation for the asymptotic solution was presented. More precisely, the approximation to this
solution can be obtained by applying some differential operator to the solution of the Cauchy problem
for the homogeneous equation. This formula is quite efficient from the point of view of practical
calculations. It can be easily implemented using software like Wolfram Mathematica, Maple, etc.

We will recall the mentioned results and also discuss their application in a run-up problem.
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Simple asymptotics for a generalized wave equation with degenerating
velocity and their applications to the linearized long wave run-up problem

A.Yu. Anikin, S.Yu. Dobrokhotov, V.E. Nazaikinskii

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences; Moscow Institute
of Physics and Technology
e-mail: nazaikinskii@googlemail.com, nazaikinskii@yandex.ru

Asymptotic solutions of a wave equation degenerating on the boundary of the domain (where
the wave propagation velocity vanishes on the boundary as the square root of the distance from
the boundary) can be represented with the use of a modified canonical operator on an invariant
Lagrangian submanifold of the nonstandard phase space constructed by the authors earlier. In the
talk, we present simple expressions in a neighborhood of the boundary for the functions represented
by the modified canonical operator and in particular for the solution of the Cauchy problem for the
degenerating wave equation with initial data localized near an interior point of the domain.

The research described in the talk was supported by the Russian Science Foundation within the
framework of project no. 16-11-10282.

Semi-classical Green functions
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Let H(x, p) ∼ H0(x, p)+hH1(x, p)+ · · · be a semi-classical Hamiltonian on T ∗Rn, and let f be a
semi-classical distribution (the “source”) microlocalized on a Lagrangian manifold Λ which intersects
transversally along L the flow-out Λ+ of the Hamilton vector field XH0

in a non critical energy surface
Σ. The paradigm of this situation is when Λ is the conormal bundle to x = 0, and H0(x, p) = pn.
This was considered in [1] from the point of view of asymptotics with respect to smoothness.

As in [2] we are interested in integral representations for the solution u, modulo O(hN), verifying
Sommerfeld radiation condition at infinity, of the inhomogeneous PDE Hw(x, hDx; h)u = f .

Using Maslov canonical operator, we present u as the sum of terms microlocalized respectively
on: (i) Λ \ L; (ii) the flow out of L by XH0

in Σ for short times (near-field); (iii) the flow out of L
through XH0

in Σ for large times (far-field).
We give various applications: (i) Hw(x, hDx; h) is a geodesic flow and Λ a cylinder, as in the case

for Bessel beams [3]; (ii) Hw(x, hDx; h) is Laplace operator and Λ is the conormal to an hypersurface,
as for the diffusion by an antenna; (iii) H is the Dirichlet-to-Neumann operator for the linear waves
equations in a domain with a non-uniform bottom, where Λ is the conormal bundle to a point [4].

We shall also discuss non-transverse (glancing) intersection, extending to the semi-classical case
some results of [5].
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Fluorescence analysis of X-ray whispering gallery waves propagating
along liquid meniscuses
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The extreme sensitivity of whispering gallery (WG) sensors not only lead to a breakthrough
in biodetection, but also enables sensitive probing of physical and micromechanical oscillators via
optomechanical coupling and laser resonators. In X-rays, WGs can be attractive for applications
as beam splitters and beam rotators. We analyze X-ray WG waves, which propagate along the
large-radius meniscus of silica hydrosols stabilized by CsOH. For analysis of intensities of the X-ray
fluorescence, we have used a two-layer model of the liquid with the upper non-uniform corrugated
layer in which the concentration of levitating Cs+ ions near the surface has a maximum derived
from the experiment [1]. A quasi-grating model was chosen due to the presence of surface thermal
capillary waves and near-zone clusters.

To determine the fluorescence intensity, we have used the numerical approach on the basis of
the reciprocity theorem for gratings [2]. A similar theoretical approach was first applied in [3] to
analyze the intensity of X-ray fluorescence on a multilayer stack with perfect plane boundaries.
The intensity of the incident radiation at some boundary of the multilayer sample can be accurately
determined by solving Maxwell’s equations. For a conventional multilayer with perfect flat interfaces,
this solution is Parratt’s recurrence formulae. However, for structured interfaces the task is much
more complicated and can be solved exactly, in general, only by using time-consuming numerical
calculations ([2], Ch. 12). The intensity of the exciting electromagnetic field equal to |Eex(φ1, x)|2 is
calculated for a given incidence angle φ1 and the penetration depth into sample x (see Figure). Then



DAYS on DIFFRACTION 2018 29

the fluorescence intensity obtained at the depth x is proportional to the intensity of the exciting field
and the concentration of the unknown element c(x):

|Efl(φ1, x)|2 = ac(x)|Eex(φ1, x)|2, (1)

where a is a coefficient. The reciprocity theorem states that the electromagnetic field produced by
the dipole source on a detector is identical to the field created at the source site by an analogous
dipole located at the site of the detector. Taking into account that the distance from the source to the
detector is much larger than the thickness of the layer, the quantity |Efl(φ2, x)|2 can be calculated
using the same formalism as for |Eex(φ1, x)|2 under the assumption that the fictitious source is at
infinity in the direction of detection:

|Efl(φ1, φ2, x)|2 = bc(x)|Eex(φ1, x)|2|Efl(φ2, x)|2, (2)

where b is some coefficient. Thus, the concentration of an unknown element or substance (its mass
volume) can be found using (2) when solving the inverse problem of X-ray fluorescence.

This work was partially supported by the Russian Foundation for Basic Research (17-02-00362).
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Fuchsian Heun equation, equivalent Fuchsian linear systems
and Painlevé PVI equation
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Famous Painlevé PVI equation is connected with the linear Heun equation of Fuchsian type by
different links. In these links there is a common point. It is the Hamiltonian nature of the Painlevé
equation. We demonstrate these links introducing a proper first-order linear system which is also
Fuchsian and obeys isomonodromic property. Two such systems are examined: one is with zero
determinants of residues at singularities and and the other is with zero traces at singularities. In
both cases the accessory parameter of the Heun equation is obtained in terms of matrix elements
of the system. Clearly, any chosen approach leads to the Painlevé PVI either with technique of
antiquantization [1, 2] or as the isomonodromy condition [3, 4].
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Third order operator for the good Boussinesq equation on the circle
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We consider the good Boussinesq equation on the circle. It is well known that this equation has a
Lax pair, where the L-operator is a third order differential operator. In contrast with the KdV case,
this operator is non-self-adjoint. The multipliers for this third order operator constitute a 3-sheeted
Riemann surface with real and non-real ramifications. The ramifications are invariant with respect
to the Boussinesq flow.

Moreover, we consider the auxiliary three-point Dirichlet problem for the third order operator.
The spectrum of this problem consists of real and non-real eigenvalues. We determine asymptotics of
the ramifications and of the auxiliary spectrum. We prove trace formulas in terms of the ramifications
and of the auxiliary spectrum.

This is a joint work with E. L. Korotyaev.

The asymptotics of the solution of three one-dimensional quantum
particles scattering problem. The case of finite repulsive pair potentials

I.V. Baibulov, A.M. Budylin, S.B. Levin
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Basing on the results of the work [1] we derived the resolvent kernel asymptotics of the cor-
respondent scattering problem with consequent separation of the absolutely continuous spectrum
eigenfunction asymptotics. The obtained results were compared with the earlier results derived by
the diffraction methods.
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Localization effect for eigenfunctions in narrow Kirchhgoff plates
with clamped edges

Bakharev F.L.1, Matveenko S.G.2

1St. Petersburg State University, Universitetsky pr., 28, Peterhof, St. Petersburg, 198504, Russia
2Chebyshev Laboratory, St. Petersburg State University, 14th Line, 29b, St. Petersburg, 199178,
Russia
e-mail: fbakharev@yandex.ru, matveiS239@gmail.com

It is well-known (see, for instance, [1–3]) that the eigenfunctions of the Laplacian in a thin
domain with Dirichlet boundary conditions are localized near the thickest region. It appears that
the same effect holds true for the bilaplace operator with Dirichlet boundary conditions. It should
be mentioned that the problem for the bilaplace operator is much more complicated. In the report
we discuss the asympthotics of the eigenvalues both of the Laplacian and the bilaplace operator
with Dirichlet boundary conditions in a 2D narrow domain (a narrow Kirchhgoff plate with clamped
edges) as its width tends to zero. We explain that in both cases the main correction terms of the
asympthotics can be derived from the the ordinary differential equation of the harmonic oscillator,
despite the different orders of the operators.
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Some spectral problems for thin Kirchhoff plates
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We are going to discuss several spectral problems for biharmonic operator in thin domains fo-
cusing on their difference from the same ones for Laplace operator. Starting with the simple model
problem in thin rectangular domain where the main asymptotic terms are defined from the Dirichlet
problem for ordinary differential equation of the second order, we follow with a discussion of T-shaped
Kirchhoff plates. The asymptotic behavior of the eigenvalues now can be defined in terms of another
limit problem in infinite semi-cross which describes the boundary layer phenomenon. We also going
to discuss several other problems, solved and unsolved.

Research is financially supported by grant 17-11-01003 of the Russian Science Foundation.

Isometric model of metric spaces and the wave model of symmetric
operators
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Let a metric space Ω be given. Consider the lattice of open sets O in it and the lattice F of
functions from R+ to O. For every open set the family of metric neighborhoods defines a function
from F, and such functions form a subset of F which we denote by IO. Consider its closure in a
relevant topology of F. We show that under certain assumptions the atoms of this closure form
a metric space Ω̃ which is isometric to the original metric space Ω. This construction is related
to solving inverse problems with the boundary control method and is used in developing the wave
functional model of symmetric operators.
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On the spectrum discreteness for quantum graph in a magnetic field
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The spectrum discreteness for the operators of various physical systems is an actual topic of
research. There is well-known Molchanov’s condition for the spectrum discreteness of the Sturm–
Liouville operator on a half-line [1]. A version of the condition for the spectrum of the Schrödinger
operator on quantum graph of some type was suggested in [2]. In the present paper we consider the
analogous problem for quantum graph in a magnetic field. Namely, we deal with the graph embedded
in R3 with the following operator acting on the edges:

Hf(t) = −
( ∂
∂t

− ia
)2

f(t) + V (r(t))f(t),

where r(t) = (r1(t), r2(t), r3(t)) is a separate edge given in the natural parametrization;
−→
A : R3 → R3

is a vector potential of the electromagnetic field; V : R3 → R is the scalar potential of an electro-
magnetic field; a(t) = dr

dt
(t) · −→A (r(t)).

For this problem, investigation of the spectrum discreteness problem for the Schrödinger operator
with a magnetic field on quantum graph is carried out.
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Composite materials (composites) are of a great interest nowadays due to their advantageous
mechanical properties, which differ from those of homogeneous materials. As was experimentally
found a small concentration of nanoinclusions (3–5%) quite strongly affects (up to 30%) the 2nd
order elastic moduli (Young’s modulus, Poisson’s ratio) [1]. However, their effect on the third-order
moduli (Murnaghan moduli or Landau moduli) is much stronger and can lead to variations by several
times, see, for example, [2].

A comprehensive study of dynamical behavior of composites is the challenging problem and
can be performed through the non-destructive testing (NDT), based on evolution of a strain wave
[3] propagating in the bulk of a nanostructured waveguide. The applied holographic technique in
transmission configuration strictly limits the class of suitable materials by optically transparent ones
and does not allow investigation of wave processes in opaque materials that are of interest for a
variety of applications.

Although the nanoparticle inclusions even in small concentration often lead to a substantial
decrease of transparency of material, the optical methods still can be used for investigation of strain
waves. In order to investigate properties of opaque solids, we propose to use two-layered waveguides
with one transparent layer [4]. We demonstrate that monitoring of soliton evolution in a two-layered
waveguide made of adhesively bonded layers of a transparent material with known elastic parameters
and an opaque material with unknown ones, can provide data on soliton velocity in the opaque
material.
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For mathematical description of the wave processes under study, an initial-boundary value prob-
lem was considered. We have shown that the propagation of long longitudinal strain solitary waves in
such composite waveguides still can be described by doubly dispersive equation (DDE). For the com-
plete description of the wave propagation, we used a multidomain pseudospectral numerical method
to solve three-dimensional nonlinear elasticity equations. We have shown that for a high elastic
contrast between layers (e.g. PMMA and brass), there is a strong mixing between longitudinal and
flexural waves which leads to disintegration of the incoming soliton and formation of the oscillating
wave in this case.
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From a perspective of propagating wave any structural material (cast iron, steel, concrete, com-
posites etc.) seems to be an inhomogeneous elastic media because its microstructure is nothing else
than a randomly heterogeneous field. This is an argument for applying the mathematical appara-
tus of the stochastic wave propagation to handle the problem. Three approaches to the problem of
one-dimensional wave propagation in media with random elastic and mass properties are addressed,
namely (i) the method of integral spectral decomposition, (ii) the Fokker–Planck–Kolmogorov equa-
tion and (iii) the Dyson integral equation. A lot of methods have been developed for studying the
stochastic wave propagation however these approaches deal with the wave propagation in medium
with a single random function. In the problem of wave propagation in random elastic media two ran-
dom fields, namely random elastic modulus and random mass density should be taken into account.

As a stationary harmonic wave is considered, the wave equation in frequency domain is trans-
formed into the ordinary differential equation. Two boundary conditions will be discussed: (i) the
Dirichlet boundary condition which implies a prescribed displacement at x = 0 and (ii) the Neumann
boundary condition with a prescribed axial stress at x = 0. It is necessary to mention that each of
these boundary conditions is deterministic in contrast to the propagating random wave.

The method of integral spectral decomposition implies the medium parameters to be represented
in the form of the Fourier–Stiltjes integrals in terms of the random Fourier spectra. The particular
case under consideration is that in which the Young modulus and the mass density to be statistically
independent random functions of diffuse type. It results in the characteristic equation which is a
polynomial of sixth order. Since its analysis is rather laborious an asymptotic analysis is carried
out for weakly heterogeneous media. A complete analysis is performed for the case in which the
randomness in the Young modulus and mass density is fully correlated.
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The second approach to the stochastic wave propagation in a 1-D solid with random parameters
is based on the theory of continuous Markov processes. The analysis will be reduced to derivation
of equations for the first and second moments.

The third approach operates with the velocity of sound and the acoustic impedance rather than
with random elastic modulus and random mass density. These new independent variables allow one
to reduce the problem to the Dyson integral equation which is solved for some asymptotic cases. It is
shown that the approach is applicable even for the general case of random medium with an arbitrary
short-range heterogeneity.

Merits and shortcomings of each approach are discussed. It is demonstrated that these three
approaches cover actually all possible problems of the harmonic wave propagation in heterogeneous or
stochastic media, hence, by means of the preliminary analysis of a particular problem and considering
the strong and weak sides of each approach, one can choose an appropriate solution strategy.

The support by the Russian Foundation for Basic Research, projects 17-08-00783 and 18-08-00201,
is acknowledged.

Two classes of localized solutions of the wave equation
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We present a short review of two classes of simple exact solutions of the wave equation uxx +
uyy + uzz = c−2utt, c = const > 0. First, we describe analytic solutions dependent on a certain
parameter and becoming highly localized as it tends to infinity. Here, we are mainly concerned with
the particular cases of the complexified Bateman solution (see, e.g., [1]). Second, we discuss simple
solutions of the homogeneous wave equation, having a singularity at a running point. Attention is
paid to analytical analysis of the solution given by Hörmander [2]. Also, we consider a specialized
singular complexified Bateman solution which was dealt with in [3].
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We consider a semi-infinite Jacobi matrix J (a)
k =

{
j
(a,k)
i,n

}∞
i,n=0

(where a is a positive and k is
a positive integer) corresponding to a point interaction for the discrete Schrödinger operator. The
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elements j(a,k)i,n = 0, if |n− i| 6= 1; and j
(a,k)
i,n = 1, if |n− i| = 1, i 6= k, n 6= k; and j(a,k)k−1,k = j

(a,k)
k,k+1 = a.

As follows from recent work (see [1]) the spectral analysis of this problem (for k = 1) leads to a
new class of orthogonal polynomials generalizing the classical Chebyshev polynomials. Our goal is
to extend the class of generalized Chebyshev polynomials, considered in this paper from the case
k = 1 to the case of any integer k ≥ 1. Spectral analysis of this problem is almost exactly the same
the analysis carried out in the work [2]. Therefore, we focus on the study of basic properties of the
generalized Chebyshev polynomials. Namely, we find for these polynomials expressions using the
classical Chebyshev polynomials. In addition we obtain explicit form of the measure orthogonality
and differential equations for generalized Chebyshev polynomials. This report is a continuation of
author’s work (see [2]).
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The front of the water wave generated by a localized source at each instant of time t is defined
by the solution of the Cauchy problem p|t=0 = (cosψ, sinψ)T , ψ ∈ [0, 2π], x|t=0 = x0 ∈ R2 for the
Hamiltonian system with Hamiltonian H = |p|C(x), C(x) =

√
gD(x). Here D(x) is the basin depth

function, g is the acceleration due to gravity and the 2-vector x0 specifies the source position. We
consider two types of the depth function D(x): D(x) = b+r2

a+r2
(r is the polar radius) and D(x) =

b+x2
1

a+x2
1

,
where a > b > 0 are constants. First depth function describes an underwater bank, the second
describes an underwater ridge.

We obtain exact analytical solutions of the Cauchy problem in cases reviewed here. This result
can be applied to the asymptotic theory. In particular, we can visualize the curves of the fronts. For
non-trivial depth function in case t = 0 the front is the point x0, for small t > 0 it is a smooth curve
and for lager t the front may have focal points and points of self-intersection. Also using obtained
formulas we describe asymptotic solutions of some stationary equations with localized right-hand
sides.
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Boussinesq-type model to simulate the development of an undular bore
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Undular bore is a wave phenomenon, which is induced by a sudden increase of water flow and
accompanied by wave trains without any wave breaking. In this study, the development of undular
bores progressing downstream over a flat bottom and on a small slope have been numerically inves-
tigated. The Boussinesq-type equations are chosen as the governing equation, which solved using a
finite difference method with predictor-corrector procedure. Numerical results show the ability of the
scheme to simulate the development of an undular bore generated by a sudden discharge over flat
bottom with the various Froude numbers. The Froude number affects the formation of undular bore.
The greater Froude number, the wave train will become a steep traveling bore and the amplitude
of undulations increases with faster phase velocity. The effects of channel slope on the amplitude of
undular bore and the wave height have been shown. For a small slope, the greater slope will lead to
small undulations, with lower phase velocity.

Unstable regimes of surface gravity waves generation

Bulatov V.V., Vladimirov Yu.V.
Institute for Problems in Mechanics RAS, 119526, Moscow, pr. Vernadskogo 101-1
e-mail: internalwave@mail.ru

The surface wave motions in the marine environment can either originate due to natural causes
(wind waves, flow past underwater obstacles, bottom relief variations, density and flow fields) or be
generated by the flow past natural obstacles (platforms, underwater pipelines, complex hydraulic
facilities). The general system of hydrodynamic equations describing the surface perturbations is a
rather complicated mathematical problem from the standpoint of proving the existence and unique-
ness theorems for solutions in the corresponding function classes and from the computational stand-
point. The main results of solving the problems of generation of surface wave perturbations are
represented in most general integral form, and to obtain the integral solutions, it is thus necessary
to develop asymptotic methods for their investigation which admit a qualitative analysis and rapid
estimations of the obtained solutions.The fact that the structure of the heavy sea surface is three-
dimensional is also significant, and there are currently no possibilities for large-scale computational
experimental modelling of three-dimensional ocean flows at large times with a sufficient accuracy.
But in several cases, the initial qualitative concept of the considered class of wave phenomena can
be obtained by using simpler asymptotic models and analytic methods for studying them. So several
results of asymptotic analysis of linear problems describing different regions of generation and prop-
agation of surface perturbations also underlie the currently actively developing non-linear theory of
generation of ocean waves of extremely large amplitude, the so-called rogue waves (killer waves). The
goal in this paper is to construct uniform far field asymptotics of surface perturbations generated in
the flow of a heavy homogeneous liquid of infinite depth around a localized harmonic source of per-
turbations. We have shown that, in certain generation regimes, the far fields of surface perturbations
from a non-stationary source localized in the flow of a heavy liquid of infinite depth form a hybrid
system of waves of the following two types: annular (transverse) and wedge-shaped (longitudinal).
The qualitative picture of wave fields at a far distance from a non-stationary source is significantly
more complicated compared to the case of wave generation by a moving stationary source when the
wave fronts come to a fixed observation point. The unsteadiness of the perturbation source amplitude
results not only in the appearance of annular waves diverging on the liquid surface directly from the
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source but also in generation of hybrid surface perturbations propagating upstream from the source.
The obtained asymptotics of surface wave perturbations far field allow one efficiently to calculate
the basic amplitude-phase characteristics of wave fields and, in addition, qualitatively to analyze
the obtained solutions, which is important in developing of well-posed mathematical models of wave
dynamics of surface perturbations of the real natural environments. This opens wide opportunities
for investigating the wave fields in general, which is also important for formulating correct statements
of mathematical models of wave dynamics and for obtaining express evaluations in the surface field
measurements in ocean [1–4].
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In nonlinear model [1, 2] deformation of crystal medium is described by vector of acoustic mode
U and vector of optical mode u. In the case of plane deformation they can be found from system of
four connected nonlinear equations

λ44∆U+ (λ12 + λ44) grad divU+ C44∆u+ (C12 + C44) grad divu = s gradΦ(us), (1)

k44∆U + (k12 + k44) graddivU+ C44∆U + (C12 + C44) graddivU = B(p− s divU) sin us, (2)

Here

U = Uxi+ Uyj, u = uxi+ uyj, Φ(us) = 1− cos us, us = Bu, B =
i+ j

b
, ∆ =

∂2

∂x2
+

∂2

∂y2
, (3)

λ12, λ44 are macroelasticity modules, k12, k44 are microelasticity modules, C12, C44 are modules of
interaction of the acoustic and optical modes, p is half of height of a potential barrier, s is a coefficient
of mechanical striction, b is size of a cubic cell of a crystal.

In the equations of acoustic modes the nonlinear terms have an form of gradient of nonlinear
function Φ(us). It has allowed to obtain a complex representation for general solution of the acoustic
mode. The common solution is given by the N. I. Muskhelishvili’s modified formulas [3] in which
volume sources of potential type are considered. In nonlinear model a role of volume sources is
played by microshift along a vector of inverse lattice. The equation of the optical mode has a
form of the sine-Gordon equations with variable coefficient (amplitude) before the sine. A complex
representation of general solution for optical mode is obtained in assumption of a certain type of
nonlinear terms. Complex representations for a tensor of macrotension and a tensor of microtension
are obtained also. They have a form of Kolosov–Muskhelishvili’s generalized formulas in which
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volume sources are considered. The obtained results allow to apply effective methods of the theory
of functions of a complex variable to the solution of specific boundary problems of plain deformation
on the basis of nonlinear model.
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Let the quantum particle trajectories xt satisfy stochastic differential equation

dxt = B(x)dt+
√
εdwt (1)

where B is drift field on a smooth manifold Ω without a boundary, ε is small parameter, wt is a proper
dimension Wiener process. Quantum operator H (responsible for transitions from ground state to
exited for example [1]) one can consider as a multiplication operator on smooth matrix-function
hik(x) operator at quantum variables space Cn of some dimension n. The result of averaging of the
quantum evolution operator exp(i

∫ t

0
H(xs)ds) over all trajectories of stochastic process (1) is equal

to
∫
Ω
Ψdx, where Ψ satisfies

∂Ψ

∂t
= (iH ⊗ Is − L∗

ε ⊗ Iq)Ψ. (2)

Here −L∗
ε · = ε∆ · − div(B ·) is formally conjugated to −Lε· = ε∆ · +(B, ·), which is diffusion

generating operator and describes evolution of distribution function of (1). If the field is potential
one B = −∇ϕ, diffusion operator is self-adjoint at weighted space with weight e−ϕ/ε and has a series
of exponentially small eigenvalues λi = Λie

−Wi/ε, Wi > 0, i = 1, . . . , N ; N is the number of potential
minima. Corresponding eigenfunctions vi of L are practically constant at attraction regions Ωi of
minima xi of dynamic system ẋ = −∇ϕ. The corresponding eigenfunctions of L∗

ε up to normalization
(< ui, vj >= δij) are equal to ui = vie

−ϕ/ε and tend to some combination of δ(x− xi) as ε → 0.
Contracted on its lowest spectrum operator Lε is a singular Laplace matrix Lε and it is convenient

to investigate its proper spaces by graph methods [2]. Limit constant values of eigenvectors ~vi and
~ui of Lε and L∗

ε correspondingly compose up to numeration upper-block matrices VT and U having
no dependence on ε. Coarsened vector ~Ψε (Ψε

i =
∫
Ωi
Ψ(x, t)dx) in a lead term behaves as ~Ψε(t) =

exp (iω diag(h1, h2, · · · , hN)t− Lεt)~Ψ
ε(0), where hi = h(xi) and H is operator of multiplication by

smooth function h(x), HΨ = ωh(x)Ψ, ω is introduced for convenience characteristic frequency of
quantum process.

If the exponential orderW of characteristic frequency ω is equal to exponential order of eigenvalues
λk, . . . , λm, vector ~Ψ(τ) = lim

ε→0

~Ψε(τeW/ε) demonstrates the following behavior at “slow” time τ

~Ψ(τ) = U exp[(iH− diag(0, . . . , 0,Λk, . . . ,Λm,∞, . . . ,∞))τ ]VT ~Ψ(0), (3)
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where H = VT diag(h1, h2, . . . , hN)U is upper-block matrix. ~Ψ is continuous at zero as a function
of slow time: lim

τ→0

~Ψ(τ) = ~Ψ(0), if the initial distribution of particles decomposes into first m eigen-

vectors ~ui(~vi). The number of different types of average evolution is equal to the number of different
exponential orders Wi of lower eigenvalues of infinitesimal operators −Lε and −L∗

ε of semigroup
connected with transition function of Markov process (1).
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The Le-diagram is a Young diagram filling with “+” or “◦” in each box, which has the Le-property:
there is no “◦” which has “+” above it and its left. In KP equation, we use the Le-diagram to describe
the resonance between line solitons. But in the Modified KP equation (MKP), the Le-diagram is
different from KP equation due to kink-solitons. One will utilize the Le-diagram to describe the
resonance structure between kink-solitons and line-solitons in the MKP equation. In particular, we
focus on the case of totally non-negative Grassmannian manifold Gr≥0(2, 4).

Fig. 1: T-type resonant solution of MKP equation.
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NDE examination of industrial structures requires the modeling of specimen geometry echoes
generated by the surfaces (entry, back-wall, ...) of inspected blocks. For that purpose, the study
of plane elastic wave diffraction by a wedge is of great interest since surfaces of complex industrial
specimen often include dihedral corners.

These inspections often deal with high frequency (f = 2−5 MHz) ultrasonic waves. Simulation of
realistic inspections by finite elements and finite differences can therefore be time consuming because
such methods must keep the mesh step very small (on the order of 10 elements per wavelength
λ ∼ 1mm) for a better description of the scattered wave. Semi-analytical methods are then preferred
for high frequency problem.

There exist various approaches for semi-analytical modeling of plane elastic wave diffraction by
a wedge but the theoretical and numerical aspects of these methods have so far only been developed
for wedge angles lower than π.

Croisille and Lebeau [1] have introduced a resolution method called the Spectral Functions method
in the different case of an immersed elastic wedge of angle less than π. Kamotski and Lebeau [2]
have then proven existence and uniqueness of the solution derived from this method to the diffraction
problem of stress-free wedges embedded in an elastic medium. The advantages of this method are its
validity for wedge angles greater than π and its adaptability to more complex cases. The methodology
of Croisille and Lebeau [1] has been first applied by the authors to the simpler case of an immersed
soft wedge. It has then been developed here for the scattering problem of an elastic wave and a
numerical validation of the method for all wedge angles is proposed.
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Depending on the scales of irregularities in the problem under study, a solution arises which
describes two (“double-deck”) or three (“triple-deck”) boundary layers on the plate. It is of interest
to study the equations describing the velocity oscillations in the boundary layers.
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In the double-deck case, this equation is a Rayleigh-type equation

ε1/3
∂

∂t

∫ ξ

∆ξ,τ ṽ dξ + f ′(τ/
√
x)∆ξ,τ ṽ −

f ′′′(τ/
√
x)

x
ṽ = 0, (1)

which was obtained and investigated in our papers [2, 3].
In the triple-deck case, this equation is a Benjamin–Ono-type equation

ε1/2
∂A

∂t
+ A

∂A

∂ξ
=

2π∫

0

∂2A

∂ξ2
(t, ξ′) cot

(
ξ − ξ′

2

)
dξ′. (2)

In the case of localized irregularities (a “hump”) on the plate surface, similar equation was obtained
by O. S. Ryzhov and investigated by S.Yu. Dobrokhotov and I.M. Krichever [1].

In the fluid flow problems, there are some specialities.
• The above equations are considered on a semi-infinite cylinder.
• If the Navier–Stokes system is considered on finite times, then the solutions of these equations
should be considered on large times.
• In hydrodynamic papers, the function A is a special parameter and is called a displacement. From
the viewpoint of the boundary layer theory, this function describes the velocity oscillations on the
boundary of the thin (near-wall) boundary layer. In the triple-deck case, this function A satisfies
Benjamin–Ono-type equation (2) and is a lower boundary condition for Rayleigh-type equation (1)
in the double-deck case.

It turns out that, in both cases, this function may be calculated from Prandtl-type equations
describing the flow in the near-wall region.

Acknowledgment. This paper was prepared within the framework of the Basic Research Program
at the National Research University Higher School of Economics (HSE) and supported within the
framework of a subsidy by the Russian Academic Excellence Project ‘5-100’.
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Reconstruction of solution to the wave equation
from Cauchy data on the boundary

M.N. Demchenko

St. Petersburg Department of V.A. Steklov Institute of Mathematics of the Russian Academy of
Sciences, Fontanka 27, St. Petersburg
e-mail: demchenko@pdmi.ras.ru

We consider the problem of determining solution to the wave equation in Ω × R (Ω is an Eucli-
dean domain) from Cauchy data given on S × I, where S ⊂ ∂Ω, I ⊂ R. The set S and the time
interval I are determined by the part of the cylinder Ω×R in which the solution is to be recovered.
We provide a reconstruction algorithm based on analytic expressions. Possible reformulations of the
problem in consideration are the source identification problem and the problem of recovering initial
data in the IBVP for the wave equation. Such problems arise in geophysics (ground-penetrating
radar), photoacoustic tomography with limited data, and tsunami source recovery.

The research was supported by the grant RFBR 17-01-00529-a.
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Bidirectional fully dispersive models for water waves over a rough bottom

E. Dinvay, H. Kalisch
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D. Dutykh
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du-Lac Cedex, France
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The long-wave approximation is applied to the Hamiltonian formulation of the water wave problem

ηt =
δH
δΦ

, Φt = −δH
δη
.

We show that changing only the total energy, H, while staying in the same framework of accuracy,
one can arrive at different Whitham–Boussinesq systems. Some of these systems have been given
attention in recent years and some are new. In fact, all of these systems are different in the sense
of well-posedness and numerical stability. They all approximate the Euler system for an inviscid
potential fluid. They are all fully dispersive in the linear part and have nonlinear parts that are
asymtotically equivalent to the standard Boussinesq nonlinearity. These systems are suitable for
describing problems with variable topography. They can combine gravitational and capillary or
elastic effects. Their accuracy is checked by comparing with solutions of the Euler system given by
the conformal mapping technique and with laboratory experiments.

Differentiation of brain waves patterns in different states
by multifractal analysis

Dmitrieva L.A., Kuperin Yu.A.
Saint Petersburg State University, University Embankment, 7/9, Saint Petersburg, 199034
e-mail: l.dmitrieva@spbu.ru, y.kuperin@spbu.ru

Smetanin N.M.
National Research University Higher School of Economics, School of Data Analysis and Artificial
Intelligence, Moscow, 3, Kochnovsky Proezd, 3, Moscow
e-mail: nsmetanin@hse.ru

Multifractal analysis is currently considered as the systematic technique for finding and describing
the heterogeneity of fractal objects. Initially proposed for analysis of turbulence data, it is currently
applied in many fields, including geophysics, financial modeling, biological systems, and time series
analysis. The present paper makes a differentiation between brain waves patterns revealed in the
multifractal spectra of multichannel electroencephalogram (EEG) records. Two characteristics of
the multifractal spectrum of EEG time series have been chosen as differentiation indicators. These
indicators are: the right tail width and the left tail width. These characteristics have been calculated
for all EEG channels for a number of test subjects divided into two groups. The first group was
subjected to a long practice of immersion in a state of consciousness characterized by the dominance
of Mu waves (7–9 Hz), which are also known as slow Alpha waves The second group had no such
practice. The non-stationarity of the EEG records was overcome by splitting the entire EEG time
series into stationary sections by moving windows. Statistical processing of the above indicators
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computed on the stationary fragments was carried out by using the Repeated ANOVA (analysis of
variance) approach. Statistical results obtained in the investigation of the right tail of the multifractal
spectrum allowed us to make a conclusion that synchronization of large neural ensembles occurs
mostly in test subjects from the first group in a state characterized by Mu waves dominance. The
study of the left tail of the multifractal spectrum has shown that in a state of Mu waves dominance,
the level of physiological noise in large neural ensembles significantly decreases for both groups of
test subjects. However, the noise level in large neural ensembles is significantly higher for the second
group of subjects, both in a background state with high Alpha waves (9–13 Hz) dominance (closed
eyes) and in a state with Mu waves dominance, than it is for test subjects from the first group.
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The problem of the wave overturning for the Burgers equation
with an imaginary dispersive second derivative

Dobrokhotov S.Yu.

Ishlinsky Institute for problem in Mechanics and Moscow Institute of Physics and Technology
e-mail: dobr@ipmnet.ru

The problem of the appearance and description of the oscillation zone of solutions of the Kor-
teweg – de Vries equation with small dispersion h in the case when the Hopf limit equation (for a
simple wave) describes the wave overturning was formulated and studied at the physical level of
rigor in the well-known work of A.V. Gurevich and L.P. Pitaevsky more than 35 years ago. Later
this problem was studied both for the Korteweg – de Vries equation and for other equations with
weakly dispersive terms in the works of B.A. Dubrovin, S. P. Novikov, T. Grava, C. Klein, A. Moro,
A. L. Krylov, G. El’, A. Kamchatnov, Yu. Kodama, F. Tian, B. I. Suleimanov and many others. The
basic assumption used in these papers is that in the oscillation zone solution are presented as a “one-
phase” Kuzmak–Whitham anzatz f(S(x, t)/h, x, t, h), where S(x, t), f(y, x, t) are smooth functions,
f(y, x, t, h) is 2π-periodic by the argument y. We consider a similar problem for the i-Burgers equation
(the Burgers equation in which small viscosity is replaced by a small imaginary dispersion ih). Using
the Coel–Hopf transformation and solutions of the Schrödinger equation for a free particle, we show
that in the zone of oscillations solution has the two-phase form F (S(x, t)/h,G(x, t)/h, x, t, h), and
in the vicinity of the beginning and end of the zone of oscillations the solution is expressed in terms
of Airy functions with a more complicated dependence on h. The main part of this work was done
together with V.P. Maslov and V.B. Tsvetkov and published 1992 in [1], but it is almost unknown
among specialists in nonlinear waves. In addition, we rewrite the solution in a more effective form
based on recently obtained new asymptotic formulas.

The last part of this work was done in the frame of IPMech theme № AAAA-A17-117021310377-1.
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The linear water waves in the basin with elastic base
created by the localized underground source

Dobrokhotov S.Yu., Sekerzh-Zenkovich S.Ya., Tolstova O.L., Vargas C.A.
Institute for Problem in Mechanics of Russian Academy of Sciences and Moscow Institute of Physics
and Technology, 101-1, prosp. Vernadskogo, Moscow, Russia
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We consider the propagation of the linear gravity waves in the basin with the elastic bottom.
Usually the gravity water waves are considered in the layer with the hard lower boundary. If the
length of the wave much larger than the depth of layer (or the basin) and the wave amplitude is small
then one can use the shallow water approximation and reduce the original problem to the linear wave
equation or its dispersive generalization like the linearized Boussinesq equation. Such type of models
are used for instance for the description of the propagation of the tsunami waves. It is well-known
so-called piston model of the creation tsunami wave: the underground source organizes the shift of
the basin’s bottom which in turn generates the perturbation of the free elevation and surface gravity
water waves. Pod’japolskii in 1978 suggested to consider the process of generation and propagation
tsunami waves in the frame of the combined water-elastic model that considers the effect of elastic
foundations on propagation of water waves. The mathematical aspects of this model were discussed in
particular by Sabatier (1983), Fragela (1989), Zvolinskii, Nikinin, Sekerzh-Zenkovich (1991), Chudi-
novich, Dobrokhotov, Tolstova (1993), Griniv, Dobrokhotov, Shkalikov (2000), numerical aspects
was studied by V. Gusjakov (1987) and others (see bibliography in [1, 2]). The basic equations has
a nonstandard form from of view of theory of partial differential equations because the boundary
conditions contain the time-derivatives. Our previous results show that the basic equations with
time derivatives in boundary conditions could be presented in a standard form for Cauchy problems
for evolutionary equations but in the configuration space having the form of the tensor product of
the 3-D Euclidean half-space and 2-D Euclidean planes. The Fourier analysis of this equations shows
that solution of the Cauchy problem for this model breaks in the 3-D internal elastic modes and two
2-D surface modes: the mode describing the Rayleigh wave and the mode describing the waves on
the water surface In our talk we focus on the water waves mode and consider the situation when
the water waves are created by the localized underground source. Using recent results from [2], we
construct the effective asymptotic formulas for the leading edge front waves for a wide range of sizes
of underground source. This allows one to estimate the influence of the elastic base on the velocity
of the leading edge front propagation and also on the dispersive properties of such type of the waves.
We also show that the waves near leading edge front could be described by the linearized Boussinesq
equation with corrected velocity and dispersion coefficient before the 4th derivatives.
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Homogenization of a nonstationary model equation of electrodynamics
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In L2(R
3;C3), we consider a self-adjoint operator Lε , ε > 0, generated by the differential expres-

sion
curl η(x/ε)−1 curl−∇ν(x/ε) div .
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Here the matrix function η(x) with real entries and the real function ν(x) are periodic with respect
to some lattice, are positive definite, and are bounded. We study the behavior of the operators
cos(τL1/2

ε ) and L−1/2
ε sin(τL1/2

ε ) for τ ∈ R and small ε. It is shown that these operators converge to
cos(τ(L0)1/2) and (L0)−1/2 sin(τ(L0)1/2), respectively, in the norm of the operators acting from the
Sobolev space Hs (with a suitable s) to L2. Here L0 is an effective operator with constant coefficients.
In [1], the following sharp order error estimates were obtained:

‖ cos(τL1/2
ε )− cos(τ(L0)1/2)‖H2(R3)→L2(R3) ≤ C1(1 + |τ |)ε, (1)

‖L−1/2
ε sin(τL1/2

ε )− (L0)−1/2 sin(τ(L0)1/2)‖H1(R3)→L2(R3) ≤ C2(1 + |τ |)ε. (2)

We confirm that (1), (2) are sharp (with respect to the operator norm) and distinguish conditions
on the operator under which the result can be improved:

‖ cos(τL1/2
ε )− cos(τ(L0)1/2)‖H3/2(R3)→L2(R3) ≤ C3(1 + |τ |)ε,

‖L−1/2
ε sin(τL1/2

ε )− (L0)−1/2 sin(τ(L0)1/2)‖H1/2(R3)→L2(R3) ≤ C4(1 + |τ |)ε.
The results are used for homogenizing the Cauchy problem for the model hyperbolic equation ∂2τvε =
−Lεvε, div vε = 0, appearing in electrodynamics. We study the application to a nonstationary
Maxwell system for the case in which the magnetic permeability is equal to 1 and the dielectric
permittivity is given by the matrix η(x/ε).

References

[1] M.A. Dorodnyi, T.A. Suslina, Homogenization of a nonstationary model equation of electrody-
namics, Mathematical Notes, 102(5), 645–663 (2017).

Modelling of damaged interface dynamic behaviour via random
and periodic distributions cracks

Doroshenko O.V.

Institute for Mathematics, Mechanics and Informatics, Kuban State University, Krasnodar, 350040,
Russia
e-mail: oldorosh@mail.ru

Micro-cracks of internal surfaces of solids may appear during operation or manufacturing pro-
cess. The problem of detection and identification of interface damage can be solved ultrasonic
non-destructive techniques. Mathematical models describing the elastic waves diffraction by cracks
and delaminations are needed for internal defects sensing. A damaged interface can be simulated as a
stochastic [1] or as a periodic distribution of defects [2]. One of the approaches for modelling of dam-
aged interfaces between dissimilar media introduce special boundary conditions with a continuous
distribution of springs characterized by stiffness constants [1].

Models of the imperfect interface assuming a random of planar circular or rectangular micro-
cracks are presented. Numerical solution of a hypersingular integral equation (see, e.g. [3]) for
a single crack is required for estimating the spring stiffness [2]. The crack opening displacement
(COD) is an unknown function in the integral equation and it can be obtained by Bubnov–Galerkin
method. Asymptotic representation for the kernel of the integral equation allows to derive analytical
expressions for the components of displacement jump. Frequency-dependent representations for COD
and spring stiffnesses in the case of circular interface cracks are constructed.

A damaged interface is also modelled as a doubly periodic array of planar circular or rectangular
delaminations. The COD at each delamination is unknown, but the problem is reduced to the
solution of a boundary integral equation formulated for the reference unit-cell. The kernel of the
boundary integral equation is evaluated using the relation between exponential series and a Dirac
delta function, the integral equation is solved via the Bubnov–Galerkin method.
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The comparison normal and tangential component of stiffnesses matrix is performed for periodic
and random distributions of interfacial defects of various shapes. Also, the transmission through the
damaged interface simulated by the random and periodic distribution of cracks is analysed.
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Polarization characteristics of graphene-containing composite L-band
antenna
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The devices based on carbon composite materials have a long operation lifetime, enhanced immu-
nity to corrosion, the record-breaking durability-to-weight ratios, and high stability in a wide range
of temperatures [1]. Our recent studies have shown the possibility of using composite materials not
only for manufacturing the elements of microwave devices, but also for creating antenna systems [2].
Note, that the graphene-containing material properties depend on the concentration of a binding
substance in the composite material, and the conductivity of such a material reaches a value of
105 S/m. We studied the polarization properties of the graphene-containing carbon composite ma-
terial in the microwave range and found that in the case of rotation of the composite-material thin
plate by 90◦, the polarization coefficient with respect to the reflection signal amplitude may reach a
value of 0.3 [3].

The anisotropic properties of the composite material may influence the polarization characteristics
of antenna. In the present work, the main attention is paid to the polarization characteristics of a
graphene-containing composite L-band horn antenna. The measurements were performed under
laboratory conditions without using an anechoic chamber for two prototypes of the L-band horn
antennas made of (i) carbon fiber and (ii) carbon fabric, as well as for their metal analogs. The
polarization characteristics of antennas were measured using a polarization device made on the
basis a circular waveguide. We obtained that the polarization coefficient of the composite antenna
lies in the interval 0.35–0.45 and is 1.5–2 times less than that determined for the metal analog.
The experimental data is a good agreement with theoretical results. The numerical results will be
presented and discussed for some cases of interest.

Acknowledgments. This work was supported by the Russian Foundation for Basic Research
(project No. 18-42-520004r-a).
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A spheroidal model for axisymmetric scatterers
based on the quasistatic approach

Farafonov V.G.1, Ustimov V.I.1, Tulegenov A.P.1, Sokolovskaya M.V.1, Il’in V.B.2
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The quasistatic approach is a generalization of the Rayleigh–Gans and Rayleigh approximations
when the field inside a scatterer is represented by a plane wave taking into account polarizability
of the particle [1]. The approach was earlier applied only to the prolate and oblate spheroids. It
was found that the approach allowed one to find the main terms of the field asymptotic for small
values of the ratio b/a, where a and b are the major and minor semiaxes. It is also clear that the
applicability range of the approach increases for more optically soft particles, i.e. when the refractive
index m becomes closer to 1. The spheroidal model means the replacement of a non-spherical
scatterer with the spheroid whose optical characteristics in the far field zone are close to those of
the modelled particle [2]. We combine both approaches, numerically consider the accuracy of the
improved spheroidal models in different cases and discuss how it increases with a decrease of |m− 1|
and b/a.
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Difference equations, uniform quasiclassical asymptotics
and Airy functions
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Let us consider the difference Schrödinger equation

g(z + h) + g(z − h) + v(z)g(z) = Eg(z), (1)

where h is a positive parameter, z is a complex variable, and v is an analytic function. In the
case of small h, the solutions to (1) have quasiclassical behavior. Buslaev and Fedotov studied the
equation with v(z) = 2 cos z, i.e. Harper equation, for small h and developed for this equation an
analog the complex WKB method. It was later generalized to a wide class of v, see, for example,
[A.A. Fedotov, E.V. Shchetka. Complex WKB method for difference equations in bounded domains.
Journal of Mathematical Sciences (New York), 2017, 224(1), 157–169]. The complex WKB method
allows to describe the asymptotics of the solutions to (1) in domains of the complex plane, where
±2 + v(z) 6= E. The points where ±2 + v(z) = E play the same role for (1) as the turning points
for differential Schrödinger equations. In the framework of the method, we construct solutions that
have the asymptotics of the form

g(z) =
e

i
h

∫ z p(z) dz+o(1)

√
sin p(z)

, (2)

where p is an analytic branch of the momentum defined by the equation 2 cos p+ v(z) = E.
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In this talk, we describe the quasiclassical asymptotics of solutions to (1) in a neighborhood
(independent of h) of the points, where ±2 + v(z) = E.

Suppose that z0 is a branch point of p. Then cos p(z0) ∈ {−1,+1} and sin p(z0) = 0. So, near z0
the asymptotic formula (2) is no longer applicable. This phenomenon is well known in the case of one-
dimensional differential Schrödinger equations: in a vicinity of a turning point, the usual asymptotic
formulas of the WKB method must be replaced by more complicated ones: the asymptotic expansions
contain Airy functions and their derivatives.

Suppose that z0 ∈ C is a branch point of p such that dv
dz
(z0) 6= 0, and that V is a sufficiently

small neighborhood of z0 (independent of h). Then we can define a function ζ analytic in V by the
formula

ζ(z) =

(
3i

2

∫ z

z0

(p(z)− p(z0)) dz

)2/3

,

where we integrate from z0 to z in V . We have proved

Theorem. Let u be a solution to the Airy equation. There exists a solution f to equation (1) that
is analytic in V and admits the asymptotic representation

f(z) = (ζ(z))1/4

(sin p(z))1/2
h1/3u

(
h−2/3ζ(z)

)
(1 +O(h)) +O

(
h5/3u′

(
h−2/3ζ(z)

))
, z ∈ V, h→ 0. (3)

This representation is uniform in z ∈ V .

Remark. The function z 7→ (ζ(z))1/4

(sin p(z))1/2
is analytic in V .

As equation (3) is not local with respect to z, the proof of this theorem is much more complicated
than the proof of the analogous result in the case of differential equations. To construct an Ansatz
uniform in z ∈ V , one has to use non-standard techniques. The proof of the existence of solutions
with the asymptotics described by this Ansatz requires to study singular integral equations.

Monodromy matrices for Harper equation

Fedotov A.1, Shchetka E.2

1St. Petersburg State University, 3, Ulyanovskaya st., St. Petersburg, 198504, Russia
2Chebyshev Laboratory, 14th Line, 29B, Vasilyevsky Island, St. Petersburg, 199178, Russia
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Let us consider the difference equations of the form

Ψ(z + h) =M(z)Ψ(z), z ∈ C, (1)

where M : C → SL(2,C) is a given matrix-valued 1-periodic function, and h > 0 is a small constant
parameter.

One can show that the space of solutions to (1) is a two-dimensional module over the ring
of h-periodic functions, i.e., given two linearly independent solutions to this equation, any other
solution equals their linear combination with h-periodic coefficients.

Since M is 1-periodic, the space of solutions to (1) is invariant with respect to the shift z 7→ z+1.
Being restricted to the space of solutions to (1), the corresponding shift operator can be represented
by two-times-two matrices that are h-periodic in z. These matrices are called monodromy matrices,
see the review [1] and references to it. In the quasiclassical limit h → 0, we describe monodromy
matrices for an important class of equations arising when studying a well known model (Harper
equation) from the solid state physics.
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Interaction of modes near an eigenvalue crossing for the diagonalizable
perturbed Hamiltonian
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We study asymptotic solutions of the equation of the form:

K̂(x, ~)Ψ(x, ~) = −i~Γ∂Ψ(x, ~)

∂x
, K̂(x, ~) ≡ K(x) +

√
~B(x) (1)

in the Hilbert space as ~ → 0. We assume that K(x), B(x), Γ and Γ−1, are operators that are
self-adjoint for real x. The latter three of them are assumed to be bounded, as well as K(x)−K(0).
Operators K(x) −K(0) and B(x) have N derivatives, which are bounded. If Γ is not an identical
operator, then Γ−1K̂ is the non selfadjoint one and equations (1) include the Dirac equation and
elastic equations in the plane elastic waveguide or another waveguide problems, which are described
by elliptic equations.

Adiabatic modes as ~ → 0 are expressed in terms of eigenvalues and eigenfunctions of the operator
Γ−1K̂. We study the case, where such adiabatic approximation fails in the neighborhood of x = 0
due to the crossing of two eigenvalues β of the following spectral problem

K(x)ϕ(x) = β(x)Γϕ(x). (2)

We make specific assumptions concerning the behaviour of β and ϕ:

1. The eigenvalues of (2), β1(x) and β2(x), are degenerating at a single point x = 0 and they stay
real on the whole interval. The point x = 0 is of a simple crossing type, i.e.,

β2(x)− β1(x) ≃
x→0

2Qx, Q > 0. (3)

Here Q does not depend on ~, Q ∼ 1, and both β1 and β2 are separated from the rest of the
spectrum of (2) (if any) with a gap independent on ~.

2. The invariant subspace corresponding to β1(0) = β2(0) is the two-dimensional one and therefore
an operator Γ−1K is diagonalizable.

By the method of matched asymptotic expansions, we construct an asymptotic approximation,
which satisfies the equation with the discrepancy of order O(~N+1) for any N . Our main result is the
transition matrix, which matches the leading terms of adiabatic expansions on both sides of x = 0.

Two regimes are highlighted. They depend on the sign of the productN1N2, Nj = (ϕj(x),Γϕj(x)),
j = 1, 2. In one regime, sign(N1N2) > 0 and the crossing of eigenvalues βj(x) is replaced by
the avoided crossing after account of perturbation B(x). The transition matrix in this case is the
Landau–Zener one. In the regime where sign(N1N2) < 0, the crossing of eigenvalues leads to two
real degeneracy points of the perturbed problem with complex ones between them. Both cases are
studied in the literature for different particular problems, and we present a general expression of the
transition matrix valid for both cases. Also we give a recipe as how to obtain the result without
intermediate considerations if the main terms of expansions of eigenvalues βj and eigenelements ϕj

in x are known.
Author (M.V.P.) is supported by the RFBR grant 17-02-00217A.
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Low-frequency backward waves in an elastic cylindrical shell
filled with fluid: comparison of shell theories and 3D theory of elasticity

Filippenko G.V.1,2, Wilde M.V.3
1Institute for Problems in Mechanical Engineering of RAS, Vasilievsky Ostrov, Bolshoy Prospect 61,
St. Petersburg, 199178, Russia
2Saint Petersburg State University, 7-9, Universitetskaya nab., St. Petersburg, 199034, Russia
3Saratov State University, 83, Astrakhanskaya str., Saratov, 410012, Russia
e-mail: g.filippenko@gmail.com, g.filippenko@spbu.ru, mv_wilde@mail.ru

A wave with opposite signs of the phase and group velocities (backward wave) is a rare phe-
nomenon appearing at some special combinations of parameters. This fact involves enhanced re-
quirements to the accuracy, when the approximate theories are applied for describing the vibrations
of the waveguide under consideration.

In this talk the results of investigation concerning backwards waves in a cylindrical shell filled
with fluid, which were presented on the preceding conference [1], are validated by comparison with
the solution on the basis of the exact 3D theory of elasticity. Three lowest modes described by
Kirchhoff–Love theory of shells are considered. The statement of the problem is similar to that
presented in [2]. The ideal compressible fluid is described by acoustical equations. In 3D analysis
the shell is modelled as a hollow circular cylinder. Vibrations of this cylinder are described by
equations of elasticity in cylindrical coordinate system. For decsribing the vibrations of the shell
the Kirchhoff–Love theory is used as in papers [1, 2]. Beside of it, the refined shell theories are
applied to the problem under consideration in order to investigate their possibilities in revealing the
backwards waves. These theories are Timoshenko–Reissner-type theory [3] and refined shell theory
with the modified inertia [4]. It is shown that the results of [1] concerning the shell with fluid are
correct, when the parameters of the problem belong in the range of applicability of Kirchhoff–Love
theory. The numerical results illustrating the ranges of parameters for which the backward waves
exist are presented for each of the three shell theories and for the 3D theory of elasticity. The limits
of applicability of the shell theories in describung the backwards waves when the thickness of the
shell is growing are investigated. The problem of existence of backwards waves beyond these limits
(i.e. in a thick-walled hollow cylinder), is also considered.
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Modelling longitudinal bulk strain waves in elastic waveguides
with Boussinesq and Korteweg – de Vries type equations
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In this talk we will revisit the derivations of Boussinesq and Korteweg – de Vries type models for
the description of long weakly — nonlinear longitudinal bulk strain waves in elastic waveguides within
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the scope of dynamic nonlinear elasticity and Murnaghan’s model for elastic energy, with an emphasis
on contributions made by L.A. Ostrovsky and A.M. Sutin [1], A.M. Samsonov [2] and A.V. Porubov
[3]. Equations of this type can be successfully used to model the propagation of nonlinear longitudinal
bulk strain waves in various inhomogeneous and layered waveguides (e.g. [4–6]).
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Natural vibrations of some inhomogeneous rod-like systems

Gavrikov A.A.
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In this study, the results of application of an iterative approach to solution of eigenproblems are
presented. The method utilized was developed for solving the scalar and vector Sturm–Liouville
problems that are nonlinear in the spectral parameter [1–3], and then was generalized to solve the
linear Hamiltonian systems [4]. It is based on the shooting procedure with a Newton-type spectral
correction on each iteration step.

In the current report, the proposed method is applied to a number of transverse vibrating rod-like
systems, that are both linear and nonlinear in the spectral parameter: a beam with a density defect,
for which three vibration models (Euler–Bernoulli, Rayleigh and Timoshenko) are considered; a pipe
conveying fluid, that is placed on the Winkler foundation (here, the influence of an elastic substrate
on the frequency shift is studied); and a nonhomogeneous tapered beam with a singularity at the
end.

As an example, in Fig. 1 the results of computations of two lowest eigenfrequencies ν are shown for
the hinged Timoshenko beam with a density defect. Their values are normalized to the frequencies of
the homogeneous Euler beam here. The behaviour of the first (curves 1 and 2 corresponding to small
and big defects, respectively) and the second (curves 3 and 4, small and big defects, correspondingly)
eigenfrequencies is presented while the place of the defect d is varying.
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Fig. 1: Two lowest eigenfrequencies ν for the hinged Timoshenko beam with a density defect.
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Evolution of a trapped mode of oscillation in a Bernoulli–Euler beam
on the Winkler foundation with point inhomogeneity
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We consider a mechanical system with mixed spectrum of natural oscillations. This is an infinite
Bernoulli–Euler beam on the Winkler elastic foundation with point inhomogeneity (the concentrated
spring with negative stiffness). The governing equation in the dimensionless form can be written as
follows:

wtt + wxxxx + w = P (t)δ(x), (1)

P (t) = |K|w(0, t) + p(t). (2)

Here x and t are the position and the time, respectively; w is the displacement, P (t) is the force on
the beam from the point spring, p(t) such that p(t) ≡ 0 for t > t0 > 0 is the external force on the
inclusion, −K (where K > 0) is the concentrated spring stiffness.

It easy to show that for K = const, p = 0 this system in a certain domain of the problem
parameters can have a mixed spectrum of natural frequencies of oscillation. In the system under
consideration, unique trapped mode of oscillation can exist. The corresponding frequency is

Ω0 =

√
1− |K|4/3

4
. (3)

In the paper, we use asymptotic procedure analogous to the one suggested in [1–3] for different
problems concerning the infinite string, and based on the method of multiple scales [4], to construct
the solution of (1), (2) together with zero initial conditions w

∣∣
t<0

≡ 0 in the case the spring with
slowly varying stiffness K = K(ǫt). Here ǫ is a formal small parameter. We show that for the weakly
non-stationary system the amplitude of localized oscillation is proportional to

W0 = C0
(1− Ω2

0)
1/8

Ω
1/2
0

. (4)

The constructed solution is verified by independent numerical calculations. The comparison
demonstrates a good mutual agreement.
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Theoretical and experimental study of resonance Lamb wave scattering
by an impact-induced damage
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Impact-induced delaminations are common defects in laminate composites occurring during their
life-time cycle. Among them, multi-ply delaminations located at and beneath the impact zone are
especially challenging for characterization. Since damage detection in thin-walled composite struc-
tures could be achieved employing elastic guided waves (GWs), the investigation of their diffraction
by this type of defects is of particular interest.

Piezoelectric actuator

Impact-induced damage
(stack of interface cracks)

Reflected
waves

Transmitted
waves

Resonance
localization

Fig. 1: Geometry of the problem.

In 2D simulation, it has been shown that GW diffraction with delamination-like obstacles could be
featured by resonance scattering resulting in prolonged high-amplitude damage localized motion at
its eigenfrequencies [1–3]. Whereas these frequencies strongly depend on the obstacle geometry and
location within the waveguide thickness, we hope that this phenomenon could have a high potential
for the identification of multi-ply delaminations as well.

In the current contribution, theoretical and experimental results for the 3D problem are discussed:
GW resonance interaction with a stack of differing in size planar three-dimensional delaminations
in an isotropic laminate structure is investigated. Relying on the developed semi-analytical com-
putational model [1, 2], eigenfrequencies and eigenforms are analyzed depending on the geometrical
properties of the delamination stack. Experimental studies for aluminium plates with a stack of
rectangular cracks have been performed to validate the computational results. An approach for ex-
perimental resonance frequency extraction from B-scan and pointwise measurements with scanning
Laser Doppler vibrometry has been proposed and implemented. A good agreement between predicted
and measured eigenfrequencies and corresponding localization patterns (eigenforms) is observed. The
dependence of eigenfrequency detectability on the waveguide side of surface measurements is also il-
lustrated and discussed.

The work is supported by the Russian Science Foundation (Project 17-11-01191).
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Semi-analytical hybrid approach for modelling wave motion
excited by a piezoelectric transducer in periodic layered composite

with a crack
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This paper presents an efficient semi-analytical hybrid approach for modelling the interaction of
a piezoelectric transducer and a layered periodic elastic structure with a crack. This is a hybrid
approach that combines the frequency domain spectral element method [1] and the semi-analytical
integral approach [2] at the boundary between a waveguide and a transducer. The spectral element
method allows simulating a complex-shaped transducer (e.g. curvilinear or with wrapped electrodes).
The integral approach can efficiently describe the wave excitation and propagation in layered periodic
structures with internal defects. The total wave-field is a sum of the wave-field generated by the
piezoelectric transducer and the wave-field scattered by a crack. The boundary integral equation
method is applied in order to determine the unknown crack-opening-displacements on the crack-
faces.

The authors are grateful to the support by Russian Foundation for Basic Research and German
Research Foundation (DFG) under joint grant 18-501-12069 / ZH 15/29-1.
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Fig. 1: Geometry of the problem.
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High frequencies for some spectral problems in thin structures

Gómez D.
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We analyze the behavior of the spectrum of the Laplacian in a planar domain. The thickness of
the domain or of one of the components depends on a small parameter ε that we shall make to go to
zero. The boundary conditions can be Dirichlet or Neumann depending on the problem. As it is well
known, in some of these models, the low frequencies can give rise to vibrations affecting only a part
of the structure or ignore, e.g., transverse vibrations (cf. [1, 3–7]). We characterize the asymptotic
behavior as ε → 0 of the high frequencies, in a certain range which depends on the structure. In
particular, we look at the behavior of the high frequencies in a T-like planar structure (cf. [2]).
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Harmonic waves in simplest reduced Kelvin’s and gyrostatic media
under external body follower torque
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We consider two types of homogeneous elastic media whose body-points possess finite dynamic
spin. One is Kelvin’s medium [1], whose particles have axial symmetry and may freely rotate about
their axes not causing any stresses in the medium. Another is gyrostatic medium, consisting of spher-
ical particles containing rotors. In both cases we consider large rotation of rotors (or axisymmetric
particles) about their axes. Other rotational (θ) and translational (u) displacements are infinitesimal.
We consider infinitesimal tensors of inertia, but large velocity of proper rotation, resulting in finite
dynamic spin. The gyroscopic term prevails in dynamics of both media. In the natural configuration
all axes of rotors coincide (with m the unit vector) and their angular velocities are equal.

We consider reduced Kelvin’s medium and reduced gyrostatic medium, whose elastic energy does
not depend on the gradient of turn. Such a constraint for the linear isotropic Cosserat medium
without finite dynamic spin yields the existence of a band gap for shear waves, i.e. this medium is a
single negative acoustic metamaterial. In the case of the simplest reduced gyrostatic medium [2] with
isotropic strain energy, for zero external loads most of harmonic waves are polarized. If k · m 6= 0



56 DAYS on DIFFRACTION 2018

and k ·m 6= ±1, where k is the wave vector, for each direction of wave propagation k̂ = k/|k| there
are two shear harmonic waves which are elliptically (frequency-dependent) polarized, one of them
has a band gap and another one has not. For k · m = 0 we have two shear plane waves, one is
non-dispersive and another one with a band gap analogously to the reduced Cosserat continuum.
For k ·m = ±1 both shear waves have circular polarization.

In this work we consider a similar problem for the simplest gyrostatic medium and for Kelvin’s
medium, both subjected to the external body torque bθ. Equations of Kelvin’s medium have an exact
analogy with the equations of ferromagnetic insulators in the approximation of quasimagnetostat-
ics [1, 3] in the state close to the magnetic saturation. Such a torque in magnetic materials is caused
by constant magnetic field. Considering a reduced Kelvin’s medium is analogous to neglect of the
exchange interactions taking into account spin-lattice interactions (stresses caused in the material by
the change of the direction magnetisation relatively to the surrounding medium). In an artificially
made gyrostatic medium we may provide this torque also by means of magnetic induction.

The character of waves in both media is similar to the case considered in [2] for b > 0, but we can
partially control the band gap, which is present for one branch: when b increases, the band gap also
increases and moves to the domain of higher frequencies. An interesting phenomenon is observed
for b < 0 but sufficiently small in absolute value to provide the stability of the medium. For some
domain of parameters b, k̂ ·m and elastic constants both branches have cut-off frequency, and one
of them has a band with negative group velocity just above its cut-off frequency. Thus these media
are double negative acoustic metamaterials in this domain.
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Electromagnetic field structure of a charge flying out from a vacuum area
to bilayer one in a circular waveguide
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The analysis of electromagnetic field produced by charged particle in a dielectric loaded waveguide
is relevant for wakefield acceleration technique development [1]. The influence of the transverse
boundary in the waveguide has been considered earlier only in the case of homogeneous filling of the
contacting areas [2]. Meanwhile the combination of layer structure and transverse boundary leads to
the more complicated problems.

We consider the infinite circular waveguide containing a vacuum area (z < 0) and bilayer area
(z > 0). The latter consists of a dielectric layer with characteristics εd, µd and a central vacuum
channel. Point charge or thin Gaussian bunch moves along the waveguide axis with uniform velocity
v and intersects the transverse boundary at time t = 0. It assumed that the condition

√
εdµd β > 1

is satisfied, i.e. Cherenkov radiation is generated in the bilayer area. Solution is performed by
representation of the total electromagnetic field in each waveguide area as a sum of known “forced”
field (i.e., the source field in a regular infinite waveguide) [3] and unknown “free” field (describing the
transverse boundary influence). The “free” field is written as a series of corresponding eigenfunctions.
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Heavy emphasis is placed on the investigation of the wave field main part (which can be named as
“reduced wakefield”) in the bilayer waveguide area.

Fig. 1 presents typical “reduced wakefield” depending on time at the given point. One can see
that the field structure is simplified with time.
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Fig. 1: Time dependence of the “reduced wakefield” longitudinal component E(w)
2z at point

r = 0 cm, z = 30 cm. Waveguide and point charge parameters are a = 1 cm, b = 0.2 cm,
εd = 5.7, µd = 1, q = 1 nC, v = 0.9c. The number k means the number of modes in
corresponding time interval.
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Surface acoustical waves at the boundary of bimodule medium
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It is well known that localized acoustic disturbances such as Rayleigh and other types waves
propagate along the interfaces of layered media. These waves have sufficient energy and less geometric
divergence compared to bulk waves. The strong dependence of the localization depth of these waves
on its length allows its using for diagnostics of medium parameters in the problems of geophysics and
nondestructive testing. The greatest interest is associated with the study of inhomogeneous media
with complex internal structure. Such media often shows structural and nonclassical ihhomogeneities
and nonlinearities, which depends on frequency and amplitude of acoustic wave. For example, pores
or cracks existing in medium shows such complex dynamics. It is clear that in the presence of
cracks, the behavior of medium will be different in phases of expansion and contraction. A small
effort is enough to stretch cracks, and, on the contrary, for its compression one need more power.
The simplest model of such medium is a bimodule medium with different modules of elasticity in
compression and in tension. A more complex analogue of this model is the medium in which the
elasticity modulus changes at some critical value of the driving amplitude. This means that, for
example, medium contains some internal structure. When exceeding the critical value of the driving
amplitude the response of this structure turns on or the destruction of this structure matter that
leads to changes in elastic moduli.

The generation of surface acoustic waves on the boundary of an elastic bimodule medium is
described. The rheological equation for surface wave propagation in such media is suggested. It
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is supposed that elastic moduli depend only on volume change of medium and are different for
compression and rarefaction phases. This model allows to formulate equations for different phases
and derive their solutions. The temporal profile of the surface wave is built. Different phases
propagates with different speeds and have different amplitudes. It is shown that in the bimodule
medium wave profile is fundamentally asymmetric. During propagation the shock front is formed so
some part of each phase annihilates. This leads to the formation of the unipolar limit profile at large
distance. The developed model of medium allows to describe acoustic phenomena with non-classical
nonlinearity in shallow sea in the presence of bottom soil with the amplitude-dependent threshold
effects, caused by the presence of internal structure such as cracks or polymeric chains.

This work was supported by Russian Foundation For Basic Research (project 16-02-00764).

Appell hypergeometric expansions of the solutions
of the general Heun equation
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Starting from a second-order Fuchsian differential equation having five regular singular points,
an equation obeyed by a function proportional to the first derivative of the solution of the Heun
equation, we construct several expansions of the solutions of the general Heun equation in terms
of Appell generalized hypergeometric functions of two variables of the first kind. Several cases
when the expansions reduce to those written in terms of simpler mathematical functions such as the
incomplete Beta function or the Gauss hypergeometric function are identified. The conditions for
deriving finite-sum solutions via termination of the series are discussed.

In general, the coefficients of expansions obey four-term recurrence relations. However, there exist
certain choices of parameters for which the recurrence relations involve only two terms, though not
necessarily successive. For such cases, the coefficients of expansions are explicitly calculated and the
general solution of the Heun equation is constructed in terms of the Gauss hypergeometric functions.

Finally, we show that the four-term recurrence relations for expansion coefficients can always,
for arbitrary parameters, be reduced to three-term ones. This is achieved by a “desingularization”
through a third-order ordinary differential equation derived from the equation obeyed by the deriva-
tive of the solution of the Heun equation.

Generalized confluent hypergeometric solutions of the confluent Heun
equation

T.A. Ishkhanyan1,2,3, C. Leroy3, A.M. Ishkhanyan1

1Institute for Physical Research, NAS of Armenia, Ashtarak, 0203 Armenia
2Moscow Institute of Physics and Technology, Dolgoprudny, 141700 Russian Federation
3Université de Bourgogne Franche-Comté, Dijon, 21078 France
e-mail: tishkhanyan@gmail.com

We show that the single confluent Heun equation with non-zero ε (this is the parameter char-
acterizing the irregular singularity at the infinity) admits infinitely many solutions in terms of the
generalized hypergeometric functions pFp. For each of these solutions a characteristic exponent of a
regular singularity of the confluent Heun equation is a non-zero integer and the accessory parameter
obeys a polynomial equation. Each solution can be written as a linear combination with constant
coefficients of a finite number of the Kummer confluent hypergeometric functions.

Furthermore, we show that for the Ince limit ε = 0 the confluent Heun equation admits infinitely
many solutions in terms of the functions pFp+1. Here again a characteristic exponent of a regular
singularity should be a non-zero integer and the accessory parameter should obey a polynomial
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equation. This time, each solution can be written as a linear combination with constant coefficients
of a finite number of the Bessel functions.

Transversal connecting orbits of Lagrangian systems with turning points:
Newton–Kantorovich method

Ivanov A.V.

Saint-Petersburg State University, 199034, Russian Federation, Saint-Petersburg, Universitetskaya
nab. 7/9
e-mail: a.v.ivanov@spbu.ru

We study a time-dependent Lagrangian system with Lagrangian

L(q, q̇, t) =
1

2
|q̇|2 − f(t)V (q) (1)

on a compact Riemannian manifold M. We assume that the potential V is of class C2(M) and the
factor f satisfies the following conditions:
(A1) there exists a unique t0 ∈ R such that f(t0) = 0,
(A2) |f(t)| → +∞ as t→ ±∞,
(A3) f ′′(t)f(t) < 3/2(f ′(t))2 for all t ∈ R.

Systems of this type often arise in different areas of physics. In particular, if f(t) = (t − t0)
κ it

can be considered as an approximation of a Lagrangian system with potential U(q, t) in a vicinity
of a turning point t = t0. Let X+(−)

c denotes a subset of M at which f(t)V (x) as a function of x
distinguishes its maximum for any fixed positive (negative) t. We assume that
(A4) X

±
c consists of isolated nondegenerate critical points of V .

Under these assumptions it was proved by variational methods that such system possesses in-
finitely many doubly asymptotic trajectories connecting any two points x± ∈ X±

c [2]. However,
the transversality of such trajectories has not been established. One should note that transversal-
ity condition is crucial for the existence of connecting orbits of singularly perturbed time-periodic
Lagrangian system with turning points.

In the present work we study the problem of existence of transversal connecting orbits for the
system (1) joining any two fixed points x− and x+ such that x± ∈ X±

c . It can be shown that such
orbits are in one-to-one correspondence with non-singular critical points of the action functional

I[q] =

∫

R

[L(q, q̇, t) + f(t)V (χ(t))] dt, χ(t) =

{
x+, t ≥ 0,

x−, t < 0.

defined on an infinite-dimensional Hilbert manifold

M =

{
q ∈ AC(R,M) :

∫

R

(
|q̇(t)|2 + |f(t)| · |q(t)− χ(t)|2

)
dt <∞

}
.

We adopt the Newton–Kantorovich method [1] for the Riemannian manifold M and construct two
sequences of expanding intervals Ωk = [−Tk, Tk] and non-degenerate solutions qk : Ωk → M satisfy-
ing qk(±Tk) = x±. For any k ≥ 1, the solution qk−1 obtained on the previous step is used as initial
approximation for qk. While for q0 a geodesic γ connecting x− and x+ is taken as initial approxima-
tion. Under additional assumptions on the upper bounds of the potential V and its first and second
derivatives, curvature of M and non-degeneracy of γ, we prove that qk converges as k → +∞ to a
transversal connecting orbit q joining x− and x+.
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Variability of the phase and pulse fronts of the sound signal
due to horizontal refraction in shallow water waveguide

Boris Katsnelson
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Variability of the interference pattern of the narrow-band sound signal in horizontal plane in
shallow water waveguide in the presence of horizontal stratification, in particular due to linear internal
waves, or due to variation of bathymetry in area of coastal wedge is studied. We introduce phase
front as line of constant phase and pulse (amplitude) front as a line of constant amplitude/envelope.
It is shown that they may have different directions in some spatial vicinity of the point of reception.
Angle between these fronts depends on the waveguide’s parameters and sound frequency. Similar
effects were registered in laser optics for the pico-second pulses passing through the prism or nonlinear
media.

Theoretical estimations and data processing methodology for getting mentioned angles from ex-
perimental acoustical data recorded by horizontal line array are proposed. On the base of analytical
estimations is shown, that in typical situation, if horizontal refraction is due to linear internal waves
of small amplitude (∼1 m) or due to the bottom slope 0.01 then angle of revolution of the phase
front (direction of horizontal ray) is about 1◦÷ 2◦ for an acoustical track of the length 20 km. Angle
between horizontal rays, corresponding to different frequencies depends on difference between fre-
quencies, from estimation about 0.01 deg/Hz, we get for narrow-band pulse with the band 10 Hz
this angle ∼0.1◦. Behavior of mentioned angles, which are obtained using proposed method for two
episodes from Shallow Water 2006 experiment, has rather good agreement with the theory presented
in the paper.

“Separation of variables” in the model problems of the diffraction theory

A.Ya. Kazakov

SPbUITD, SPbUAI
e-mail: a_kazak@mail.ru

Propagation of the whispering gallery modes in the domain 0 ≤ z <∞, −∞ < t <∞ is governed
by the parabolic equation

iΨt(z, t) + Ψzz(z, t) + zf(t)Ψ(z, t) = 0, (1)

where function f(t) describes the effective curvature of the boundary [1, 2]. The waves localized in
the vicinity of the ray can be described by equation

iΨt(z, t) + Ψzz(z, t) + z2f(t)Ψ(z, t) = 0. (2)

This equation describes the quantum time-dependent harmonic oscillator too. We propose new
integral representations for solutions of the equations (1) and (2), which give the possibility to solve
corresponding boundary problems.
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Asymptotical and numerical investigation of the currents
in a short-wave diffraction problem of a plane incident wave

by smooth prolate bodies of revolution
with Dirichlet and Neumann boundary conditions
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The results of numerical comparison of the currents for both boundary conditions are presented.
The formulae for the currents were obtained according to the Leontovich–Fock parabolic equation
method [1]. We investigated the influence of the expansion term that contains the big parameter
which reflects body’s elongation on the Fock’s current.

Diffraction formulae obtained in [2, 3], give integral representation of the field in some neigh-
bourhood of the point, which is located on the boundary of geometric shadow. These formulae give
a continuous transformation from ray field in the lit area to the field in the shadow using Fock’s
currents.
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Astigmatic Gaussian beam: exact solution of the Helmholtz equation
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Fundamental mode of astigmatic Gaussian beam is described by the expression (see, e.g., [1, 2])

G =
√

detΓ(z) exp ik

{
z +

1

2
rT⊥Γ(z)r⊥

}
, (1)

where rT⊥ = (x, y), T stands for transposition and Γ(z) is an arbitrary symmetric matrix with positive
imaginary part that satisfies the equation Γz + Γ2 = 0. Expression (1) is obtained in the framework
of paraxial parabolic equation approach [1] and asymptotically satisfies the Helmholtz equation

uxx + uyy + uzz + k2u = 0 (2)

in a neighborhood of the z-axis. It is strongly localized there under the condition

kbmin ≫ 1, (3)

where bmin is a minimal eigenvalue of the matrix −ℑΓ−1, which does not depend on z.
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We present an exact solution of the equation (2) in free space, dependent on a dimensionless
parameter kbmin and asymptotically coinciding with (1) when kbmin ≫ 1. The construction generalizes
that described in [3] for a much simpler axisymmetric case and is based on expansion in plane waves.
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Self-focusing of non-paraxial single cycle optical pulses in nonlinear media
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So far, there are just a few papers on the study of self-action of waves consisting of a small
number of oscillations, which are compressed into transverse sizes that are commensurable with the
central wavelength of the radiation. In paper [1] it is shown that it is convenient to use the spectral
approach in the theoretical analysis of self-action of such waves with an extra-wide temporal and
spatial spectra in nonlinear media.

Fig. 1: Typical evolution of the transverse and longitudinal components of the electric field
and their spectra in a model nonlinear medium with a nonlinear additive to the refractive
index ∆nnl = 10−2.
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In this paper, apparently, it is given the analysis of self-action of non-paraxial waves with a
small number of oscillations as a continuation of the previous paper. The characteristic evolutions
of the transverse and longitudinal components of the electric field are shown. We give the analysis
of effects that occur in the process of impulse propagation through the nonlinear medium. Well
known and in present work it is shown once again that longitudinal component is asymmetric across
a propagation axis. One of the main features that is revealed it is the transfer of energy from the
transverse component to the longitudinal one and backward. As a consequence of this, the transverse
component becomes asymmetrical too. Moreover, the considerable part of initial energy goes away
due to emergence of evanescent waves. At the same time, the energy of the longitudinal component
is comparable to the outgoing evanescent energy.
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Inverse problem of tomography of thick layer
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The report considers a problem of diffraction of plane electromagnetic wave on a periodic layer.
The layer is bounded by two surfaces. The layer’s permittivity is given by a periodic function. The
result of diffraction is calculated by the means of Galerkin type method proposed in [1]. The method
allows us to reduce the initial diffraction problem to a system of first order differential equations.
The layer’s irregularities are of the same spatial size as the wavelength of the radiation. Earlier, the
method was implemented for the 2-dimensional cases of incidence of H-polarized [2] and E-polarized
[3] wave to a cylindrical periodic layer. The developed computer program can be accessed through
the internet [4]. This approach was used for the precise modeling of the diffraction for the needs
of sea surface radiometry [5] and for estimation of accuracy of the aproximate local perturbations
method proposed in [6]. The inverse problem of reconstruction of the layer’s inner structure can
be considered in the scope of the model. For example, a 2-dimensional problem of scattering on a
cylinder buried underneath a sinusoidal surface was examined in [3].

The current report considers the 3-dimensional case, i.e. the layer’s surface and permittivity
distribution are given by arbitrary functions, that are periodic by two dimensions. The plane elec-
tromagnetic wave may have arbitrary polarization and may come from any direction. The method
from [1] is implemented. The developed computer program is verified by solving some simple exam-
ples, that allow analytical solution. An example of reconstruction of the layer’s inner structure on
the basis of the diffraction image is considered.

The study was supported by the Russian Foundation for Basic Research, project code 16-31-60096.
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Asymptotics of solutions to non-stationary Maxwell systems
in a domain with small cavities
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The non-stationary Maxwell system is considered, for all times t ∈ R, in a bounded domain
Ω(ε) with finitely many small cavities; the cavity diameters are proportional to a small parameter
ε. The perfect conductivity conditions or the impedance conditions are given on the boundary. The
asymptotics of solutions are derived as ε tends to zero. The cavities are “singular” perturbations of
the domain Ω(0): they are collapsing into points as ε → 0. To describe the asymptotics, we use
the asymptotics of solutions of the so-called limit problems. One of such problems turns out to be
a dynamic problem in a domain with singularities on the boundary. Thus, it is necessary to apply
the methods and results of the theory of dynamic problems in domains with a nonsmooth boundary,
which were developed in [1–4].

The presented mathematical model describes the electromagnetic field behavior inside a conduc-
tive resonator with metallic inclusions of small size. The model can be of use for the diagnostics of
plasma filling the resonator and containing such inclusions.
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Non-conventional phase attractors and repellers in weakly coupled
autogenerators with hard excitation
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In our earlier studies, we found the effect of non-conventional synchronization, which is a specific
type of nonlinear stable beating in the system of two weakly coupled autogenerators with hard excita-
tion given by generalized van der Pol –Duffing characteristics [1–3]. The corresponding synchronized



DAYS on DIFFRACTION 2018 65

dynamics are due to a new type of attractor in a reduced phase space of the system in the slow
time-scale. In the present work, we show that, as parameter of nonlinear stiffness is changing, the
phase portrait undergoes a complicated evolution leading to a quite unexpected appearance of diffi-
cult to detect ‘repellers’ separating a stable limit cycle and equilibrium points in the phase plane. In
terms of the original variables, the limit cycle associates with nonlinear beatings while the stationary
points correspond to the stationary synchronous dynamics with spatial profile corresponding to local
nonlinear normal modes.

In the current study, we revealed all possible types of synchronization in quasilinear system of two
weakly coupled active oscillators with hard excitation. It was shown that the increase of conservative
nonlinearity is accompanied by quite a complicated evolution of possible regimes of synchronization.

We described all the stages of evolution in terms of phase portraits of the asymptotically reduced
model. This may provide an adequate tool for controlling the synchronized dynamics of weakly
coupled generators through appropriate choice for the system parameters and initial conditions. We
found a new type of dynamics of two weakly coupled generators with hard excitation. Namely, a non-
stationary repeller in the phase space separates the basins of attraction of two stable synchronization
regimes: the non-conventional synchronization with intensive energy exchange and the conventional
synchronization without any amplitude modulation. We show for the first time the possibility of
existence of two different synchronization regimes under the same parameters magnitudes. The tiny
difference in initial conditions can switch the behavior of the system from the intensive beatings to the
energy localization and vice versa. It must be noted that such repellers are the non-conventional, as
the unstable phase orbits correspond to the intensive beatings in the system. In other words, assuming
time-inversion this kind of repeller would become an attractor with periodic energy exchange between
two weakly coupled active oscillators.

The reported study was supported by Russian Foundation for Basic Research according to the
research project 16-33-60186.
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Analysis of a mathematical model of oxygen transport in brain
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Mathematical modeling of oxygen transport in brain is important to predict dangerous situations
caused by impaired cerebral circulation. Following to conventional models (cf. [1, 2]), the brain
material is considered as a two-compartment (blood and tissue) structure, and the mathematical
model consists of coupled equations describing convective and diffusive transports processes of oxygen
and its consumption in tissue. Such a promising approach permits to conduct diverse numerical
simulations, nevertheless its theoretical investigation is very poor. The current work intends to cover
the lack of accurate mathematical analysis for such models.
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Let us briefly outline the continuum steady-state model of oxygen transport in brain. It describes
the propagation of oxygen in tissue and blood. It is assumed that the tissue and blood fractions
occupy the same spatial region Ω ⊂ R3. The equations, look as follows:

−α∆ϕ+ v · ∇ϕ = G, −β∆θ = −γG− µ, x ∈ Ω. (1)

Here, θ is the tissue oxygen concentration, ϕ the blood oxygen concentration, µ the tissue oxygen
metabolic (consumption) rate associated with brain function, G the local exchange at blood-tissue
interface, γ = σ(1 − σ)−1 with σ being the volume fraction of vessels, v a given velocity field
(in the vessel network), α and β are diffusion coefficients of blood and tissue. The tissue oxygen
metabolic rate depends on the tissue oxygen concentration (Michaelis–Menten equation): µ = µ(θ) :=
µ0θ/(θ + θ0), where µ0 means the maximum value of the oxygen metabolic rate, θ0 the value of the
tissue oxygen concentration when µ = 0.5µ0. The exchange at the blood-tissue interface is given by
the formula G = A(θ − ψ), ψ = f−1(ϕ) with f := ψ + Bψr/(ψr + C). Here, A, B, C, and r are
positive constants.

The following boundary conditions on Γ := ∂Ω = Γ1 ∪ Γ2 are imposed:

ϕ|Γ1
= ϕb, θ|Γ1

= θb, ∂nϕ = ∂nθ|Γ2
= 0. (2)

Here, the boundary functions, ϕb and θb, are fixed, and the symbol ∂n denotes the normal derivative.
In this paper, a priori estimates of the blood and tissue oxygen concentrations in the space L∞,

ensuring the unique solvability of the problem (1) and (2), are obtained. The convergence of a simple
iterative procedure for finding solutions is proven. The theoretical analysis is illustrated by numerical
examples.

This work was supported by the Klaus Tschira Stiftung, and Würth Stiftung.
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Dynamic patterns in double-diffusive convection
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We study dynamic patterns arising in 3D double-diffusive convection in a layer of an uncom-
pressible liquid interacting with horizontal vorticity field in the neighborhood of Hopf bifurcation
points. Roll-type one-mode convection with convective rolls placed along the x-axis is considered.
We numerically simulate chaotic regimes in this double-diffusive system described by the system of
amplitude equations derived in the previous work [1] from the basic hydrodynamic equations:

Ut = U + α0Ux + α6Uxx − α7Uyy + α9UΨxy + J(Ψ, U)− iU |U |2 ,
Ωt = α8∆Ω+ J(Ψ,Ω)− (|U |2)xy ,
Ω = ∆Ψ .

(1)

Here αi are some complex coefficients. The initial-boundary value problem for system (1) is formu-
lated in the square area 15 × 15 with periodic boundary conditions. We use sinusoidal initial con-
ditions of a small amplitude for convection U(t, x, y) and zero initial conditions for vortex Ω(t, x, y)
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and stream function Ψ(t, x, y). Grid 256×256 points is used for each of the variables. For numerical
simulation of equations (1), we have developed a few numerical schemes based on pseudospectral
methods and created software packages based on these schemes.

Convection amplitude |U(x,y,100)|
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Fig. 1: Numerical solution of equations (1) for |U(x, y, t)| (left) and its spectrum (right).

Simulation has showed that the symmetric initial state given by the initial conditions is destroyed
at time t = 15−35 and the convection becomes irregular. Diffusive chaos state in this case looks like
localized dynamic patterns with typical forms depending from the parameters of convection (Fig. 1,
left). The spectrum of this state contains a limited number of components located in the oval region
(Fig. 1, right). Also, we have developed an approach to the evaluation of Lyapunov’s exponents in
the system under study, as a characteristic of the chaotic regime.

The results obtained help to understand the features of convective processes in multi-component
media and can be the basis for more advanced models of two-dimensional convective turbulence.
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A comparison theorem for super- and subsolutions of ∇2u+ f(u) = 0
and its application to water waves with vorticity
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A comparison theorem is proved for a pair of solutions that satisfy opposite nonlinear differential
inequalities in a weak sense. The nonlinearity is of the form f(u) with f belonging to the class Lp

loc

and the solutions are assumed to have non-vanishing gradients in the domain, where the inequalities
are considered. The comparison theorem is applied to the problem describing steady, periodic water
waves with vorticity in the case of arbitrary free-surface profiles including overhanging ones. Bounds
for these profiles as well as streamfunctions and admissible values of the total head are obtained.

This is a joint work with N. Kuznetsov, St. Petersburg.
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On effective lengths of blood vessels

Vladimir Kozlov1, Sergei Nazarov2,3,4, German Zavorokhin5
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2St. Petersburg State University, Universitetskiy pr., 28, Peterhof, St. Petersburg, 198504, Russia
3St. Petersburg State Polytechnical University, Polytechnicheskaya ul., 29, St. Petersburg, 195251,
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4Institute for Problems of Mechanical Engineering RAS, V.O., Bolshoj pr., 61, St. Petersburg, 199178,
Russia
5St. Petersburg Department of the Steklov Mathematical Institute, Fontanka, 27, 191023, St. Peters-
burg, Russia
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An exponential smallness of the errors in the one-dimensional model of the Stokes flow in a branch-
ing thin vessel with rigid walls is achieved by introducing effective lengths of the one-dimensional
image of internodal fragments of vessels. Such lengths are evaluated through the pressure–drop ma-
trix at each node describing the boundary-layer phenomenon. The influence of perturbations (e.g.,
plaques, aneurysms) on the conjugation conditions in the bifurcation node is taken into account by
variations in the effective lengths. As a consequence, we can describe further changes in the node
while passing blood therethrough.

Wave reduction on a shoaling phenomenon by a porous structure

I.J. Kristianto, I. Magdalena
Industrial & Financial Mathematics Research Group, Faculty of Mathematics & Natural Sciences,
Institut Teknologi Bandung, Indonesia, Jalan Ganesha 10, Bandung, West Java, Indonesia
e-mail: ikha.magdalena@math.itb.ac.id, ivanjonathankristianto@gmail.com

Wave shoaling is the phenomenon of wave amplitude increased caused by the changes of the
water depth. Small wave amplitude from the deeper area is getting higher when the wave is getting
closer to the shallower area. The high wave amplitude can cause damage to the seashore such as
erosion. For coastal protection, we can use porous structures, like mangrove tree or an artificial
porous media from rock or other material. In this paper, we investigate wave shoaling interaction
with an emerged porous medium using a mathematical model. The results are of importance for
studying the reduction impact of the porous medium against the shoaling wave. The mathematical
model that we use is a Shallow Water-type model with linear friction term. The analytical solution is
derived by separation variable method. From the continuity of surface and horizontal flux, we obtain
the wave transmission coefficient formulas. We solve the equations numerically using finite volume
method on a staggered grid. Next, we compared the solution from the analytical and numerical
solution with a different type of porous medium. To ensure the result we have, both analytical and
numerical scheme compared with an experiment data.
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Current distribution and input impedance of a circular loop antenna
located on the surface of a gyromagnetic cylinder

Kudrin A.V.1, Zaboronkova T.M.1, Zaitseva A.S.1, Krafft C.2
1University of Nizhny Novgorod, 23 Gagarin Ave., Nizhny Novgorod 603950, Russia
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Electrodynamic characteristics of strip antennas placed at the interface of isotropic and aniso-
tropic dielectric media have been analyzed for some geometries in [1–3]. In this work, we consider
a strip loop antenna located coaxially on the surface of a circular cylinder filled with a lossless
gyromagnetic medium described by a scalar dielectric permittivity and a magnetic permeability
tensor with nonzero off-diagonal elements. It is assumed that the gyrotropic axis of the medium
filling the cylinder is aligned with it. The cylinder is surrounded by an isotropic magnetodielectric
medium. The current of the loop antenna is excited by a time-harmonic given voltage that creates
an electric field in a narrow angular interval on the surface of the strip conductor of the antenna.

Assuming that the strip is sufficiently narrow, we derive and analytically solve integral equations
for the current density on the strip surface in the case where the diagonal elements of the permeability
tensor of the gyromagnetic medium have opposite signs. Note that under such conditions, the
refractive index surface of one of the normal waves of such a medium possesses an unbounded branch
corresponding to magnetostatic waves. It is shown that in the case considered, this fact results in
existence of an infinite number of quasi-magnetostatic eigenmodes supported by the cylinder, which
significantly affects the antenna characteristics. Under some simplifying assumptions, we obtain
closed-form expressions for the current distribution and input impedance of the loop antenna and
analyze in what extent they are determined by the parameters of the media inside and outside
the cylinder. We have also performed numerical calculations of the current distribution and input
impedance of the antenna under consideration, with the emphasis placed on the case where these
characteristics turn out to be essentially different from those for operation of the same antenna in
the isotropic magnetodielectric medium surrounding the cylinder. The numerical results will be
presented and discussed for cases that are of both practical and academic interest.

Acknowledgments. This work was supported by the Ministry of Education and Science of the
Russian Federation (project No. 3.1358.2017/4.6).
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Electromagnetic non-polarized symmetric hybrid wave propagation
in nonlinear media with saturation

Kurseeva V.Yu.

Department of Mathematics and Supercomputing, Penza State University, Penza, Russia, 440026
e-mail: 79273698109@ya.ru

We consider the propagation of an electromagnetic non-polarized symmetric hybrid wave Ee−iωt,
He−iωt of the form [1]

E = (Ex(x)e
iγz ,Ey(x)e

iγz,Ez(x)e
iγz)⊤, H = (Hx(x)e

iγz,Hy(x)e
iγz ,Hz(x)e

iγz)⊤, (1)
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along the boundaries of the dielectric waveguide

Σ :=
{
(x, y, z) : 0 6 x 6 h, (y, z) ∈ R

2
}
,

where E, H are the complex amplitudes [2]; ω is a circular frequency; ( · )⊤ is the transposition
operation; γ is an unknown real propagation constant; Ex, Ey, Ez, Hx, Hz are unknown functions.

The waveguide Σ is located in the Cartesian coordinate system Oxyz. At the boundary x = 0
the waveguide Σ has a perfectly conducted wall. The half-space x > h is filled with isotropic medium
with constant permittivity ε = ε0ε1, where ε0 > 0 is the permittivity of vacuum. We suppose that
permittivity inside the waveguide Σ is described by the formula

ε = ε0ε2 +
ε0α |Ee−iωt|2

1 + β |Ee−iωt|2
,

where ε2, α, β > 0 are real constants. We assume that ε2 > ε1 > ε0. There are no sources in the
entire space. We assume that everywhere µ = µ0, where µ0 > 0 is the permeability of vacuum.

Complex amplitudes (1) satisfy Maxwell’s equations
{
rotH = −iωεE,
rotE = iωµH;

(2)

the continuity condition for the tangential field components at the boundary x = h; tangential
components of E vanishes on the perfectly conducted wall (x = 0); the radiation condition at
infinity, where electromagnetic field exponentially decays as x→ ∞ in the domain x > h.

The existence of non-polarized symmetric hybrid waves in a dielectric layer is theoretically proved.
Numerical results are also presented, comparison with the linear cases is given. An interesting fact
is that these waves do not correspond to nonlinear TE and TM polarized waves. Results for similar
problems see in [3–5].
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An indefinite integral equation without irregular frequencies
for the floating-body problem

Nikolay Kuznetsov
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In his paper [1], concerning the floating-body problem (FBP) in a water layer of constant finite
depth, located between {y = 0} and {y = −d}, d > 0, John used Green’s function G(P,Q),
P = (x, y, z), Q = (ξ, η, ζ), for reducing the problem to an integral equation (IE) on the wetted part
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S of body’s surface. A single-layer potential (SLP; see the first term in formula (1) below) satisfies all
relations of the FBP except for the non-homogeneous Neumann condition (NC) on S. According to
the jump property of the normal derivative of the SLP, the (NC) leads to a Fredholm IE for µ — the
density of the SLP. The jump property is applicable if S: (a) has no common points with {y = −d};
(b) is attached to {y = 0} and forms a C2-surface with the mirror image of S in {y = 0}.

The obtained IE has a drawback detected by John himself: for a sequence of irregular frequencies
(they are related to the spectrum of a problem in the domain confined between {y = 0} and S) the
IE is solvable not for all right-hand-side terms (RHST) even in the case when the FBP is uniquely
solvable for all these terms. In particular, this solvability property holds if S: (c) lies within the
vertical cylinder whose generators go through the waterline along which S is attached to the plane
{y = 0}. The question, which IEs are uniquely solvable for all frequencies, was one of the most
important in the studies of the FBP (see [2], Sections 3.1.1 and 3.1.2). For the FBP a new IE is
proposed so that it is free of irregular frequencies. This IE belongs to the class of indefinite equations
introduced by S.G. Krein in the 1950’s; see [3], Sections 18 and 20.4.

Assuming that S satisfies conditions (a)–(c), whereas the RHST f in the NC on S belongs to
C0,α(S), a solution to the FBP is sought in the form:∫

S

µ(Q)G(P,Q) dSQ +

∫

S

ν(Q)
∂G(P,Q)

∂nQ
dSQ . (1)

Here nQ is the unit normal pointing into the water domain atQ ∈ S, and µ ∈ C0,α(S) and ν ∈ C1,α(S)
are unknown densities. Then the normal derivative of the function given by formula (1) exists for
P ∈ S, and one arrives at the following IE:

−µ(P ) + 1

2π

∫

S

µ(Q)
∂G(P,Q)

∂nP

dSQ +
1

2π

∂

∂nP

∫

S

ν(Q)
∂G(P,Q)

∂nQ

dSQ = f(P ) (2)

or (K − I)µ + Tν = f for short. Here I is the identity operator, K and its adjoint K ′ are compact
operators in C(S), whereas T is self-adjoint.

Equation (2) is solvable for all RHST, if the intersection of the null-spaces of K ′ − I and T is
trivial; see [3], Section 18. To prove this fact we suppose that there exists µ0 satisfying equations
(K ′ − I)µ0 = 0 and Tµ0 = 0 simultaneously. The first of them implies that µ0 ∈ C1,α(S), and
so the second one means that the double layer potential — see the second term in (1) — solves the
homogeneous FBP when ν = µ0. Then the uniqueness theorem for the FBP yields that this potential
vanishes identically in the water domain. Therefore, the jump formula (as P tends to its limit position
on S) implies that (K ′ + I)µ0 = 0. Combining this and (K ′ − I)µ0 = 0, one obtains that µ0 vanishes
identically on S. Thus, the following theorem is proved.

Let conditions (a)–(c) hold. Then the indefinite equation (2) is solvable for all RHST. Substituting
a solution of the IE (2) into the representation formula (1), one obtains a unique solution of the FBP.
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Surface waves in a polygonal domain with Robin boundary conditions

M.A. Lyalinov

Saint-Petersburg University
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A surface wave propagates from infinity along the boundary of the unbounded polygonal domain.
The scattered field satisfies the Helmholtz equation and the impedance boundary conditions as well as



72 DAYS on DIFFRACTION 2018

the radiation conditions at infinity. We apply a known modification of the Sommerfeld–Malyuzhinets
technique and reduce the problem at hand to that for a system of functional-difference equations
on the complex plane. The latter is studied by transformation to a system of integral equations
of the second kind. The integral operator analytically depends on the wave number which is the
characteristic parameter of the equations. Fredholm property of the system is studied by use of
the analytic Fredholm alternative. The far field asymptotics is developed in a standard way from
the Sommerfeld integral representation of the wave field. In this way the excitation coefficients of
the reflected and transmitted surface waves are deduced as well as the diffraction coefficient of the
cylindrical wave propagating at infinity.

Numerical studies for resonant phenomena during wave run-up

I. Magdalena, Kevin
Industrial & Financial Mathematics Research Group, Faculty of Mathematics & Natural Sciences,
Institut Teknologi Bandung, Jalan Ganesha 10, Bandung, 40132, Indonesia
e-mail: ikha.magdalena@math.itb.ac.id

In this paper, we investigate the occurrence of resonance phenomena during wave run-up over a
sloping beach. Here, we focus on wave run-up within a one-dimensional framework. Most studies
on wave run-up do not discuss resonance phenomena, while this phenomenon may arise when the
incoming wave frequency is close to natural beach frequency. The occurrence of this phenomena
may worsen tsunami impact on beaches. The equation we use here is Shallow Water Equations.
The natural frequency of the semi-enclosed beach has been derived analytically using the method of
separation variables. We solve the equation numerically using finite volume method on a staggered
grid. Implementation of the staggered conservative method to the shallow water equations has
provided us with a robust code appropriate for simulating wave oscillation over a sloping beach. Our
simulations could predict the amplification of maximum run-up height due to resonance. Moreover,
our results have shown a good agreement with other results in literature.

Propagation process of the coupled hyperbolic waves
in gas thermoelastic medium

Matias, D.V.

Peter the Great St. Petersburg Polytechnic University, Polytechnicheskaya, 29, St. Petersburg, 195251,
Russia
e-mail: dvmatyas@gmail.com

Numerical approach is used to investigate waves propagation due to laser radiation. Thin layer
of gas medium is considered, gas is modeled based on ideal gas concept. Aim of research is to
examine time relaxation constant’s influence on coupled thermoelastic system. Heat flux relaxation
according Maxwell–Cattaneo law is studied. Dispersion in waves is introduced due to time relaxation
and nonlinearity in acoustics’s equations. Spatial description is used in order to describe continuum
fields. Density, temperature, heat flux and velocity are evaluated through the system of balance
equations: mass, energy and momentum balances are taken in intergral form. High speed thermal
impact is modeled by defining the distribution of heat sources in the volume for the semitransparent
medium with help of Bouguer law. The power of the laser pulse depends on time as the Dirac delta
function or as the Heaviside function do.

Number of problems with different time relaxation constant is considered, interaction between
thermal and acoustic waves is examined. For numerical calculation explicit technique is applied;
moreover, it is shown that numerical solution, which is based on same approach, for similar issue of
laser interaction on solid continuum has coincided with analytical one.
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Linear and nonlinear aspects of scattering on oscillating potentials
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We show that some principal ingredients of the IST method: Jost solutions, reflection and trans-
mission coefficients for 1D Schrödinger equation

ψxx + k2ψ − u(x)ψ = 0, x ∈ R

do exist for a wide class of smooth, real, oscillating potentials, not necesarilly bounded at infinity.
In general, these potentials u(x) are distinguished by some simple integral decay properties.
Let the potential the u(x) satisfies the conditions

∫ ±∞

x

u(τ)e2ikτ dτ = O(|x|−1/2−ǫ), ǫ > 0, k ∈ R, |x| → ∞,

both for some fixed k, k 6= 0 and k = 0. Then the following statement (Matveev 1973) holds.
Theorem. There exist the solutions f(x, k), g(x, k) of the Schrödinger equation (called Jost solutions)
such that

lim
x→∞

f(x, k)e−ikx = 1, lim
x→−∞

g(x, k)e−ikx = 1.

For some potentials, which we call rapidly oscillating, these conditions are satisfied for all real
values of k. Simplest examples of such potentials are

u1 = |x|α sin |x|β, β > 3/2 + α; u2 = |x|α sin ex2

, α > 0.

For other potentials, with periodic or multi-periodic oscillations, modulated by the slowly decaying
factors, the same integral decay condition holds for almost all values of k with exception of finite
or countable number of points, for which Wigner von Neumann resonances or bound states in the
continuous spectrum appear. Location of these points corresponds to the values of k for which the
integrals above diverge.

The natural question is as follows: might it be possible to extend the Inverse scattering method
for KdV equation, taking these oscillating potentials or a part of them as initial data. Here we will
answer this question only partially.

The main message is that in scattering theory local decay conditions to a large extent might
be replaced by the integral decay conditions. This provides a very beautiful manifestation of the
tunneling effect in quantum mechanics. Its nonlinear manifestations will be also demonstrated in my
talk in connection with what I call the super-transparency phenomenon.

Spectral problem for Dirac operator
for Y-type splitted chain of nanospheres

Melikhova A.S., Popov I.Y.
ITMO University, 49 Kronverkskiy Pr., St. Petersburg, 197101, Russia
e-mail: alina.s.melikhova@gmail.com, popov1955@gmail.com

Chain structures are widely presented in investigations in nanotechnologies. The dependence
of spectral properties on geometry of such systems is rather interesting problem. In this paper
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the mathematical model of relativistic electron placed into Y-type splitted chain of nanospheres is
presented. As in the case of non-relativistic electron (see, for instance, [1]), the model is constructed
in the framework of theory of self-adjoint extensions of symmetric operators.

The splitted chain which consists of identical nanospheres connected through one-dimensional
straight wires is considered. Namely, three direct semi-infinite chains of nanospheres are connected
via wires to one common sphere with number 0. All contact points on spheres are placed at opposite
positions. The one exception is the sphere number 0 with contact points placed at the vertices of an
equilateral triangle. An elementary cell of the chain consists of a sphere and a connected wire. The
Dirac operator on sphere has the form:

HS = −i~σ1(∂/∂θ + cot θ/2)− i~cσ2∂/∂φ(sin θ)
−1 +Mc2σ3,

and on the wire is presented as follows:

Hl = ic d/dx⊗ σ1 + c2/2⊗ σ3,

where ~ is Plank’s constant, σi (i = 1, 2, 3) are the Pauli matrices, c is the speed of light, M is
the particle mass. The coupling between parts of any elementary cell is obtained by “restriction-
extension” procedure. Specifically, one should firstly restrict the initial operator (on the set of all
functions that vanish at the contact points) to obtain the symmetric one and then find the self-
adjoint extensions of this operator to get the interacting parts of the cell. To describe the self-adjoint
extension of the operator one can employ the Krein formula for resolvents (see, for example, [2, 3]).

Due to the features of the described model, one can use the transfer-matrix’s approach for spectral
analysis of the system. The solution on the wire is represented as linear combination of exponents
and on the sphere is considered as a linear combination of Green’s functions for the Dirac operator [4].
By wading through the Krein formula one can obtain the transfer-matrix that stores the necessary
information about spectra of the system. More precise study of the sphere number 0 and its neigh-
bours gives one the system for spectral analysis. The solvability condition leads one to sufficient
conditions on the existence of the point spectrum.
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Leaky wave asymptotics in the case of stationary point
and complex pole approaching

Miakisheva O.A., Fomenko S.I.
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An analytically based computer model for the coupled time-harmonic oscillation generated by a
given source in acoustic fluid with an immersed elastic plate has been developed, and explicit integral
representations for generated and scattered wave fields have been derived using the Fourier transform
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technique. In the far-field, the body and guided waves are described by the asymptotic representations
obtained from those integrals using the stationary phase method and residual technique [1]. The
comparison with the results of numerical integration has shown that, in some cases, the contributions
of stationary points and residues taken separately do not give the correct amplitudes of the reflected
and transmitted body waves. Such a discrepancy occurs for those angles of the directivity diagram
at which the distance between the stationary point and a near real complex pole becomes less than
a certain threshold value.

For these cases, it is necessary to derive asymptotic representations, which remain correct when
the stationary point approach the pole, as it was accomplished in the case of embedded tube wave-
guide [2]. In our talk, such an analytical expression of body waves derived as a superposition of
inhomogeneous and leaky waves will be presented and discussed for 2D and 3D diffraction problems.
To validate the considered leaky-wave asymptotic representation a comparison with the results of
numerical evaluation of path integrals has been carried out. Numerical results show a good agree-
ment between the integral and asymptotic representations at far and even middle distances from
the source.

The work is supported by the Russian Science Foundation (Project No. 17-11-01191).
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Dynamic inverse problem for canonical system with smooth positive
Hamiltonian
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We consider the dynamic inverse problem for canonical system with smooth strictly positive
Hamiltonian. The problem consists in recovering a Hamiltonian from a response operator (dynamic
Dirichlet-to-Neumann map) given on a finite time interval. Transferring canonical system to Dirac-
type system, we can use ideas from [1] to derive equations of inverse problem. We also describe
recently discovered relationships between dynamic approach and spectral approach by De Branges
[2–4] to inverse problems for canonical systems.

References

[1] M. I. Belishev, V. S. Mikhaylov, Inverse problem for one-dimensional dynamical Dirac system
(BC-method), Inverse Problems, 26(4), 045009 (2010).

[2] A. S. Mikhaylov, V. S. Mikhaylov, Boundary control method and de Branges spaces. Schrödinger
equation, Dirac system and discrete Schrödinger operator, Journal of Mathematical Analysis and
Applications, doi:10.1016/j.jmaa.2017.12.013 (2017).

[3] A. S. Mikhaylov, V. S. Mikhaylov, Inverse dynamic problems for canonical systems and de Branges
spaces, submitted to Nanosystems: Physics, Chemistry, Mathematics, (2018).

[4] R.V. Romanov, Canonical systems and de Branges spaces, arXiv :1408.6022 [math.SP].



76 DAYS on DIFFRACTION 2018

On analytical modeling of cold field electron emission from nanotube
films in irregular and aperiodic cases

Minenkov D.S.

Ishlinsky Institute for Problems in Mechanics RAS, Prospekt Vernadskogo 101-1, Moscow, Russia
e-mail: minenkov.ds@gmail.com

We consider a nanotube based cathode and cold field electron emission. Physically interesting
question is how emission current depends on geometrical characteristics of the cathode, including
tubes aspect ratio and intertube distance. Emission current can be calculated using Fowler–Nord-
heim formula if we know electrostatic field near tube tips. Corresponding mathematical problem is
the Dirichlet problem to the Laplace equation for electrostatic potential u(x, y, z):

△u = 0, g(x, y) ≤ z ≤ d, u|z=g(x,y) = 0, u|z=d = U.

Here interelectrode distance d and bias U are given positive constants and function 0 ≤ g(x, y) ≪ d
describes the cathode surface (see fig. 1).

This problem cannot be extended into area z ∈ [0, d] because of high aspect ratio of tubes (tube
height is much larger than diameter). The problem is nonlinear because of boundary condition at
z = g(x, y). Physically this nonlinearity is well known as the screening effect. Exact analytical
formulas in integral form are hard to evaluate and numerical simulations are also time-consuming.
That is why usually simple cathodes with identical tubes placed in regular lattice are considered.

In [1, 2] we proposed an analytical model that is easy to implement and that can be applied for
irregular arrays. Our approach is based on a family of elementary functions that solve considered
mathematical problem for some certain surfaces g(x, y). The main idea is to use these solutions to
describe approximately the behavior of cathode with given geometrical characteristics. This model
seems to describe the screening effect and in the talk we provide comparison of the model with some
experimental data that can be found in literature.

Fig. 1: Irregular array of tubes (left) and density plot of electrostatic potential (right).

The work is done in the frame of government program in IPMech RAS (program number AAAA-
A17-117021310377-1).
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On evaluation of the confluent Heun functions

Oleg V. Motygin
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In its general form, Heun differential equation — introduced by Karl Heun in 1889 — is a Fuchsian
equation with four regular singular points, which are usually chosen to be z = 0, 1, a, and ∞ in the
complex z-plane. Confluence of these singularities, when two or more of them merge to an irregular
singularity, produce the confluent, double confluent, biconfluent and triconfluent Heun equations. In
this work, we deal with the confluent Heun equation being a result of the simplest case of confluence
a→ ∞ and having two regular singular points z = 0, 1 and an irregular one z = ∞.

Solutions of the Heun equations generalize many known mathematical functions and appear
in many fields of modern physics, such as general relativity, astrophysics, hydrodynamics, atomic
and particle physics, etc. (see, e.g. [1, 2]). However, despite the increasing interest to the Heun
equations, it is only Maple amidst known software packages which is able to evaluate the Heun
functions numerically and the Maple code is known to be imperfect and vaguely documented.

The purpose of the present work is to develop alternative algorithms. Following [3], for numerical
evaluation of the confluent Heun functions we suggest a procedure based on power series, asymptotic
expansions and analytic continuation. Program realization is presented in [4] as Octave/Matlab
code. Results of numerical tests and comparison with cases when confluent Heun functions reduce
to elementary functions are given.
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“Blinking and wandering” eigenvalues: Blunted elastic cusps and rounded
plasmonic singularities
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Describing strange behavior of eigenvalues of several spectral problems in mathematical physics
and a new way to form the continuous spectrum from a family of the discrete spectra of perturbed
problems, we proceed with two primitive scalar problems, namely the Helmholtz equation with the
Robin boundary condition

−∆uε = λεuε in Ωε, ∂νu
ε = auε on ∂Ωε (1)

and the Steklov spectral problem

−∆uε = 0 in Ωε, ∂νu
ε = λεuε on ∂Ωε. (2)

Here, Ωε = {x = (y, z) ∈ Ω : z := xn > ε}, ∂ν is the outward normal derivative, ε > 0 is a small
parameter, and Ω is a domain in Rn, n ≥ 2, whose boundary ∂Ω is smooth everywhere, except at
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the coordinate origin O while in a neighbourhood of O, the domain Ω coincides with the sharp cusp

Π = {x = (y, z) : z ∈ (0, d), z−γy ∈ ω}, (3)

where ω ⊂ Rn−1 is a domain with smooth boundary and γ = 2 is the sharpness exponent.
The corresponding limit (ε = 0) problems in the domain Ω with the cusp (3) possess the specific

properties:
(i) in the case a ≥ a† > 0, the residual spectrum of the problem (1) covers the whole complex

plane C, see [1];
(ii) the spectrum of the problem (2) has the continuous component [λ†,+∞) with a cutoff value

λ† > 0, see [2].
The spectra σε

p of the problems (p), p = 1, 2, in the Lipschitz domain Ωε are discrete. Certain
families of eigenvalues {λεp,m(ε)} ⊂ σε

p which depend continuously on ε > 0 and have varying index
m(ε) in the monotone eigenvalue sequences composing the spectrum, are detected with the uncommon
behavior as ε→ +0.

(i) In the case a ≥ a† > 0, the eigenvalues λε1,m(ε) plummet at the high rate O(| ln ε|) along the
whole real axis downward while a subset of the spectrum σε

1 stays almost unchanged periodically in
the | ln ε|-scale;

(ii) The eigenvalues λε2,m(ε) glide at the rate O((λε − λ†)| ln ε|) along the ray (λ†,+∞) downward
but have a smooth touchdown at the threshold λ†. A subset of the spectrum σε

2 stays almost unchanged
periodically in the | ln ε|-scale.

Some other types of eigenvalue asymptotics are found out in the spectra of these singularly
perturbed problems, in particular the “stable” ones which do not leave the very vicinity of a fixed
point. Furthermore, each point λ > λ† implies a “blinking” eigenvalue of the Steklov problems, that
is, it becomes a true eigenvalue of the problem (2) in the domain Ωε for an infinitesimal positive
sequence {εj(λ)} of the parameter ε which is almost periodic in the | ln ε|-scale. The latter allows us
to construct a singular Weyl sequence of the Steklov problem operator at any point λ ∈ (λ†,∞) and
to identify the continuous spectrum in the problem.

Asymptotics of the same type (i) for blunted cuspidal elastic bodies [3] and (ii) for surface
plasmonic polaritons (a diffusion operator with sign-changing coefficients) [4] are described as a
generalization of the above-mentioned results.

The presented results are obtained in cooperation with J. Taskinen, N. Popoff and L. Chesnel,
X. Clayes.
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Spectral problems for long and infinite Kirchhoff plates

Sergei A. Nazarov
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Asymptotics of eigenvalues and eigenfunctions of the bi-harmonic operator ∆2 with various
boundary conditions related to two-dimensional Kirchhoff plates, are obtained when the relative
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width ε of the plate tends to zero. Several series of eigenvalues with stable asymptotics of orders 1,
ε−2 and ε−4 are found in the case of the Neumann conditions (edges of the plate are free) and the
Dirichlet conditions (edges of the plate are rigidly fixed) which are described by fourth- and second-
order ordinary differential equations in the longitudinal coordinate. Junctions and lattices of such
plates are studied as well while new series of eigenvalues appear due to the boundary layer effects
near the junction nodes. These eigenvalue series are related to the discrete spectrum of waveguides Ξ
composed of clamped infinite Kirchhoff plates, i.e., eigenvalues below the continuous spectrum of the
bi-harmonic operator ∆2 in Ξ with either the Dirichlet conditions on ∂Ξ, or the boundary conditions
of simple support. Certain results on the spectra of such Kirchhoff infinite waveguides are obtained
but many questions on the spestral structures remain open.

The results are derived in cooperation with Fedor Bakharev within the grant 17-11-01003 of
Russian Science Foundation.

Operator estimates in homogenization of second-order divergence elliptic
equation with coefficient matrix in BMO

Pastukhova S.E.

Moscow Technological University (MIREA), Moscow, Russia
e-mail: pas-se@yandex.ru

Let us consider the Dirichlet problem

uε ∈ H1
0 (Ω), Aεuε = f, f∈L2(Ω),

Aε = − div aε(x)∇, aε(x) = a(x/ε), ε ∈ (0, 1],
(1)

where Ω ⊂ R
d (d ≥ 2) is a bounded domain with sufficiently smooth boundary. Assuming that the

measurable 1-periodic real-valued matrix a(x) is not symmetric, we decompose it into the symmetric
and skew-symmetric parts:

a(x) = as(x) + b(x).

We suppose
∃λ > 0 : λ|ξ|2 ≤ asξ · ξ ≤ λ−1|ξ|2 ∀ξ ∈ R

d, (2)

b ∈ BMO. (3)

We recall that a measurable function g on Rd lies in the space BMO if ‖g‖BMO = sup 1
|B|

∫
B
|g −

g
B
| dx <∞, where g

B
= 1

|B|
∫
B
g dx and the supremum is taken over all balls B ⊂ Rd.

Owing to (2) and (3), the form (aε∇u,∇ϕ) is bounded and coercive on H1
0 (Ω), which ensures

the unique solvability of the problem (1). Here and hereafter, the simplified notations for the scalar
product and the norm in L2(Ω) is used: (· , · ) = (· , · )L2(Ω) and ‖ · ‖ = ‖ · ‖L2(Ω). We associate with
(1) the homogenized problem

u0 ∈ H1
0 (Ω), A0u0 = − div a0∇u0 = f.

Here a0 is a constant positive-definite matrix. It is calculated according to the known procedure via
solutions to the auxiliary problem, written as follows:

N j ∈ H1
per(�), div[a(x)(ej +∇N j(x))] = 0, j = 1, . . . , d,

where e1, . . . , ed is a canonical basis in Rd, � = [−1
2
, 1
2
)d is a unite cube, and H1

per(�) is the Sobolev
space of 1-periodic functions with zero mean value over the cell �. Under the above assumptions on
the matrix a(x), the auxiliary cell problem is well-posed.

Let
vε(x) = u0(x) + εN j(x/ε)

∂

∂xj
Sεu0(x),
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where Sεg(x) =
∫
�
g(x+ εω)dω is the Steklov average of the function g(x).

Theorem. The following estimates hold:

‖uε − u0‖ ≤ Cε‖f‖,
‖uε − vε‖+ ‖∇(uε − vε)‖ ≤ Cε1/2‖f‖, (4)

where the constants C depend only on λ, ‖b‖BMO, Ω and d.

These estimates admit an operator form. For example, (4)1 means that

‖(Aε + 1)−1 − (A0 + 1)−1‖L2(Ω)→L2(Ω) ≤ Cε.

This result is proved jointly with V.V. Zhikov [1].
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Steady-state oscillations of the volume of liquid on an elastic layer
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The relevance of research dedicated to the dynamic interaction of a deformable foundation with
hydrotechnical structures is determined by the increased requirements for their reliability during
exploitation and the degree of forecast reliability concerning the aftereffects of vibrations.

We investigated the problem of oscillations of the limited volume of a perfect compressible fluid
on an elastic layer with a rigid bottom edge, the surface of which is subjected to a harmonic load
localized in the area Ω0. The displacements of the elastic foundation satisfy the Lamé equations.
As a characteristic of the wave field in a fluid we consider the velocity potential satisfying the wave
equation and the given boundary conditions: there is no hydrodynamic pressure on the upper surface
of the fluid, the non-flow condition is given on the vertical boundaries, on the lower surface the fluid is
influenced by the elastic foundation, described by the hydrodynamic pressure vector. The interaction
of fluid and elastic media is specified by continuous vertical velocity in the contact area.

Assuming that the oscillations of the system are steady, after the time multiplier exp(−iωt)
separation, using the integral Fourier transform, the problem was reduced to the integral equation
(IE) with respect to the complex amplitude of the unknown hydrodynamic pressure in the contact
area q (x). For a plane problem, when the fluid occupies volume {0 ≤ x ≤ d; 0 ≤ z ≤ h} on a layer
Ω0 = {−l − s ≤ x ≤ −s} IE has the form [1]

∞∑

n=−∞

(∫ d

0

k (x− 2nd− ξ) q (ξ) dξ +

∫ d

0

k (x− 2nd+ ξ) q (ξ) dξ

)

− ρ0ω
2

∫ d

0

r (x− ξ) q (ξ) dξ = f (x), 0 < x < d.

Here kernels k, r depend on the oscillation frequency ω, and also mechanical and geometrical char-
acteristics of a fluid and an elastic foundation, respectively.

IE is reduced to a system of functional equations that can be solved using the integral method
of factorization [2]. The resulting representation q (x) allowed us to construct the relations for the
velocity potential in fluid φ (x, z) and the displacement amplitude vector of an elastic foundation.
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The authors have studied the behavior of mechanical characteristics of the system depending on
frequency, dimensions of the reservoir and thickness of the elastic foundation.

The obtained results make it possible to determine the main parameters of the contact interaction
of hydroelastic systems “fluid–soil” taking into account the effect of natural and technogenic vibration
loads, to reveal the conditions for occurrence of dangerous for the construction dynamic modes and
to estimate their frequency range depending on the defining characteristics of the system.

The work was supported by RFBR (18-01-00124) and administration of Krasnodar region (16-
41-230184).
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Asymptotics for the spectrum in boundary value problems
with strongly alternating boundary conditions
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We consider the homogenization of spectral problems for different operators in a bounded domain
of Rn+ ≡ {x ∈ Rn : xn > 0}, n = 2, 3. The spectral parameter arises on the boundary conditions
in small regions, of size O(ε), periodically placed along {xn = 0}. These boundary conditions are
of Steklov type, while a Dirichlet condition is imposed in the rest of the boundary. ε is a small
parameter that measures the period of the structure, and we look at the asymptotic behavior of the
eigenvalues when ε → 0. We provide an overview of some results for the Laplace operator and for
the elasticity system (cf. [1, 2, 5, 6]), and also some new challenges (cf. [3, 4]).
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Various options for migration in elastic environments
based on the method of Reverse Time Migration
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We know, that artifacts arise during migration in elastic media because the presence of longitu-
dinal and transverse waves which having different characteristic surfaces [1, 2]. In our research, we
did several migration options which were based on the method of Reverse Time Migration [3] for
considered to reduce the influence of artifacts.

As a direct dynamic elasticity problem, we consider the Lame system in the form of a first-order
system:

∂

∂t
υi =

1

ρ

2∑

j=1

∂σij
∂xj

,

∂

∂t
σij(x, t) = λδij div υ + µ

(∂υi
∂xj

+
∂υj

∂xi

)
+ f(t)δ(x− x0)δij,

υ|t=0 = 0, σ|t=0 = 0, σv|Γ×[0,T ] = 0,

where δ(x− x0) is Dirac function, δij is Kronecker symbol, f is Ricker wavelet, ρ(x) is density, and
λ, µ are Lame parameters.

On the basis of the solution of the direct elasticity problem in forward and reverse time, we were
constructed some variants of migration. A comparative analysis of the results is carried out.

This work was supported by the Russian Science Foundation under grant 16-11-10027.
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Sound speed determining in weak inclusions degraded by noise
in the ultrasound tomography problem
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The problem of early detection of cancer remains relevant despite the existence of a spectrum
of non-invasive examination methods such as mammography, computer and magnetic resonance
imaging (MRI), ultrasonography Even with these advanced techniques the diagnosis and detection
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of pathologies is difficult problem due to a dense background of the mammary gland and complex
structure of breast tissue.

One of the most perspective approaches for solving of this problem is ultrasound tomography. It
should be noticed several scientific groups providing modern investigation in ultrasound tomography
[1–4].

The work is devoted to the problem of determining small sound speed fluctuations in medical
ultrasound tomography problem. The primary aim of the paper is to determine the location of small
inclusions, sound speeds in them and also to determine unknown boundary between the fatty and
glandular tissues. The sound speeds in these tissues are known.

The approach is based on visualization of unknown inner boundary and inclusions and determi-
nation of the sound speeds in inclusions using wave kinematics. The work is the continuation of the
work [5], where the problem of visualization by the method of Reverse Time Migration was already
solved. For testing of robustness of algorithm the original data (artificial clean image) were damaged
by Gaussian and alpha-stable noises with different intensity. The results of numerical modeling are
presented.

The numerical simulation is supported by the Russian Science Foundation under grant 16-11-
10027. The preparing noisy data is supported by the Volkswagen Foundation project “Modeling,
Analysis and Approximation Theory toward Applications in Tomography and Inverse Problems”.
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Asymptotic solution of the Helmholtz equation in a three-dimensional
layer of variable thickness with a localized right-hand side
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We construct the asymptotic solution of the Helmholtz equation in a three-dimensional layer of
variable thickness with a localized right-hand side

(h2△+ n2(x, y))u = F
(x− ξ1

µ
,
y − ξ2
µ

)
g
(z − z0

µ

)
, u|z=hd1(x,y) = 0, u|z=hd2(x,y) = 0.
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Here coefficient n2(x, y), and functions d1(x, y), d2(x, y), F (x, y), g(z) are smooth functions of their
arguments. Functions d1(x, y) < d2(x, y) define the boundary of the layer. We suppose that functions
F (x, y), g(z) rapidly decay at infinity. Numbers (ξ1, ξ2, z0) define coordinates of the point in the
neighborhood of which the source is localized. The positive parameters h and µ are assumed to be
small.

Using method of adiabatic dimension reduction [1] and recently developed approach [2], assum-
ing the absence of “trap” states and the fulfillment of radiation conditions at infinity (such as the
Sommerfeld condition) we construct the asymptotic solution of the formulated problem under the
condition 1 ≫ µ ≥ h. The asymptotic solution can be represented as an decomposition into a finite
number of modes, each mode is connected with pair of Lagrangian manifolds. One of the correspond-
ing manifolds defines a localized (“singular”) part of the solution in the neighborhood of the point
(x = ξ1, y = ξ2). The second manifold defines the oscillating (“wave”) part of the solution over the
entire layer (taking into account the possible appearance of caustics and focal points). In the limit
F (x, y)g(z) → δ(x)δ(y)δ(z) the obtained formulae describe the asymptotics of the Green’s function
for the considered Helmholtz equation, but unlike such asymptotics, the obtained formula allows us
to describe influence of the source shape on the wave part of the solution quite explicitly.
The research was carried out within the state assignment (theme No. AAAA-A17-117021310377-1),
supported in part by RFBR (project No. 17-01-00644).
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Transformation of the modal structure of acoustical field in course
of the sound propagation from continental shelf to the deep ocean
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The problem of pulse signals propagation from continental shelf to the underwater sound channel
(USC) of the deep sea and related physical effects are important for many practical applications of
underwater acoustics, including, for instance, acoustical ranging and navigation. A compound wave-
guide consisting of a shallow-water part, a section with the continental slope and of an underwater
sound channel of the deep sea is a strongly range-dependent environment where many interesting
propagation effects (such as mode coupling and mudslide effect [1]) can be observed.

The goal of the present study is to investigate the transfer of acoustical energy from shallow-
to deep-water area, and to describe related effects in the framework of the ray theory and using
the method of normal modes [2]. Our work is based on the data obtained in an in-situ experiment
conducted in the Sea of Japan by our institution (POI). The measurements in this experiment
were performed along an acoustical track beginning near the coast of Primorsky Krai and directed
towards the Kita-Yamato Bank in the deep-water area of the Sea of Japan. Pulse signals emitted
by a transducer moored near the shore were received at different ranges from the source at the
depths from 0 to 1000 m. Performing spectral analysis of the signals received at different depths,
we developed a realistic model of the compound waveguide and performed the simulation of sound
propagation using the method of wide-angle parabolic equation [2].
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The results of the modeling allow us to study the modal structure of acoustical field along the
track and the variation of modal amplitudes with range in the transition area between the shelf and
the deep-water waveguide. The analysis results are discussed, and the mudslide effect is explained
in terms of mode amplitudes variation.
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Fig. 1: Sound field in the compound waveguide for the frequency f = 360 Hz.
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Nonlinear Helmholtz equation (NHE)

∂2

∂z2
E +

∂2

∂x2
E + k20

(
1 + ǫ|E|2σ

)
E = 0 , (1)

(where E = E(x, z) denotes the electric field) is a standard mathematical tool for describing the
propagation of electromagnetic waves in Kerr media [1]. Boundary value problems for the nonlinear
Helmholtz equation are extremely difficult to solve, and the only direct solution technique known
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from the literature is based on some iterative procedure. The iterations start from the solution of
nonlinear Schrödinger equation (NSE) that is a paraxial approximation to the NHE.

Recently a new approach to the modeling of one-way wave propagation in Kerr media was pro-
posed [2]. Within this approach, the NHE is replaced by a system of iterative parabolic equations
(IPEs) of the form

2ik0A0z+A0xx + ǫk20|A0|2A0 = 0 ,

2ik0A1z+A1xx + ǫk20
(
2|A0|2A1 + A2

0A
∗
1

)
+ A0zz = 0 ,

2ik0A2z+A2xx + ǫk20
(
2|A0|2A2 + A2

0A
∗
2

)
+ ǫk20

(
2|A1|2A0 + A2

1A
∗
0

)
+ A1zz = 0 ,

. . . ,

(2)

and the solution of the NHE is approximated by a converging series of IPEs solutions. By contrast
to the NSE (i.e., the paraxial approximation), IPEs take the nonparaxial propagation effects into
account. For example, it was shown that IPEs allow to simulate nonparaxial soliton propagation
accurately.

In this study we develop an efficient pseudospectral numerical method for solving the system of
IPEs. The method is a generalization of an exponential time differencing (ETD) method for the
NSE. A ETD technique is well-suited for the system of IPEs, as it allows to reduce the order of the
derivative in the input term.
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Diffraction of high-frequency hadronic waves

Vladimir Petrov
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This is a review of the current state of art — both experimental and theoretical — in the field of
high-energy hadron diffractive scattering. Latest results from the Large Hadron Collider and related
theory problems will be presented.

Averaged equations bi-continuum material
in the long-wavelength approximation

Polyanskiy V.A.1, Belyaev A.K.1, Tretyakov D.A.1, Yakovlev Yu.A.1, Polyanskiy A.M.2
1Institute for Problems in Mechanical Engineering RAS, V.O., Bolshoj pr., 61, St. Petersburg, 199178
Russia
2RDC Electron and Beam Technology, Ltd., st Bronevaya, 6, St. Petersburg, 198188 Russia
e-mail: vapol@mail.ru, vice.ipme@gmail.com, ampol@electronbeamtech.com

The phenomenon of fatigue failure includes a strong influence of random factors. In our paper
[1], we showed that this phenomenon can be described as a parametric resonance associated with
the accumulation of hydrogen in a metal. More recent studies [2] have shown that in the case of
direct exposure of hydrogen to a metal, resonance phenomena are actually observed experimentally.
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In particular, there is a resonant frequency of mechanical loading, in which destruction occurs about
a hundred times faster. In this case, a strong influence of the boundary conditions was observed.

It is known that the place of fatigue failure under cyclic loading is largely determined by random
factors. To study this feature, we applied the equations of the bi-continual material. In the case of
a sufficiently long working part of the test sample of a metal, it can be regarded as a beam of the
same cross section. This allows one to obtain one-dimensional equations for a continuous medium.

It is necessary to take into account the periodic nature of mechanical loading. The processes that
associated with the diffusion and accumulation of hydrogen have a time constant of the order of tens
of hours and more. This allows us to consider displacements under the action of a cyclic load as a
fast movement. Then it is possible to separate fast and slow motions with averaging over the period
of the load cycle. Such averaging leads to a separate equation for the slow component of the motion.

The equations for the averaged parameters have a maximum fifth order of derivatives, instead
of the third order in the original equation. Investigation of their solutions by the Fourier method
shows that there are wave solutions resembling a kink. At the same time, it is known that hydrogen
inside metals is in traps with dimensions of the order of not more than grain sizes. Consequently,
the influence of boundary conditions on the development of hydrogen degradation should not be
decisive. This allows us to use the long-wave approximation in the study of averaged equations for
a slow variable.

Analysis of dispersion relations shows that we have two stable solutions, one is a constant, the
second is slowly damped. The relationship between the frequency and the length of the damped wave
depends only on the hydrogen sorption- desorption coefficients in the traps, the temperature of the
medium and the generalized cross section of the diffusion channels. Thus, the external cyclic load
on these decisions does not affect. On the contrary, perturbations give short wave solutions, which
strongly depend on the parameters of external loading. The results obtained are in good agreement
with the experimental data.

The support by the Russian Foundation for Basic Research, projects 17-08-00783 and 18-08-00201,
is acknowledged.
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GPR image deconvolution from antenna current waveform
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Troitsk, Moscow, 108840 Russia
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Monopulse ground penetrating radar (GPR) registers reflections and diffraction response from
subsurface interfaces or localized objects. Usually the image is blurred due to inherent oscillations
of the probing pulse. This effect can be mitigated by deconvolution of the GPR image from the
probing pulse waveform. The difficulty lies in the variability of the transmitter antenna current
depending on the unknown ground parameters. We propose a practical solution that consists in
comparing the subsurface echo with the primary electromagnetic pulse propagating from the GPR
antenna into the air. Having the same origin, both aerial and subsurface signals are convolutions of
the antenna current waveform with the corresponding time-domain Green functions [1]. This gives a
possibility to find the current from aerial measurements and clear up the subsurface echoes applying
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a deconvolution procedure. We illustrate analytical issues with a model example of a line antenna
lying on the uniform dielectric half-space [2] and discuss practical aspects of the proposed method.

Work is supported in part by RFBR grant No. 18-02-00185.
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On Morse index calculations for geodesic lines on smooth surfaces
imbedded in R3

Popov M.M.

Saint-Petersburg Department of V.A. Steklov Institute of Mathematics, Fontanka emb., 27
e-mail: mmpopov@gmail.com

Morse index, see [1], appears in problems of mathematical physics devoted to construction and
application of quasi-classical asymptotics [2, 3] and short-waves propagation in inhomogeneous media,
e.g. in the ray method. In the presentation a new approach for calculation of it is developed for
geodesic lines on smooth surfaces imbedded in R3. That topic is of interest in theory of surface
waves due to the waves slide along geodesic line of the surfaces. That takes place also in short-wave
diffraction by 3D scatterers with smooth boundary surface in the shadowed part of the surface where
creeping waves arise.

Approach under discussions is actually based on two ideas and mathematical technique what
stem from the recent paper of the author [4]:

1. We consider a beam of geodesic lines in a close vicinity of the separated, central geodesic and
derive equations in variation which enable calculating of the geometrical spreading of the beam
precisely on the central one. For details see also [5, 6].

2. We construct further a complex-valued function from two linearly independent solutions of the
equations in variation which never turn to zero and its argument is monotonic function of arc length
of central geodesic. Incremental value of the argument the complex-valued function between two
points on the geodesic provides number of focal point on the geodesic between those points.
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Two dimensional nonlinear waves in crystalline media

Porubov A.V.
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Petersburg, Russia
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Various nonlinear two-dimensional lattice models are considered including square lattice model
with additional long-range interactions, di-atomic lattice and hexagonal graphene lattice. These
models allow us to study both translation and rotation interactions between the elements of the
lattice. The models based on an interaction between sub-lattices are also considered. An analysis
of the linearized discrete equations reveals the most important intervals of the wave numbers where
continuum limits can be obtained. An asymptotic procedure is developed to obtain continuum two-
dimensional dispersive nonlinear equations for longitudinal and shear waves. Of primary interest are
their plane localized wave solutions and their transverse instability. An influence of the long- range
interactions between the elements of the lattice on the sign of the amplitude of the plane localized
waves is found.

Preliminary results have been obtained in Refs. [1–3].
The work has been supported by the Russian Foundation for Basic Researches, grant No 17-01-

00230-a.
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Mathematical theory of continuum mechanics with angular momentum

Prozorova E.V.

Mathematics & Mechanics Faculty, St. Petersburg State University, University av. 28, Peterhof,
198504, Russia
e-mail: e.prozorova@spbu.ru

The aim of the paper is to eliminate inaccuracies in the mathematical model for describing the
mechanics of a continuous medium and to bring it into line with the provisions of classical theoretical
mechanics. All conservation laws are based on experimental data obtained for finite elementary
volumes. However, when writing conservation laws via delta functions, the same equations are
obtained. This indicates that we neglect the processes inside the volume and with the volume
and their influence on the conservation laws. Excluded effects can affect critical and near critical
operating modes of aircraft, missiles, various devices, building structures, as well as in some natural
processes, in astrophysics. The magnitude of the additional force is determined by the value of
the gradient of physical quantities (density, velocity, momentum) and the structure of the object
under study. The classic theory of continuum mechanics does not preserve the continuity of the
environment due to the use of the conditions of equilibrium of forces and the symmetry of the stress
tensor. We used many unreasonable mathematical approximations when by the Boltzmann equation
is solved to describe the equations of continuum mechanics. The paper presents an analysis of
mathematical approximations underlying description in different environments, and new models, to
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avoid the resulting misunderstandings. For rarefied gas the self-diffusion and thermo-diffusion which
were foretold by S.V. Vallander are obtained from kinetic theory. A new method for calculating
the pressure and energy for a multicomponent gas is proposed. In conclusion, we note that in the
construction of statistical theories of an equilibrium liquid in the Clausius theory, for pressure,

p− nkT = −1

6
ρ2

∫
v(r)g(r) dr,

where v(r) is the power of the intermolecular interaction force dϕ(r)
dln(r)

, ϕ(r) is potential, and g(r) is
the pair distribution function; i.e. the value of the same structure (dimensional) as the term in the
equations with allowance for the angular momentum, that is M = (r−r0) × dϕ(r)

d(r)
, r0 is position of

inertia center. So

p− nkT = −1

6
ρ2

∫ (
v(r) + r

dM

dr

)
g(r) dr.

For a viscous gas, the formula for the transition from the integral over the surface to the integral
over the volume which we use when deriving the conservation laws must be generalized, that is, the
circulation of the velocity must be taken into account. Hence the Stokes formula (Ostrogradsky,
Gauss) should be generalized.
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Basic multiple-twisted spiral beams

Evgeniya V. Razueva, Eugeny G. Abramochkin
Lebedev Physical Institute, Samara, 443011, Russia
e-mail: dev@fian.smr.ru

We consider paraxial light fields whose intensity distribution rotates during propogation in free
space keeping its form. Such beams are named spiral or rotating beams. The angle of total intensity
rotation, corresponding the beam propagation from the waist plane to far field, is defined as θπ/2,
where θ is an arbitrary real, named the rotation parameter.

For the case θ = ±1, the theory of spiral beams has been described in [1]. If θ is a nonzero integer,
θ = ±N , then corresponding spiral beams (named multiple-twisted or N-twisted spiral beams) in the
waist plane have the form

F (x, y, 0) = exp(x2 + y2)

∫∫

R2

exp
(
−ξ2 − η2 + 2

√
2 i(xξ + yη)

)
f(W ) dξ dη, (1)

where f(z) is an arbitrary entire function such that the field F is of finite energy, and

W =

{
(ξ2 + η2)2N−1(ξ ∓ iη)2, if θ = ±2N ,
(ξ2 + η2)N(ξ ∓ iη), if θ = ±(2N + 1).

(2)

This expression provides a way to construct various multiple-twisted spiral beams because f(z) is
arbitrary. However, when we need to construct a spiral beam with the intensity distribution of a
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predetermined shape, it is not clear how to choose the function. If θ = −1, then the function f(z) is
known:

f(z) = exp(ic∗z − cc∗), (3)

where c is a complex-valued shift parameter, that leads to a shifted Gaussian beam. The beam
shaping technique uses this beam as a light drawing tool. More exactly, the shifted Gaussian beam
works as a pencil tip moved along the prescribed curve in the xy-plane because its intensity looks as
one and the same Gaussian spot for all values of c [2].

In general case, θ = ±N , it is more difficult to choose a similar basic beam. Using the shifted
Gaussian beam, we construct a shifted pseudo-Gaussian beam for each value of N > 1. This beam,
in contrast with the ordinary shifted Gaussian beam, does not keep its intensity shape when the shift
distance from the origin changes. Nevertheless, numerical simulations show that shifted pseudo-
Gaussian beams provide a simple way for constructing multi-spot spiral beams. The last ones are an
effective tool for localization of single fluorescent molecules in superresolution microscopy [3].

The shifted pseudo-Gaussian beam is not a unique choice for constructing multiple-twisted spiral
beams. For the case θ = −3, another kind of a basic beam is a pseudo-Bessel beam, depending on the
Bessel function J0(z). We present some examples of 3-twisted spiral beams based on pseudo-Bessel
beams.
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Laplacians on periodic graphs with boundary
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It is well known that the spectrum of the Laplacian on a periodic graph consists of a finite number
of non-degenerate bands and eigenvalues of infinite multiplicity. We consider the Laplacian on the
periodic graph with the periodic boundaries. Under some conditions on the boundary the spectrum of
the Laplacian has so-called surface spectrum, i.e. spectrum corresponding to the waves localized near
the boundary. The surface spectrum is of particular interest due to its connection with study of the
modern crystalline structure, thermal transport, propagation of electromagnetic and acoustic waves.
We discuss condition when the part of the surface spectrum is above the spectrum of the Laplacian
on the periodic graph without boundary. This part of the surface spectrum has a band structure.
Also estimates of the Lebesgue measure and the position of this part of the surface spectrum are
given. We consider a number of examples that can be of particular interest for physics. This talk is
based on joint work with E. Korotyaev and N. Saburova.

Invariants and spectral estimates for Laplacians on periodic graphs

Saburova N.Yu.

Northern (Arctic) Federal University, Northern Dvina emb. 17, Arkhangelsk, 163002, Russia
e-mail: n.saburova@gmail.com

We consider Laplacians on periodic discrete graphs. The spectrum of the Laplacian consists of
a finite number of bands, where degenerate bands are eigenvalues of infinite multiplicity. We obtain



92 DAYS on DIFFRACTION 2018

the estimates of the Lebesgue measure of the Laplacian spectrum in terms of geometric invariants
for periodic graphs and show that these estimates become identities for specific graphs. The proof is
based on a special decomposition of the Laplacian into a direct integral, where fiber Laplacians have
the minimal number of coefficients depending on the quasimomentum. Moreover, similar results for
Schrödinger operators with periodic potentials on periodic discrete graphs are obtained. This is a
joint work with E. L. Korotyaev from St. Petersburg State University.

Nonlinear Fourier transform, nonlinear modes and nonlinear
superposition

Pavle Saksida

Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 21, Ljubljana, Slovenia
e-mail: pavle.saksida@fmf.uni-lj.si

One of the principal tools in the analysis of the integrable nonlinear partial differential equations
is the theory of the inverse scattering transform. This theory is reminiscent of the application of the
Fourier analysis in solving the linear partial differential equations. Indeed, the scattering transform
is often called the nonlinear Fourier transform. We shall consider the nonlinear Fourier transform
associated with the ZS-AKNS systems with periodic boundary conditions. In general, the linear
Fourier theory provides solutions of linear initial problems as linear superpositions of the Fourier
modes. To some extent, the integrable nonlinear partial differential equations can be analyzed in
an analogous way. In the talk I will present a perturbation theoretic approach to the construction
of the nonlinear Fourier modes and of their nonlinear superposition in the case of the ZS-AKNS
nonlinear Fourier transform with periodic boundary conditions. The key element of this approach
is a convergent iterative scheme for the evaluation of the inverse nonlinear Fourier transform of the
ZS-AKNS type.
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Light bullets in a planar waveguide with quadratic nonlinearity
and normal group velocity dispersion
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We study solutions to the second-harmonic-generation equations in a 2D waveguide with normal
dispersion. An analytical solution is obtained in an approximate form of the planar spatiotemporal
two-component soliton by means of the averaged Lagrangian method [1]. It is demonstrated that
waveguide geometry plays the fundamental role for light bullets existence provided that the normal
dispersion is at both frequencies.

The system of second-harmonic generation for the envelopes of the fundamental and second
harmonics in a focusing planar waveguide with parabolic profile of the refractive index, taking into
account the mutual influence of nonlinearity, second-order diffraction and dispersion in dimensionless
form is written as:

i

[
∂B1

∂z
−Da1x

2∂B1

∂τ

]
+Dτ

∂2B1

∂τ 2
− B∗

1B2 = −Dq1x
2B1 +

1

2
Dx

∂2B1

∂x2
, (1)
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i

[
∂B2

∂z
−Da2x

2∂B2

∂τ

]
+ 2Dτ

∂2B2

∂τ 2
− 1

2
B2

1 = −Dq2x
2B1 +

1

4
Dx

∂2B2

∂x2
. (2)

Under normal dispersion, and the absence of waveguide, the pulse is unstable. Distribution in the
form of bullets is observed only in the presence of waveguide. In computations we set the initial
pulse in the form of the trial solutions B1,2 = E1,2 sech(x/a1,2) sech(τ/τ1,2). Numerical solution of the
system (1)–(2) presented in Fig. 1 (a,b) is close to a two-component soliton forming at defocusing
nonlinearity and focusing waveguide.

Fig. 1: Intensity distribution at the cross-sections tz showing the two-component soliton
formation and spreading in a focusing waveguide with defocusing nonlinearity. (a) — funda-
mental frequency, (b) — second harmonic. Dτ = 0.01, δ = 0, Dα1,2 = 10−5, γ1 = 1, γ2 = 0.5,
Dq1,2 = 5, Dx = 1, E1 = 4, E2 = 0.15, a1 = 0.33, a2 = 0.24, τ1 = 0.78, τ2 = 1.16.

The investigation was made using support of the Russian Science Foundation (Grant № 17-11-
01157).
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Simulation of the optical components surface quality influence
on the propagation of high-power laser radiation
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The problem is solved on the basis of the numerical solution of the Maxwell equations by the
finite-difference time-domain (FDTD) method [1]. The mathematical model describes the physical
process of radiation interaction with the boundary between two media taking into account the random
character of the surface shape. This allows obtaining a result for certain parameters of surface
treatment that does not depend on the specific shape of the surface.

The initial data for the simulation are the parameters of the incident wave and the permittivity
distribution. The incident wave was set as a plane one using the Total Field / Scattered Field method
[2]. To model the region of the air-glass surface, the boundaries perpendicular to the separation
plane have periodic boundary conditions, and the other two boundaries are the absorbing boundary
conditions.
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The developed model is implemented in the form of a program that uses the capabilities of GPUs.
For each value of the described parameters, a series of simulations with independently generated
surface forms was performed and for the region near the surface the parameter of interest was
calculated, after which the data were averaged for all calculations of this series. The figure shows
the results of calculating the maximum intensity for different values of the characteristic dimensions
of surface elements. Calculation of the radiation intensity distribution was carried out for the range
of the maximum height of surface microroughness 0.1λ ≤ R ≤ 5λ with 0.3λ increment, where λ is
the radiation wavelength. Also, calculations were carried out for several values of the characteristic
dimensions of the surface elements σ = 0.6λ, σ = 1.1λ, and σ = 1.6λ, that also allowed to determine
this parameter influence on the simulation results (see Fig. 1).

Fig. 1: Maximum radiation intensity normalized to the value for an ideal surface (R = 0) vs.
maximum height of surface microroughness for different values of surface elements character-
istic dimensions: σ = 0.6λ (a), σ = 1.1λ (b), σ = 1.6λ (c).

Another important task is to investigate the effect of volume inclusions on the propagation of
high-power laser radiation in transparent optical components. The system model is based on a linear
dielectric material, without absorption. The inhomogeneities are characterized by their size and
density and are described by a local change in the refractive index with a step profile. The position
of the centers of inhomogeneities are determined by a random distribution with a uniform probability
density.

The reported study was partially supported by RFBR, research project No. 16-08-00936 a.
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On homogenization for strongly elliptic operators
with “Hölder continuous” locally periodic coefficients
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In homogenization theory, one is interested in studying asymptotic properties of solutions to
differential equations with rapidly oscillating coefficients. We will consider such a problem for a
matrix strongly elliptic operator Aε = − divA(x, x/ε)∇ on Rd, where A is Hölder continuous of
order s ∈ [0, 1] in the first variable and periodic in the second. We do not require that A∗ = A,
so Aε need not be self-adjoint. It is well known that the resolvent (Aε − µ)−1 converges, in some
sense, as ε → 0. In this talk, we will discuss results regarding convergence in the uniform operator
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topology on L2

(
R

d
)n, i.e., the strongest type of operator convergence. We present the first two terms

of an approximation for (Aε − µ)−1 and the first term of an approximation for (−∆)s/2(Aε − µ)−1.
Particular attention will be paid to the rates of approximation.

Maslov’s canonical operator in the problem of acoustic pulse signal
propagation in a shallow sea with penetrable bottom

Sergeev S.A., Tolchennikov A.A.
Institute for Problems in Mechanics of the Russian Academy of Sciences, Moscow, Russia;
Moscow Institute for Physics and Technology (State University), Dolgoprudny, Russia
e-mail: sergeevse1@yandex.ru, tolchennikovaa@gmail.com

Petrov P.S.
V. I. Il’ichev Pacific Oceanological Institute, Vladivostok;
Far Eastern Federal University, Vladivostok
e-mail: petrov@poi.dvo.ru

In the paper [1] the problem of modelling of the pulse acoustic signals in the deep ocean with the
help of the Maslov’s canonical operator was considered. In this talk we continue implementing the
ideas of [1, 2] to the construction of the time series of pulse acoustic signal in the shallow sea [3].

In the mathematical language this problem can be formulated as the Cauchy problem for the
inhomogeneous wave equation with zero initial functions.

1

c20
ptt −∆xp = Q(x, t), x = (x1, x2, x3) ∈ B, (1)

B = {(x1, x2) ∈ R2, x3 ∈ [0, H ]}, c0 = const.

with the initial conditions
p|t=0 = pt|t=0 = 0.

The variable x3 describes the depth of the sea near the shore and here we set H = const. Equation
x3 = 0 describes the surface of the see and the boundary condition on it has the standard form of the
Dirichlet condition. The bottom is described by x3 = H and we assume it is penetrable for sound
waves and at the bottom some part of the sound wave transmitted into the bottom. Therefore we
pose the special reflection conditions [3].

The right-hand function Q(x, t) depends on parameters λ, l:

Q(x, t) = λ2g′0(λt)
1

l3
V

(
x− x0

l

)

with some fast decaying at infinity real functions V (x), g0(τ) and parameters l ≪ 1, ω = c0
λl
< ω0.

While the parameter λ→ ∞ function λ2g′0(λt) tends to δ′-function, and we pose in our calculations
λ is sufficiently big. Parameter l describes radius of the source function and we seek the asymptotic
solution of the posed problem (1) while l → 0.

Using [1, 2] we describe the procedure based on the modified Maslov’s canonical operator for the
asymptotic solution. We simulate with this procedure the propagation of the acoustic waves in the
shallow sea near the shore. The asymptotic solution is built in the point where located the receiver.

This work was supported by grant RFBR-18-31-00148 mol_a.
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Numerical method for solving the problem of electromagnetic wave
scattering by a perfectly conducting object of small thickness
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A three dimensional problem of monochromatic electromagnetic wave scattering by perfectly
conducting objects of small thickness (one of the overall dimensions is much smaller than the others)
is considered. Often, to reduce computational complexity of this problem, the original objects are
replaced by thin screen, but it leads to incorrect results. The numerical method for the solution of
this problem, based on relocation of the boundary condition to the median surface is developed. In
this method we state a new boundary value problem at the domain outside this surface. The original
shape of the body is taken into account due to the boundary conditions. The resulting problem is
reduced to the system of two integro-differential equations at the median surface. The numerical
scheme for solving these equations is developed. The quadrature formulas [1] has been used for the
approximation of integral operators. Unlike boundary integral equation method (BIE) [2], developed
numerical scheme does not degenerate when the body thickness tends to zero.

To test the developed method, there were obtained numerical solutions for the problem of
the plane electromagnetic wave scattering by the rectangular wing with the symmetrical airfoil
NACA0012 and aspect ratio (ratio of the maximum thickness to the chord) t/c = 5%. The re-
sults of proposed method were compared with experimental data and results obtained by the BIE
method in the cases t/c = 5% and 0% (thin screen). Solution results are presented as radar cross
section (RCS) diagram (Fig. 1).
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Fig. 1: Part of the RCS diagram for rectangular wing, obtained by different methods,
t/c = 5%, λ = c.

The main conclusions of testing:
1. The results of numerical solutions, obtained by proposed method, are in good agreement with
experimental data;
2. Using thin screen instead original object lead to mismatch numerical solution by the BIE method
with experimental data at an angle of observation at leading edge (0◦ ± 10◦).
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Method of parabolic equation in diffraction theory. When it is applicable?
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Moscow State University, Moscow, 119992 Russia
e-mail: a.v.shanin@gmail.com, korolkov@physics.msu.ru

The method of parabolic equation is used in diffraction theory to describe waves having a narrow
angular spectrum [1]. Namely, the parabolic approximation can be applied to the wide range of
problems: the problem of diffraction by a strip [2], by a body of revolution [3, 4], and to some wave-
guide problems [5]. Some of these problems can be solved explicitly in the parabolic approximation.
Moreover, numerous numerical experiments show that the parabolic approximation works well even
in the case when the diffraction process cannot be treated as paraxial. In the current work authors
try to understand why it works better then expected. The problem of diffraction by a half-plane
is considered. First, a problem for the parabolic equation with appropriate boundary conditions is
introduced. Second, the problem is reduced to the boundary integral equation. The same proce-
dure is repeated for the initial (Helmholtz) problem and the Wiener–Hopf equation is derived. It
is found out that the kernel of the “parabolic” equation is one of the factors of the factorization of
the “Helmholtz” equation kernel. This fact explains why the parabolic equation works well for the
half-plane problem (even near the edge of the half-plane). Possible generalizations of this result is
discussed.

The work is supported by the RSF grant 14-22-00042.
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Experimental study of diffraction by a thin cone
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Diffraction by a thin cone attracts considerable attention of researchers. Several different ap-
proaches exist to developing both asymptotics of the diffracted field and the diffracted field itself.
First, there is a traditional asymptotic approach based on ray representation [1]. Second, there is
an approach based on the parabolic equation method [2]. Third, there is an approach based on the
boundary integral equation method for the parabolic equation in Cartezian coordinates [3]. Also,
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there is an approach based on the Smyshlyaev’s formula [4], and an approach based on Kontoro-
vich–Lebedev integral representation [5]. All these methods are mathematically complicated, and
the question about which one works better is still open.

In this work, a direct diffraction experiment is used to measure the diffracted field on the surface
of a thin cone and in its penumbral zone. The experiment is performed using MLS (Maximum
Length Sequence) method. The results of the experiment are compared with those calculated using
the existing methods.

The work is supported by the RSF grant 14-22-00042.
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Scattering of quasi-electrostatic waves on the conducting bodies
of revolution in media with dielectric anisotropy
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In this paper, scattering of quasi-electrostatic waves on the conducting bodies of revolution in
media with dielectric anisotropy is investigated. The typical examples of such media are anisotropic
plasmas (magnetoplasmas) [1] and hyperbolic metamaterials [2]. In these media, the refractive
index surface has asymptotes if the diagonal (with respect to the anisotropy axis) dielectric tensor
components have opposite signs. These asymptotes define the so-called resonance cone. The quasi-
electrostatic waves propagate close to the resonance cone direction so their wave numbers can be
quite large.

The problem is investigated both theoretically and numerically. The theoretical approach is based
on the analytical methods of solution of the partial differential equation (for the complex amplitude of
electrostatic potential) and the integral equation (for the charge density distribution on the conductor
surface) that follow from Maxwell’s equations. Much attention is paid to the Green’s function of the
partial differential equation because it is singular not only at the source point but on the resonance
surface too [3]. The numerical approach is based primarily on the method of moments for solution
of the integral equation.

The bodies of revolution used in this research are a metal circular cylinder and a metal sphere.
The corresponding scattering characteristics (e.g., scattered fields and cross sections) are found and
analyzed. The results can be important for the theory of antennas in plasmas and metamaterials.
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Inverse scattering technique for deep water waves
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We develop approaches for the application of the Inverse Scattering Technique (IST) to the
analysis of the surface water waves (see e.g. [1]). The general idea is to interpret the nonlinear wave
groups in terms of the soliton-like structures (envelope solitons in the framework of the integrable
nonlinear Schrödinger equation), what could improve understanding of the nonlinear wave group
dynamics, and in particular, could help to elaborate tools for short-term wave forecasting as suggested
in [2, 3]. There is a number of significant difficulties in application of the IST to the practically
important case of sea waves: wave directionality, phase-locked bound wave components, insufficiently
narrow (or simply broad) wave spectrum, uncertainty in the choice of the carrier wavenumber. These
problems are absent or greatly reduced in the application to optical fibers.

Based on the original idea of applying the IST to samples of waves in a sliding window [2] (see
the left part in the figure below), a thorough study of various approaches was performed recently
[4]; in particular, a feedback procedure was suggested with the purpose to stabilize the values of
the calculated spectral data. In the right part of the figure the relative errors in evaluation of the
soliton amplitude are shown for different actual amplitudes of the soliton-like structure simulated in
the primitive equations of hydrodynamics. The quantity kpAenv = kp(Acr − Atr)/2 stands for the
dimensionless amplitude of the envelope, where kp is the peak wavenumber and Acr = max η and
Atr = −min η are the maximum crest and trough amplitudes. A few most efficient approaches are
represented by different symbols. The best approaches typically provide accuracy within 10%.

Fig. 1: Left: A steep envelope soliton (line) and soliton’s amplitudes (symbols) estimated with
the help of the windowed IST method. Right: The relative difference between the estimated
and actual amplitudes of envelope solitons versus the normalized amplitude.

Support from RSF Grant No. 16-17-00041 (development of the stable IST procedure) and RFBR
Grant No. 16-55-52019 (numerical simulations of irregular sea waves) is acknowledged.
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Numerical study of the electromagnetic wave propagation problem
in an anisotropic waveguide

Eugene Smolkin, Maxim Snegur
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The propagation of monochromatic electromagnetic waves in a cylindrical waveguide filled with
inhomogeneous anisotropic media is considered. The surface waves propagating along the axis Oz of
the waveguide have the form [1]

Eρ = Eρ(ρ)e
imϕ+iγz , Eϕ = Eϕ(ρ)e

imϕ+iγz , Ez = Ez(ρ)e
imϕ+iγz ,

Hρ = Hρ(ρ)e
imϕ+iγz , Hϕ = Hϕ(ρ)e

imϕ+iγz , Hz = Hz(ρ)e
imϕ+iγz ,

(1)

where γ is the real propagation constant (spectral parameter of the problem) and m is an angular
integer parameter (which assumed to be known).

The permittivity inside the waveguide specified by the expression ε = ε̂ε0, where

ε̂ =



ερ 0 0
0 ερ 0
0 0 εz


,

and ερ and εz are sufficiently smooth functions which depend on the radial coordinate ρ. For m = 0
this problem splits into two independent wave propagation problems: TE and TM.

The physical problem is reduced to solving a transmission eigenvalue problem for a system of
ordinary differential equations. Spectral parameters of the problem are propagation constants of
the waveguide. Numerical results are found with the modification of the projecting methods. The
method [2, 3] allows us to determine approximate eigenvalues with any prescribed accuracy. The
comparison with known exact solutions (for particular values of parameters) are made. The approach
described in this paper can be applied to other problems, e.g., to multilayered opened anisotropic
magnetic waveguides.
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The effect of curvature and torsion of inclusions on effective permittivity
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One of the simplest and physically vivid techniques for finding the effective dielectric constant
of composite media is the Maxwell–Garnett (MG) approximation. The composite consists of two
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(or more) dielectric components, of which one is treated as a matrix with dielectric constant εm
and the other as the inclusion phase with dielectric constant εi. In the MG approach, the effective
permittivity εeff is determined through the solutions of the model problem of a single inclusion located
in an unbounded medium (matrix) and a homogeneous electric field. Since the electric field inside the
inclusion is determined by its geometric parameters, in the general case εeff depends on its volume,
surface area, edge length, and the curvature of the surface. For fiber composites, one should add to
these characteristics a torsion of the curve that defines fiber. In this study, we investigate the effect
of only curvature and torsion. In the planar case, it is feasible to obtain explicit expressions for εeff .
Thus, for a set of rings (see Fig. 1a), we have

εeff = εm

[
1 +

2f(εi − εm)

εi + εm + (εm − εi)(f + λ− λf)

]
. (1)

Here f is the volume fraction of inclusions, λ =
R2

1

R2
2

(εm−εi)
(εm+εi)

, and R1,2 is the inner and outer radius of
the ring, respectively. For λ = 0 we obtain the standard MG formula.

The situation is much more complicated in the three-dimensional case because of the necessity
to take into account the torsion. If the intensity of the electric field is directed along the tangent to
the fiber (see Fig. 1b), then the solution of the electrostatic problem of single inclusion cannot be
explicitly constructed. It is possible only to find an asymptotics of this solution under the assumption
that the thickness of the fiber is small in comparison with its radii of curvature and torsion. The
problem of inclusions in the form of a torus is chosen as a reference. In general, its solution reduces
to a system of difference equations. However, there exists as well an asymptotics of the solution of
this system for thin toruses. As a result, we derive a formula for the effective dielectric constant of a
composite medium, which takes into account the curvature and torsion of the fiber as an inclusion.

Fig. 1: The types of inclusions under consideration.

The reported study was funded by RFBR, according to the research project No. 16-32-60189
mol_a_dk.

Low-rank matrices with a hierarchical basis
in an electromagnetic problem of diffraction
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The parallel algorithms combined with low-rank approximations of dense matrices to solve prob-
lems of the electromagnetic wave diffraction on perfectly conducting objects with a complex shape
are presented. If the problem is solved on a large object with a small wave length, this yields a large
dense matrix.

Iterative methods, for example, General Minimal RESidual method (GMRES), are used routinely
for the solution of linear systems of algebraic equations with large dense matrices. GMRES employs
only multiplication of a low-rank matrix by a vector and does not involve any other operations with
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the low-rank matrix. Since the parallel matrix-vector multiplication with a matrix in the mosaic-
skeleton format scales well, the whole algorithm of the linear system solution with a matrix in the
mosaic-skeleton format is also well scalable [1, 2].

However, the number of GMRES iterations increases rapidly with the large object. Therefore,
for small wave length GMRES requires a lot of memory or a lot of time. Even more memory or time
demanding is the problem of solving the linear system with many right-hand sides, which arises in
the computation of the monostatic Radar Cross Section (RCS) characteristic.

To reduce the number of GMRES iterations one can use preconditioners. For example, in [3]
an effective preconditioner is constructed, but its parallel version is poorly scalable. Moreover,
experiments of applying this preconditioner to the electrodynamics problem have shown that the
number of iterations can be reduced only if the inverse matrix is approximated very accurately.

The new well scalable parallel algorithm for calculating the low-rank matrices with a hierarchical
basis is developed. The low-rank matrix with a hierarchical basis approach results in a better matrix
compression rate then mosaic-skeleton matrix. The new algorithm is a kernel-independent MultiLevel
Fast Multipole Algorithm (MLFMA).

A parallel solver for a low-rank matrix with a hierarchical basis that arises from the electrody-
namics problem is constructed. The new method solver system with tens of millions of unknowns.

The new methods solve electromagnetic problem of diffraction (monostatic RCS) on the object
with size of several tens of wave lengths.

The work was supported by the Russian Science Foundation, grant 14-11-00806.
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Dielectric microresonators have found a wide range of applications in optics and photonics during
the last decade. We investigate in detail the resonant properties of a 2D dielectric cavity with an
equilateral triangle shape for both transverse electric and transverse magnetic polarization. We
complement a numerical approach based on the integral equations with a ray-based (semiclassical)
approach by treating the resonator as a photon billiard. The billiard problem for a cavity with
equilateral triangle shape is more challenging than for other integrable billiard geometries since it is
not separable.

The homogeneous Muller boundary equation is used to calculate the resonant modes of a di-
electric triangle in a wide range of frequencies. Though most of the results are valid for arbitrary
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refractive index, we concentrate on the case of n = 1.5 which corresponds to the important case of
polymer microlasers [2]. The method is validated and verified by the comparison of numerical results
with exact solutions for canonical problems. Comparison with Weyl’s law furthermore confirms the
completeness of the calculated spectra.

The equilateral triangle exhibits two degenerate and two non-degenerate symmetry classes of
resonances, and taking into account their symmetries helps to reduce the computational time signif-
icantly.

The numerical results obtained allowed us to clarify the nature of triangular resonator modes and
the precision and validity of semiclassical approximations. It is shown that the modes of dielectric
triangles are often localized on families of periodic orbits. These modes can be well described in terms
of a semiclassical superscar model. Special attention is given to the resonances of quasi Fabry–Perot
and inscribed triangle types.

I.S. is supported by the Alexander von Humboldt Foundation.
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Consider the heat kernel of the Laplace–Beltrami operator on a Riemannian manifold. On a man-
ifold with conic singularities we derived a detailed asymptotic expansion of the heat trace using the
Singular Asymptotics Lemma of Jochen Brüning and Robert T. Seeley, see [1]. Then we investigated
how the terms in the expansion reflect the geometry of the manifold, see [2]. In the two-dimensional
case, we expand the results to a conic singularity such that the metric of the cross-section (link)
depends on the radial coordinate. We see how the curvature near the tip of the cone enters the
expansion.
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The kinetic model describing sound propagation in the ocean with diffuse reflection by Lambert’s
cosine law on the bottom surface is considered. The inverse problem of the bottom scattering
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reconstruction is formulated. The inverse problem is reduced to the Fredholm integral equation of
the first kind. Authors develop a generalized algorithm of object focusing for the reconstruction
of seabed scattering coefficient based on the received echosignal by SSS equipped by the widely
directivity pattern. Thus, a solution of the Fredholm integral equation of the first kind is reduced to
the solving of SLE by an iterative method combined with the regularization.

a b c d

e f g h

Fig. 1: Seabottom reconstruction with aperture of receiving antenna ε = 8◦.

Figure 1 shows the seabottom surface 20 m × 20 m. The sonar moves from the top left corner
downwards. Each line of the image corresponds to the new probing interval. From the physical point
of view, the coefficient of the seabottom scattering is part of the reflected signal and is limited by the
range [0, 1]. Real experiments show that a part of the reflected signal does not exceed 35%. In Fig. 1
black color corresponds to 0, whereas white color to 0.35. Letters corresponds to the number of an
iteration in the Seidel algorithm.

The RMS error decreases to the certain threshold value, but after it is increased. Thereby, the
instability of the iterative method is confirmed. However, the visual representation of the image
improves in further iterations.
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Let Γ ⊂ Rd be a lattice. For ε > 0, we consider the perforated space Πε ⊂ Rd which is an
(εΓ)-periodic open connected set with Lipschitz boundary.

In L2(Πε;C
n), we consider a selfadjoint strongly elliptic second order differential operator Aε.

It is assumed that Aε is given by the differential expression b(D)∗g(x/ε)b(D) with the Neumann
(natural) boundary condition. Here b(D) =

∑d
l=1 blDl is the (m × n)-matrix first order differential
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operator. We assume that m > n and that the symbol b(ξ) =
∑d

l=1 blξl has maximal rank for any
0 6= ξ ∈ Cd. A matrix-valued function g(x) of size m×m is assumed to be Γ-periodic and such that
g(x) > 0; g, g−1 ∈ L∞.

We study the behavior of the resolvent (Aε + I)−1 for small ε. We show that

‖(Aε + I)−1 − (A0(ε) + I)−1‖L2(Πε)→L2(Πε) 6 Cε. (1)

Here A0(ε) is the effective operator acting in L2(Πε) and given by b(D)∗g0b(D) with the Neumann
boundary condition; g0 is a constant positive effective matrix.

Also, we obtain more accurate approximation:

‖(Aε + I)−1 − (A0(ε) + I)−1 − εKε‖L2(Πε)→L2(Πε) 6 Cε2. (2)

Finally, we find approximation for the resolvent in the energy norm:

‖(Aε + I)−1 − (A0(ε) + I)−1 − εK(1)
ε ‖L2(Πε)→H1(Πε) 6 Cε. (3)

The corrector K(1)
ε is similar to the standard corrector; it contains the rapidly oscillating factor. The

corrector Kε is the sum of three terms: Kε = K
(1)
ε + (K

(1)
ε )∗ +K

(3)
ε ; the term K

(3)
ε does not contain

oscillating factors.
Estimates (1)–(3) are order-sharp. The general results are applied to the acoustics operator, the

elasticity operator, and the Schrödinger operator with a singular periodic potential.
We apply the operator-theoretic approach which was suggested and developed by Birman and

Suslina. It is based on the scaling transformation, the Floqueut–Bloch theory, and the analytic
perturbation theory. Before, this method was used for homogenization problems in the whole R

d.
We show that the method can be adapted also for homogenization problems in a perforated space.

Note that homogenization problems in a perforated space for the acoustics and elasticity operators
have been studied by Zhikov and Pastukhova [1] with the help of the shift method (the modified
method of the first-order approximation); estimates (1) and (3) were obtained.

We study more general class of operators. Our main goal is to adapt the operator-theoretic
method to the problems in a perforated space. Also, we obtain estimate (2) which is new for the
case of a perforated space. The results will appear in [2].
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On the method of the block element in the problem of vibration
of an elastic medium with a composite coating
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Dynamic interaction problems for coatings with deformable foundation have numerous applications
in materials science, engineering, using composite thin-walled structures and seismology.

We consider the problem of harmonic oscillations of two extended plates contacting along a
straight line, rigidly adhered to an elastically deformable substrate. It is proposed to use a simplified
version of the block element method [1] for solving problems of vibration of different plate types
with averaged thickness parameters on the surface of the elastic layer. In the adopted model, the
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x1Ox 2 plane coincides with the middle surface of the coating. Displacements of plates for the case
of steady-state oscillations satisfy two-dimensional equations in the corresponding half-planes [2]

Rjuj − Egj = bj, for j = 1, x1 > 0, for j = 2, x1 < 0, −∞ < x2 < +∞.

Here uj = {ukj}, j = 1, 2, k = 1, 2, 3, displacement vector of plate gj = {gkj} vector of stresses
acting from the side of the substrate to the lower boundary of the plate, the elements of the matrix
differential operator Rj and the diagonal matrix Ej depend on the mechanical and geometrical
characteristics of the plates. Vectors bj describe the effects on the upper surfaces of the coating
plates.

For an elastic foundation with the use of the Green’s matrix-function, we formulate integral
relations on its surface that connect the amplitudes of stresses and displacements obtained from the
solution of the boundary problem of steady-state oscillations of an elastic foundation. For media
models with complex properties, these relationships, also called influence functions, can be obtained
experimentally. It is assumed that the plates are rigidly adhered to the substrate. Various boundary
conditions can be set at the connection of plates.

The application of the Fourier transform to the equations for plate displacements leads to a
system of ordinary differential equations solution of which, together with the functional relationships
for the substrate and the conditions of its interface with the coating, makes it possible to construct
functional equations with respect to the Fourier transforms of the amplitudes for contact stresses
between the coating and the substrate Gj , solved by the Wiener–Hopf method. An algorithm for
constructing systems allowing to find unknown values of Fourier transforms Gj, included in the
loaded Wiener–Hopf equations, is proposed.

The approach to the construction of model for multilayer extended plates, taking into account
the features of the transition from three-dimensional to two-dimensional elasticity theory for plates
and shells, leads to a single-layer plate model with reduced mechanical characteristics.

The work was prepared as part of the SA SSC RAS 2018 (pr. 01201354241) and support by RFBR
and administration of Krasnodar region (16-41-230184).
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Propagation of electromagnetic waves in a shielded dielectric layer
with cubic nonlinearity
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We consider the propagation of a monochromatic transverse-magnetic (TM) wave along the di-
electric layer Σ := {(x, y, z) : 0 6 x 6 h, (y, z) ∈ R2} with perfectly conducted walls [1]. The TM
wave has the form (E,H)e−iωt, where

E =
(
Ex(x)e

iγz , 0,Ez(x)e
iγz

)⊤
, H =

(
0,Hy(x)e

iγz , 0
)⊤
, (1)

are the complex amplitudes; ω is the circular frequency; ( · )⊤ is the transposition operation; γ is an
unknown (real) spectral parameter (propagation constant of a guided wave); Ex,Ez,Hy are unknown
functions [2, 3].

The waveguide Σ is located in the Cartesian coordinates Oxyz. At the boundaries x = 0, x = h
the waveguide has perfectly conductive walls [1]. Inside the waveguide Σ the permittivity is described
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by the formula
ǫ = ǫl + a|E|2, (2)

where ǫl, a > 0 are real constants. Everywhere µ = µ0, where µ0 is the magnetic permeability of free
space [2, 3].

Complex amplitudes (1) satisfy Maxwell’s equations

rotH = −iωεE, rotE = iωµH; (3)

tangential components of the electric field E vanish on the perfectly conductive walls. It is natural
to suppose that the x-th component of an electric field has a fixed value at the x = 0 [1].

A rigorous analytical approach is suggested [1]. It is proved that even for small values of the non-
linearity coefficients a, the nonlinear problem has infinitely many nonperturbative solutions (prop-
agation constants and eigenmodes), whereas the corresponding linear problem always has a finite
number of solutions. Asymptotic distribution of the propagation constants is found, periodicity of
the eigenmodes is proved and exact formula for the period is found, zeros of the eigenmodes are
determined. Similar results for an open plane waveguide with cubic nonlinearity are presented in [4].
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Nonlinear waves: theory, computer simulation, experiment
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The Boussinesq equation is the first model of surface waves in shallow water, that considers
the nonlinearity and the dispersion and their interaction as a reason for wave stability known as
Boussinesq Paradigm. This balance bears solitary waves that behave like quasi-particles. At present
there are some Boussinesq-like equations. The prevalent part of the known analytical and numerical
solutions, however, relates to 1d case while for multidimensional cases almost nothing is known so
far. An exclusion are the solutions of Kadomtsev–Petviashvili equation. The difficulties originate
from the lack of known analytic initial conditions and the nonintegrability in the multidimensional
case. Another problem is which kind of nonlinearity will keep the temporal stability of localized
solutions.

The system of coupled nonlinear Schrödinger equations known as well as Vector Schrödinger
equation is a soliton supporting dynamical system. It is considered as a model of light propagation
in Kerr isotropic media. Along with that the phenomenology of the equation opens a prospect of
investigating the quasi-particle behavior of the interacting solitons. The initial polarization of the
Vector Schrödinger equation and its evolution evolves from the vector nature of the model. The
existence of exact (analytical) solutions usually is rendered to the more simple models while for the
Vector Schrödinger equation such solutions are not known. This determines the role of the numerical
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schemes and approaches. Vector Schrödinger equation is a spring-board for combining of the reduced
integrability and conservation laws in a discrete level.

The experimental observation and measurement of ultrashort pulses in waveguides is a hard job
and this is the reason and stimulus to create mathematical models for computer simulations as well
as reliable algorithms for treating the governing equations. Along with the nonintegrability here
appears one more problem — about the multidimensionality and necessity to split and linearize the
operators in appropriate way.

Distribution of the spectrum of symmetrically deformed unitary invariant
random matrix ensemble

Vasilchuk V.

St. Petersburg State University of Architecture and Civil Engineering, 4, 2nd Krasnoarmeiskaya Str.,
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195251, Russia
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We consider the ensemble of n× n random matrices

Hn = An + F ∗(An)U
∗
nBnUnF (An),

where An and Bn are hermitian random (or non-random), having the limiting Normalized Counting
Measure (NCM) of eigenvalues, F (An) is some smooth function of An, Un is unitary, uniformly
distributed over U(n), and An, Bn and Un are mutually independent. By using the technic described
in [1], we establish the convergence of NCM of ensemble Hn to the non-random limit then n→ ∞ and
find the limiting NCM via its Stieltjes transform. The later is the unique solution of some system of
functional equations written in terms of functions having the integral representaions via the limiting
NCMs of An and Bn. We also study the limiting NCM of Hn using an approach of [2].
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Hamilton–Jacobi method in non-Hamiltonian situation
and Boltzmann extremals
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The hydrodynamic substitution, which is well-known in the theory of the Vlasov equation [1–3],
has recently been applied to the Liouville equation and Hamiltonian mechanics [4–8]. In [4–6], Koz-
lov outlined the simplest derivation of the Hamilton–Jacobi(HJ) equation, and the hydrodynamic
substitution simply related this derivation to the Liouville equation [7, 8]. The hydrodynamic sub-
stitution also solves the interesting geometric problem of how a surface of any dimension subject
to an arbitrary system of nonlinear ordinary differential equations moves in Euler coordinates (in
Lagrangian coordinates, the answer is obvious). This has created prerequisites for generalizing the
HJ method to the non-Hamiltonian situation. The H-theorem is proved for generalized equations of
chemical kinetics, and important physical examples of such generalizations are considered: a discrete
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model of the quantum kinetic equations (the Uehling–Uhlenbeck equations) and a quantum Markov
process (a quantum random walk). The time means are shown to coincide with the Boltzmann ex-
tremes for these equations and for the Liouville equation [9]. This give possibility to prove existence
of analogues of action-angles variables in non-Hamiltonian situation.
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Numerical simulation of nonlinear wave propagation in symmetric
cross-ply laminates with hyperelastic material behavior

Ngoc Nguyen Vu, Rolf Lammering
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burg, Holstenhofweg 85, 22043 Hamburg, Germany
e-mail: n.vn@hsu-hh.de

Due to microstructural damages in composite structures, e.g. caused by cyclic loads, material
degradation may occur, changing material properties. Over time these damages are likely to accu-
mulate and can lead to an abrupt structural failure. Therefore, it is necessary to investigate or detect
material degradation as a result of cyclic loading at an early stage.

Fig. 1: An example for second harmonic wave modes in CPL.
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In a thin-walled, large-scale composite structure damaged by microstructural defects, guided
waves (Lamb waves) propagate nonlinearly. By means of the wave analysis, a statement about
the degree of degradation of the structure should be made. Meanwhile, the generation of so-called
cumulative second harmonic modes [1] is employed. In order to map the nonlinear behavior of
wave propagation for material reasons numerically, hyperelastic material models are used. Based on
existing work in this area for isotropic and unidirectional materials [2], the numerical investigation
is extended to symmetric cross-ply laminates (CPL). The aspects of material stability as well as of
conditions of existence regarding cumulative second harmonic generation in CPL will be investigated
and discussed.
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Analysis of longitudinal impact waves in a thin viscoelastic rod
on the basis of 3D equations for a Rabotnov’s hereditary elastic body
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In the practical applications the longitudinal wave motion in a thin rod is usually described by an
approximate theory based on “strength-of-materials” considerations. For a semi-infinite viscoelastic
rod subjected to a step pressure pulse on its end, this theory yields (see [1] and references therein) two
characteristic wave speeds c0 =

√
E/ρ and c∞ =

√
E∞/ρ, where E and E∞ are instantaneous and

long-time values of the Young’s modulus, respectively. The former is the velocity of the wave-front
while the latter represents the wave velocity at the large values of time. A rapid growing of the stress
arises in the vicinity of the ray x = c∞t which is often called “quasi-front”. On the other hand, from
the studies of the waves in an elastic rod on the basis of a refined rod theory and the exact theory of
elasticity (see, e.g., [2]) it is known, that the front propagating with the thin-rod velocity c0 is itself
a quasi-front characterized by a smoothed step. This phenomenon can be considered as an effect of
the geometrical dispersion while the quasi-front of the former type is an effect of the physical one.
The goal of this talk is to compare these two effects by studying the longitudinal waves in a rod on
the basis of 3D theory of viscoelasticity describing both of them.

The propagation of non-stationary waves in a semi-infinite viscoelastic solid circular cylinder is
considered. The properties of material are described by Rabotnov’s hereditarily elastic rheological
model. The dynamic stress-strain state of the cylinder is described by the three-dimensional equations
of motion in stresses and displacements in the cylindrical coordinate system (r, ϕ, z). The constitutive
equations are written in the integral form [3]. The integral operators are defined by formulae

Ẽ = E(1− Γ∗), ν̃ = ν +
1− 2ν

2
Γ∗, Γ∗f(t) = k

∫ t

−∞
�α(−β, t− τ)f(τ)dτ,

were ν is instantaneous value of Poisson’s ratio, k, β are parameters of the material, α is a rational
singularity parameter ( −1 < α ≤ 0), �α(−β, t) is the fractional exponential Rabotnov’s function [1].
At the initial moment of time, the step pressure pulse is applied to the end z = 0. An axisymmetrical
problem is considered, for the sake of simplicity the end is assumed to be fixed in the radial direction.
On the surface the homogeneous boundary conditions for the stresses are imposed. The initial
conditions assume that the body was at rest and unloaded before applying of the load. The solution
of the problem is obtained by using Laplace and Fourier transforms technique. The qualitative
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analysis of the problem is based on low-frequency asymptotic obtained in [3]. It is shown that the
different situations are possible depending on the ratio of relaxation time and the characteristic time
of elastic wave propagation. If the former is much greater than the latter we can see the elastic
quasi-front degrading to a viscoelastic one at the large times. If the ratio is of the order of unity
there is no quasi-front with the instantaneous thin-rod velocity c0 =

√
E/ρ.

The results were obtained within the framework of the state assignments of the Ministry of
Education and Science of Russia No. 9.8570.2017 / 8.9.
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Gradient method for detecting sites
of local hydrogen embrittlement of metals
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The destruction of parts of machines and structural elements from high-strength steels is, in most
cases, accompanied by the formation of sites of hydrogen embrittlement at fractures.

This indicates the critical effect of local hydrogen brittleness on the process of destruction of high-
strength metals. The problem is exacerbated by the fact that in the modern high-strength steels
widely used in industry, the hydrogen content leading to brittle fracture lies at the concentration
level, that are more smaller than in the case of ordinary steels.

The correlation between the distributions of the values of the relative difference in the velocities
of transverse ultrasonic waves of mutually perpendicular polarization-and the spatial distribution
of hydrogen concentrations in samples from commercial rolled metal was discovered by us and was
repeatedly confirmed experimentally [1, 2].

Measurements of the fields of the values of the relative difference in the velocities of transverse
ultrasonic waves of mutually perpendicular polarization on real objects is a laborious task. Minimiza-
tion of the number of these measurements is possible due to the application of the search procedure
type s2 method. This method is actually gradient.

Studies of the distribution of the propagation velocities of transverse ultrasonic waves of different
polarizations and the relative difference in the surface of corset specimens from them were carried
out in parallel with the study of their microcracking and the distribution of the concentrations of
diffusion mobile hydrogen.

Estimates of the propagation velocity of transverse ultrasonic waves of different polarization with
the help of a bi-continual model containing hydrogen were made.

Non-destructive testing is particularly important for working constructs and machines. The
use for the nondestructive testing of the megnotostrictive effect does not allow to separate the local
hydrogen fragility from other less critical violations of the metal structure. During ultrasonic testing,
waves reflected from defects are not formed. There are no other widely used methods for volumetric
control of constructional materials.
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On the contrary, based on a comparison of the data obtained, it was shown that the zones of
local hydrogen micro-cracking can be detected by analyzing information on the distribution of sound
velocities.

The results are of great importance for the development of new methods of non-destructive testing
hydrogen embrittlement.

The support by the Russian Foundation for Basic Research, projects 17-08-00783 and 18-08-00201,
is acknowledged.
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Interaction of nonsymmetric electromagnetic waves guided by cylindrical
duct with enhanced density in magnetoactive plasma
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Electromagnetic waves guided by plasma structures aligned with an external static magnetic field
play an important role in many physical phenomena occurring in laboratory and space plasma [1].
Nonlinear interaction of waves guided by an anisotropic cylinder in free space have been considered
in [2, 3]. Here we study the resonance parametric instability of nonsymmetric whistler waves guided
by cylindrical density ducts with enhanced plasma density surrounded by homogeneous background
magnetized plasma. The anisotropic media both inside or outside duct are described by dielectric
tensor with nonzero off-diagonal elements. The main attention is paid to the case of a cold resonant
magnetoplasma when the diagonal elements of the tensors have opposite signs. Note that under
such conditions, the refractive index surface of propagating normal wave of magnetoactive plasma
possesses unbounded branch corresponding to electrostatic waves.

In the linear approximation the dispersion characteristics and structures of the fields for the
nonsymmetric whistler modes are analyzed for conditions typical of modeling laboratory experiments
[4] when the frequency of the waves belongs to the interval between the lower hybrid frequency
and the electron-cyclotron frequency. We show that the presence of the external time-harmonic
electromagnetic field in magnetoplasma can lead to interaction of waves guided by enhanced-density
plasma duct if a space-time synchronism of the external field and the guided waves takes place.
The frequency interval of guided waves when three-wave interaction can occur is determined. In the
approximation of a week nonlinearity the instability increment of guided waves and the threshold
of the external electric field intensity are found. The results of the numerical calculations will be
presented and discussed for cases that are of both practical ad academic interest.

Acknowledgments. This work was supported by the Centre national de la recherche scientifique.

References

[1] I.G. Kondrat’ev, A.V. Kudrin, T.M. Zaboronkova, Electrodynamics of Density Ducts in Magne-
tized Plasmas, Gordon and Breach, Amsterdam, 1999.



DAYS on DIFFRACTION 2018 113

[2] N. F. Yashina, T.M. Zaboronkova, Proceedings of the International Conference Days on Diffrac-
tion 2009, 202–205 (2009).

[3] N. F. Yashina, T.M. Zaboronkova, C. Krafft, Proceedings of the International Conference Days
on Diffraction 2016, 277–280 (2016).

[4] T.M. Zaboronkova, A.V. Kudrin, M.Yu. Lyakh, L. L. Popova, Radiophysics and Quantum Elec-
tronics, 46, 452–471 (2003).

Low frequency spectra of layered plates and their parametrical study
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New method based on the combination of asymptotical and numerical approaches is suggested
for evaluating the complex dispersion curves for coated elastic plates.

At the first step, the dispersion equation and its limit formulation for statics are deduced in the
explicit form. The asymptotics of static roots are obtained assuming the wavenumber modulus as
a large parameter. Based on the asymptotic error analysis, the iterative method is suggested for
calculating the exact roots in statics. The influence of the geometrical and elastic parameters is
studied. The existence of critical value of geometrical parameters providing the changeover of the
root asymptotics is shown.

At the second step, the long wave asymptotics for the complex dispersion curves are derived. It is
proved that each dispersion curve has a flat segment at low frequency. The larger is the wavenumber
and the dispersion curve index, the longer is the validity interval of the deduced asymptotics.

The exact complex curves are calculated using another iterative procedure. The analysis of fun-
damental mode with its pure imaginary analogue is performed together with other possible pure
imaginary curves. The numerical procedure and its results for the subcritical, critical and supercrit-
ical value of the geometrical parameter are presented with the respective efficiency estimation.

The parametrical analysis is discussed together with the possible generalization of suggested
method for more complicated waveguides.

Electromagnetic resonance structures made of thin metallic wires
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In the paper we study two different examples of electromagnetic open resonators made of thin
metallic wires. In the first problem a Fabry–Perot resonator formed by two perfectly conducting
(PEC) and infinitely thin, parallel, circular disks in 3D space is considered. It is excited by PEC
vertical vibrator (VV). It is a thin wire, comparing to the wavelength, which radius is much smaller
than its length and the wavelength (longwave approximation), located at the exact center of cylin-
drical space between the two horizontal disks. Thus, the vibrator excites the whole resonator space.
The problem is considered in the high-frequency approximation, i.e., the diameter of the disks is
much greater than the wavelength [1]. In this diffraction problem we observe infinitely many mul-
tiply diffracted fields. Firstly, a radial waveguide modes excited by VV and travelling towards to
the circular open end due to diffraction partially radiate into the outer space and partially reflect
back. This process of multiple diffractions continues up to infinity. We apply Geometrical Theory of
Diffraction (GTD) [1] with the help of uniform stationary method to construct uniform asymptotic
expansions for directivity of field scattered into the far field zone of the outer space as well as the
field representation inside the resonator. This GTD asymptotic analysis is based on the exact solu-
tion to the corresponding canonical problem — radiation of the open end of a waveguide formed by
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two parallel half-planes and obtained in [2] by means of the method of factorization (Wiener–Hopf
method). The case of excitation of the resonant antenna formed by two metallic parallel disks by
point Hertz dipole was studied in [4]. Thus, the key point of the paper is taking into account the
effect of interaction of all the multiply diffracted fields, propagating from the disks edges back inside
the cylindrical space of the resonator, with VV in the longwave approximation. It is computed on
the basis of the famous in radio science and antenna theory Pocklington integral equation (see, for
example, [3]). It is also shown that the maxima of the total radiating power takes place when the fre-
quency of excitation VV coincides with the real part of one of the complex resonance eigen-frequency.
A comparison to test our GTD asymptotic formulas by means of finite element method is discussed.

For the second example we study guided electromagnetic waves propagating along infinite 1D
periodic array of thin PEC wires suspended over PEC infinite screen. The approach makes extensive
use of a well-known numerical analysis of method of integral equations in two different forms of Pock-
lington and Hallen integral formulations to make a comparison between results. An approximation
being used in the analysis is based on the assumption of presence of low parameter, i.e. that the ratio
wires radius to wavelength is much less than one. The quasi-periodic wave field is constructed as a
superposition of wave fields generated by linear electric currents that satisfies the boundary condi-
tions on the surfaces of the conductors leading to an infinite system of real linear algebraic equations.
The vanishing of the determinant of the associated matrix provides the condition for localized guided
waves to exist and the corresponding dispersion curves are determined numerically. Our analysis is
based on the accurate and efficient computation of lattice sums. The problem is a natural extension
of the equivalent electromagnetic problem [5]. The modes that we seek have frequencies below this
cut-off and decay exponentially as one moves away from the array.

We also study resonance properties of excitation of a finite array of parallel thin wires suspended
over PEC infinite screen. Again we apply numerical analysis of method of integral equations in
two different forms of Pocklington and Hallen integral formulations. We compare numerical results
obtained on the basis of this integral formulations with data computed using CST Microwave studio
numerical simulations. The key point of the analysis for the finite array of thin wires is to show that
the frequencies of localized modes belong to the passbands evaluated for the case of the corresponding
infinite array.
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Ice-coupled surface water waves near a vertical barrier

Zhuchkova M.G.

Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences, V.O., Bolshoy
pr., 61, St. Petersburg, 199178
e-mail: m.zhuchkova@list.ru

Exact analytical solution is provided for the scattering of incident flexural-gravity waves in water
of finite depth against a junction of a floating elastic plate with a vertical slope of a hydraulic
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structure. The floating plate is considered to be attached with the vertical barrier in different ways,
giving rise to edge conditions: free edge, clamped edge, sliding with friction edge condition. Important
physical quantities such as strain in the plate, shear force and vertical displacement of the plate are
determined. Infinitely deep fluid and thin fluid layer approximation are also under consideration.
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We address high-frequency diffraction of a plane wave by a contour having a jump of curvature,
aiming at explicit construction of asymptotic formulas. In contrast to earlier research (see, e.g., [1–4])
based on the Kirchhoff method, we apply a rigorous version of the boundary layer approach. The
technique can be adapted to several related problems such as diffraction by a contour with a Hölder
discontinuity of curvature. According to the Keller geometrical theory of diffraction [5], wavefield at
the illuminated region is given by a sum of incident, geometrically reflected and diffracted waves; in
transition zone, diffracted and reflected waves merge and must be described by some special function.
We present expressions for diffracted wave and for wavefield in transition zone.
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Workshop on Nanophotonics and Metamaterials

M-Cube project: objectives and some results
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We will present the main challenges in the development of routine clinical use of ultra-high
field MRI and opportunities for metamaterials for ultra-high field MRI. Then results obtained by
the M-Cube project consortium will be presented. Ultra-High Field (UHF) Magnetic Resonant
Imaging (MRI) clinical applications are limited by lack of homogeneity of the radio-frequency fields
with classical antennas. Several solutions have been proposed to control the radiofrequency (RF)
electromagnetic fields in MRI, passive shimming using high permittivity materials [1] and parallel
transmit [2] are probably the most promising routes that have been studied.

Since the beginning of the millennium researchers have proposed a new way to control electro-
magnetic fields from RF to optical wavelength range based on composite media designed by meta-
materials. These metamaterials provide us a completely new avenue to control RF fields in UHF
MRI and to circumvent homogeneity issues in MRI.

Thus, M-Cube project (MetaMaterials for ultra-high field MRI) [3] gathers 8 academic actors and
2 SMEs and aims at changing the paradigm of High-Field and Ultra High-Field MRI antennas to
offer much better insight of the human body and enable earlier detection of diseases and conditions.
The main objective of the project is to go beyond the limits of existing clinical imaging using an
MRI scanner and radically improve spatial and temporal resolutions on image quality. The M-
Cube solution relies on innovative systems using passive metamaterial structures to avoid or at least
reduce the number of active elements. These systems are expected to make High-Field MRI fully
diagnostically relevant for physicians.

We will show how several examples of applications of metamaterials in UHF MRI systems in
order to illustrate the approaches that the consortium is developing.

Acknowledgement. This project has received Union’s Horizon 2020 research and innovation pro-
gram under grant agreement No. 736937.
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A metasurface-based beam-steering solution for microstrip patch arrays
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A phased-array antenna, comprising microstrip patch array feed and phase shifters, is perceived
as a solution in several medium-gain beam-steering antenna applications [1]. In a typical phased
array, the array creates the medium-gain beam and phase combinations (through phase shifters)
steer the beam. One of the biggest challenges with such solution is that the state-of-the-art phase
shifters become exceedingly expensive and lossy at millimeter frequencies. Due to these limitations,
researchers have been investigating alternative low-cost solutions for steering beam of large arrays.
Our research on medium-to-high gain beam-steering antennas has been focused on the development
of low-profile, totally passive, and simple beam-steering mechanism. We have recently demonstrated
a working prototype at X band using resonant cavity antenna (RCA) and a pair of near-field phase
transforming metasurfaces [2]. The method is very simple to implement and can be applied to any
type of antenna or array. It basically requires an electromagnetic illuminator, referred to as base
antenna, and a pair of flat and thin phase transforming metasurfaces — we refer to these metasurfaces
to as turning metasurfaces (TMs).

This paper presents a hybrid of patch array and our beam-steering method in a configuration
depicted in Fig. 1. The microstrip array radiates a medium-gain beam at the operating frequency
of 11 GHz and the metasurface (or turning metasurface) placed on its aperture steers the beam to
an offset angle. By simple rotation of this metasurface, the beam can be steered in azimuthal plane
and the rotation of two such metasurfaces moves the beam in both azimuth and elevation planes. In
comparison to a phased array, this method alleviates the need of active devices or components and
presents a very simple beam-steering solution.

Fig. 1: Microstrip antenna array of 89 radiating elements with a beam-steering metasurface.
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Charge transport in a semiconductor multilayer heterostructures driven
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We investigate charge transport induced in semiconductor multilayer heterostructures (super-
lattices) by hypersonic (GHz) acoustic stimula. An acoustic wave packet propagating along the
axis of the superlattice influences the electron tunneling, and thus affects the dynamics of charge
in the device. However, in contrast to electromagnetic waves, the propagation time of the acoustic
pulses cannot be neglected [1, 2]. In our calculations, we employed a nonperturbative kinetic de-
scription of the directed transport in a superlattice by utilizing the exact path-integral solutions of
the semi-classical transport equation. This approach allows us to understand the dynamic regimes
and instabilities governing the electron transport [2]. Our results suggest that a GHz (hypersonic)
acoustic wave can create fast electron dynamics in a superlattice, thus generating sub-millimeter
electromagnetic waves, even when no static electric field is applied. These findings were supported
by direct quantum simulations, which have very good agreement with experimental measurements
of the current-voltage characteristics [3] and the current pulse shape in superlattices under action
of a high-frequency strain pulse train. In addition, our quantum simulations predict current oscil-
lations with a frequency much higher than the frequency of the acoustic pulses, confirmed by our
semi-classical calculations. We believe that our results are applicable to other systems with spatially
periodic quantum potentials such as cold atoms, acoustic crystals and quantum metamaterials.
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Embedded photonic topological insulators
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We show that it is possible to control the properties of photonic topological insulators by tai-
loring defects. Although photonic topological insulators are robust to defects and imperfections, as
counterintuitive as it may seem, we show that even a single defect placed in the right place can
interact just with the edge states that resonate at a specific frequency. Moreover, by creating a line
of defects in the photonic topological insulator we show that it is possible to deflect and filter a
specific frequency range of edge states from a topological transmission line. In the extreme case, we
show that a lattice of defects embedded in a topological insulator creates a totally new topological
insulator. Our results allow to manipulate the current and future photonic topological insulator in
new nontrivial ways which open the doors to new applications.
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Fig. 1: (a) Topological edge state and (f) band structure of a Floquet Photonic topological
insulator. Each site represents a helical waveguide or a microresonator which are coupled
evanescently. The topological edge state is confined to the perimeter of the lattice and its
energy flux, depicted by a blue arrow, is unidirectional. (b) A topological defect state created
in the topological insulator by changing the onsite energy (index of refraction or resonator
frequency) of a single site. The mode is confined around the defect and rotates around it,
as shown by the red arrows. In frequency space - this mode lives inside the topological bang
gap, as shown in (f). (c) A line of defects in a topological insulator and (g) the corresponding
band structure. (d) A line of defects that halts the upward propagation of specific edge states
by deflecting them to the other side of the lattice, where they turn downwards in the lattice
without ever reaching the top end of it. (e) Lattice of defects embedded in a topological
insulator and its corresponding (h) band structure and one of its (i) topological edge modes.

Coherent control of light for virtual absorption and wireless power
transfer
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Recent studies have shown that absorption and scattering of electromagnetic waves may be ef-
fectively controlled via coherent spatial and temporal modulation of the incident electromagnetic
field. For instance, a coherent perfect absorber is a linear electromagnetic system, in which perfect
absorption of radiation is achieved with two or more incident coherent waves, creating constructive
interference inside an absorbing structure [1]. Similar principles enable engineering linear logic gates
and recognition setups.

For perfect absorption of a harmonic incident wave the structure must exhibit some Joule losses,
otherwise the system conserves energy and any incident radiation is scattered. On the other hand,
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even lossless systems have scattering zeros in the complex frequency plane that mathematically
correspond to “absorbing” solutions with no scattered fields.

We show that it is possible to generalize the notion of perfect absorption to lossless (Hermitian)
structures and achieve virtual absorption in a transparent system with the use of a complex scattering
zero [2]. Instead of adding absorption to the system, we tailor the temporal profile of the incident
field, such that it matches the exponentially growing time dependence associated with the complex
scattering zero. Remarkably, during this transient excitation the scattering form the structure totally
vanishes, as if the system was perfectly absorbing despite the absence of actual dissipation. Instead,
all incident energy is getting locked inside the cavity as long as the exponentially growing incident
field is sustained.

As another example of a coherently assisted effect, we introduce the concept of coherently
enhanced wireless power transfer (WPT). For an efficient WPT, a receiving antenna must be reso-
nant and has to have an equal coupling with free space and the load, which is known as the critical
coupling. However, this condition is not always easily implemented. To bypass this difficulty and
achieve efficient operation with an antenna that is not critically coupled, we propose an approach
that relies on coherent excitation of the receiving antenna with a backward propagating wave [3].
Given a correct amplitude and phase of this coherent wave, it induces a proper interference pattern
in the system, which in turn restores the critical coupling condition and results in a largely increased
amount of transferred energy.

The two effects reported here suggest that coherent manipulation of light with light may lead to
counter-intuitive electromagnetic effects even in rather simple systems and may be used to improve
performance of energy harvesting devices.
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Enhanced Raman emission by non-scattering anapole state
of a silicon nanodisk
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Enhancement of inelastic light scattering, such as photoluminescence or Raman scattering, by
a nanostructure is associated with optical resonances of the structure. For the particular case of
Raman scattering by molecules this results in the famous (E/E0)

4 rule that describes enhancement
of Raman emission [1]. It is therefore often accepted that elastic scattering by a nanostructure and
Raman enhancement are two correlated processes. An intriguing question that arises at this point
is whether it is possible to challenge this naive picture and attain enhanced Raman scattering along
with suppressed elastic scattering.

Recently, a considerable progress has been made in enhancement of Raman scattering from high-
index nanostructures made of silicon that support Mie resonances. Similarly to plasmonic particles,
Raman enhancement in these systems matches their elastic scattering spectra [2]. An especially
intriguing regime of light scattering found in dielectric nanoparticles is the anapole mode [3]. When
light is scattered by a dielectric nanodisk with a large diameter/height aspect ratio, there is a
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particular wavelength, at which the intensity of elastic scattering is almost completely suppressed,
despite resonant enhancement of electromagnetic field inside the disk and local density of states.

Here, we report enhancement of Raman scattering from silicon nanodisks supporting the anapole
mode, as sketched in Fig. 1a. Compared to an unstructured film, we found a two orders of magnitude
enhancement of Raman scattering for nanodisks, which present an anapole state at the excitation
wavelength. Our results demonstrate that while the particle is non-scattering, the Raman signal
originating within the particle itself is largely enhanced, as depicted in spectra in Fig. 1(b). This
enhancement is possible due to inelastic and incoherent transfer of energy to Raman polarization
via emission of a phonon. Enhanced Raman emission can thus be observed due to the enhanced
electromagnetic energy within the nanoparticle and due to incoherent nature of Raman emission.
Our results demonstrate unusual relation between resonances in elastic and inelastic scattering and
suggest a way toward background free frequency conversion devices.

Fig. 1: Schematic illustration of Raman scattering enhancement by the anapole mode. Inci-
dent field at excitation frequency ω excites the anapole mode in a Si nanodisk, which results
in enhanced scattering at Stokes frequency ω − Ω and at the same time suppressed elastic
scattering.
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Optomechanical manipulation and optical properties of vaterites
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Vaterite is the metastable phase of Calcium carbonate (CaCO3), which forms porous spherical
particles with sizes of several microns. Vaterite platform is highly important for a range of bio-
medical applications, where it is used as a cargo for targeted drug delivery. In this contribution we
will review our recent progress in studies of optical properties of pure and doped vaterite particles,
concentrating on peculiar electromagnetic interactions mediated by complex permittivity tensors of
mesoporous compounds. Furthermore, being dissolvable in fluid solutions, vaterite cargoes can be
subject to flexible optomechanical manipulations, including linear translations and rotations. Flexible
optomechanical manipulation of cargos opens new opportunities in light-driven targeted drug delivery
applications.
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Control of light with the magnetic field is one of the important methods for modulation of its
intensity and polarisation [1]. Faraday effect is a base of optical isolators and magneto-optical mod-
ulators. The nanostructuring of the materials allows one to enhance the effect in several times.
High-index nanostructures have been studied extensively in the recent years [2]. They can strongly
localize both electric and magnetic fields when Mie resonances are excited [3]. The concept of meta-
materials allows one to design artificial subwavelength meta-atoms that support a exitation of dipole
magnetic modes, termed as optical magnetism, even when they are made of nonmagnetic materials.
We aim to study magneto-optical effects in hybrid metal-dielectric metasurfaces that combine all ad-
vantages of all-dielectric high-refractive-index structured materials with the properties of magnetic
metallic inclusions, thereby providing a new opportunity for light control with metasurfaces.

The important direction in this field is a combination of Mie resonances with magnetophotonics.
Here we study the interplay of all-dielectric resonant nanostructures and magnetic materials for
developing compact active magneto-optical metadevices and demonstrate the enhancement of the
magneto-optical effects by Mie-resonant surfaces.

We study magneto-optical effects in magnetophotonic nanostructuries [4, 5]. Figure 1 shows
numerical simulations of transmittance and magneto-optical response specta in a hybrid metasurface.
A square lattice of Si disks with 140-nm-diameter and 225-nm-height and lattice constant of 400 nm
is covered by 5-nm-thick Ni film. There are two dips in the transmittance spectrum: the dip at
the wavelength of 680 nm corresponds to the electric dipole Mie resonance and the other one at the
wavelength of 780 nm relates to the magnetic dipole Mie resonance of a Si nanodisk.
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Fig. 1: Numerically calculated (a) transmittance spectra (black curve) and magneto-optical
response spectra in Voigt geometry (red curve); (b) transmittance spectra (black curve) and
Faraday rotation (red curve) spectra of the sample. Purple curve corresponds to the numeri-
caly calculated Faraday rotation effect of an unstructured Ni film.

The spectrum of the Faraday rotation (see Fig. 1b) and magneto-optical response in Voigt geome-
try (see Fig. 1a) show resonant enhancement in the vicinity of magnetic dipole Mie resonance of the Si
nanodisks, while a reference flat Ni film (purple curve) does not have any peculiarities. Thus, we can
easily trace correlations between the magneto-optical enhancement and magnetic dipole resonance
in the hybrid metasurface.
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To conclude, we have numerically demonstrated the multifold enhancement of the magneto-
optical response both in Voigt and Faraday configurations near the magnetic dipole Mie resonance of
Si nanoparticles covered with a thin magnetic film. Our results offer a novel approach for magnetic-
field-controlled metadevices.

The work has been supported by the Ministry of Education and Science of the Russian Feder-
ation (grant N14.W03.31.0008, No 14.W02.18.6862-NSH), Russian Foundation for Basic Research
(grant N17-02-01286, N17-52-560011, N18-52-50021). The authors are grateful to D.N. Neshev and
Y. S. Kivshar for fruitful discussions.
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Stronger, faster, and more powerful artifical muscle yarns and fibers
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Successive generations of artificial muscle yarns and fibers have provided the understanding needed
to progressively increase muscle performance. While our original electrochemical muscles based on
carbon nanotube (CNT) sheets provided only about 0.1% tensile strokes, our present coiled yarn
electrochemical CNT muscles provide tensile stokes as high as 12%, and 65 times the work capacity
per cycle and 100 times the load-lifting capability as the same size natural muscle. Our polymer
muscles made from fishing line or sewing thread, which are thermally, electrothermally, or chemically
powered, can rotate at 100,000 rpm, contract 49%, generate 5 times the gravimetric power of a
car engine, lift 100 times heavier loads than the same length and weight human muscle, or actuate
at 7.5 cycles/s for millions of cycles. The strokes of these polymer muscles has been increased to
a remarkable 9000% for applications as diverse as thermal energy harvesting and comfort-adjusting
clothing. We have very recently shown that our CNT muscles can be operated in reverse to generate a
gravimetric electrical power output that is higher than for any reported mechanical energy harvester
for few Hz to 600 Hz frequencies. These “twistron” harvesters were used in the ocean to harvest
wave energy, combined with thermally-driven artificial muscles to convert temperature fluctuations
to electrical energy, sewn into textiles for use as self-powered respiration sensors, and used to power
a LED and to charge a storage capacitor.

Strain engineering in MoSe2 monolayers
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Over the last decade, the field of physics which dealing with the two-dimensional layered ma-
terials is undergoing rapid development. The most promising non-graphene layered materials are
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the transition-metal dichalcogenides such as MoS2, WSe2, MoSe2 and others. The ability to control
optical properties of two-dimensional crystals using strain engineering opens the way for a broad
range of applications such as optoelectronic and MEMS devices, sensors, etc.

In this work, we study how photoluminescence (PL) spectrum of MoSe2 monolayer is influenced
by its local deformation by means of an atomic force microscopy (AFM) tip. The monolayers were
produced by mechanical exfoliation. In the experiment, the samples were pumped from the substrate
side by 633 nm (HeNe CW laser) focused with a 0.7 NA objective. PL signal was collected by the
same objective and analyzed by a spectrometer in confocal arrangement. The scanning performed by
the objective allowed to map PL spectra in horizontal plane before and after deformation (Fig. 1).

The observed PL spectra possess peak at the energies of ≈ 1.58 eV. During the deformation of
the MoSe2 monolayer by the AFM tip (from 0 to 0.7 µm), PL peaks shifted towards higher energy
and their intensity decreased (Fig. 1a,b). The maximum displacement of the PL peak due to the
deformation per 0.7 micrometre was about 6 meV, the value was determined by subtracting the initial
image (before deformation) from the final (after deformation) (Fig. 1c). The observed phenomena
correspond to the stretching of a monolayer. Our experimental results are consistent with theoretical
predictions[1] and other experimental works, in which the stretching of a TMD monolayer was carried
out by means of other methods [2].

(a) (b) (c)

Fig. 1: PL wavelength map of the MoSe2 monolayer (a) before and (b) after deformation.
The displacement of the Pl peak due to the deformation was about 6 meV, the value was
determined by (c) subtracting the image (a) from the image (b)

The present study was funded by the Megagrant No. 14.Y26.31.0015 of the Ministry of Education
and Science of Russian Federation.
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Optical properties of spatially dispersive Mie-resonant halide perovskite
nanoparticles
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Metal halide perovskite materials have attracted great scientific and technological interest in
recent years, due to their excellent properties including bandgap tunability, long charge diffusion
length, outstanding optoelectronic merits combined with low cost and solution processability, which
greatly contribute to their high potential for optoelectronic devices [1]. The materials based on
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perovskite quantum dots (QDs) have a favourable combination of quantum-size effects, improving
their optical properties in comparison with bulk analogues, Mie resonances and the ability to disperse
in a variety of solvents and matrices, which allows them to be introduced into various devices.
In order to create effective light-emitting devices, it is necessary to be able to change the optical
properties of nanoparticles, such as the wavelength of the luminescence, the absorption/scattering
cross-sections and the radiation direction [2]. In some works [3, 4] it was found that in nanocrystals
of perovskites with a size of less than 80 nm, the photoluminescence peak is blue-shifted. The
origin of this phenomenon was not explained, and the curve of the dependence of the peak shift on
the particle sizes was interpolated by the empirical formula. In this work we proposed a possible
mechanism responsible for the shift of the photoluminescence peak in perovskite nanoparticles. It
may be related with the effect of nonlocality of excitons in such nanoparticles.

The Mie theory explains the optical properties of spheres of arbitrary diameters, consisting of
an isotropic material, which is characterized by a local dielectric constant, which depends only on
the frequency. However, metallic and dielectric spheres can have interesting optical effects, which
cannot be explained by the classical local model. In this case, the observed effects can be explained
by using a modified Mie theory, in which spatial dispersion is included by adding a nonlocal term to
the equation of the classical local dielectric function [5]:

ε(ω,k) = ε0 +
ω2
p

ω2
T +Dk2 − ω2 − iγω

, (1)

where ε0 is background dielectric constant, ωp is the dipole oscillator strength, Dk2 is the spatial
dispersion term, γ is the damping term and ωT is the excitonic transition frequency.

In order to explain the blue-shift of the photoluminescence we applied the generalized Mie theory
to the calculation of the optical properties of the CH3NH3PbI3 (or MAPI) nanoparticles. The local
and nonlocal absorption cross-sections of the MAPI nanoparticles with different radii were calculated.
In the classical (local) case, the shift of the absorption peak is not observed. For nonlocal case with
decreasing of the nanoparticle radius, the main peak shifts to lower wavelengths. This shift is due to
the fact that the exciton is not stationary, but has kinetic energy, so it emits and absorbs at a higher
frequency

We proposed that a mechanism with which the blueshift of the luminescence peak in perovskite
nanoparticles is associated with nonlocality of material around exciton. We performed numerical
calculations of the absorption and scattering cross-sections of incident light in such nanoparticles
in the local and nonlocal cases. Using this results, we plotted the spectral and radii dependences
of the in both cases. Our investigations showed that the possible mechanism of blue shift of the
photoluminescence peak in perovskite nanoparticles is associated with the nonlocality of excitons.
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The role of leaky waves in extraordinary transmission hole arrays
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The discovery of extraordinary transmission through subwavelength hole arrays revitalized the
research on plasmonic structures [1, 2]. This phenomenon consists in high transmission peaks that
appear in the cutoff region of periodic matrices of apertures and was explained as a result of the
interaction of the incident light with the surface plasmons supported by the metal-air interface and
excited thanks to the high-order modes of the periodic structure. This result opened the way towards
the investigation of similar resonances in periodic metallic structures, being of especial interest the
case of a subwavelength aperture flanked by grooves [3]. This last geometry gave rise to an enhanced
transmission along with a strong beaming in the normal direction. Although all the previous results
were found in the infrared range of the electromagnetic spectrum, soon after they were replicated
at longer wavelengths such as millimeter-waves and terahertz [4–6], generalizing the results beyond
pure surface plasmons excitation. Indeed, at those frequencies the waves responsible for the strong
enhancement are leaky-wave modes supported by the periodic structure, as discussed in [7]. In this
talk, I will overview our latest results related with extraordinary transmission structures, putting the
emphasis in the leaky-wave interpretation of the experimental results. I will present several antennas
developed following the guidelines of the narrow aperture flanked by periodic grooves, a topic that
has given rise to a new family of competitive antennas at microwaves and millimeter-waves [8–14].
Additionally, I will present a recent result were we demonstrate experimentally extraordinary trans-
mission with a reduced number of directly illuminated holes, in contrast with typical experiments
and analyses were this number is relatively big. As it will be discussed, the enhancement of trans-
mission is mainly due to the excitation of the n = −1 leaky-wave mode supported by the periodic
structure, similarly to the case of the antennas. All these results will serve to clarify the exact role
of leaky-waves in this type of structures.
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Topological polaritonics
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We discuss the possibilities offered by the polariton platform to study fundamental topological
effects and their applications [1, 2]. We begin with the anomalous Hall effect arising from the TE-TM
spin-orbit coupling and Zeeman splitting [3]. We compare the behavior of the surface states in the
quantum anomalous Hall effect and the interface states in the quantum valley Hall effect [4].

We analyze the behavior of a polariton condensate as a quantum fluid in staggered polariton
graphene lattice, showing that an analog of quantum spin Hall effect can be observed for quantum
vortices [5]. We demonstrate the existence of a coupling between the vortex winding and the valley
of the bulk Bloch band. This leads to chiral vortex propagation on each side of the zigzag interface
between two regions of inverted staggering. The topological protection provided by the vortex wind-
ing prevents valley pseudospin mixing and resonant backscattering, allowing a truly topologically
protected valley pseudospin transport.

Finally, we study the properties of a topological optical isolator [6], as an integrated optical device
based on the chiral surface states of polariton graphene in the quantum anomalous Hall regime. We
study the practical properties of such device and optimize its parameters. We obtain an isolation
ratio of 49 dB at 783 nm wavelength for a device of 40 microns with maximal signal modulation
frequency of 300 GHz, operating at temperatures up to 50 K.
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Optical momentum and angular momentum in complex media
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We examine the momentum, spin, and orbital angular momentum of structured monochromatic
optical fields in dispersive inhomogeneous isotropic media. There are two bifurcations in this general
problem: the Abraham–Minkowski dilemma and the kinetic (Poynting-like) versus canonical (spin-
orbital) pictures. We show that the kinetic Abraham momentum describes the energy flux and group
velocity of the wave in the medium. At the same time, we introduce novel canonical Minkowsky-type
momentum, spin, and orbital angular momentum densities of the field. These quantities exhibit
fairly natural forms, analogous to the Brillouin energy density, as well as multiple advantages as
compared with previously considered formalisms. We apply this general theory to inhomogeneous
surface plasmon-polariton (SPP) waves at a metal-vacuum interface and show that SPPs carry a
“super-momentum”, proportional to the wave vector kp > ω/c, and a transverse spin, which can
change its sign depending on the frequency ω.
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High-Q modes in subwavelength dielectric resonators
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Recent progress in nanoscale optical physics is associated with the development of a new branch
of nanophotonics exploring strong Mie resonances in dielectric nanoparticles with a high refractive
index. The high-index resonant dielectric nanostructures form building blocks for novel photonic
metadevices with low losses and advanced functionalities. However, unlike extensively studied cavities
in photonic crystals, such dielectric resonators demonstrate low quality factors (Q factors). We
uncover a novel mechanism for achieving giant Q factors of subwavelength nanoscale resonators by
realizing the regime of bound states in the continuum. In contrast to the previously suggested
multilayer structures with zero permittivity, we reveal strong mode coupling and Fano resonances in
homogeneous high-index dielectric finite-length nanorods resulting in high-Q factors at the nanoscale.
Thus, high-index dielectric resonators represent the simplest example of nanophotonic supercavities,
expanding substantially the range of applications of all-dielectric resonant nanophotonics and meta-
optics.
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Adjustable metasurface-based resonator for in vivo MRI
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In this work a novel subwavelength metasurface-inspired resonator which enhances the sensitivity
of existing coils for 1.5 T MRI is proposed. The meta-resonator was formed by an array of capacitively
loaded wires. The capacitive loads allowed to achieve a high level of miniaturization of the electrical
length of the structure and made it resonant, while its length was much shorter than half of the
operating wavelength.

Methods and materials. The developed prototype of metasurface-based resonator consisted of an
array of 10 parallel telescopic, subwavelength brass wires (Figure 1(a)). Each wire connected at
both ends to capacitive loads, implemented as rectangular copper patches on a common grounded
dielectric substrate (Arlon AD1000, Arlon Microwave Materials). The length (L) of the wires and
dimensions of copper patches (width w and length l) were optimized by means of 3D electromagnetic
full-wave simulations (CST Microwave Studio 2017). The resulting geometric parameters that tuned
the resonator’s eigenmode with the highest penetration depth of field to the proton Larmor frequency
at 1.5 T (f = 63.8 MHz) were used for fabrication of the prototype. T1-weighted turbo-spin echo
coronal images of the wrist joint of a healthy volunteer were acquired in “superman” position for
three set-ups: body coil birdcage (BC) in transmit mode (Tx-mode) and 4-channel flexible coil in
receive mode (Rx-mode), i.e. conventional setup for wrist MRI; BC TxRx-mode with and without
the resonator placed below the hand. Signal-to-noise (SNR) ratio was measured for a ROI located in
a capitate bone. The standard deviation of noise was measured in a signal free area of the images.

L

(a) (b) (c) (d)

SNR = 37.1 SNR = 37.7 SNR = 3.74

w

l

Fig. 1: (a) Artist’s view of the meta-resonator (final parameters were: L = 291 mm, l =
11 mm, w = 18 mm). In vivo T1-weighted turbo-spin echo coronal images: (b) BC Tx and
4-channel flexible coil Rx; BC Tx and Rx with (c) and without (d) the resonator placed below
the hand.

Results and Discussion. MR-imaging of the wrist in a presence of created resonator allowed to
obtain almost the same SNR in a ROI located in a capitate bone as the Rx-only 4-channel coil
and 10-fold enhancement of SNR when compare with BC-only RxTx image (Figure 1(b, c, d)). The
proposed meta-resonator may be used as a pad (local wireless coil) and placed close to the area of
interest, due to its compact and cordless design. It provides the same SNR efficiency as a 4-channel
receive-only coil but with 32-fold less power that significantly improves RF-safety of MRI and could
be used to reduce acquisition time of clinical MR-sequences containing power intensive RF pulses.
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I will present two topics of research in our group related to synthetic topological quantum mat-
ter [1]: (i) topological phases in 3D optical lattices, more specifically a proposal for experimental
realization of Weyl semimetals in ultracold atomic gases [2], and (ii) anyons [3, 4]. I will present
one possible route to engineer anyons in a 2D electron gas in a strong magnetic field sandwiched
between metamaterials with high magnetic permeability, which induce electron-electron vector inter-
actions to engineer charged flux-tube composites [3]. I will also discuss intriguing concepts related
to extracting observables from anyonic wavefunctions [4]: one can show that the momentum distri-
bution is not a proper observable for a system of anyons [4], even though this observable was crucial
for the experimental demonstration of Bose–Einsten condensation or ultracold fermions in time of
flight measurements. I will show how time of flight measurements can be used to extract anyonic
statistics [4].
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Tamm plasmons are confined optical states at the interface of a metal and a dielectric Bragg
mirror. Unlike conventional surface plasmons, Tamm plasmons may be directly excited by an external
light source in both TE and TM polarizations [1]. Here we consider the one-dimensional propagation
of Tamm plasmons under long and narrow metallic stripes deposited on top of a semiconductor Bragg
mirror, see Fig. 1. The spatial confinement of the field imposed by the stripe and its impact on the
structure and energy of Tamm modes are investigated. We show that the Tamm modes are coupled
to surface plasmons arising at the stripe edges. These plasmons form an interference pattern close
to the bottom surface of the stripe that involves modification of both the energy and loss rate for
the Tamm mode. This phenomenon is pronounced only in the case of TE polarization of the Tamm
mode. These findings pave the way to application of laterally confined Tamm plasmons in optical
integrated circuits as well as to engineering potential traps for both Tamm modes and hybrid modes
of Tamm plasmons and exciton polaritons with meV depth [2].
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Fig. 1: Sketch of the Bragg mirror with the metal stripe deposited on the top surface. The
distribution of the electric field of the tamm plasmon mode is sketched in the front side.

References

[1] M. Kaliteevski, I. Iorsh, S. Brand, R.A. Abram, J.M. Chamberlain, A.V. Kavokin, I. A. Shelykh,
Phys. Rev. B, 76, 165415 (2007).

[2] SK. S.-U. Rahman, T. Klein, S. Klembt, J. Gutowski, D. Hommel, K. Sebald, Sci. Rep., 6, 34392
(2016).

Transmission properties of a chain of plasmonic nanoparticles
beyond the point dipole approximation
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Recently, it has been shown in [1, 2] that surface plasmons travelling along a chain of metal
nanospheroids have both nanosized transverse localization length comparable to the interparticle
distance and macroscopic propagation length up to 15 µm. However, these results has been ob-
tained in [1, 2] by the point dipole approximation. The applicability of this approximation seems
questionable if the interparticle distance is comparable to the nanoparticle size.

We study the propagation of surface plasmons along a chain of metal nanospheroids taking into
account their finite size. We have shown that the finite size of spheroids leads to a significant change
in the transmission characteristics of the nanoparticle chain, in particular, the propagation length of
the surface plasmon drastically decreases.
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In recent years, a number of works have demonstrated the potential to improve the safety and
efficacy of MRI in humans with strategic placement of materials having a high electric permittivity [1,
2]. Until now, all successful demonstrations of this have been attributed to improvements in the
RF fields from large volume coils, or the transmit field in experiments having separate transmit
and receive coil. To do this, the high-permittivity material (HPM) needs only to enhance the RF
magnetic field in a small, nearby region within a large excitation coil. Thus, the transmit efficiency
(B+

1 /
√
P ) in the region near the HPM can generally be improved with a range of choices of electric

permittivity in the HPM. In the case where the same large coil is used in reception, the reception
efficiency or receive efficiency (B−

1 /
√
P ) of the coil is proportional to Signal-to-Noise Ratio (SNR),

and is generally also enhanced by the HPM. In these equations, B+
1 and B−

1 are the counter-rotating
circularly-polarized components of the RF magnetic field pertinent to excitation and reception at a
given location of interest, while P indicates the total power dissipated in the entire subject. Fig. 1
shows simulations of an example where the transmit and receive efficiency of a large volume coil are
enhanced in a relatively small region with placement of a nearby HPM. The situation for a state-of-
the-art receive array is quite different. Rather than a single, large coil, there are several small coils
positioned very near the Region of Interest (ROI). From prior work, it is not immediately intuitive
what advantages HPMs may have in this situation.

To investigate potential advantages within a state-of-the-art receive array, we performed numer-
ical simulations of many-element receive arrays designed for imaging the head and examined the
associated array SNR for cases with and without a thin shell of HPM between the coils and the head.
SNR for a receive array can be calculated [3]:

SNR ∝
√
(B−∗

1 R−1B−
1 )

where, for an array of N-coils, B−
1 is an N-element array of receptivity fields at the location of interest

and R is an N by N noise resistance matrix with elements calculated as

Rij =

∫
σEi · Ejdv

where Ei and Ej are local electric fields from coils i and j and, s is local tissue conductivity, and the
integration is performed over the entire subject.

Figure 2 shows a representative HPM helmet geometry inside a 28-channel close-fitting head
array, as well as the array SNR calculated with and without the helmet present. Figure 3 shows
dramatic improvements in array SNR with addition of the HPM helmet.
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Fig. 1: Geometry of numerical model (left) in 28-coil head array (green) and calculated SNR
distribution at 7T (right) with and without HPM helmet (colored blue on left) present. Linear
color scale from 0 to 1 a.u. for sagittal and 0 to 2 a.u. on axial and coronal planes.
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Fig. 2: Geometry of numerical model (left) and calculated transmit or receive efficiency
distribution for a large 3T body coil both without (top right) and with (bottom right) an
HPM helmet (colored blue on left) placed around the head. Linear color scale from 0 to
1 µT/

√
W.

Fig. 3: Ratio of SNR with HPM to without HPM for close-fitting head array of Figure 2.
SNR is increased everywhere in brain, by more than 40% on average and in some places by
more than 200%. Linear color scale from 0 to 2.5.
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Dispersive shock waves in optical fibers
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Dispersive shock waves are strongly oscillating wave trains that spontaneously form and expand
thanks to the action of weak dispersion, which contrasts the tendency, driven by the nonlinearity, to
develop a gradient catastrophe [1]. In this talk we review the basic concepts and our recent progresses
made in the description of such nonlinear waves, both in terms of experimental results and modelling.
After a brief introduction on the generating mechanisms of dispersive shocks in optical fibers [2], we
report the experimental observation of the rupture of a photonic dam [3], as well as the theory
[4] and some experiments on the generation of resonant radiation from shocks in fibers [5, 6] and
resonators [7].
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Multi-periodic one-dimensional photonic crystals

Dadoenkova N.N.1,2, Dadoenkova Yu.S.1,2, Panyaev I.S.1, Sannikov D.G.1, Lyubchanskii I.L.2,3
1Ulyanovsk State University, Ulyanovsk, Russia
2Donetsk Physical and Technical Institute of the NAS of Ukraine, Ukraine
3V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
e-mail: dadoenkova@yahoo.com, yulidad@gmail.com, sannikov-dg@yandex.ru,

panyaev.ivan@rambler.ru, ilyubchanskii@gmail.com

In this communication, we present the results of theoretical and numerical investigation of com-
plex 1D photonic structures based on particularly ordered thin layers forming multi-periodic photonic
crystals (PCs). This research is development of our previous study of photonic-magnonic crystals
[1, 2] and dielectric bi-periodic PCs [3]. We concentrate our attention on calculations of trans-
mittivity spectra of electromagnetic waves for the finite 1D systems (ABCD)K , [(ABC)ND]K and
[(AB)N(CD)M ]K , which are single-, two- and three-periodic 1D PCs composed of four different lay-
ers with the corresponding thicknesses di, (i = A, B, C, D), where N and M are the sub-period
numbers and K is the super-period number. The unit cells of the structures under consideration
are depicted in Figs. 1 (a), (b), (c). The structure [(AB)N (CD)M ]K possesses two sub-periods
D1 = dA + dB, D2 = dC + dD, characterizing the PC subsystems (AB)N and (CD)M , respectively,
and the super-period D03 = ND1 +MD2 [see Figs. 1 (c), (d)].

Fig. 1: The unit cells of a single- (a), two- (b) and three-periodic PCs (c). Schematic of the
three-periodic 1D PC (d).

We calculated the transmittivity spectra of the electromagnetic waves for the structures above
composed of the dielectric oxide layers (SiO2, TiO2, Al2O3 and ZrO2) which are transparent in
the visible and near IR regimes. We examine the modifications of both TE- and TM-modes spectra
within the first photonic band gap (PBG) and its vicinity with the change of N , M , and K, incidence
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angle θ, the layers thicknesses and their order in the structure. The PBG spectra are polarization-
dependent and exhibit the set of complex defect modes (DMs). The number and positions of the
DMs are correlated with the sub- and super-period numbers and strongly depend on di. The change
of θ allows to govern the positions of both PBG edges and DMs. Modifying di, one can reach the
significant shift of the DMs towards the PBG edges, as well it is possible to increase the DMs number
and to obtain the satellite PBGs.
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Antenna approach for calculating dynamic polarizability
of carbon nanotubes
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Polymeric composites that contain carbon nanotubes (CNT) are the materials that are used
in different spheres of radio engineering, instrument engineering, for synthesizing radio-absorbing
coatings. Electrodynamic properties of such composites depend on the properties of separate CNT
and their concentration. Together with other factors, the properties of CNT depend on their geometry
as well. It is known [1], that in the process of synthesizing CNTs using different methods, along with
rectilinear tubes there exist a significant amount of curved CNT and CNT in the form of helices with
different coil steps and diameter. To estimate the electrodynamic properties of a singular CNT and
for further analysis of composite materials on their basis, it is necessary to know the dipole moments
and polarizability coefficients (PC). The values of electrical and dipole moments are determined using
current distribution in CNT [2].

It is possible to define the influence of geometry on current distribution using Pocklington integral
equation for conductors of arbitrary shape, which is widely used to solve antenna tasks. At the same
time, it is necessary to consider surface impedance of CNT similarly to [4]. PC can be determined
by solving matrix equation, which describes the connection between dipole moment of particles and
the electromagnetic field, that excites them.

In compliance with the proposed algorithm, the investigation of frequency depend-ence of PC for
the case of rectilinear CNT and CNT in the form of few-coil helices was carried out. The influence
of coil step of a helical CNT and coil number on the values of electric and magnetic polarizability
coefficients, on cross-polarization coefficients was estimated. Known value of PC of a single CNT
allows to perform analysis of the composites, that consist of a large set of CNT, embedded into a
dielectric matrix.
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2D materials for mesoscopic perovskite photovoltaics
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In the energy field, the use of hybrid organic-inorganic perovskite materials such as CH3NH3PbI3
(MAPI) has opened up new directions to fabricate cost effective and high efficient photovoltaic (PV)
devices. Many factors can influence the efficiency and stability characteristics of Pervovskite Solar
Cells (PSCs). In this perspective, bidimensional (2D) nanomaterials, such as graphene and related
materials can play a primary role owing to their 2D nature and the large variety of 2D crystals, whose
complementary opto/electronic properties, can be on-demand tuned by chemical functionalization
and edge modification. Here, we demonstrate the use of graphene and 2D materials as an effective
way to control the morphology [1] and to stabilize the device’s interfaces. Several strategies have been
used to master interface properties both at the anode and cathode parts of the cell. By dispersing
graphene flakes into the mesoporous TiO2 layer and by inserting graphene oxide (GO) as interlayer
between perovskite and Spiro-OMeTAD layers, we demonstrate a PCE exceeding 18% with a two-
step MAPI deposition, carried out in air [2]. Further optimization of the 2D interface layers could
promote the efficiency above 20% with a strong improvement of the stability. The proposed approach
has been exploited for the fabrication of state-of-the-art large area perovskite modules with a PCE
of 13.7% on a monolithic (active area exceeding 100 cm2). The use of 2D materials permitted to
increase the PCE by more than 10% with respect to “conventional” modules [3]. Additional results
will be shown for other 2D materials such as MoS2 and Li-GO and for module with active regions
> 100 cm2 where a proper laser patterning was used to reduce interconnection dead area of a module
below 400 µm making an aperture ratio of 95% [4].
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Two-body physics in topological models
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Recent advances in different experimental platforms have made possible to realize and explore
several single-particle topological models and phenomena. However, interactions can play a major
role in enriching the possibilities of new physics, as for the case of the Fractional Quantum Hall effect.
I will present theoretical results for two interacting particles in topological models and possible
implementation schemes with optical waveguides, polariton pillars and cold atomic systems. In
particular, I will focus on the Su–Schrieffer–Heeger model and the Haldane model.
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Coupling regimes of high-index dimer
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Metamaterials, oligomers and other photonic structures operate due to resonances in their con-
stituent elements [1]. The electric and magnetic dipole resonances are of high importance because of
several reasons including strength and robustness of effects. The structure properties are influenced
by the coupling between the dipole modes supported by the constituent elements. The coupling
strength determines whether the photonic mode would be local or not. Each type of coupling has its
own advantages and disadvantages for specific applications. Thus, it is crucial to reveal conditions
for the transition between the weak and strong coupling regimes.

Here we investigate these conditions in the simplest system that is a dimer of rods with a high
dielectric index. We calculate the scattering on the dimer by means of the multiple-scattering theory
that is a rigorous coupled-multipole method, which takes the interaction between all scatterers into
consideration. The computation yields the multipole amplitudes aj,l excited by the entire electro-
magnetic field being a sum of the incident wave and scattered fields from all rods.

We investigate the peaks related to the dipole resonance in scattering spectra. We exploit the
optical theorem to obtain the scattering cross-section. It allows us to calculate the spectra without
having to integrate the scattered fields. Following Jackson [2], we perform a derivation of two-
dimensional (2D) optical theorem, which is based on the analysis of the far-field asymptotic and the
Kirchhoff’s integral. The optical theorem reads

Cext = 2

√
π

k
(Im{F0} − Re{F0}) , (1)

where Cext is the extinction cross-section, k is the wavenumber, and F0 is the forward scattering
amplitude. We notice that the optical theorem for 2D case differs significantly from 3D case.

We demonstrate that for an oligomer of N dielectric rods located at rj , the forward scattering
amplitude can be expressed in terms of the multipole amplitudes aj,l:

F0 =

√
2

πk

N∑

j=1

∞∑

l=−∞

[
i−le−iπ

4 e−ik·rj] aj,l, (2)

which allows us to obtain the extinction cross-section after the coupled-multipoles equation is solved.
By using our approach we analyze the spectra of extinction cross-section for a dimer of identical

non-absorbing dielectric rods of radius R and dielectric constant ε. We set the x axis along the
incidence direction of plane wave to distinguish the longitudinal and transverse geometries where the
rods are placed either along x axis or y axis. Also we study the system in TE and TM polarizations
both. The variable parameters are the distance d between the rods (2R < d ≤ 106 · R) and their
dielectric constant (1 < ε ≤ 100). We track the evolution of the resonance in spectra in dependence
on these parameters, looking for the the peaks splitting, which indicates the strong coupling regime.

In summary, we have derived 2D optical theorem. The coupled-multipoles equation has been
solved to simulate extinction spectra. We have shown that the analysis of the dipole peak in spectra
makes it possible to obtain the conditions for the weak-to-strong coupling regime transition.
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Peculiarities of the photonic density of states in liquid-crystalline
photonic crystals
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Liquid crystals composed by anisotropic molecules form a number of photonic crystals with unique
optical properties. Photonic density of states is one of the primary characteristics of photonic crystals.
Determination of the photonic density of states is important both from the fundamental point of view
and for various applications.

We report studies of optical properties of liquid-crystalline photonic crystals with photonic stop
bands in the visible light range. Photonic properties were investigated employing different ap-
proaches [1, 2]. Complex experimental methods were used to analyze the photonic structure. Diffrac-
tion, reflection and transmission spectra, rotation of the plane of polarization of light were measured.
Polarized fluorescence measurements in the range of photonic bands were performed on samples
doped with organic dyes. The density of states was determined from measurements of the rotation of
the plane of polarization of light, from fluorescence spectra and calculated using material parameters
determined form independent reflection and transmission measurements. Fluorescence spectra were
modeled on the basis of approach which takes into account the orientational ordering of fluorescent
molecules and the properties of the eigenmodes of light in the periodic structure of the photonic
crystal [3]. Calculated spectra well agree with experiment both in the spectral range of the photonic
band and outside it. Transformation of the photonic properties with sample thickness and temper-
ature was studied. Optical properties of different liquid-crystalline photonic crystals are compared
and analyzed on the basis of their photonic density of states.

This work was supported in part by RFBR, grant No. 17-02-00246.
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Structures and optical properties of smectic liquid crystals
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Polar smectic liquid crystals form a variety of unusual phases whose period can be equal to a
large number of molecular layers [1, 2]. In this work we report studies of a smectic liquid crystal with
sequence of ferroelectric, antiferroelectric and ferrielectric phases. Selective reflection spectra are
measured on bulk samples in the optical wavelength range. Temperature dependence of the spectral
position of the selective reflection band was determined in the ferroelectric and antiferroelectric
phases. Behavior of large-period structures in confined geometry of thin films and their optical
properties attract essential interest. Surface ordering and symmetry breaking near the surface in
thin films can induce structures not observed in bulk samples. Appearance of nontrivial structures
could be expected when thickness of the films is commensurate with the periodicity of the phases
of the bulk sample. Optical methods were used to investigate superthin free-standing films with
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thickness equal to several molecular layers. Number of structures observed in the films increases with
film thickness. Transitions between structures with different direction of polarization with respect
to molecular tilt plane were observed. Electrooptical properties of the structures were studied. In
relatively thick films at high temperature the film can be switched by electric field from the state
with polarization parallel to the molecular tilt plane into the state with polarization perpendicular
to the molecular tilt plane.

Structures in the films and in bulk samples were calculated in the framework of Landau theory
of phase transitions with two-component order parameter [3, 4]. Comparison of the results of cal-
culations with experiment allows us to estimate the values of interlayer interactions responsible for
appearance of different phases.

This work was supported in part by RFBR, grant No. 17-02-00246.
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All-dielectric valley photonic crystals: Paving the way to topological
nanophotonics
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Nanophotonic devices in silicon-on-insulator (SOI) platform can potentially improve the capabil-
ities of modern information-processing systems by replacing some of their electrical counterparts [1].
The discovery of topological photonics provides a new degree of freedom to control the flow of light,
enabling novel optoelectronic functionalities and devices [2]. However, the subwavelength strategy
at micro-nano scale remains challenge. Recent developments of valley photonic crystals pave an
alternative way to achieve SOI topological nanophotonic devices with high performance [3–5]. Last
year, we have a proposal on all-dielectric valley photonic crystals (VPCs) with nonzero valley Chern
number by employing valley degree of freedom [5]. Valley bulk state with chiral phase vortex is
exploited, and it leads to the unidirectional excitation of light flow. Valley dependent edge states
and the resultant broadband robust transport are found. In our microwave experiment, we consider
the TM0 waveguide mode in hexagonal ceramic array sandwiched by two parallel metallic plates.
Excited by a homemade chiral source with phase vortex, unidirectional bulk state transport can
be observed. By mapping propagating electromagnetic fields and measuring transmission spectra,
robust transport of edge state around Z-bend is also demonstrated. Recently, we develop a VPC in
a standard 220-nm-thickness silicon wafer on the top of SiO2 substrate. The valley-dependent topo-
logical edge states operate below the light cone so that the photonic crystal slab can strongly confine
the propagating waves in the plane of chip. Benefit from λ/4 periodicity, our VPC can develop a
high-performance topological photonic device with a compact feature size (< 10 µm). We have fab-
ricated flat-, Z- and ω-shape topological channels with footprint 9× 9.2 µm2. The measured results
of these three devices show the flat-top high-transmittance spectra with relatively large bandwidth,
even for sharp-bend geometry. Such phenomena give evidences for the observation of topologically
robust transport at near-infrared wavelength. These works show a prototype of on-chip photonic
devices, with promising applications for optical isolation, lasing, wavelength division multiplexing,
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directional antennas, single photon sources, and photonic analog of quantum information processing
based on topological nanophotonic modes.
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Amplified spontaneous emission (ASE) is a phenomenon that is observed in both cavity and
cavity-free structures when spontaneously emitted electromagnetic pulse is amplified while propa-
gating through an active medium with positive population inversion. The output intensity of ASE
is much greater than the one of usual spontaneous emission (SE), and the transition from SE to
ASE is accompanied by the abrupt increase of slope of the output-input curve at a specific pump
rate, called pumping threshold, and gradual narrowing of the radiation line [1]. Such a behavior is
similar for both ASE and lasing, which makes it difficult to distinguish between these phenomena.
Cavity-free structures that exhibit ASE features are even called single-pass lasers. In this work we
show that these two phenomena can be distinguished by comparison of second-order autocorrelation
function g(2)(0). We consider nanowire waveguide, partially filled with pumped quantum dots, as
the system exhibiting ASE. We use Maxwell–Bloch equations with noise terms to describe dynamics
of such a system. Relaxation rates and noise correlations are derived from fluctuation-dissipation
theorem [2]. We show via numerical simulation that transition from SE to ASE does not affect
second-order autocorrelation function of emitted light, i.e. g(2)(0) remains constant for all puming
rates and is greater than 1. On the other hand, it is established fact that above threshold g(2)(0)
of laser emission gradually decreases to 1 with the increase of pumping rate. Thus, ASE cannot be
considered as lasing.
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Over the last decades, investigation of resonant properties of nanophotonic structures has at-
tracted considerable research attention. This is not only due to fundamental interest, but also due
to the potential applications of resonant structures for spectral and spatial filtering, enhancing light–
matter interaction, and analog optical computing, to name a few.

In a wide class of planar (integrated) optoelectronic systems, spectral or spatial filtering is per-
formed in a slab waveguide [1, 2]. In this case, the processed optical signal corresponds to a su-
perposition of guided modes with different propagation directions (spatial filtering) or with different
frequencies (spectral filtering). In this regard, the design and investigation of resonant nanophotonic
structures integrated in a slab waveguide is of great interest.

In the present work, we consider two simple planar resonant structures consisting of grooves and
ridges on the surface of a slab waveguide. The first structure is the planar counterpart of the so-
called W-type waveguide and comprises two grooves on the waveguide surface and a ridge separating
them [3]. Resonant effects in this structure are associated with the excitation of leaky modes localized
at the ridge. The location and width of the resonant transmittance peak (reflectance dip) can be
efficiently tuned by changing the widths of the grooves and of the ridge between them, respectively.

The second considered structure consists of a single subwavelength or near-subwavelength ridge
located on the surface of the waveguide. The resonances in this structure are associated with the
excitation of a cross-polarized eigenmode of the ridge. We propose a simple analytical coupled-wave
model, which describes these resonances and predicts the existence of bound states in the continuum
in the studied structure. The presented model is found to be in excellent agreement with the rigorous
numerical simulation results.

We discuss several practical applications of the proposed structures including spectral and spatial
filtering as well as optical differentiation and integration of an optical signal propagating in the
waveguide [3, 4].

This work was funded by the Russian Science Foundation grant 14-19-00796.

References

[1] G. Calafiore, A. Koshelev, S. Dhuey, A. Goltsov, P. Sasorov, S. Babin, V. Yankov, S. Cabrini,
C. Peroz, Holographic planar lightwave circuit for on-chip spectroscopy, Light Sci. Appl., 3, e203
(2014).

[2] T.W. Mossberg, Planar holographic optical processing devices, Opt. Lett., 26, 414–416 (2001).
[3] L. L. Doskolovich, E.A. Bezus, D.A. Bykov, Two-groove narrowband transmission filter inte-

grated into a slab waveguide, Photon. Res., 6, 61–65 (2018).
[4] L. L. Doskolovich, E.A. Bezus, N.V. Golovastikov, D.A. Bykov, V.A. Soifer, Planar two-groove

optical differentiator in a slab waveguide, Opt. Express, 25, 22328–22340 (2017).



142 DAYS on DIFFRACTION 2018

Bloch oscillations and related phenomena in multidimensional nonlinear
settings

R. Driben1, V.V. Konotop2, A.V. Yulin3, T. Meier4

1Department of Physics & CeOPP, University of Paderborn, Warburger Str. 100, D-33098 Paderborn,
Germany
2Centro de Física Teórica e Computacional and Departamento de Física Faculdade de Ciências,
Universidade de Lisboa, Av. Prof. Gama Pinto 2, Lisboa Portugal
3ITMO University, 49 Kronverskii Ave., St. Petersburg 197101, Russian Federation
4Department of Physics & CeOPP, University of Paderborn, Warburger Str. 100, D-33098 Paderborn,
Germany
e-mail: driben@mail.uni-paderborn.de

Bloch oscillations is one of the most fundamental physical phenomena which is intensively dis-
cussed in the literature over the last eight decades, since it was predicted in the seminal works by
Bloch and Zener in the theory of electrons in lattice potentials [1, 2]. In the early 1990s Bloch os-
cillations (BOs) were first observed experimentally in electrically-biased semiconductor superlattices
using optical interband excitation with femtosecond laser pulses [3]. A few years later, also for atoms
in optical lattices[4] and for coupled waveguides [5] BOs have been realized. By its nature BO is a
linear phenomenon and it is common belief that nonlinearity plays a destructive role which makes
it impossible to observe BOs at long times (or propagation distances, depending on the particular
physical context) even with without dephasing processes. This was first reported in [6] and later
on confirmed experimentally in optics using arrays of Kerr-type waveguides [7] and furthermore in
Bose–Einstein condensates (BECs) loaded in optical lattices [8], where only a few oscillations were
detected.

However, balance between the linear and nonlinear effects can be achieved in systems that contain
an additional continuous dimension besides the one corresponding to the direction of the linear gradi-
ent. This balance results in very stable oscillatory motion of discrete-continuous hybrid BO-breather
nonlinear waves [9, 10]. Such oscillations can be observed even for moderate nonlinearities and large
enough values of linear potential, when the band-gap picture of the underlying linear lattice is not
applicable anymore. We will demonstrate that there exists an optimal relation between nonlinearity
and linear gradient strengths allowing for extremely long lived BOs. Also we will demonstrate a con-
structive role of nonlinearity in another famous phenomenon related to BOs-the dynamic localization
[11] and also discuss the possibility to launch wave packets experiencing BOs with dark solitons and
dark-bright light bullets as carriers.
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Self-focusing is a fundamental self-action effect in which a light beam comes to a focus as a
consequence of the lens it induces in the nonlinear optical medium. The concept of a critical power
is a key feature of conventional theories of self-focusing; the critical power determines when the self-
induced focusing begins to dominate over diffractive spreading of the light beam. A large number
of papers and books have been devoted to this nonlinear phenomenon from 1962 (see, for example,
review [1] and references therein). In the present work, we demonstrate that, for few-cycle wave
packets with longitudinal dimension less the transverse size, the concept of critical power of self-
focusing can lose its physical meaning because of the dominance of dispersion over diffraction.

The normalized equation describing the paraxial propagation of a quasi-monochromatic wave
through a nonlinear media has well-known form [2]
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∣∣∣
2

Ẽ +
1

LNL2

∂

∂t̃

(∣∣∣Ẽ
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0 characterize the influence on the character of light propagation on various physical

phenomena: nonlinearity, dispersion, diffraction. Here k0 = k(ω0), ∆nNL = (0.5) · n2E2
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and n′
2 are coefficients of nonlinear refractive index and I is the input intensity.

In the case LNL1 = Ldiffr, it is natural to introduce an expression for the self-focusing critical
power Pcr = (πr20) · I, which is trivially deduced for this case and takes the form:

Pcr = c2π
/
2ω2

0n0n
′
2 = λ20

/
8πn0n

′
2, (2)

where n0 = n(ω0). This naively deduced expression for the critical power (2) coincides with the
well-known expression [1] to within a constant factor.

We note that for LD1 < Ldiffr nonlinearity will compete not with diffraction but with dispersion.
Under these conditions, the concept of Pcr will begin to lose its original meaning. This inequality
can be expressed in terms of laboratory parameters as

l0/D0 <
√
cω0n (ω0)β2, (3)
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where l0 = cτ0 is longitudinal size of the wave packet and D0 = 2r0 is its transverse size. For example,
for optical radiation with a central wavelength of 800 nm propagating through fused silica we find
that this condition becomes l0/D0 < 0.18.

By means of numerical calculations, we have observed changes in the nature of self-focusing of
light pulses when we reduce the dispersion length to a value smaller than the diffraction length.
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Shaping electromagnetic fields with meta atom for ultra-high field MRI
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Since its discovery in the early 70s, MRI scanners have become one of the most efficient diagnostic
tools available for physicians. Also, over time, their magnetic field strength (B0) has been steadily
increased to enhance Signal to Noise Ratio (SNR) [1]. This increasing B0 induces an increasing
Larmor or precessional frequency and thus a decreasing corresponding wavelength of the radio-
frequency (RF) excitation field. Consequently, the typical human body size becomes non negligible
compared with the wavelength and interferences can occur with bright and dark zones. This induces
locally major losses in contrast or shadowing on the images depending on the MR acquisition strategy.

One way to address the RF inhomogeneities is the use of relative High-Dielectric Constant (HDC)
materials [2]. Their high displacement current alters the global RF distribution in the transmit coil
and generates a secondary localized field used to compensate for inhomogeneities. However, HDC
pads add a significant bulk in the coil, reduce patient’s comfort and can present ecotoxic effect.

In this work, we propose a new passive shimming method based on metamaterial resonator to
improve the field inhomogeneity in UHF volume coils. We demonstrate that the RF field distribution
of a birdcage coil inside the coil could be improved by inserting metamaterial resonators between the
sample and the coil. The metamaterial resonator is based on a set of four hybridized resonant metallic
wires (HMA). We use an analytic approach based on impedance matrices in order to characterize
the hybridization mechanism. This model is used to describe the interaction between the hybridized
metamaterial resonator and a plane wave excitation as well as near field excitation which is more
relevant to study its interaction in the case of MRI application.

The designed HMA supports two modes in the frequency domain of interest that are obtained by
hybridizing electric dipolar resonant modes of the four dipoles. It has been shown previously that
for proper wire length over wavelength ratio, an electric dipole-like mode and a magnetic dipole-like
mode are obtained [3]. We will show that interactions of electric and magnetic modes help to gain
control over the electromagnetic fields. Moreover, we will show that the behavior of the HMA is
controlled by its length and can be used to enhance the RF field locally by 3-fold or as a local RF
shield in order to protect over exposed body areas.

This project has received funding from the European Union’s Horizon 2020 Research and Inno-
vation program under Grant Agreement No 736937.
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Optical properties of the periodical structures are investigated during more then a century and
their applications are well known. Broad class of these structures are photonic crystal slabs - layered
periodical systems, widely used in modern photonics. Important phenomena of photonic crystal slabs
is formation of the resonant quasi-guided modes [1]. The rich spectra of reflection, diffraction and
transmission of light in these systems are controlled by the strong redistribution of the electromagnetic
fields near the resonances. The relative intensities of the resonant diffraction channels can be tuned
by the design of the photonic unit cell and the surrounding layered structures [2]. We show that
based on the parameters of the resonances (energies, wave-vectors and resonants field distributions)
the resonance parameters of combined structures can be obtained with hight accuracy. We discuss
several examples of the application of this approach for the modelling and optimisation of the passive
elements of integrated photonics.
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Generation of a regular sequence of narrow spectral lines (optical frequency comb) in micro-ring
resonators is an active research area aiming to develop micro-comb sources for precision spectroscopy
and other applications, see, e.g., [1, 2]. Here we propose to use advantages of exciton-polaritons, which
are mixed states between the microcavity photons and quantum-well excitons, and develop scheme
for low-threshold optical frequency comb generation in microcavity wires [3]. Advantage of using
polaritons is their strong nonlinearity.

For our analysis we assume a ring resonator etched through the upper Bragg mirror of the planar
microcavity with embedded quantum well Fig. 1(a). The light is coupled in through a evanescently
coupled waveguide serving as an input/output. To compensate the losses we use a coherent pump
field with a pump momentum to be above the inflection point of polariton dispersion relation and
tune the pump frequency above the polariton line. This fulfils bistability conditions. In order to
excite the pulse train we use a seed pulse of the duration of several Rabi oscillations (≈ 2.5 ps),
which excites a stable pulse circling around the ring and coupling out every round-trip through the
bus waveguide. The pulse shape is well defined with the spatial extend being 6.3 µm and temporal
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duration ≃ 1.7 ps, see Figs. 1(b,c). Fig. 1(d) shows the spectral content of the stable pulse train
representing a frequency comb of 9 modes. The comb lines are up shifted with respect to linear
resonances indicated in grey, as it is expected due to repulsive inter-polariton interaction. The comb
FSR is 0.3 Thz, which also matches the pulse repetition rate.

Fig. 1: (a) Sketch of polariton microring resonator with typical radius 10–20 µm. (b) A snap-
shot of the soliton profile in the ring resonator under a CW pump. (c) Temporal dynamics on
the output of the resonator. (d) Fourier transformation of temporal dynamics on the output
of resonator showing the frequency-comb with equally-spaced spectral lines. Rabi frequency
is ~ΩR ≃ 4 meV.

In conclusion we demonstrated visibility of using microcavity polaritons for the purposes of gen-
eration of GHz to THz combs and trains of pulses duration of 1–2 ps that can be used in future
all-polariton information processing schemes.
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Multidimensional topological solitons, including knotted ones pioneered by L.D. Faddeev [1],
become now an object of deep interest in nonlinear science. Important is the feature of conservation
of topological characteristics even for not small perturbations. Since the beginning and up to now,
these investigations deal with conservative solitons. Exploiting the feature of increased stability of
dissipative solitons with the balance of energy input and output, one gets topological dissipative
optical solitons with increased stability. In the talk, we present a new wide class of three-dimensional
(3D) dissipative optical solitons including those predicted in [2, 3].

The scheme is a homogeneous medium with fast saturation of laser gain and losses. The quasi-
optical governing equation for the slowly varying electric field envelope takes into account for diffrac-
tion, non-resonance and resonance frequency dispersion, saturable gain and absorption, and weak
medium dichroism. As the initial condition at the medium input, we use result of rotation around
some axis of the field of 2D-laser soliton or solitons’ complex; additionally, we twist the 2D-structure
and introduce vorticity along the rotation angle with some topological index (charge).
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Important feature of 3D-topological solitons found is existing of vortex lines where the field
vanishes and phase changes by 2π along the contour around the line. The solitons are characterized by
their “skeletons” — the array of closed and unclosed vortex lines; such skeletons are termed in topology
as tangles. More detail characterization of these solitons is provided by the distribution of lines of
energy flow, or Poynting vector. We present a number of stable solitons with complicated “skeletons”
consisting of some number of vortex lines of the two types. These lines have unit topological charge;
its sign gives the line direction. Examples of skeletons include 1, 2, and 3 unclosed vortex lines forming
“the spine”, or skeleton axis, and 0, 1, and 2 closed vortex lines engirdling the axis. A topologically
simple asymmetric “precesson” has only one unclosed vortex line, whereas “apple solitons” are axially
symmetric ones with one unclosed and one closed (a circle) vortex lines. Topologically equivalent,
but axially asymmetric solitons with deformed closed and/or unclosed vortex lines are also stable.
A soliton with 3 unclosed vortex lines and 2 closed unlinked vortex lines passing with increase of
propagation distance periodically one through the other, is also presented, as well as a soliton with
3 unclosed vortex lines and one unknot closed vortex line, a soliton with 3 unclosed vortex lines and
knotted (trefoil) closed vortex line, a soliton with two unclosed vortex lines and a Solomon’s knot —
two linked closed vortex lines.

All the solitons found coexist with the non-lasing mode (zero field), and they are stable inside
overlapping domains in the parameters’ space; correspondingly, a slow variation of the parameters
results in various bifurcations accompanied by vortex lines’ reconnections, and in hysteretic phenom-
ena. Orientation of the skeleton axis is arbitrary in the special case and generally has some preferable
orientation determined by the relations of the dissipative factors.

The variety of stable topological dissipative solitons presented provides a rich alphabet for optical
information coding.
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Coherent acoustic phonons provide a powerful tool to access and control the properties of the
media [1]. However, little is known about effect picosecond strain pulses may have on materi-
als demonstrating insulator-to-metal phase transitions (IMT). Understanding the response of such
media to picosecond strain pusles would open an intriguing yet unexplored opportunity to realize
ultrafast strain-mediated control of electronic and optical properties of media. In the present work
we, therefore, aim at revealing response of a model IMT material VO2 to picosecond strain pulses.

VO2 undergoes insulator-to-metal and structural phase transition at T=340 K. At this tempera-
ture, the 0.6 eV band gap collapses, which is followed by abrupt change of electrical conductivity and
optical properties [2]. Here we report on the experimental and theoretical studies of the picosecond
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photo-elastic effect at in thin films of VO2 in insulating (at room temperature) and metallic (at
T> 340 K) phases. In experiments we study the dynamics of the reflectivity of VO2 under the action
of picosecond strain pulses.

The sample was a 145 nm thick VO2 film epitaxially grown on c-cut of the Al2O3 substrates. In
order to create strain pulses and inject them into the VO2 film we used the method developed in
picoseconds acoustics. 140 nm thick Al film was sputtered at the back side of the substrate. Upon
its excitation by a femtosecond laser pulse, strain pulse with amplitude of ∼10−4 and duration of
∼10 ps is generated and is injected into Al2O3 substrate. Using the pump-probe techniques, we
monitor transient changes of the reflectivity of the VO2 when the strain pulse reaches it.

We have obtained the strain-pulse induced evolution of the VO2 film reflectivity in both insulating
and metallic phases. To model the propagation of the acoustic pulses in the VO2/Al2O3 structure,
we used a finite difference method to solve the Korteweg – de Vries equation, and calculated the
corresponding photo-elastic response. As a result we were able to obtain estimates of the sound
velocity and photo-elastic constants of VO2 in both phases. To the best of our knowledge, these
parameters are obtained experimentally for VO2 epitaxial films for the first time.

Furthermore, we have studied the strain-induced transient reflectivity when the metallic phase
was induced by femtosecond laser pulse [3]. This enabled us to obtain the acoustical and photo-elastic
parameters of the metastabe laser-induced metallic phase of VO2 and to compare them with those
in the thermodynamically stable metallic phase.
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The interaction between electromagnetic waves and objects is strongly affected by the shape and
material composition of the latter. Artificially created materials, formed by a subwavelength struc-
turing of their unit cells, namely metamaterials, can exhibit peculiar responses to electromagnetic
radiation and provide additional powerful degrees of freedom to the scatterer design. In particular,
negative material susceptibilities give rise to strong resonant interactions with deeply subwavelength
particles. In this contribution, we discuss the concept of artificial magnon and plasmon resonances
in subwavelength objects with effective negative permeability and/or permeability, designed based
on the metamaterial approach. Strong localized oscillations of the magnetic and electric fields within
an array of resonators, forming a sphere, hybridize in a collective mode of the structure. As a re-
sult, extremely high scattering cross sections, exceeding that of a steel sphere with the same radius
by four orders of magnitude, were demonstrated experimentally. Super scatterers, based on tun-
able resonances within artificially created materials, can find use in a broad range of electromagnetic
applications, including wireless communications, radars, RFID, internet of things hardware and many
others.
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Second-harmonic generation (SHG) from nanoscale structures is highly important for applications
in optical communication, biosensing, bioimaging and control of laser beams. As the nonlinear effects
are normally weak and depend strongly on volume, methods to enhance the conversion efficiency are
highly desirable. For instance, silicon polycrystalline resonant nanoantennas are proposed to enhance
the nonlinear response [1]. However, bulk second order susceptibility in centro-symmetric materials,
such as silicon, is zero, which limits the efficiency of the SHG. Therefore, nanoantennas based on
dielectric high-refractive index materials with high intrinsic nonlinear properties are of particular
interest in nonlinear nanophotonics. Inorganic resonant perovskite BaTiO3 nanoparticles already
have been studied in terms of SHG efficiency and demonstrated outstanding performance [2].

0

pump
SHG

a b

Fig. 1: a) SEM image of BaTiO3 nanoparticle. Scale bar is 200 nm. b) Sketch for angular
dependence of second-harmonic generation intensity from single BaTiO3 nanoparticle with
given femtosecond 1050 nm pump. Intensities are in arbitrary units.

But still effects related to polarization of SHG from BaTiO3 nanoparticles were not described. In
this work we reveal both peculiarities regarding different pump polarization and polarization of the
SHG signal for a given pump with experimental and theoretical approaches. Fig. 1(a) shows SEM
image of BaTiO3 nanoparticle, which was studied and Fig. 1(b) discloses results on dependence of
SHG signal from laser pump. Polarization effects in SHG are of great interest due to the necessity of
advanced light manipulation for modern applications including biosensing, nanosources of light and
many others.

References

[1] S.V. Makarov, et al., Efficient second-harmonic generation in nanocrystalline silicon nano-
particles, Nano Letters, 17(5), 3047–3053 (2017).

[2] F. Timpu, Enhanced second-harmonic generation from sequential capillarity-assisted particle as-
sembly of hybrid nanodimers, Nano Letters, 17(9), 5381–5388 (2017).



150 DAYS on DIFFRACTION 2018

Silicon nanoantennas in perovskite photovoltaics

Furasova A.D.1, Zakhidov A.A.1,2, Di Carlo A.3, Makarov S.V.1
1ITMO University, St. Petersburg 197101, Russia
2University of Texas at Dallas, Richardson, Texas 75080, United States
3Tor Vergata University, Rome, Italy
e-mail: aleksandra.furasova@metalab.ifmo.ru

Nowadays halide perovskite based solar cells (SC) is an extremely prospective class of energy
sources due to high power conversion efficiency, low cost of materials and simple solution processing
for their fabrication [1]. A lot of attempts have been made to improve perovskite devices by plasmonic
nanoparticles made of noble metals to increase their photocurrent and efficiency via increase of
nonradiative decay of excitons improving charge separation.However, this approach allowed to achieve
efficiency up to 18.2% and fill factor up to 75.5% for record device based on the most popular and well-
studied methyl ammonium lead iodide perovskite (MAPbI3). Moreover, noble metals are expensive
and chemically unstable in halide perovskites.

Resonant silicon nanoparticles were recently proposed for a number of applications [2, 3], where
its optical losses as compared with plasmonic counterparts and strong Mie resonances were em-
ployed for local field enhancement and effective scattering power pattern manipulation. Regarding
implementation of silicon nanoparticles for perovskites based devices, high enough optical contrast
of silicon (n=3.5) with halide perovskite (n=2.2) would enable the excitation of Mie resonances in
visible range resulting in effective light trapping at nanoscale.

Here we present experimentally, for the first time to the best of our knowledge, that the resonant
silicon nanoparticles can be introduced to perovskite based SCs. We choose well-studied material
(MAPbI3) to avoid any influence of material’s composition to provide the most rigorous comparison
of silicon nanoparticles with previously reported plasmonics based approaches. We have achieved
the perovskite SC enhancement of efficiency up to 18.8% at the fill factor 79% by incorporation of
Mie resonance silicon nanoparticles into devices that now is a record number among previous results
with any type of resonant nanoparticles in a MAPbI3 based perovskite SC. Moreover, we observed
even improving photovoltaic characteristics of SCs after incorporation of the silicon nanoparticles.
We provide additional theoretical analysis showing that silicon nanoparticles improve the power
conversion efficiency by near-field enhancement in the active medium.
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Fig. 1: a) Energy band diagram of the device. b) Color-enhanced and annotated cross-sec-
tional STEM-BF image of a complete solar cell. Dark spot showing Si-NP at the interface with
m-TiO2. c) TEM of a polycrystalline Si nanoparticle fabricated by laser ablation in liquid.
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The study of the optical response of high refractive index nano-particles has revealed that these
resonant structures are capable of controlling different degrees of freedom of light fields with unprece-
dented versatility [1]. The ability of these particles to control the intensity, phase and polarization of
light has unveiled a plethora of new physical effects and applications. To mention a few, these parti-
cles have allowed controlling the directionality of optical antennas in an unprecedented manner [2],
they have shown promise in enhancing molecular circular dichroism spectroscopy [3] and all-optical
chiral separation methods based on enantioselective photo-excitation of chiral molecules [4].

In this letter, we unveil a new phenomenon that to the best of our knowledge was not reported up
to date; the natural emergence of an optical vortex in the back scattering of cylindrically symmet-
ric high index resonators when illuminated at their first Kerker condition of anomalous scattering.
Firstly, based on singular optics arguments [5], we deduce the emergence of the vortex for a high
index nano-particle Illuminated by circularly polarized light at the first Kerker condition. Secondly,
using the recently developed helicity and angular momentum conservation framework, we prove that
the modulus of the topological charge of the vortex has to be equal to 2. Lastly, we verify our
predictions through analytic and numerical calculations.

Moreover, we analize the emergence of polarization singularities (C lines and L surfaces) in the
scattering of optical resonators excited by linearly polarized light. We demonstrate both analytically
and numerically that high refractive index spherical resonators present such topologically protected
features and calculating the polarization structure of light around the generated C lines, we unveil a
Möbius strip structure in the main axis of the polarization ellipse when calculated on a closed path
around the generated lines of circular polarization.
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Switchable light emitting perovskite solar cells
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Solar cell (SC) and light emitting diode (LED) share similar designs, but both devices designed
to perform the primary function and their reciprocal function is greatly suppressed. Therefore, the
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realization of SC and LED in a monolithic device is very complicated. However, several attempts were
made previously. Organic-inorganic metal halide perovskites are recently emerged materials capable
of producing high efficient SC and LED. Now, perovskite SCs and LEDs efficiencies are comparable
with well-established semiconductor SCs and LEDs [1]. Nevertheless, devices capable of working as
a LED and as a SC with relatively high efficiencies do not exist yet. There were attempts to make
such device capable of exhibiting SC and LED functions based on silicon SC. It demonstrated 2.1%
SC efficiency, but it emitted light in the IR region [2]. Also some attempts were made to realize
such device with organic-inorganic metal halide perovskite. For this purpose the authors of work [3]
used bromine perovskite (MAPbBr3) and achieved ∼ 1% SC efficiency and ∼ 0.12% LED efficiency.
Low SC performance was attributed to the high band gap energy of MAPbBr3 (∼ 2.3 eV). On the
other, hand SCs based on MAPbI3 demonstrate superior efficiencies, but they emit light in the IR
(∼ 1.5 eV). Therefore, the practical interest is the realization of the optoelectronic device based on
mixed halide perovskites with intermediate composition of Br and I (MAPbBrxI3-x (0 < x < 3)),
and, thus, to achieve relatively high SC efficiencies and, at the same time, emission in the visible
wavelength range with relatively high quantum yield.

But mixed halide perovskites demonstrate one unwanted and crucial effect that affects perfor-
mance of perovskite based optoelectronic devices. This effect is segregation [3]. The segregation
occurs under visible light soaking and high charge carriers injection [4] and results in the reversible
movement of halide ions and their vacancies due to generation of photoexcited charge carriers density
gradient [5, 6]. As a result, the regions enriched with photoexcited ions that can be easily seen in
photoluminescence (PL) and electroluminescence (EL). In MAPbBrxI3-x (0 < x < 3), perovskite
segregation is manifested in the formation of Br- and I-rich phases due to the movement of Br-,
I-ions and their vacancies under white light illumination. The formation of these regions negatively
affects performance of SCs and LEDs regardless its temporal character. After removal of external
light soaking, perovskite attains its previous characteristics.

Here we propose that the mixed halide perovskite optoelectronic device is able to demonstrate
high-efficient dual functionality and thus to work in LED and SC regimes. In this case, segregation,
which usually negatively affects device performance, aids to dual functionality. Cycling working
regimes by handling the segregation process is a key point in the development of the efficient dual
functional devices.
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Visible guided-mode resonances of FIB-nanopatterned
mono-c-Si chiral metasurface
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High refractive index makes silicon the optimal platform for dielectric metasurfaces capable of
versatile control of light. Focused ion beam (FIB) followed by annealing with oxidation allows to
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create silicon nanostructures of truly 3D shapes transparent in the visible range [1]. We pattern a
chiral metasurface in a 300 nm monocristalline silicon (mono-c-Si) layer on sapphire (see Fig. 1a),
and anneal it at 1100◦C to transform the damaged Si layer into a glass coating. By means of the
FIB assisted 3D-reconstruction (see Fig. 1b) we resolve the shape of the air/SiO2/mono-c-Si/Al2O3

interfaces and create the average unit cell 3D-model shown in Fig. 1c. The optical measurements
demonstrate that the metasurface combines high (50–80%) transmittance with the circular dichroism
of up to 0.5 and the optical activity of up to 20◦ in the visible range (see Figs. 1, d–f) [2]. FDTD
simulations performed for the reconstructed 3D-model reproduce the observed sharp spectral features
which we attribute to the guided-mode resonances occurring when the incident plane wave diffracts
into the modes guided by the thin mono-c-Si layer. In terms of the semi-phenomenological chiral
coupled mode model we explain the observed strong optical chirality as a result of a chiral difference
in the coupling of the resonances with the incoming and outgoing plane circularly polarized waves.
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Fig. 1: Chiral mono-c-Si metasurface: patterning produced by digitally controlled FIB (a);
exemplary consecutive cross section cuts used for the 3D-reconstruction after annealing (b);
3D model of the reconstructed unit cell (c); measured (dots) and simulated (solid) spectra of
the transmittance (d), circular dichroism (e) and optical activity (f).
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Valley Zak topological states in all-dielectric structures
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Photonic topological insulators offer unprecedented opportunities in photonics, making possible
low-loss disorder-robust manipulation by light flows at the nanoscale. All-dielectric design provides
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especially attractive platform for topological photonics featuring low losses and a great potential for
further minituarization. Recently, all-dielectric photonic topological insulators have been realized
experimentally in three [1] and two [2] dimensions following the theoretical proposal [3].

In this work, we investigate theoretically and experimentally a 1D array of dielectric disks depicted
in Fig. 1(a). The domain wall is realized by turning over half of the disks in the array, so that the
bianisotropy parameter µ has different signs for the two halves of the array. We demonstrate that for
nonzero bianisotropy the bulk spectrum of the system has a bandgap, and there are four interface
states localized inside it. The interface states are grouped into two pseudospin-degenerate doublets
[Fig. 1(d)] and characterized by the distributions of electric and magnetic dipole moments depicted
schematically in Fig. 1(b,c). As we prove, the system is characterized by the nonzero valley Zak
phase which is a direct analogue of valley Chern number in two-dimensional systems. Additionally,
we verify the disorder-robust nature of the interface states by numerical calculation.
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Fig. 1: (a) Array of dielectric disks with broken mirror symmetry. (b,c) Distribution of (b)
electric and (c) magnetic dipole moments in the array for interface states. (d) Bulk energy
spectrum of the system with and without bianisotropy (black and red lines, respectively).
Blue dashed lines indicate the energy of the interface states.
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Topological transition due to spontaneous symmetry breaking
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Spontaneous symmetry breaking is one of the cornerstone concepts in various fields of science
ranging from high-energy physics to nonlinear optics. In condensed matter systems, spontaneous
symmetry breaking accompanies second-order phase transitions, for instance, the transition from
paramagnetic to the ferromagnetic state [1].
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The fundamental question is whether spontaneous symmetry breaking can cause the topological
transition from trivial to the nontrivial phase with the gapped spectrum of excitations. In this
work, we investigate the spontaneous formation of interface excitations in the linearized spectrum
of the array consisting of anharmonic oscillators with anharmonic couplings between them. We
demonstrate that an initially disordered system can form metastable topologically distinct domains
with the interface states at the boundaries. Employing the technique based on the calculation of
mean chiral displacement [2] we prove that the in-gap interface state is topological and has a clear
analogy with that in the Su–Schrieffer–Heeger model [3].

Our findings thus uncover a fundamental link between the spontaneous symmetry breaking and
topological interface states. We believe that the results demonstrated here on a toy model of mechan-
ical system are much more general being applicable to a variety of nonlinear microwave, photonic
and polaritonic systems.
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after the sufficiently long evolution time. (c) The spectrum of linearized excitations versus
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Quantum directions in topological photonics
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The application of topology in optics has led to a new paradigm in developing photonic devices
with robust properties against disorder. Although significant progress on topological phenomena has
been achieved in the classical domain, the quantum regime has remains unexplored. In this talk, I
discuss in recent developments in the quantum regime:

(1) We demonstrate a strong interface between single quantum emitters and topological photonic
states. Our approach creates robust counter-propagating edge states at the boundary of two distinct
topological photonic crystals. We demonstrate the chiral emission of a quantum emitter into these
modes and establish their robustness against sharp bends. This approach may enable the development
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of quantum optics devices with built-in protection, with potential applications in quantum simulation
and sensing.

(2) Spontaneous parametric processes such as down- conversion (SPDC) and four-wave mixing
(SFWM) have long been the common sources of quantum light, for instance, correlated photon pairs
and heralded single photon. These spontaneous processes are mediated by vacuum fluctuations of the
electromagnetic field. Therefore, by manipulating the electromagnetic mode structure, for example,
using nanophotonic systems, one can engineer the spectrum of generated photons. However, such
manipulations are susceptible to fabrication disorders which are ubiquitously present in nanophotonic
systems.

We demonstrate a topological source of correlated photon pairs where the spectrum of generated
photons is robust against fabrication disorder. Specifically, we use the topological edge states to
achieve an enhanced and robust generation of photons using SFWM and show that they outperform
their topologically-trivial counterparts. We show the non-classical nature of intensity correlations
between generated photons and the anti-bunching of photons using conditional measurements. Our
results could pave the way for topologically robust quantum photonic devices.
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Precise localization of multiple non-cooperative objects
in a disordered cavity by wavefront shaping
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Wave propagation in a disordered cavity is known to yield a completely scrambled, speckle-like
wave field. Typical indoor environments constitute (low quality factor) disordered cavities for mi-
crowaves due to the presence of many reflecting and scattering objects. Therefore, probing an indoor
scene to localize objects with waves in combination with traditional ray-tracing tools is (almost) un-
feasible. Nonetheless, it is well known that information about the object position is encoded in the
Green’s function. This enabled uniquely identifying the location of a source in a disordered cavity
after a dictionary of the Green’s functions for different source locations had been established [1]. The
process of correlating the measured Green’s function with the dictionary entries may be interpreted
as a simulated Time Reversal experiment.

Here, we start off by tackling the case of passive (i.e. non-emitting) objects inside a cavity. Indeed,
the scattering contribution of such passive objects to the Green’s function between two arbitrary
points in the cavity also uniquely encodes the object position. Borrowing the assumptions of DRAWS
(Diffusive Reverberant Acoustic Wave Spectroscopy [2]), we can decompose the spectrum of the
transmission between two arbitrary antennas into the static cavity contribution and the contribution
from each object. We demonstrate in the microwave domain that the object contributions are unique.
The ability to unravel this interplay permits us to localize multiple passive objects in a disordered
cavity.
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Next, we replace the temporal degrees of freedom (DoF) of the broadband transmission measure-
ment with spatial DoF obtained by Wavefront Shaping [3, 4]. Using simple electronically reconfig-
urable reflect arrays partially covering the cavity walls, we measure the single-frequency transmission
between two arbitrary points for a series of random configurations of the cavity boundaries. We show
that this, too, yields unique signatures. We demonstrate the localization of multiple passive objects
with single-frequency measurements by wavefront shaping.

Finally, we discuss the minimum number of DoF needed to successfully localize multiple objects.
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Coupled wave propagation and nanotrap lattice in hollow fiber
filled with Raman-active gas
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Trapping of molecules has attracted a significant attention due to its impact in exploring new
frontiers in physics. In a recent paper [1] we have demonstrated that such a trapping is facilitated by
a particularly simple system of Raman-active gas in a hollow-core photonic fiber which is pumped by
a continuous wave. Due to the nonlinear Raman amplification of light by the gas and reflection from
the fiber ends, a self-consistent configuration of forward- and backward-propagating Stokes waves is
formed, as schematically depicted in Fig. 1.

Fig. 1: (a) The distribution of the pump (P), forward Stokes (FS), and backward Stokes
(BS) beams along the fiber lengths. By dashed line the Raman gain is presented. In (b), the
scheme of the standing wave formation and the microscopic-scale trapping configuration are
shown.
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The corresponding standing wave pattern yields periodic ultra-deep potential caused by a spa-
tially modulated Raman saturation, where Raman-active molecules are strongly localized in a one-
dimensional array of nm-wide sections. Only these trapped molecules participate in stimulated
Raman scattering, generating high-power forward and backward Stokes cw laser radiation in the
Lamb–Dicke regime with sub-Doppler (14 kHz) emission spectrum, five orders of magnitude nar-
rower than conventional-Raman pressure-broadened linewidth.

The theoretical description of the radiation propagation in fiber is provided by the coupled highly
nonlinear propagation equations for forward and backward waves. The description of coupling is
based on the microscopic picture of the Raman population modulation within the trap lattice. The
solution is obtained by nonlinear shooting methods. The numerical predictions regarding the param-
eters of the emitted radiation are compared to the experimental data, showing very good agreement.
In addition, perspectives of further applications of this novel configuration, such as all-optical cavity
formed by two counter-propagating pump beams, are discussed, and the corresponding self-consistent
configuration of the waves is calculated numerically.
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Organic inorganic perovskites such as CH3NH3PbX3 (X=Cl, Br, I) have recently attracted great
interest as LED emissive materials due to their and high photoluminescence quantum efficiency and
narrow pure colors emission. However, very few tandems have been created using perovskite and
organic LEDs. Here, we demonstrate a parallel tandem of two pero-LED single layer sub-cells, with
CsPbBr3 /PEO/PVP composite films interconnected with transparent carbon nanotube layers with
depositing a hydrophilic and insulating polyvinyl pyrrolidine polymer (PPV) and poly ethoxy oxide
(PEO) ionically conductive polymer atop the charge collecting layers. We obtained color tunable
tandem light-emitting diodes and compare the performance of conventional in-series LED tandem
with more functional parallel tandem, exhibiting a high brightness, high current efficiency and a
high external quantum efficiency using a mixed-halide perovskite CsPbBr2I as the bottom emitting
layer and CsPbBr3 as top emitting layer. To the best of our knowledge, this is the brightest color
tunable and efficient perovskite light-emitting tandem reported to date. We discuss the mechanisms
of current self-balancing in the composites of pero-nanocrystals embedded into ionic polymer (PEO)
matrix as due to electronic barrier function of PEO sequentially working with Coulomb lowering of
hole injection interfaces, which results in low, sub-band gap turn on voltage.

Photogalvanic effects in gyrotropic Weyl semimetals

E.L. Ivchenko
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The current decade is marked by the discovery of two new classes of solid materials, namely,
topological insulators and Weyl semimetals (WSMs). After establishing neutrino mass hierarchy,
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the Weyl fermions in condensed matter systems remained the only particles with a massless linear
energy dispersion and a definite chirality. The dispersion cones can be tilted or even overtilted which
is realized, respectively, in type I and type II WSMs. The topological properties of WSMs manifest
themselves in the chiral anomaly, Fermi arcs and topological charges in the reciprocal (momentum)
space.

The discovery of WSMs has been followed by theoretical and experimental studies of their trans-
port and optical properties, both linear and nonlinear. In particular, it has been shown that the
interaction of circularly-polarized light with chiral fermions is governed by the Berry curvature of the
Weyl node. This allows a new look at the Circular PhotoGalvanic Effect (CPGE), an appearance
of a helicity-dependent electric photocurrent upon illumination of the sample by circularly polarized
light [1]. The CPGE is allowed by the symmetry of gyrotropic (or optically active) media, and many
WSMs belong to the family of gyrotropic crystals. It has been demonstrated that, in each Weyl node,
the CPGE has universal features independent of details of the material. However, the corresponding
CPGE current has the opposite polarity in the Weyl node of opposite chirality. As a result, the net
CPGE current induced within two Weyl nodes of opposite chirality becomes nonvanishing only in
tilted WSMs where it, however, loses its universality and depends on the tilt.

In Refs. [2, 3] we have developed a theory of the circular photogalvanic effect in Weyl semimetals
with the point groups containing improper symmetry operations and proposed minimal models which
allow for the CPGE. In semimetals of the C2v symmetry with the linear energy dispersion, the net
CPGE photocurrent becomes nonzero taking into account a spin-independent tilt term in the electron
effective Hamiltonian. However, this is insufficient for the crystal class C4v, like the TaAs Weyl
semimetal. In this case one needs to add to the Hamiltonian not only the tilt but also spin-dependent
terms of the second or third order in the electron quasi-momentum. We have complementarily
investigated the magneto-gyrotropic photogalvanic effect, i.e. an appearance of a photocurrent under
unpolarized excitation in a magnetic field. In quantized magnetic fields, the photocurrent is caused
by optical transitions between the one-dimensional magnetic subbands. A value of the photocurrent
is particularly high if one of the photocarriers, an electron or a hole, is excited to the chiral subband
with the energy below the cyclotron energy.
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Semi-periodic nanostructures: an apt solution to broadband optical
applications

Jalali M.1, Erni D.1, Nadgaran H.2
1General and Theoretical Electrical Engineering (ATE), Faculty of Engineering, University of Duis-
burg-Essen, and CENIDE — Center for Nanointegration Duisburg-Essen, 47057 Duisburg, Germany
2Department of Physics, Shiraz University, Shiraz, Iran
e-mail: mandana.jalali@uni-due.de, daniel.erni@uni-due.de, nadgaran@shirazu.ac.ir

Fully periodic structures are capable of supporting well-defined modes and mode groups at a
specific frequency range. On the other hand, random structures excite weak broadband modes that
do not have an influential effect on the system performance. Accordingly, researchers proposed semi-
periodic structures which can support modes that are not as weak as the random structures modes
and meanwhile are broader than fully periodic ones and therefore are an apt solution to broadband
optical applications such as solar cells [1, 2]. However, defining semi-periodicity is a challenging
task. The main idea is to add defects to a fully periodic structure to move toward randomness.
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Such defects can be added based on defined mathematical semi-periodic sequences [3]. In this paper,
we have propose defining semi-periodicity based on an optimization procedure through breeding
evolutionary algorithm where the position of defects are defined based on the optimization using
performance as the figure of merit. A periodic plasmonic Ag back-grating is added to a thin-film c-Si
solar cell while some defects are added to the grating based on the optimization procedure.

Fig. 1: Simulated spectral responses of the active layer’s optical absorption for the optimized
semi-periodic topology and periodic structure.

In Figure 1, the spectral response of the active layer’s optical absorption for the optimized semi-
periodic topology and periodic structure are depicted which confirms that semi-periodicity improved
the integrated active layer’s optical absorption up to 34.6% compared to fully periodic structure.

References

[1] R.A. Pala, J. S. Liu, E. S. Barnard, D. Askarov, E. Garnett, S. Fan, M.L. Brongersma, Optimiza-
tion of non-periodic plasmonic light-trapping layers for thin-film solar cells, Nature Communica-
tions, 4, 2095 (2013).

[2] M. Jalali, H. Nadgaran, D. Erni, Semiperiodicity versus periodicity for ultra broadband optical
absorption in thin-film solar cells, Journal of Nanophotonics, 10, 036018 (2016).

[3] B. I. Berg, The algebra of semiperiodic sequences, The Michigan Mathematical Journal, 10, 237–
239 (1963).

Combining chirality and Parity-Time symmetry in metamaterials
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The quite new concept of Parity-Time (PT) symmetry, which was first discussed in connection
with quantume physics (denoting systems with non-hermitian hamiltonian but commuting with the
PT operator and thus presenting the possibility for real eigenvalues) was quite quickly transfered
in optics, where the PT-symmetry is quite easily realizable by properly combining loss and gain
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systems. In the context of PT-symmetric optical systems and metamaterials novel and facinating
phenomana were demonstrated (see e.g. the reviews [1, 2]), like unidirectional invisibility, coherent
perfect absorption and lasing, anisotropic transmission resonances etc.

In this work we investigate the role and the effects of PT-symmetry in chiral metamaterials.
Chiral metamaterials, i.e. metamaterials lacking any mirror symmetry plane, are associated with
unique effects and possibilities concerning the polarization control of an electromagnetic wave, such
as large and thickness independent optical activity and circular dichroism, negative refractive index
etc. Combining PT-symmetry and chirality, one expects to merge two different worlds of peculiar
propagation characteristics creating unique polarization control possibilities.

In this context, in the present work we (a) investigate and derive the conditions to achieve PT-
symmetry in chiral metamaterials, (b) discuss scattering and transmission by PT-symmetric chiral
systems and the new associated phenomena, and (c) properly combine chiral metamaterials with PT-
symmetric non-chiral systems as to achieve novel propagation characteristics, like direction-dependent
optical activity and/or wave ellipticity, offering thus direction-dependent polarization control of an
electromagnetic wave.
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Purcell factor in periodic metal-dielectric structures
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A lot of attention has recently been drawn towards studies of metal-dielectric structures and their
ability to provide high Purcell factors i.e. to increase the probability of a spontaneous emission. Ex-
perimental studies backed by theoretical models have recently shown notable values of amplification
in multilayer QD structure with metal coating [1]. Interestingly, one of the recent articles [2] sug-
gests extremely high values of the Purcell factor (up to 105) in periodic metal-dielectric structures.
However, an important issue worthy of investigation is that of light absorption in metals that can
severely diminish the overall gain in the emission increase [3].

We have analysed an infinite structure lacking any absorption. The structure used was after [2],
that is, 15 nm metal layers, whose dielectric constant is approximated by the Drude model:

ε = ε∞ − ω2
p/ω(ω + iγ) (1)

alternate with 15 nm vacuum slabs. If γ in (1) is non-zero then an infinite system will not be able
to hold electromagnetic field due to absorption, contrary to [2]. Other parameters, however, can be
taken after [2]: ε∞ = 4.96, ωp = 8.98 eV. This produces photonic band structure shown in Fig. 1a
and a Purcell factor of a magnitude of 104, which is shown in Fig. 1b. The value is smaller than in [2]
because we have taken uneven distribution of the density of states into account. The highest value
is obtained when an emitting dipole is placed right at the interface between metal and vacuum.

The value ε̃ = ε+ω dε/dω describes the relation between density of energy and field amplitude in
dispersive media, and the difference between this value for Drude model (1) and real silver is shown
in Fig. 2a. We have shown that taking this difference into account further decreases the calculated
value of Purcell factor (on a single interface), as shown in Fig. 2b.
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We have shown that basic metal-dielectric periodic structures can be used to achieve only fairly
modest values of the Purcell factor. Taking real metallic absorption into account leads to a drop of
about hundred times in Purcell factor value, keeping its order of magnitude around 10.

Fig. 1: Periodic structure, dipole directed
along the layers and placed at the interface:
(a) emission probability density and band struc-
ture; (b) integral Purcell factor.

Fig. 2: (a) Energy density factor in metal;
(b) integral Purcell factor for a single inter-
face. Dielectric constant is after experiment
(solid line) and after the Drude model (dash
line). Dipole directed along the interface.
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Ultrastrong coupling of electrons and 2D polaritons
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The diversity of light-matter interactions accessible to a system is significantly limited by both
the small size of an atom relative to the wavelength of the light it emits, and the small value of the
fine-structure constant. Overcoming these limitations is a long-standing challenge. Recent theoreti-
cal and experimental breakthroughs have shown that systems such as graphene, boron nitride, and
other 2D van der Waals materials can support strongly confined light in the form of plasmon/phonon
polaritons. Due to their strong confinement, these polariton force us to recast the main assumptions
for light-matter interactions. We identify cases in which the rate of two-photon spontaneous emis-
sion can compete with the rate conventional spontaneous emission, suggesting a new way of creating
entangled photon pairs. Our findings also offer a potential testing ground for quantum electrody-
namics in the ultrastrong coupling regime, and more generally, offer the ability to take advantage
of the full electronic spectrum of an emitter, or to modify it. Finally, the seminar will touch upon
several examples of such ultrastrong interactions in different systems, revealing connections to the
Cherenkov effect and to a new kind of electron-polariton Compton effect.
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In this contribution, we report the results on numerical simulations and experiments with novel
types of nanostructured hollow-core photonic crystal fibers (HCPCF), so called anti-resonant hollow-
core fibers (ARHCF), which provide an additional degree of freedom in dispersion management and
open up new regimes in nonlinear spectral and temporal dynamics of light waveforms. Nanoscale
thickness strands within a hollow central core enable single or multi-mode broadband guiding of light
with dramatically reduced, in comparison to conventional capillaries, losses. In fact, ARHCF combine
advantages of Kagome HCPCF and antiresonant optical waveguides (ARROW) providing additional
tuning of the net dispersion via strand geometry and thickness. Grazing incidence reflection from
the thin strands enables low loss propagation of light in a broad spectral range except of narrow
resonances at wavelengths which are close to the strand thickness and which can effectively tunnel
through the strands. The spectral positions of these resonances are determined as λm = 2d

√
n2−1
m

where d is the strand thickness and m is the resonance order.

Fig. 1: a) SEM image of the David-star geometry ARHCF and b) its dispersion; c) revolver-
type ARHCF and d) its dispersion.

The ARHCF with the David-star geometry of strands shown in Fig. 1a) allows several broad
transmission bands in the near-IR-UV spectral range separated by the resonances, whereas the fiber
shown in Fig. 1c) and having the revolver-type geometry has only one broad mid-IR (1.3–3 µm)
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transmission band. Far from resonances, the dispersion in ARHCF can be well modeled by the
dispersion of the gas-filled capillary. In the vicinity of the resonances the effective modal index of
refraction experience abrupt changes, causing several orders in magnitude variations in the group-
velocity dispersion (Fig. 1b,d)). We show that the abrupt change in the dispersion caused by the
resonances triggers new types of nonlinear spectral and temporal dynamics of intense, ultrashort laser
pulses propagating through the fiber, leading to explosion-like generation of multi-octave spectral
continuum, massive emission of dispersive waves, complex multi-soliton dynamics etc.

All-dielectric topological photonics
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The experimental realization of photonic topological systems has proven fascinating properties of
their electromagnetic modes [1–3]. Unfortunately, many of these original proposals have been based
on metamaterials containing metals, whose functionality cannot be extended into IR and visible
domains [4, 5]. In this regard all-dielectric metamaterials and metasurfaces [6] recently emerged in
the field represent a well-suited platform to realize compact topological photonic insulators. Based on
this concept, I will report on the experimental realization of two-dimensional all-dielectric topological
metasurfaces. Such properties unique to topological systems as of the robustness of topological
edge states and their spin-locking are confirmed via the direct visualization near and far-field by
spectroscopic methods in microwave and near-IR frequency domains [7].
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Liquid crystals are characterized by orientational structures that appear to be extremely sensitive
to both external fields and boundary (anchoring) conditions at the bounding surfaces (substrates).
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Generally, this sensitivity underlies all well-established modern liquid crystal technologies behind
numerous exciting and successful applications of liquid crystal materials. In particular, it lies at the
heart of the technologically important electro-optic properties of liquid crystal (LC) fibers [1] and
porous films filled with LCs [2].

In this work we theoretically study the waveguide modes of a radially anisotropic LC fiber de-
pending on the effective electrically controlled optical anisotropy of the LC material. For the general
case of biaxial anisotropy, we derive the analytical expressions for the transverse and longitudinal
components of the electromagnetic field and compute both the dispersion characteristics and the
spatial distributions of wavefields for the hybrid TM and TE waveguide modes. We apply our results
to go beyond the limitations of the previous work on the light scattering by radially anisotropic cylin-
ders [3] and discuss the experimental data on the electric field dependence of the light transmission
through porous films filled with LCs.

This work is supported by the Ministry of Education and Science of the Russian Federation
(project No. RFMEFI58316X0058).
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Meta-optics and Mie-resonant nanophotonics
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Metamaterials, artificial electromagnetic media that are structured on the subwavelength scale,
were initially suggested for the negative-index media, and later became a paradigm for engineering
electromagnetic space and controlling propagation of waves. Recently, we observe the emergence of
a new branch of metamaterials and nanophotonics aiming at the manipulation of strong optically-
induced electric and magnetic Mie-type resonances in dielectric nanostructures with high refractive
index. Unique advantages of dielectric resonant nanostructures over their metallic counterparts are
low dissipative losses and the enhancement of both electric and magnetic fields that provide compet-
itive alternatives for metal-based plasmonic structures including nanoantennas, nanoparticle sensors,
and metasurfaces. This talk will summarize the recent research on meta-optics and metadevices
driven by Mie-resonant nanoparticles.
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Breaking of bulk-surface correspondence in topological photonics
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Development of chip to chip optical interconnects is of great importance for reducing the energy
consumption of heavy computations. Now it is widely believed that optical nanowaveguides with
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topologically protected surface states can help to achieve this goal. This is rather complicated from
physical point of view and most of researchers deal with simplified geometries of waveguides, which
are far from practical.

Fig. 1: TPSS positions for the bi-anisotropic waveguides with different radii R (black crosses)
together with equifrequency curves of bulk bi-anisotropic medium (solid black lines). (a) k0R =
5, (b) k0R = 2.5, (c) k0R = 0.5. Note that when k0R ≤ 0.5 there are no TPSS at all.

We study the optical properties of 3D bi-anisotropic optical waveguides with nontrivial topological
structure in reciprocal space, placed in an ordinary dielectric matrix. We derive an exact analytical
description of the eigenmodes of the systems with arbitrary parameters that allows us to investigate
topologically protected surface states (TPSS) in details. In particular, we have found that the
TPSS on the waveguides would disappear if their radius is smaller than a critical radius due to the
dimensional quantization of azimuthal wavenumber (see Fig. 1), and also if the permittivity of the
host-medium exceeds a critical value. Interestingly, we also find that the TPSS in the waveguides
have negative refraction for some geometries. We have found a TPSS phase diagram that will pave the
way for development of the topological waveguides for optical interconnects and devices. Our results
rise the general question about domains of applicability of topological protection and bulk-surface
correspondence in topological photonics.

Noncollinear interaction features of optical waves with wide spectrum
in nonlinear dielectric medium
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Analysis of the interaction of intense light waves propagating in an optical media at an angle
to each other is a classical problem of nonlinear optics. This problem has been already thoroughly
studied in the last century for quasimonochromatic waves [1]. In the present work regularities of
the interaction between intense few-cycle waves with wide spectrum propagating at an angle to each
other in transparent dielectric medium with an instantaneous nonlinearity were studied. Usually
such analysis is performed in the approximation of a given refractive index inhomogenity induced
in the medium by the other wave [2]. We, in contrast, have analysed the interaction strictly as a
self-consistent wave problem with boundary conditions of two femtosecond optical beams without
introduction of the artificial concept of induced nonlinear refractive index. Spectral approach was
used to describe few-cycle wave packets dynamics [3]:

∂2g

∂z2
+ [k(ω)2 − k2x] g = −ω

2ǫnl
c2

1

(2π)4

∫∫∫∫ ∞

−∞
g(ω − ω′, kx − k′x, z)

× g(ω′ − ω′′, k′x − k′′x, z)g(ω
′′, k′′x, z)dω

′ dk′x dω
′′ dk′′x. (1)
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where g is a spectral density of the radiation, ω and kx are the temporal and spatial frequencies,
respectively, k(ω) is the wave number, n(ω) = N0 + acω2 is the refractive index, ǫnl is the dielectric
permittivity, c is the speed of light in vacuum, z is the spatial coordinate along which one of the
waves propagates.

It is shown that the interaction between the wave packets may lead to a significant increase
in the third-harmonic generation efficiency. In case of presence of a considerable linear refractive
index dispersion, the interaction may also lead to significant changes in the spectrum at fundamental
frequencies.

Fig. 1: Space-time distribution of the electric field of waves before, during and after their
interaction.
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In this work we propose a novel method of resonant optical excitation of spin waves (magnons) in
hybrid nanostructures via frequency comb. We consider a two-layer hybrid nanostructure consisting
of an Au layer with a grating on the top and an yttrium iron garnet (YIG) thin film at the bottom
(see Fig. 1a). Optically excited plasmons create the strong localized electromagnetic field at the Au-
YIG interface. The plasmon evanescent fields induce time independent magnetic polarization via the
transverse magneto-optical Kerr effect (TMOKE) [1]. Created magnetic polarization hext plays a role
of excitation source of the spin waves in YIG film. But the main problem is the different frequency
ranges of plasmons (optical range) and magnons (GHz range for YIG (see Fig. 1b)). We numerically
show that by using the frequency comb as a source we can generate the magnetic polarization in
resonance with the spin waves in YIG thus substantially increasing the magneto-optical response
of the system. We hope that the results can be applied to development of the new optical control
methods of spintronics systems.
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Fig. 1: a) Elementary cell of hybrid nanostructure. Arrows represent the corresponding
values vectors. b) Dispersion diagram of magnons inside the YIG thin film.
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We demonstrate theoretically that a strong high-frequency circularly polarized electromagnetic
field can turn a two-dimensional periodic array of interconnected quantum rings into a topological in-
sulator. The elaborated approach is applicable to calculate and analyze the electron energy spectrum
of the array, the energy spectrum of the edge states, and the corresponding electronic densities. As
a result, the present theory paves the way to optical control of the topological phases in ring-based
mesoscopic structures.

We developed the theory of electronic properties of semiconductor quantum rings with the Rashba
spin-orbit interaction irradiated by an off-resonant high-frequency electromagnetic field (dressing
field). Within the Floquet theory of periodically driven quantum systems, it is demonstrated that
the dressing field drastically modifies all electronic characteristics of the rings, including spin-orbit
coupling, effective electron mass and optical response. Particularly, the present effect paves the
way to controlling the spin polarization of electrons with light in prospective ring-shaped spintronic
devices.
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The quality of magnetic resonance imaging (MRI) is directly determined by receive sensitivity of
a system [1]. In recent research [2], it was proposed a new conceptual idea to use wire metasurfaces
for improving the sensitivity of a 1.5 T MRI scanner. Such metasurface can effectively spatially redis-
tribute and enhance the electromagnetic field generated by a body coil. In this work, we performed
an experimental investigation of wire metasurface eigenmode impact on receive sensitivity enhance-
ment. The metasurface is formed as an array of parallel non-magnetic metallic wires, placed inside
high permittivity media (Fig. 1a) [3]. Such design supports a set of eigenstates, which occur due to
the splitting of the original resonance frequency dictated by the strong coupling between resonance
wires located at a distance much smaller than the wavelength. For MRI purposes the first eigenmode
is most useful since it has the highest penetration depth and for this eigenmode, the magnetic field
is localized in the central region of the metasurface, while the electric field is concentrated near the
edges of the wires (Fig. 1b). By changing a position of a small test sample on the metasurface,
we check the efficiency of the receive sensitivity enhancement. Furthermore, we demonstrate that
the signal increasing depends on the dimensions of the investigated object. Thus, we evaluate the
optimal conditions to achieve the highest value of the received signal for this type of metasurface
placed inside 1.5 T scanner.

Fig. 1: (a) Schematic view of the metasurface design together with a small test object placed
on the top of the structure. (b) Electric (top panel) and magnetic (bottom panel) fields
distributions above the metasurface.
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When light propagates through an optically active semiconductor material hybridization of the
optical and electronic excitations (photons and excitons) may occur. This leads to the formation
of novel quasi-particles, so-called polaritons. Two photons colliding in free space do not interact:
light beams just pass through each other with no effect on their propagation paths. By contrast the
exciton component in the polariton wavefunction leads to giant repulsive interactions between the
two colliding quasi-particles, which enable control of light by light at ultrafast speeds. This is poten-
tially useful for applications in all-optical signal processing. In my talk I will present two polariton
platforms based on optically active materials such as GaAs and heterostructures of transition metal
dicalcogenides (TMDC) (MoSe2, WSe2). In polaritonic systems based on GaAs the quantum fluid
effects (ultra-low-power polariton bright and dark solitons, vortices and condensation) will be briefly
reviewed and the strength of polariton-polariton interactions will be discussed. While excitons and
exciton-polaritons in GaAs usually exists at T up to 50–70 K the very large exciton binding energy
and oscillator strength in atomically thin TMDCs allows very narrow polariton resonances to form
in microresonators even with a single embedded TMDC monolayer and at 300 K. Besides TMDC
monolayers being extremely thin potentially can be integrated into photonic circuits based on a va-
riety of semiconductor and dielectric materials such as SiO2, Si3N4, Ta2O5 and others, which makes
it extremely favorable for the development of active nanophotonic components of various geometries.
The other distinctive properties of TMDC monolayers are the very strong electron-electron exchange
interactions and the electron and exciton polarisation in different valleys in k-space. In my talk, I
will discuss how valley polarised and valley coherent exciton-polaritons are formed in this system
and what mechanisms lead to the enhancement of linear or circular polariton polarization degree.
Finally, the recent results on the optical nonlinearity in TMDC polariton platform will be presented
and compared to that in GaAs-based system.

Photonic analogues of the Haldane and Kane–Mele models
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The Haldane model [1] played a fundamental role in the development of topological concepts in
electronics. This model describes the electronic properties of a graphene-type material under the
influence of a periodic magnetic field with zero-spatial average. Furthermore, the Haldane model is
effectively the backbone of the theory of topological insulators: the Kane–Mele model [2] consists
of two copies of the Haldane model with opposite magnetic field. However, despite the numerous
connections between topological electronics and photonics developed in recent years [3, 4], so far
there is no precise electromagnetic counterpart of these models, mainly due to the difficulties to
mimic an effective magnetic field for photons.

Here building on our previous works [5, 6] and using an analogy between the two dimensional
Schrödinger and Maxwell equations, we propose an implementation of the Haldane model in a
photonic crystal with honeycomb symmetry made of dielectric cylinders embedded in a metallic
background and a spatially variable pseudo-Tellegen response [7] that emulates a periodic effec-
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tive magnetic field for photons [8]. The non-trivial electromagnetic topological properties of such a
platform and in particular the presence of topologically protected unidirectional edge states at the
interface with a trivial photonic insulator are demonstrated with numerical simulations.

In addition, it is shown that by applying a duality transformation [9] to the photonic Haldane
model one obtains a precise analogue of the Kane–Mele model in photonics. Remarkably, the Kane–
Mele model can be implemented using matched anisotropic dielectrics with identical permittivity and
permeability, without requiring any form of bianisotropic couplings. The Kane–Mele model consists
of two copies of the Haldane model, with each copy associated with a specific wave polarization.
These findings evidence the possibility to observe bi-directional topologically protected edges-states
in a fully reciprocal all-dielectric and non-uniform anisotropic metamaterial.
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I will discuss several topics of metamaterial-related design, which may have a substantial theo-
retical and practical importance, however so far have been underestimated in our community [1].

One example is not even related to metamaterials directly, however is inspired by the growing
importance of all-dielectric metamaterials, which prompts for dielectric nanoparticles. Even though
a few research groups are capable of producing silicon nanoparticles with well-controlled size, current
mass-production yields a great dispersion of sizes, so the output must be sorted. We have proposed [2]
an all-optical way to sort dielectric nanoparticles according to their resonances, with a method to
produce an angular spectrum of sizes with an easy distinction between sizes differing by 10%.

Another example is related to opto-acoustic metamaterials, assembled as a non-resonant compos-
ite medium, such as an array of spheres embedded in a different matrix. Such composites feature
artificial electrostriction that can be greater than natural coefficients of the components, and are
suitable to enhance stimulated Brillouin scattering (SBS) [3]. In particular, we have designed inverse
opal structures of air and silicon [4], which is suitable for CMOS-compatible SBS processing.
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Yet another example is the great potential of artificial diamagnetism, achieved with a simple
and easily scalable array of non-resonant rings. Diamagnetic response of this structures, with the
magnitudes of magnetic permeability below 0.1, is much stronger than natural diamagnetism. The
key contribution to this result is mutual interaction and strong coupling in a dense array with
appropriate symmetry [5]. Further advantage of this design is structural reconfigurability, permitting
to dynamically tune permeability by several times.

Finally, I will provide an update on the strong effect of metamaterial boundaries and shape of finite
metamaterial samples on their observable properties, as opposed to effective medium predictions.
The eventual convergence towards effective medium approximation depends on shape and boundary
structure, and is quite slow [6], which imposes direct consequences onto realistic designs.

I greatly acknowledge the contribution of A.P. Slobozhanyuk, M.A. Gorlach, D.A. Shilkin,
M.R. Shcherbakov, M. J.A. Smith, C. Wolff, B.T. Kuhlmey, C. Martijn de Sterke, L. Jelinek,
R. Marques, P.A. Belov, A.A. Fedyanin, Y. S. Kivshar, R.C. McPhedran, and C.G. Poulton to var-
ious aspects of the reported research.
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Combination of metal and dielectric materials in a single resonant optical nanostructure allows to
achieve such optical properties as unidirectional scattering [1], efficient third harmonic generation [2],
etc. These properties appear due to spectral matching of resonances that stem from metallic and
dielectric constituent parts. This, in turn, demands a proper engineering of the nanostructure.
Among all metal-dielectric nanostructures, core-shell nanoparticles are one of the most perspective
for biosensing and lasing [3].

Here, we present the results of analytical and numerical simulations of metal-dielectric core-shell
nanoparticles with gold core and silicon shell. We have considered particles with spherical and
cylindrical shapes and have found optimal geometrical parameters in terms of spectral overlapping
of the electric and magnetic dipole resonances. While spherical shape of the particle allows for
analytical modeling and fast computation of its properties, the possible shape of the particles that
can be fabricated in experiments are much closer to cylindrical shape.

Scattering by spherical core-shell particles was modeled analytically by employing the Mie theory.
Data on the material properties were taken from the Refs. [4, 5]. The outer shell radius had a
fixed value 150 nm, and the core radius varied in the range 10–100 nm. The simulation revealed
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that electric dipole resonance that originates from the presence of the plasmonic core and magnetic
dipole resonance that originates due to presence of the shell with high refractive index are spectrally
matched when the core radius is 31 nm. The values of radii obtained for a sphere were then used as an
approximation in the modeling of a cylindrical nanoparticle. Numerical simulations were performed in
CST Microwave studio. The obtained parameters for cylindrical core-shell Au/Si nanoparticle makes
possible spectral overlapping of dipole resonances at 1050 nm. Near this wavelength unidirectional
scattering can be achieved. As a result we received the optimal geometrical parameters that can be
further utilized for the experimental realization of the Au/Si core-shell nanoparticles.
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We report on our advances in fabrication of optical metamaterials with vertically oriented lamellas.
Fabricating lamellas metamaterials we elaborated two material platforms. We apply the atomic layer
deposition (ALD) technique to arrange vertical alignment of layers of heavily doped ZnO or TiN,
which enables us to produce structured metamaterials operating either at certain intervals in the
visible or in the near- and mid-infrared ranges. Applications of such laminae materials are illustrated
with examples on surface waves’ propagation and sensing.

The TiN-based lamellas structures were realized by the combination of ALD with advanced deep
reactive ion etching [1]. The fabrication procedure is based on ALD deposition of TiN films on
sacrificial Si templates with sub-sequential removal of Si. TiN is deposited at 500◦C on a silicon
trench template with the pitch of 400 nm and height of around 2.7 µm. Silicon between vertical
TiN layers is selectively etched to fabricate the high aspect ratio TiN lamellas. Permittivity of
TiN films with various thicknesses of 18–105 nm is characterized by an ellipsometer. Such grating
structures can exhibit a sharp spectral increase in reflection, which is referred to as the Rayleigh–
Woods anomaly [1]. The associated spectral position of the reflection peaks shifts depending on
the changes in refractive indices of the surrounding media. We characterized the shifts for different
liquids, such as distilled water, ethanol, and isopropanol. The bulk refractive index sensitivity of our
sensing unit is evaluated to be around 430 nm/RIU.

Aluminum-doped zinc oxide (AZO) metamaterials are composed of multiple high aspect ratio
(1:6.7) sub-wavelength AZO lamellas on a Si substrate. AZO exhibits a plasmonic response, possess-
ing a negative real part of the permittivity in the near- and mid-IR regions. Periodically positioned
AZO lamellas secure hyperbolic dispersion of the whole structure in the mid-infrared range support-
ing both surface waves and bulk plasmon waves in the broad wavelength range in mid-infrared [2].
The lamellas shape provides 14.5 times more surface area for residing of analyte molecules than the
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flat surface. The whole structure is fabricated by the combination of deep UV lithography, dry etch-
ing, and ALD technique for AZO deposition, resulting in the uniform formation of deep trenches on
a large scale area of 2× 2 cm2. To demonstrate the sensing potential of the lamellas metamaterials,
we coat all lamellas with a 5 nm thick SiO2 layer by ALD, emulating the presence of an analyte SiO2

layer exhibits strong phonon absorption around 8 µm wavelength. We measured free-space reflection
of the samples with and without the 5 nm SiO2 layer in the mid-IR wavelength range of 6.25–10 µm
(1600–1000 cm−1). The reflection difference yields over 9% [3]. The enhanced absorption is achieved
by two factors: interaction of bulk plasmon modes propagating in the lamellas with the analyte silica
layer and profoundly extended surface area of the deeply profiled structure with the fixed footprint.
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Transition metal dichalcogenides (TMDCs) are an emerging class of two-dimensional semiconduc-
tors that enable attractive optoelectronic applications in the visible range, such as photodetection and
light harvesting, phototransistors and modulation, light-emitting diodes and lasers [1]. In the atomic
monolayer limit these materials are of particular interest because their bandgap becomes direct en-
abling enhanced interaction of the dipole transition with light. However, for practical applications
it is necessary to increase the strength of coupling between elementary excitations of TMDC, ex-
citons, and light. For this purpose, a variety of optical structures and devices has been utilized.
Typical example of such structures providing enhanced photon-exciton interactions at the nanoscale
are plasmonic nanoantennas. These nanoscale objects made of noble metals (gold, silver) coupled
to monolayer TMDC enable the strong coupling regime, pronounced Fano resonance and plasmon-
exciton resonant energy transfer. But typical plasmonic materials, gold and silver, have finite con-
ductivities at optical frequencies leading to the inherent dissipation of electromagnetic energy. For
many applications, heat generation at nanostructure is detrimental for their behaviour, which can be
modified dramatically with temperature. Recently developed all-dielectric nanoantennas [2] made of
high-index materials (Si, GaP, GaAs) with insignificant dissipation losses in the visible range can be
more effective alternatives to plasmonic nanoantennas in the TMDC-nanoantenna composites. Here,
we present our recent studies of resonance coupling in a single Si nanoparticle – monolayer TMDC
(WS2) nanostructures. We theoretically predict the strong coupling regime in Si nanoparticle cov-
ered by WS2 monolayer at magnetic dipole (MD) Mie resonance. We show that resonance coupling
can be enhanced by changing of surrounding dielectric material from air to water. Particulary, our
theoretical studies of scattering cross section of this system based on Mie theory and coupled mode
theory have demonstrated a Rabi splitting in water (see Fig. 1) with Rabi energy ~Ω = 208 meV at



DAYS on DIFFRACTION 2018 175

the intersection of excitonic resonance of WS2 and MD resonance of Si nanoparticle with radius of
75 nm.
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Fig. 1: Scattering cross section of Si-WS2 core-shell system in water as a function of wave-
length and SiNP radius.
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Lattices of coupled microring resonators allow the photonic emulation of various topological band
structure effects at optical frequencies [1]. Time-reversal symmetry is effectively broken by the excita-
tion of either clockwise or anticlockwise circulating resonator modes. Previously this broken symme-
try was used to implement an effective magnetic field for photons and observe topologically-protected
quantum Hall-like edge states of light [2]. For many applications on-demand reconfiguration of the
topological edge states is desirable, but this is difficult to achieve with existing approaches. Practical
designs for reconfigurable topological phases have so far been limited to microwave metamaterials [3].

We present a simple design for reconfigurable topological edge states based on lattices of coupled
optical ring resonators [5]. Our design is based on a lattice of resonant “site rings” coupled by off-
resonant “link rings,” with the links implementing both nearest- and next-nearest neighbor couplings.
The resulting tight binding model describing the limit of weakly coupled resonators resembles the
Haldane model, and in particular no external modulation or effective magnetic field is required to
obtain topological edge states. Consequently, topological phase transitions between trivial and Chern
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insulator phases may be easily induced by thermal, electro-optic, or nonlinear effects, allowing the
switching of the topological edge states guided along domain walls. Our model thus provides a
promising route to achieving reconfigurable topological edge modes in optical devices, as well as for
exploring the effect of optical nonlinearities on topological edge states.
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In the last several years high-index dielectric nanoparticles and nanostructures [1] proved to be
a promising platform for various nanophotonic applications, in particular for modern light science,
providing many fascinating applications, including high-efficient nanoantennas and metamaterials,
enhanced nonlinear optical response, nonradiative sources, sensing, and all-optical data processing.
High-index dielectric nanostructures are of a special interest for nonlinear nanophotonics, where they
demonstrate an inherent magnetic resonance-enhanced frequency conversion processes, and special
types of optical nonlinearity, such as electron-hole plasma photoexcitation [2], which are not inherent
to plasmonic nanostructures.

Fig. 1: General view of the considered nanoantenna and the dipole source (red arrow).

Here, we propose a novel geometry for highly tunable all-dielectric nanoantennas, consisting
of a chain of silicon nanoparticles excited by an electric dipole source, which allows tuning their
radiation properties via electron-hole plasma photoexcitation. We show that the slowly guided
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modes determining the Van Hove singularity of the nanoantenna are very sensitive to the nanoparticle
permittivity, opening up the ability to utilize this effect for efficient all-optical modulation. We show
that by pumping several boundary nanoparticles with relatively low intensities may cause dramatic
variations in the nanoantenna radiation power patterns and Purcell factor. We also demonstrate that
ultrafast pumping of the designed nanoantenna allows unidirectional launching of surface plasmon-
polaritons, with interesting implications for modern nonlinear nanophotonics.
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Exceptional points in energy spectrum of nonlinear cavity arrays
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Topological photonics has already become a universal roadmap to future disorder-immune nanoop-
tics. Active, non-Hermitian [1] and quantum structures [2] have recently attracted special interest
since they promise applications for compact photon sources integrated in topological optical chips.

Fig. 1: (a) Scheme of the array of coupled resonators with the tunneling parameter J and
nonlinear two-photon decay rate U . (b) Imaginary energy dispersion for bound photon pairs.

Solid white curve shows the analytical result E = 2
√
4J2 cos2 k

2
− U2, color map has been

obtained by Fourier analysis of eigenstates in the finite array with N = 30 cavities and
U = 2J .

Here, we study the propagation of photon pairs in the array of coupled cavities with nonlin-
ear losses, see Fig. 1(a). We introduce the non-Hermitian Bose–Hubbard model, described by the
Hamiltonian

H = ~ω0

N∑

j=1

a†jaj + iU

N∑

j=1

a†jaj(a
†
jaj − 1) + J

N−1∑

j=1

(a†jaj+1 + a†j+1aj) ,

where aj are the photon annihilation operators, J is the tunneling parameter and U is the nonlinear
loss parameter. The model hosts the photon pair states where the two photons are bound to each
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other [3]. In stark contrast to the Hermitian case, the energy dispersion law is nonanalytical and
features exceptional points, see Fig. 1(b). Our results in the quantum regime can be also directly
mapped to the classical propagation of two photon beams at different frequencies ω1 and ω2 in coupled
waveguide arrays where the nonlinear loss is due to the two-photon absorption. The generalizations
of the problem to the dimerized cavity arrays will be discussed as well.

We believe that our results provide useful insights in the fundamental physics of non-Hermitian
topological structures.

References

[1] S. Weimann, et al., Nature Materials, 16, 433–438 (2017).
[2] S. Barik, et al., Science, 359, 666–668 (2018).
[3] K. Winkler, et al., Nature, 441, 853–856 (2006).
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We report the experimental observation of dispersive wave emission from gray solitons in an
optical fiber. We also observed the nonlinear wave mixing occurring during the collision of a dark
soliton and a linear wave.

Dark solitons are a class of solution of the defocusing nonlinear Schrödinger equation (NLSE) [1].
In optical fibers, this corresponds to the normal dispersion region. They exhibit an intensity dip
(associated with a phase jump) over a uniform background. Dark solitons having a zero intensity at
their core and an abrupt π phase jump are called black solitons or fundamental dark solitons. When
the minimum intensity does not drop to zero and the phase change is smooth and smaller than π,
they are termed gray solitons. The amplitude of dark solitons take the form:

A(t) = cos(φ) tanh

(
t

T0
cos(φ)

)
− i sin(φ),

where φ is the grayness parameter (φ = 0 corresponds to the black soliton) and T0 is the duration of
the dark dip. In this work, we observe experimentally for the first time the process of dispersive wave
emission from dark solitons, in accordance with old theoretical predictions [2, 3], and we study the
impact of dark soliton grayness on the efficiency of dispersive wave emission. Finally, we observe the
nonlinear wave mixing occurring during the collision between a dark soliton and a dispersive wave.

We generate the odd dark pulses required to excite dark solitons by using two commercially
available waveshapers. Short pulses from an optical parametric oscillator (220 fs, 1550 nm) are sent
to a first waveshaper in which only the amplitude is shaped. At this stage, the grayness of the dark
pulses can be controlled accurately. Then, the generated dark pulses are amplified and sent to a
second waveshaper where the antisymmetric phase profile is applied. The resulting pulses are shaped
both in amplitude and phase and have therefore the required properties to excite a dark solitons
in the fiber (see example of cross-correlation and spectrum measurements of the shaped pulses at
the fiber input in Fig. 1a and 1b, respectively). These pulses are then launched in a 3.15 km long
dispersion shifted fiber (DSF), in the low normal dispersion region. Figure 1c shows the measurement
of the output spectrum for various values of the grayness parameter φ. For φ values between −π/6
and π/20, a dispersive wave is emitted across the zero-dispersion wavelength (ZDW) and follows the
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theoretical phase-matching curve (black solid line), while for φ values outside this range, none is
observed. In Fig. 1d, we plot the energy of dispersive wave as a function of grayness parameter. The
theoretical curve (red line) is obtained using an analytical estimation of the dispersive wave energy
from e.g. [4].

Fig. 1: (a)-(b) Example of temporal and spectral measurement of the input odd dark pulse.
(c) Measured spectra at the fiber output as a function of grayness parameter (black solid line:
phase-matching relation, black dashed line: ZDW). (d) Dispersive wave energy as a function
of grayness parameter (black line: generalized NLSE simulations, red line: theory adapted
from [4], blue markers: measurements).

The black line is obtained from numerical simulations of the generalized NLSE and markers
correspond to measurements, in good agreement. For large |φ| values, the dark soliton spectrum
is narrow, so that the spectral overlap with anomalous dispersion region is low, which explains the
decrease in dispersive wave emission efficiency (similarly to the bright soliton case [5]). Additionally,
for large positive φ values, the theoretical phase-matching wavelength goes away from the ZDW,
which further reduces the dispersive wave emission efficiency. In a second set of experiments, we
study the collision of a dispersive wave with a dark soliton. The experimental setup is mainly the
same as in the previous experiment, but instead of being generated from the dark soliton in the fiber,
here the dispersive wave is shaped directly in the input short pulse spectrum. The first waveshaper
is used to shape the dark pulse and the dispersive wave pulse (called the probe here) at a different
wavelength, and the second waveshaper is used to adjust the odd-symmetry phase profile of the dark
pulse and the delay of the probe pulse.

Fig. 2: Experimental observation of the nonlinear wave mixing occurring during the collision
between a dark soliton and a dispersive wave. (a)-(b) Measurement of the output spectrum
as a function of (a) dark soliton grayness for a fixed probe wavelength of 1559 nm and (b)
probe wavelength for a fixed soliton grayness φ = 0 (black soliton). Dashed line: ZDW, black
solid line: theoretical solution of FWM between the dark soliton and the probe, red solid line:
theoretical wavelength of FWM between the dark soliton background and the probe.
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Figure 2a shows the measurement of the output spectrum for various values of the grayness
parameter. The dark soliton is centered around 1542 nm and the probe wave is located at 1559 nm.
For φ values higher than −π/6, a radiation resulting from the four wave mixing (FWM) between
the probe and the dark soliton is observed [6]. It closely follows the FWM phase-matching relation
(black solid line) that we have obtained by adapting the well-known theory for bright solitons [7].
In Fig. 2b, we show the measured spectra obtained by varying the probe wavelength, for a black
soliton (i.e. with φ = 0). Again, a new spectral component resulting from the FWM occurring at the
collision between the dark soliton and the probe wave is observed, in excellent agreement with the
theoretical curve (black solid line). In this case, we also observe a new radiation at short wavelength,
that we can identify as the FWM between the probe wave and the quasi-cw background over which
the dark soliton is located (red solid line). Numerical simulations of the generalized NLSE (not shown
here) are in excellent agreement with the experiments of Fig. 2a and b. Additionally, we can derive
analytically the conversion efficiency of the FWM process, again by adapting the bright soliton
theory from e.g. [8], and we can simulate it using the generalized NLSE. The results (not shown
here) are in excellent agreement with the experiments of Figs. 2a and b. A detailed analysis of these
results will be presented at the conference. To summarize, we have observed a grayness-dependent
emission of dispersive waves from dark solitons in an optical fiber. We have also observed a grayness-
dependent generation of new radiations resulting from the four-wave mixing process occurring during
the collision of dark solitons and linear waves.
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Metamaterials (MM) are artificial composite media, which properties are determined by reso-
nances supported by their structural elements. In contrast to photonic crystals, MM allow a homog-
enization procedure, which yields the effective parameters (refractive index, dielectric permittivity
and magnetic permeability) varied in a wide range of values. A special design of MM offers media
with effective parameters being negative, high positive and near-zero as well. MM enable left-handed
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media, which is caused by simultaneously negative values of dielectric permittivity and magnetic
permeability. Nowadays MM attract a lot of attention because of amazing applications for creating
invisibility cloaks, flat superlenses and many others, which become possible due to engineered effec-
tive dielectric permittivity and magnetic permeability. Unusual effective parameters can be obtained
using metallic elements, but such MM have significant losses in the visible range. Recently, negative
values of the effective magnetic permeability were shown to be possible in structures with trans-
parent high dielectric index elements sustaining Mie resonances [1]. These dielectric MM (DMM)
make it possible to achieve a resonant magnetic response in a structure made of dielectric materials.
However, to the best of our knowledge, DMM with a resonant effective dielectric permittivity has
yet been reported.

Here we present for the first time dielectric structures with the resonant singularities in effective
dielectric permittivity due to the electric Mie resonances for the TM polarization. We consider
periodic structures of dielectric homogeneous rods arranged in square and hexagonal lattices. The
variable parameters of the photonic structures are the dielectric permittivity of the rods and its radius
to the lattice constant ratio that is related to the filling factor. Following the paper [2] we build
phase diagrams “photonic crystal – metamaterial” and analyze them. We find the parameters of the
structure, which allows the metamaterials phase. The phase diagrams show that the phase transitions
for the TM polarization occur in narrow ranges of the parameters. The reason is in a stronger
coupling between the electric Mie modes localized in neighbor cylinders respective to the weaker
coupling between their magnetic counterparts. Thus, DMM for the TM-polarized wave possess a low
rod density, which makes them attractive for applications exploiting light-matter interaction.

To verify the existence of metamaterial phase we consider a prism made of DMM with a near-zero
effective dielectric index. The prism is formed by a structure with a square lattice. We reveal that
the electromagnetic field at the specific MM frequency is homogeneous over the entire volume of the
structure. The observed effect is not affected by the crystal axes orientation relative to the prism
boundaries. Therefore, this result confirms the transition of the structure to the MM regime with
zero effective dielectric index.
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As is known from earlier studies, the scattering and absorption cross sections of resonant bodies
can be much greater than those of non-resonant objects with the same geometric dimensions [1].
The idea of optimal resonant absorption is used, e.g. when designing compact receiving antennas,
where a conjugate matched load compensates the excess reactance of the antenna and tunes it in
resonance with the incident field, providing for the maximum of the received power. By using this
physical principle for every possible incident spherical harmonic it can be shown that there is no
upper limit on the effective absorption cross section of a finite-size resonant object [1]. In this work
we aim at modeling such superabsorption effect in a setup with two dimensions due to difficulties
in practical demonstration of this effect in three dimensions. The superabsorption effect is modeled
by a wormhole structure composed of two separate meshes of transmission line (TL) based unit cells
[Fig. 1(a)]: the unloaded double positive (DPS) mesh and the loaded double negative (DNG) mesh
placed one atop another and electrically connected at the circumference of the wormhole. Theoretical
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analysis of such a structure has been done based on the developed analytical models of unit cells
of each type. Dispersion relations for DPS and DNG cells and the Bloch wave impedances have
been obtained [Fig. 1(b,c)]. For the superabsorption effect to appear the absorber must be conjugate
impedance matched to the surrounding space, which means that the DPS and DNG cells in the top
and bottom halves of the structure have to satisfy this condition [2].

The considered single cells, a linear array of DPS-DNG-DPS cells and the complete wormhole
structure have been also simulated in the CST Microwave Studio. Characteristic dispersion curves
and Bloch wave impedances for both types of cells obtained with CST Microwave Studio agree
well with the results of the analytical model. Simulation also confirm propagation of the backward
waves in the DNG region and prove that both regions are conjugate impedance matched. Wormhole
simulation results obtained so far show the presence of the superabsorption effect, and indicate that
metamaterial object performs better than a simple black body type absorber.

(a) (b) (c)

Fig. 1: CST model of DNG cell (a), dispersion characteristics (b), and Bloch wave impedances(c)
of DPS and DNG cells.
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Metamaterials are artificial structures consisting of periodic sub-wavelength elements, they pro-
duce a particular electromagnetic response which often cannot be obtained from conventional media.
One class of metamaterials called hyperbolic metamaterials (HMM) is widely studied nowadays due
to their various applications such as sub-wavelength imaging and local density of states engineer-
ing [1]. In this work, HMM consisting of alternating gold, copper, and niobium pentoxide layers
was designed and fabricated with plasma assisted electron beam deposition technique. Afterward,
the produced material was structured using focused ion beam milling and its influence on the Alexa
Fluor 647 biomolecules spontaneous emission was studied experimentally with fluorescent correlation
spectroscopy and time-correlated single photon counting techniques. Combining these techniques al-
lows us apart from the molecules lifetime reduction observed for HMM before [2], to measure also the
brightness enhancement per molecule which depends only on the radiative decay mechanism. The
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same measurements were previously done for the structured gold films [3] which let us compare the
results. HMM has shown significant emission enhancement compatible with the one produced by a
single gold aperture which is known for its good plasmonic properties.
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The possibility of the existence of non-radiating sources has attracted the attention of physicists
for many years in different branches of science, starting from the beginning of quantum mechan-
ics. One the of the intriguing examples is the so-called anapole moment proposed by Zel’dovich in
connection with the radiationless properties of a toroid solenoid. Furthermore, such electromagnetic
configurations were recently suggested to classically describe the nature of dark matter. Recently, we
demonstrated that one of the simplest systems allowing for direct observation of anapole mode in the
visible is high-refractive index sub-wavelength nanoparticles. They provide new ways for excitation
and investigation of the electro-magnetic properties of such topologically nontrivial excitations.

Purcell effect in a disordered photonic crystals
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Interplay between the Bragg interference and random scattering of light in photonic structures
with disorder gives rise to a wide range of fascinating optical phenomena, such as Anderson local-
ization of light [1]. We demonstrate that presence of disorder in photonic crystals could lead to
modification of spontaneous emission rate in the photonic band gap (PBG) frequency region [2].
There are two different regimes of the Purcell effect as function of amount disorder: an enhancement
of spontaneous emission at the edge of PBG in case of moderate disorder, and the spontaneous emis-
sion rate enhancing within PBG due to appearance of high quality factor states for the large level
of disorder. Was demonstrated that for the PBG edges, mean value of Purcell coefficient is falling
with the increase of disorder, and its standard deviation demonstrates a non-monotonic behaviour
characterized by a maximum, but for the PBG centre, both the standard deviation and the mean
value of the Purcell coefficient demonstrate a monotonic growth with disorder.
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Figure shows dependence of the modal Purcell factor on the frequency and position of the emitter
placed inside a disordered structure (200 pairs of layers A and B with the same thickness D/2; the
center of the PBG is at ω0; relative width of the PBG ∆ω/ω0 ≈ 0.016) averaged over an ensemble of
104 structures with δ = 0.07 (a) 0.1 (b) and 0.15 (c). And dependence of the standard deviation σ
(d, e, f) corresponding of the modal Purcell factor, on the frequency and the emitter position. The
value of a disorder parameter is (a,d) δ = 0.07; (b,e) 0.1; (c,f) 0.15.
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Fermi–Pasta–Ulam (FPU) recurrence process is a universal phenomenon that describes the nat-
ural return cycle of a nonlinear system into its initial state after experiencing a complex nonlinear
coupling dynamics. In optical fibers it has been observed with reference to the nonlinear stage of
modulation instability (MI) [1, 2], which also plays a key role in supercontinuum and rogue wave
formation. However, the nonlinear MI is characterized by a broken symmetry [3, 4], which entails
that, in a suitable phase-space, two qualitatively different types of evolutions can be followed by
evolving from the modulated pump to a comb of sideband pairs and back to the pump. To date,
the observation of such a broken symmetry has been elusive because of the intrinsic challenge of
measuring the longitudinal evolution of the relative phase of the comb lines.

In this work, we report the first complete experimental observation of the broken symmetry of
FPU recurrence associated with MI in optical fibers by means of a heterodyne optical time domain
reflectometer (HOTDR). The HOTDR allows for recording the two qualitatively different phase
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portraits of FPU recurrence, contrasted in Fig. 1(a,b,c) and (d,e,f), respectively, and accessible by
changing the input modulation phase. Fig. 1(a) displays the longitudinal evolution of the normalized
pump and sideband powers, and Fig. 1(b) their relative phase, when a pure amplitude modulation is
injected at the fiber input (in-phase input, φ = 0). First, two whole cycles of recurrence have been
experimentally observed which is unprecedented in optical fiber systems. Second, the projection
onto the phase-plane in Fig. 1(c) clearly shows that the relative phase remains confined in the right
semi-plane (-π/2 < φ < π/2), meaning that maximum compression points are in phase in the time
domain (see inset calculated from numerical simulations). Conversely, by changing the input phase
to φ = π/2 (pure frequency modulation) a completely different scenario occurs (Fig. 1(d,e,f)). In
this case, the two successive recurrences alternate in the right and left semi-planes, corresponding
to a π phase shift between maximum recompression points in the time domain (see inset in (f) from
numerics). The two phase portraits in Fig. 1(c) and (f) clearly correspond to the equivalent motion
of a particle exploring either one of the wells or both wells of a double-well potential, which is the
accessible signature of the broken symmetry associated with the nonlinear MI ruled by the nonlinear
Schrödinger equation. The HOTDR reveals these two evolutions in the same system, simply by
changing the input modulation phase. This is a key feature related to the conservative nature of the
dynamics which is preserved in our system due to Raman-compensation of the fiber losses. In this
sense, our results differ from the observation of shifted recurrence of MI observed recently in a deep
water tank, which is induced by the unavoidable losses [5]. In summary, our original experimental
technique permitted to reveal a novel regime of the nonlinear stage of MI where different types of
recurrence turn out to coexist, being controllable via the input.

Fig. 1: Evolution with fiber length (a) of the normalized power of the pump and of the
sideband, (b) of the pump-signal relative phase (φ) (c) Phase portrait of the sideband cor-
responding to (a) and (b). (a) to (c) AM case (φ = 0, red lines) and (d) to (f) FM case
(φ = π/2, blue lines). Dashed lines represent numerical simulations and solid lines exper-
imental results. Insets: temporal evolution of the intensity from simulations. Parameters:
β2 = −19 × 10−27 s2/m, γ = 1.3 W/km, pump power 450 mW, sideband power 63.6 mW,
sideband detuning 35 GHz, P = 1555 nm, fiber length 7.7 km. Linear losses are compensated
by means of distributed Raman amplification. Powers are normalized to maximum values.
η(z) is the normalized sideband power, φ(z) is the relative phase between one of the sideband
and the pump.
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In previous decades, metallic nanoparticles with plasmon resonances played important role in
nanophotonics. Recently, a submicron high-index dielectric particles attract a lot of attention [1].
Unlike metals, dielectric nanostructures do not exhibit high losses in infrared and visible spectrum
and support both electric and magnetic resonances. Due to such properties, these structures can
find application in lowthreshold nanolasers, biosensors, parametric amplifiers, and nanophotonics
quantum circuits and others. Thus, it is important to develop a convenient tool to analyze optical
properties of dielectric nanoparticles.

We can use multipole expansion technique for spherical nanoparticles because their surfaces do not
mix multipoles with different moments. It allows rigorous analytical Mie solutions to the problem.
However for the nanoparticle with complex shape we have to use numerical approaches such as
FDTD, FDM and other methods or just use commercial software like COMSOL, CST etc. Also one
can perform a procedure of dehomogenization media into electric dipole and solve the coupled dipole
problem [2]. All these methods divide the volume of complex nanoparicle into a dense mesh and
solve a mathematical problem with the cubic dependence of the computational cost on the particle
size to wavelength ratio.

In this work we apply a surface current technique to study scattering on small nanoparticles. It
allows us to reduce the computational cost to the quadratic dependence because mesh is applied to
the surface only rather that the particle volume. The problem is divided into two parts: the first
for the external fields being the sum of the incident wave and the scattered field generated by the
surface currents; the second for the internal field generated by the surface currents. We assume that
there are zero internal fields for the first problem and zero external fields for the second one. Also we
assume that external and internal fields are generated by the currents of opposite sign. Therefore,
for the entire problem surface currents cancel each other.

The main challenge of this approach is to define currents radiating selectively into the external
direction from the surface or into the internal direction. The current in the elemental area is described
as electric dipole that emits the wave in both inside and outside direction. To solve this problem
we consider a Huygens source being a pair of electric and magnetic dipoles that radiates either in
forward or backward direction selectively. Hence we have to take into account both magnetic and
electric currents. The magnetic currents do not exist in nature however we can use them since they
vanish in the entire problem being virtual.

We develop the method of virtual electric and magnetic currents by considering MaxwellâĂŹs
equation in a symmetric form that contains both electric and magnetic currents and charges. We
verify our method by comparison with the rigorous analytical Mie solution for spherical silicon nano-
particles, and then we perform calculation for the non-spherical nanoparticles, which is important
for many applications.
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Currently, a substantial progress has been achieved in creating nano-sized sources of coherent
radiation [1]. Radiation sources for quantum information transmission lines in addition to high
temporal coherency must also have a desirable correlation function of the second order. Usually,
single-photon radiation sources are required. To increase the speed of single-photon sources, single
molecules and NV centers interacting with plasmonic structures are used [2]. However, in such
systems, due to the Purcell effect [3], the correlation function of the second order of radiation is
modified. Therefore, it is needed to create radiation sources with the required correlation function
of the second order that can be tuned by changing the topology of the plasmonic resonator [2]. In
this work we consider the second order correlation function of electromagnetic field irradiated by
plasmonic resonator which is excited by NV center and show that it is strongly depend both on Rabi
constant of interaction and temperature of surrounding medium. In the case of high temperature, at
low pumping rates of NV center, the second order correlation function equals two as it takes place
for black-body radiation. However, in the opposite case, when Rabi constant is much larger then
temperature, the second order correlation function equals zero as it takes place for single two-level
emitter. We show that the reason of such behavior is non-linear dependence of Rabi-splitting on
the occupation number of plasmonic mode. At high pumping rates in both cases the second order
correlation function tends to unity as in laser above threshold.
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The optoelectronic properties of halide perovskite thin films are comparable to those of direct-gap
semiconductors, which makes them promising for generating and detecting spin. We use the polar-
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ization spectroscopy of excitons in a 2D layer of CsPbI3 perovskite nanocrystals (NCs) and measure
the anisotropic exchange splitting of exciton levels. Perovskite NCs were synthesized following the
method of Protesescu et al. [1] and the synthesized colloidal solution was deposited on a quartz glass
substrate. Scanning transmission electron microscopy images show that the NCs have the shape of
the cuboid with edge size close to 10 nm and the average aspect ratio about 10%. Then we study
the samples using the standard technique following the work by Dzhioev et al [2]. An appearance of
the circularly polarized excitonic photoluminescence (PL) under the circularly polarized excitation is
known as the optical orientation of excitons, while the linear polarization of the excitonic PL under
the linearly polarized excitation is known as the optical alignment of excitons. The suppression of
the optical orientation at zero magnetic field, together with the strong optical alignment of excitons
indicates that the PL is dominated by the neutral excitons and the bright exciton state is split at zero
field into linearly polarized components. The results of the measurements may be fitted assuming
that the exchange splitting of excitons is dominated by the long-range exchange caused by the NC
shape with the Gaussian distribution. From the best fit (see Fig. 1) we extract the dispersion of the
long-range exchange splitting (or, namely, the ensemble-averaged splitting between linearly polarized
components of the bright exciton state) σδ = 120 µeV [3]. Our theoretical estimate gives about half of
this value. We note, however, that both the anisotropic shape of NCs and the possible low-symmetry
phase of the underlying crystal structure may cause the anisotropic fine-structure splitting. Optical
spectroscopy alone cannot be used to rule out either of these possibilities.

Fig. 1: Polarization spectroscopy of the PL of the sample at λex = 705 nm, W = 0.6 W/cm2,
T = 2 K. Curve a: optical orientation ρσ+

c (BF ); Curve b: optical alignment ρℓL(BF ). Dots
show the experimental data and the lines show the analytical fit.
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MRI is a unique non-ionizing apparatus to survey the anatomy of the body. It becomes unvoidable
for many medical applications. Radio frequency (RF) coils are one of the key devices in MRI. They
are used to synchronize spins of some nuclei that are precessing at the Larmor frequency under the
effect of the strong static magnetic field. They are also used in Rx mode to probe the spin relaxation.
Quality of the images strongly depends on the properties of RF coils. At 1.5T, one of the reference
coil to create a homogeneous RF field in a large volume (e.g., brain) is the birdcage [1]. However at
7T, because wavelength is shorter, the field becomes heterogeneous [1]. To overcome this limitation,
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we propose to use a metamaterial to shape the magnetic field. This metacage is directly inspired
from the metamaterial interpretation of a birdcage.

Indeed, a birdcage coil can be represented as a classical transmission line that form an annular
ring. It is typically composed of 8 up to 32 unit cells. Each of these lasts is made of a resistance
(R), an inductance (L) and a capacitance (C). At its fundamental mode (Fig. 1(a)), the phase shift
of each unit cell is given by the number of legs N , i.e., 2π/N [2].

We propose to revisit the birdcage in terms of tranmission matrix. The estimation of the eigen-
modes and eigenvalues of each unit cell leads to the concept of metacage where the phase shift of each
cell can be tuned independently while keeping the transmission line impedance fixed. An analogy
with the phase conjugaison provides the optimal phase shift distribution to focus the magnetic field
in a given region of interest (Fig. 1(b,c)).

Fig. 1: Distribution of magnetic field magnitude: A — classical 8-legs birdcage coil; B —
corresponds to position 1 of other combination L and C; C — corresponds to position 2;
D — photo of experimental setup.

To validate this idea, we have developed a prototype of such a metacage made of 8 unit cells
(Fig. 1(d)). It is excited with two 50-Ohm ports connected to two unit cells. We demonstrated
numerically with a full wave simulation and experimentally that the magnetic field can be controlled
with this approach. This birdcage is well impedance matched (|S11,22| < −10 dB) at the desired Lar-
mor frequency (300.1 MHz) of hydrogen 1H at 7T. Besides, a high level decoupling (|S12| < −10 dB)
between the 2 ports is reached.

This project has received funding from the European Union’s Horizon 2020 research and innova-
tion program under grant agreement No. 736937.
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A. Nikulin1, A. Ourir1, J. de Rosny1, G. Lerosey1, B. Larrat2, F. Kober3, R. Abdeddaim4, S. Gly-
bovski5
1Institut Langevin, CNRS, ESPCI, PSL, Paris 75005, France
2DRF/I2BM/Neurospin/UNIRS, 91191 Gif-sur-Yvette Cedex, France
3Aix-Marseille University, CNRS, CRMBM, UMR 7339, Marseille, France
4Aix Marseille University, CNRS, Centrale Marseille, Institut Fresnel, 13013 Marseille, France
5ITMO University, St. Petersburg 197101, Russia e-mail: anton.nikulin@espci.fr

In this work, we propose an original dual band volume coil for two nuclei preclinical MRI appli-
cation. It has been shown previously that coupling of loop feed with hybridized coupled resonators
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can improve the Radio frequency (RF) filed homogeneity and signal-to-noise ratio (SNR) in the case
of single nuclei application [1]. Such structure has been proposed later for the realization of a surface
coil that operates at two independent frequencies providing independent tuning and matching [2].
In this paper, we propose a volume receive/transmit MRI antenna based on two independent meta-
surfaces that can be used simultaneously for fluorine and hydrogen 19F/1H imaging at 7 Tesla small
animal. The proposed two-band coil can be tuned independently for the desired resonant frequencies
by adjusting the length of the two sets of wires. This approach of tuning avoids the use of additional
electronic circuits losses. Our design avoids fundamental limitations related to the efficiency of clas-
sical two-band birdcages working as combination of low-pass and high-pass birdcages for high field
MRI applications [3]. Such two-band birdcages work well only in the application with low-γ and
high-γ nuclei, for instance 31P/1H , i.e. for low and high Larmor-frequency nuclei simultaneously [3].

The proposed double-tuned coil is based on the merging of two metasurfaces. Each metasurface
made of non-magnetic metallic rods and capacitors. The capacitors are etched on the low loss
dielectric substrate. The geometry is chosen in order that modes of the two metasurfaces should be
resonant at the almost desired frequencies (282.6/300.1 MHz). The coarse tuning of the resonant
frequencies is achieved by changing the length of wires. But it is still necessary to use a matching
circuit that is required to achieve the exact frequencies and the good matching level (|S11| < −10 dB).
We have numerically and experimentally validated the concept of the proposed double-tuned coil
based on metasurfaces for (19F/1H) MRI at 7 Tesla.

This project has received funding from the European Union’s Horizon 2020 research and innova-
tion program under grant agreement No. 736937.
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Parity-Time-Symmetric Optics, extraordinary momentum and spin
in evanescent waves, and the quantum spin Hall effect of light

Franco Nori
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This talk provides a brief and pedagogical overview to parity-time-symmetric optics, extraordi-
nary momentum and spin in evanescent waves, and the quantum spin Hall effect of light.

1. Parity-Time-Symmetric Optics. Optical systems combining balanced loss and gain provide a
unique platform to implement classical analogues of quantum systems described by non-Hermitian
parity–time (PT)-symmetric Hamiltonians [1–7]. Such systems can be used to create synthetic ma-
terials with properties that cannot be attained in materials having only loss or only gain. We
report PT-symmetry breaking in coupled optical resonators. We observed non-reciprocity in the
PT-symmetry-breaking phase due to strong field localization, which significantly enhances nonlin-
earity. In the linear regime, light transmission is reciprocal regardless of whether the symmetry is
broken or unbroken. We show that in one direction there is a complete absence of resonance peaks
whereas in the other direction the transmission is resonantly enhanced, which is associated with the
use of resonant structures. Our results could lead to a new generation of synthetic optical systems
enabling on-chip manipulation and control of light propagation.
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2. The quantum spin Hall effect of light: photonic analog of 3D topological insulators. Maxwell’s
equations, formulated 150 years ago, ultimately describe properties of light, from classical electro-
magnetism to quantum and relativistic aspects. The latter ones result in remarkable geometric and
topological phenomena related to the spin-1 massless nature of photons. By analyzing fundamental
spin properties of Maxwell waves, we show [8] that free-space light exhibits an intrinsic quantum
spin Hall effect — surface modes with strong spin-momentum locking. These modes are evanescent
waves that form, for example, surface plasmon-polaritons at vacuum-metal interfaces. Our find-
ings illuminate the unusual transverse spin in evanescent waves and explain recent experiments that
have demonstrated the transverse spin-direction locking in the excitation of surface optical modes.
This deepens our understanding of Maxwell’s theory, reveals analogies with topological insulators for
electrons, and offers applications for robust spin-directional optical interfaces. Related work can be
found in [9–18].
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Optical coupling between dielectric Mie-resonant nanodisks
and waveguides probed by third harmonic generation microscopy
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Subwavelength dielectric and semiconductor nanostructures made of high-refractive-index mate-
rials possess strong Mie-type resonances at the visible and near-infrared spectral ranges [1]. Under
resonant conditions, electromagnetic fields are tightly confined inside these structures. This leads to
the enhancement of nonlinear effects by several orders of magnitude compared with those in bulk
materials [2].

Although the optical properties of Mie-resonant nanoparticles combined into oligomers with dif-
ferent numbers of particles have been extensively studied [3], the investigation of optical coupling
between a single subwavelength dielectric nanoparticle and the core element of integrated nanopho-
tonics — a silicon waveguide — has been lacking so far. In this contribution, we demonstrate optical
coupling between single silicon nanoparticles and dielectric waveguides using third harmonic gener-
ation (THG) microscopy.

The proposed “silicon nanodisk – waveguide” pairs were fabricated out of a silicon-on-insulator
(SOI) wafer with a thickness of the top silicon layer of 280 nm. The chosen diameters of the nanodisks
are 380, 430 and 480 nm, the distances between the nanodisks and the waveguides are 105, 185 and
320 nm, the width of the waveguides is 435 nm. For third harmonic generation microscopy, we
used a laser scanning confocal microscope complemented by a femtosecond Er3+ fiber laser with a
pulse duration of 120 fs, a pulse repetition rate of 70 MHz, a central wavelength of 1545 nm, and
a width of the spectrum of 40 nm. The proposed system was investigated under two polarisations
of the incident light — when the electric field is orthogonal and parallel to the waveguide. It has
been found that the nanodisks with a diameter of 480 nm resonantly enhance the THG due to the
excitation of the magnetic dipole resonance at a wavelength of 1545 nm. The maximum enhancement
of 26 is achieved when the nanodisk is located at a distance of 185 nm from the waveguide. If the gap
between the nanodisk and the waveguide is changed from 185 nm to 105 nm, the THG enhancement
is drastically decreased by a factor of 4.5. Using linear and nonlinear finite-difference time-domain
simulations, it has been shown that the dependence of the THG signal on the gap size arises from the
modification of local fields and radiative losses of the system. We have also shown that the magnetic
dipole resonance is shifted by up to 15 nm, when the gap size is varied. This is a clear evidence of
the optical coupling between the nanodisk and the waveguide and this study is a new important step
toward application of all-dielectric nanoparticles for photonic chips.
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All-dielectric metasurfaces for unconventional scattering

Willie J. Padilla, Andrew Cardin, Kebin Fan
Department of Electrical and Computer Engineering, Duke University, USA
e-mail: willie.padilla@duke.edu

Metamaterials formed from a single functional layer — termed metasurfaces — have been shown
using metal-insulator-metal, metal-insulator, and all-dielectric materials. Here we experimentally
demonstrate all-dielectric metasurfaces which realize high variable transmission with a large phase.
Further we shown the ability of all-dielectric metasurfaces to achieve high absorption within the same
structure, with only a moderate change in material loss.

Arrays of dielectric cylinders support two fundamental dipole active eigenmodes, which can be
manipulated to elicit a variety of electromagnetic responses in all-dielectric metamaterials [1]. Dis-
sipation is a key parameter that determines the functionality. We show that through altering the
material loss, DMSs may exhibit high transmission large phase advance characteristics of importance
for construction of Huygens’ metasurfaces. Further, with a small amount of loss added, the DMS
may operate as a high absorber of electromagnetic radiation [2]. We show the broad versatility of the
all-dielectric metasurface systems using semiconductor as the base material, and demonstrate that
strongly different properties may be obtained dynamically through photodoping.

Figure 1 shows an optical microscope image of an array of cylindrical resonators. The geome-
try has been tuned to achieve both an electric and magnetic dipole like mode at terahertz (THz)
frequencies [2]. The right panel of Fig. 1 shows the simulated transmission as a function of fre-
quency for a number of different silicon doping densities, ranging from zero doping (blue curve)
to n = 1.6 × 1015 cm−3 (red curve). We will present experimental verification of simulated results
shown in Fig. 1, and show that similar results can be obtained dynamically through photodoping.
The physics underlying the DMSs is shown to be well described by temporal coupled mode theory.

Fig. 1: Left panel shows a microscope image of a square array of cylindrical resonators
fashioned from silicon. Right panel shows the simulated transmission as a function of frequency
for a number of different silicon doping densities, ranging from zero doping (blue curve) to
n = 1.6× 1015 cm−3 (red curve).

Acknowledgements. This work was funded by a grant from the Department of Energy (DOE)
DE-SC0014372.
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Reversible light-by-light control through a giant ac Stark effect
in a strongly coupled light-matter system
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Changing photon energy by photons enables a wide range of nonlinear and quantum-optical
studies. However, this energy conversion is based on low-efficiency multiphoton transitions in weak
light-matter coupling. Once the photon energy has been changed the reverse process, in which
photon gives the obtained energy back to the system, required for true photon-by-photon control,
is extremely unlikely. Strong light-matter coupling imparts light properties to matter for high-
temperature quantum condensation and matter properties to light for photon-photon interaction.
Reversible control of matter energy levels by light is widely used through a noninvasive ac Stark
effect. Nevertheless, in strongly coupled light-matter systems, the recently observed small ac Stark
shift was indistinguishable from the shift of the uncoupled matter energy level. We demonstrate
reversible control of photon energy by photon via a giant ac Stark in a specially designed strongly-
coupled microcavity. The observed shift, larger than Rabi energy, sheds new light on photon-photon
interaction and paves the way for all-optical quantum technologies.

Self-assembling of ordered domains of silver nanoparticles
into the mordenite channel system
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In this work, zeolite of the mordenite type with a molar ratio (SiO2/Al2O3) of 13 was selected to
prepare monometallic (Ag or Fe) and bimetallic (Fe/Ag) systems. Ag and Fe ions were introduced by
the ion exchange method from aqueous solutions of AgNO3 and FeSO4 at a concentration of 0.03 N.
The materials were characterized by XRD for the evaluation of phase crystallinity, the chemical
composition of the samples was determined by the EDS and ICP technique, the type of metal species
was identified by UV Vis spectroscopy, the surface area was calculated by the BET method and
the morphology was studied on TEM micrographs. Diffraction patterns shows the changes such as
decrease intensity of some mordenite peaks and the addition of others corresponding to metallic
silver. The UV-Vis showed that the monometallic (Ag or Fe) and bimetallic (Fe/Ag) systems have
an absorption below 230 nm, corresponding to the electronic transition of the isolated ion Ag+, and
the presence of a band 278 nm which can be attributed to the charge transfer of Fe3+ or Fe2+ oxides.
The TEM micrographs revealed that the presence of Fe in the Ag/MOR system does not allow for
extensive Ag agglomeration; while the ordered domains of silver nanoparticles of the same size were
observed. This phenomenon confirms the inherent property of zeolite in the directing and assembling
the superstructures.
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Metal-dielectric hyperbolic metamaterials can show a significant emission enhancement due to a
large local density of states [1]. At the same time, extraction of radiation emitted into a hyperbolic
met-amaterial is limited by absorption in the metal and light trapping in the hyperbolic medium
due to emission into high-k-vector modes. Alternatively, dielectric metamaterials are discussed [2].
Here we investigate the Purcell enhancement for emitters in dielectric nano composites, where the
active mate-rial compound is incorporated inside a high-index dielectric host medium [3]. We show,
by means of numerical simulations supported by an analytic model, that the radiative decay in
such dielectric nanocomposites is greatly affected by the shape and arrangement of its constituents.
We find that for the same filling fractions of constituting materials, the radiative decay rate can
differ by orders of magnitude. E.g. for the case of diluted luminescent nanoparticles with refractive
index of 1.43 inside a host with refractive index of 3.5, we show broadband Purcell factors of up
to 40, which is of the same order as what can be achieved by narrowband resonant effects with
deliberately patterned high Q dielectric resonators. Further, we investigate the spatial distribution
of Purcell factors in active nanocomposites. We present a simple analytic model to calculate the
average Purcell factor in arbitrary 3D composites based on the reciprocity theorem and a quasistatic
approximation. It is shown that in dielectric nanocomposites the low-index active compound should
occupy gaps between high index particles to achieve maximal Purcell enhancement. As shown in
Fig. 1, even when structuring composites with 50/50% mixture of active compound and high index
material a significant average Purcell enhancement in the order of 5 is observed (Fig. 1b) which is
going beyond the pure increase of the average refractive index (Fig. 1a). The presented composites
are optically isotropic.

Fig. 1: (a) Effective refractive index of 3D composite structure employing both 50 vol%
of the low-refractive index active compound (n=1.43) and 50 vol% of host material versus
refractive index of host material. The emitting material is shown in red, the host material in
blue. (b) Purcell factor for the emitter in the low index active material vs refractive index
of the host material. (blue line: active material is inside the cubes, red line: active material
outside the cubes.)
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Visualization of elliptic and hyperbolic dispersion regimes of guided
optical modes in all-dielectric metasurface

Pidgayko D., Sinev I., Permyakov D., Samusev A., Sychev S., Bogdanov A., Lavrinenko A.
ITMO University, 49 Kronverksky Pr., St. Petersburg, 197101, Russia
e-mail: d.pidgayko@metalab.ifmo.ru

Rutckaia V., Schilling J.
ZIK SiLi-nano, Karl-Freiherr-von-Fritsch-Strasse 3 D - 06120 Halle (Saale), Germany

Metasurfaces are two-dimensional analogues of metamaterials, are capable of providing unprece-
dented control over light polarization, propagation direction, phase, amplitude, wave front, etc. The
main advantage of metasurfaces over bulk metamaterials is compatibility with modern planar fabri-
cation technologies, which facilitates their implementation in optoelectronics [1].

Hyperbolic metasurfaces attract special interest. Negative curvature of the isofrequency contours
of modes in hyperbolic regime leads to manifestation of a number of interesting phenomena such
as negative refraction, Purcell effect, channeling etc. Several possible realizations of hyperbolic
metasurfaces have been proposed recently, e.g. subwavelength plasmonic grating [2], or 2D array of
plasmonic elliptic nanoparticles [3, 4]. The main drawback of these systems is high absorption in
plasmonic materials, which leads to limited propagation length of surface waves. The problem of
high losses can be solved by using all-dielectric materials. However, until now hyperbolic dispersion
regime for guided modes in all-dielectric structures has not been investigated. Moreover, methods of
direct imaging of isofrequency contours for modes below the light cone have not been used.

In this work, we investigate all-dielectric anisotropic subwavelength grating based on silicon on
insulator platform. The modes excited in this structure demonstrate both hyperbolic and elliptic
behavior dispersion regimes in different wavelength ranges. We directly image the isofrequency con-
tours for different wavelengths and polarization of the excitation using a back focal plane microscope
with high NA objective combined with solid ZnSe immersion lens [5]. This unique setup allows
to excite surface waves in the metasurface via frustrated total internal reflection mechanism. Af-
ter obtaining the isofrequency contours in broad spectral range (700–1100 nm), we reconstruct the
full dispersion surface ω(kx, ky). The reconstructed pattern unambiguously reveal both elliptic and
hyperbolic dispersion regimes characterized by different curvatures of the isofrequency surface.

To conclude, we showed that the setup for back focal plane microscopy combined with solid
immersion lens is a universal tool for the experimental characterization of dispersion of surface
modes in metasurfaces. Using it, we demonstrated that all-dielectric anisotropic metasurface supports
surface waves with both hyperbolic and elliptic dispersion regimes.

References

[1] S. B. Glybovski, S.A. Tretyakov, P.A. Belov, Yu. S. Kivshar, C.R. Simovski, Metasurfaces: From
microwaves to visible, Physics Reports, 634, 1– 72 (2016).

[2] A.A. High, R.C. Devlin, A. Dibos, M. Polking, D. S. Wild, J. Perczel, N. P. de Leon, M.D. Lukin,
H. Park, Visible-frequency hyperbolic metasurface, Nature, 522, 192–196 (2015).

[3] O.Y. Yermakov, A. I. Ovcharenko, M. Song, A.A. Bogdanov, I. V. Iorsh, Yu. S. Kivshar, Hybrid
waves localized at hyperbolic metasurfaces, Physical Review B, 91, 235423 (2015).

[4] A. Samusev, I. Mukhin, R. Malureanu, O. Takayama, D.V. Permyakov, I. S. Sinev, D. Baranov,
O. Yermakov, I. V. Iorsh, A.A. Bogdanov, A.V. Lavrinenko, Polarization-resolved characteriza-
tion of plasmon waves supported by an anisotropic metasurface, Optics Express, 25(26), 32631–
32639 (2017).



DAYS on DIFFRACTION 2018 197

[5] D.V. Permyakov, I. S. Sinev, S.K. Sychev, A. S. Gudovskikh, A.A. Bogdanov, A.V. Lavrinenko,
A.K. Samusev, Visualization of isofrequency contours of strongly localized waveguide modes in
planar dielectric structures, JETP Letters, 107(1), 10–14 (2018).

Routing emission of plasmons by a magnetic field
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Magneto-optical phenomena such as the Faraday and Kerr effects play a decisive role for establish-
ing control over polarization and intensity of optical fields propagating through a medium. Intensity
effects where the direction of light emission depends on the orientation of the external magnetic field
are of particular interest as they can be used for routing the light.

In this work we report on a new class of transverse emission phenomena for light sources located
in the vicinity of a surface, where directionality is established perpendicularly to the externally
applied magnetic field [1], see the Fig. 1. We demonstrate the routing of emission for excitons in a
diluted-magnetic-semiconductor quantum well. The directionality is significantly enhanced in hybrid
plasmonic semiconductor structures due to the generation of plasmonic spin fluxes at the metal-
semiconductor interface. Indeed, subwavelength optical fields possess strong transverse spin locked
to their propagation direction, enabling photonic and plasmonic spin Hall effects [2] and boosting
the transverse emission directionality.

Fig. 1: Scheme of plasmon emission in a gold layer on top of a quantum well and their routing
by a transverse magnetic field.
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Bound state in the continuum supported by a low refractive index
contrast waveguide in a woodpile structure
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In traditional resonators, for example, those that employ the whispering gallery mode effect, high
refractive index contrast between the waveguide and the claddings material is essential to obtain high
quality factor. We propose a resonator with Q-factor, which does not depend on refractive index
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contrast because it is based on bound states in the continuum (BICs). These states remain localized
due to destructive interference rather than total internal reflection. BICs are states with energies
lying within the radiation modes continuum (above the light line in optical systems), in theory they
have infinite quality factor. BICs were first described theoretically by von Neumann and Wigner
in 1929 [1] for artificial quantum system; active research on BICs in optical systems is conducted
actively in the last ten years both theoretically and experimentally. There are theoretical examples
of a BIC-based waveguide with low refractive index on a high index thin membrane [2] and of BIC
existing in fiber Bragg gratings with vanishing index contrast [3].

In our work we analyze BIC in the woodpile structure composed of waveguide layer with higher
effective refractive index (∼ 1.4) on top of several layers with lower effective index (∼ 1.2) on SiO2

substrate. If we consider such waveguide suspended in air, symmetry protected BIC is observed in
Γ-point, the zeroth diffraction channel is forbidden due to destruction interference. However, higher
order diffraction channels (that are not forbidden) may be opened in high index substrate, thus
enabling leakage and destroying BIC [4]; we use layers with low effective refractive index to isolate
waveguide from the substrate. The design of the structure was developed numerically using Fourier
modal method (FMM). Samples were realized experimentally using 3D laser lithography (direct laser
writing).

We demonstrate high-Q resonator based on BIC in a woodpile structure. This structure opens
a path for realizing promising BIC states in polymer structures fabricated by such perspective and
fast technique as direct laser writing.

This work was supported by the Russian Foundation for Basic Research (16-37-60064, 17-02-
01234), the Ministry of Education and Science of the Russian Federation (3.1668.2017/4.6), the
President of Russian Federation (MK-403.2018.2).
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Inherently nonreciprocal: nonlinear nanomaterials
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We show that nonlinear multipole interference allows a nonreciprocal directionality of nonlinear
generation from a nanoelement, with the generation direction decoupled from the direction of the
excitation beam. Alternatively, a tailored design of the effective nonlinear polarizabilities of a na-
noelement can ensure directionally selective inhibition of a given nonlinear process. We attribute
the presented phenomena to the existence of shared (electric or magnetic) ‘pathways’ when inducing
the electric and magnetic Mie resonances via a nonlinear interaction. These shared pathways allow
a simultaneous phase change of all (electric and magnetic) nonlinearly generated multipoles when
switching the phase of a single (electric or magnetic) vector of the fundamental field [1, 2]. We dis-
cuss that, in the case of nonlinear response, an interference can occur not only between electric and
magnetic multipolar modes, but also between various effective hyperpolarizability terms within each
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of these modes. As a result, non-reciprocity just in terms of a change in the efficiency of nonlinear
generation, when reversing any subset of the fundamental beams, is inherent to and expected in the
nonlinear response of most nanoelements, even symmetric ones, and for most of the nonlinear pro-
cesses. Both non-reciprocal directionality and inhibition of a nonlinear process require engineering of
a) the relative strengths of nonlinear electric and magnetic multipolar modes of a nanoelement and
b) the relative strengths of various terms within each of these modes. This balance of strengths and
the resulting phenomena are not expected to occur in the nonlinear response of natural materials
but, as we reveal, can be realistically achieved by designing the nonlinear multipolar response of
nanostructures. We demonstrate the introduced concept both numerically and experimentally using
plasmonic dimer geometries and patterned LiNbO3 films. The proposed concept offers the flexibility
of achieving all the explored phenomena via the response of sub-wavelength elements, which can
then be used as building blocks in developing a nonlinear medium with similar, inherently incorpo-
rated, unique features. As a numerical example, we demonstrate a metasurface formed by a planar
arrangement of such non-reciprocal optical antennas, acting as a one-way nonlinear mirror (Fig. 1).

Fig. 1: Metasurface operating as a one-way nonlinear mirror. (a) Simulations geometry.
(b) An image of the source at frequency ω2 is nonlinearly generated at frequency ω3 = ω1−ω2

on the same side of the metasurface (yellow line) independently of the source location.
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Synthesis of high-quality CsPbBr3 nanolasers at ambient conditions
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Since the breakthrough reports dedicated to utilization of MAPbI3 material for efficient pho-
toconversion in solar cells, researchers working in the field of organic electronics and dielectric
nanophotonics have been discovering new applications of lead halide perovskites. One of the re-
cent cutting-edge applications is perovskite nanowires generating laser emission in the broad spectral
range 420–800 nm [1, 2] that can be exploited for the development of photonic chips capable of
super fast information processing. Although such nanowires have already demonstrated lasing with
very low excitation threshold 0.22–40 µJcm−2, high cavity quality factor (Q=1500–3600) and short
radiative decay (τ ≈ 20 ps), there are some problems with their fabrication and operation stability as
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well as many questions regarding the mechanism of their functioning. The issue related to production
of the nanowires stems from the methods of synthesis presented in the literature. To the best of our
knowledge they can be grown as a dense nanoforest onto substrates covered by PEDOT:PSS thin
film in alcohol solution or by means of metal halides thermal coevaporation in argon atmosphere.
Further optical characterization and practical application of the individual nanolasers requires their
separation and careful transfer to the auxiliary substrate. The reshaping caused to the nanowires
(especially very long ones with lengths larger than 10 µm) during these procedures dramatically de-
creases their performance. Furthermore, the wet synthesis presented in previous works was conducted
in N2-filled glove box for 12–24 h that makes it non-convenient for large scale fabrication.

Herein we report the rapid production of separated nanowires onto bare ITO-coated glass sub-
strate at ambient conditions. CsPbBr3 in DMSO was spin-casted onto the substrates and then
treated with antisolvent vapor to give the wide dispersion of the whiskers with lengths from 5 to
50 um and different aspect ratio (Fig. 1a). SEM images of the samples confirm the formation of
well-shaped objects with orthorombic facets (Fig. 1b). The measured under pulse laser excitation
(λ = 400 nm, τ = 100 fs) 11 µm nanowires showed laser generation with high Q=2200 and relatively
low excitation threshold (Fig. 1c,d).

Fig. 1: Fluorescent image of nanowhiskers (a), SEM image (b), 11 µm nanolaser in action (c),
PL spectra (d).
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Metamaterial based enhancements of RF-coils for ultra high-field
magnetic resonance imaging

Andreas Rennings, Zhichao Chen, Benedikt Sievert, Jan Taro Svejda, Daniel Erni
General and Theoretical Electrical Engineering (ATE), Faculty of Engineering, University of Duis-
burg-Essen, 47048 Duisburg, Germany
e-mail: andre.rennings@uni-due.de

In this contribution we summarize our research in the field of metamaterial based enhancements
of RF-coils for ultra high-field magnetic resonance imaging (UHF-MRI). Over the years, we proposed
several metamaterial based RF-coils or antennas for UHF-MRI. The approaches can be divided into
two general concepts, a first one, where the coil itself is a 1-D metamaterial structure, and a second
one, where the RF-shield behind a conventional loop coil or dipole antenna is a 2-D metamaterial
structure, also called metasurface. The first approach, where the coil itself is a periodic structure,
namely a composite right/left-handed (CRLH) meta-line, is strongly related to the so-called disper-
sion engineering [1]. The additional degrees of freedom in the CRLH unit cell design can be utilized
to obtain tailored current distributions that are required to excite the desired RF electromagnetic
fields. The dispersion of a CRLH meta-line enables a resonance of zeroth order, which comes along
with a spatially constant RF current exciting a longitudinally homogeneous B1-field [2]. Another
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unique feature of the CRLH meta-line is its intrinsic dual-band property, meaning that there are two
distinct frequencies with the same phase-shift over the unit cell, yielding the same current distribu-
tion along the RF coil element. We utilized this in a natural manner for dual-tuned RF coils applied
for combined proton/X-nuclei (e.g. Sodium) imaging [3]. The second concept considers conventional
coil elements (loops or electric dipoles) backed by an RF shield with tailored surface impedance.
Instead of the usual metal plate we proposed a 2D-metamaterial based shield with high-impedance
surface (HIS) mimicking a perfect magnetic conductor. Such a HIS shield causes in-phase image
currents yielding an enhanced B1-field above the coil. We evaluated the HIS shield for loop [4] and
dipole elements (cf. Fig. 1) and compared the performance to conventional metal shields.

Fig. 1: First zeroth-order resonant RF-coil element (left) as a 1-D metamaterial [2] and dipole
array with a high-impedance-surface RF-shield behind (right) as a 2-D metasurface.
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Hybridized magnetic enhancer and metacage as new volume antenna for
high field MRI
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A few years ago, we introduced a new electromagnetic device based on hybridization of modes
which considerably increases the uniformity and the penetration depth of the B+ radio frequency
(RF) generated by a classical loop coil used in an ultra-high field Magnetic Resonant Imaging (MRI)
apparatus. This Hybridized Magnetic Enhancer (HME) takes advantage of 2 magnetic resonances
from the 4 resonances resulting from the hybridization of the fundamental modes of four closed elec-
trical dipoles. The properties of the HME are studied with full wave numerical simulations. The
distribution of the RF magnetic field is experimentally confirmed on a 7-Tesla MRI with gelatin
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phantoms. Finally, the HME is validated in-vivo by imaging the head of an anesthetized rodent. A
global increase of the signal to noise has been measured with a local maximum equal to 200%. The
link of HME with the well-known birdcage MRI antenna is highlighted. However this solution cannot
compensate strong aberration that appears above 7 T for large volume when one wants to image the
human brain, for instance. To overcome this limitation, we very recently introduced the concept
of metacage. The aim of this volume magnetic antenna is to control the wave propagation along a
metasurface in order to generate B+ field (circularly polarized magnetic field) as will. After modeling
the metacage in terms of transmission line, its working principle is illustrated with a metacage mim-
icking a magnetic phase conjugate mirror in a simple configuration using a finite element simulation.
A full-wave simulation of a much more realistic metacage confirms the relevance of this concept.
Finally, a first experimental prototype has been realized. The preliminary experimental results are
very encouraging. The metacage project has received funding from the European Unions Horizon
2020 Research and Innovation programme under Grant Agreement No. 736937.

Light induced collective dynamics and “Mock Gravity” interactions
between plasmonic nanoparticles

Sáenz J.J.

Donostia International Physics Center (DIPC), Donostia-San Sebastián 20018, Spain
e-mail: juanjo.saenz@dipc.org

Appropriate combinations of laser beams can be used to trap and manipulate small particles
with “optical tweezers” as well as to induce significant “optical binding” forces between particles.
These forces are, in general, non-conservative (curl forces). Here we review a number of intriguing
predictions regarding the dynamics of plasmonic nanoparticles under crossed laser fields [1–3]. In
particular, we will focus on our recent results [3] concerning the self-organized collective behaviour
of gold nanoparticles moving in aqueous solution under a nonconservative optical vortex lattice.
As we will see, above a critical field intensity and concentration, the interplay between optical
forces, thermal fluctuations and hydrodynamic pairing leads to a spontaneous transition towards
synchronised motion exhibiting a rich assortment of collective dynamics.

Optical forces between small particles are usually strongly anisotropic depending on the interfer-
ence landscape of the external fields. This is in contrast with the familiar isotropic van der Waals
and, in general, Casimir–Lifshitz interactions between neutral bodies arising from random electro-
magnetic waves generated by equilibrium quantum and thermal fluctuations. We recently showed
that artificially created random fluctuating laser fields can be used to induce and control isotropic
dispersion forces between small colloidal particles [4]. Interestingly, when the light frequency of a
quasi monochromatic isotropic random field is tuned to an absorption line (at the so-called Fröhlich
resonance) the attractive force between two resonant plasmonic nanoparticles follows a “1/r2” gravity-
like inverse square distance law [5]. Our results generalise Lorentz’s [6] (and Spitzer–Gamow’s “Mock
Gravity” [7]) electromagnetic version of the remarkable Fatio–LeSage’s corpuscular theory of gravity.
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Tunable metasurface composed of periodic metal-dielectric resonators
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Anomalous optical response of the periodic metasurface made of silicon resonators is investigated.
The resonators are manufactured in form of two-dimensional bars and covered by semicontinuous
silver film (Fig. 1a). The calculations as well as real experiments demonstrate the Wood anomaly in
visible and near IR spectral ranges. We believe that the anomaly is associated with excitation of the
surface waves on the metasurface when the incident light diffracts on periodic bars. The multiple
metal-dielectric resonances result in much enhanced local electromagnetic fields in-between metal
particles placed on the surface of dielectric bars. The resonances can be tuned by varying angle of
incidence, polarization, and geometry of the dielectric bars.

The meta-surface is formed on Si(100) substrate by using high-resolution e-beam lithography
(Crestec CABL 9000C) and subsequent reactive ion etching of silicon (CORIAL 200I). In order to
achieve suitable aspect ratio of trenches the etching was carried out through the positive e-beam resist
ARP 6200.04 in SF6/Ar atmosphere with high bias voltage. Since high bias voltage in dry etching
process leads to high etching speed of resist, trenches depth is limited by ARP 6200.04 thickness and
assumed to be 80 nm. The resist is preliminary exposed with the acceleration voltage of 50 kV and
the exposure dose 160 µQ/cm2. The resist is then developed in AR 600-546 developer (Fig. 1a). The
top metallization comprising of 20 nm thick silver layer which is deposited by e-beam evaporation.

a) b)

Fig. 1: (a) Scanning electron microscopy image of silicone microbar metasurface with period
560 nm, height of bars 80 nm; (b) Reflectance for -p polarization, angle of incidence 20◦.

Full scale computer simulation calculations as well as real reflection experiments demonstrate
the Wood anomalies as it is shown in (Fig. 1b). The reflectance sharply decreases at the resonance
wavelength. The minimum in the reflectance corresponds to the maximum of the ohmic loss in the
metasurface. Therefore, the minimum in the reluctance corresponds to the maximum of the surface
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electric field. For a given angle of incidence the resonance wavelength corresponds to the appearance
of the first diffraction order, namely λ = L (1 + sinα), where L is the metasurface period. It is
easy to tune the resonance frequency by changing just the angle of the incidence. Thus we can tune
a sensor, based on the periodic metal-dielectric metasurface, for a characteristic wavelength of the
analyte to be detected.

The work is supported by Russian Foundation for Basic Research (RFBR) (grant 17-08-01448)
and Program of Presidium of Russian Academy of Sciences no. 56.

Topological photonics and topological insulator lasers
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The past few years have witnessed the emergence of the new field of Topological Photonics.
The first pioneering papers were intended to transfer the concepts of topological insulators from
the electronic condensed matter systems to the electromagnetic and photonics settings. This meant
transforming fermionic concepts into the bosonic nature of photons. But in the years that followed,
many new ideas have emerged, some are universal — making immediate impact of fields beyond
photonics, and some are unique to photonic systems. The natural progress in this field is now
exemplified by the recent discovery of topological insulator lasers, an idea that started as a quantum
simulator and developed all the way to a promising application.

Simultaneous forward-backward scattering suppression
through nonresonant multipole excitation

Shamkhi H.K., Baryshnikova K.V., Shalin A.S.
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In the appearance of both electric and magnetic features, the scattering characteristics of a small
particle present marked differences concerning pure electric or magnetic responses. Even in the sim-
plest case of small or dipolar scatterers, exceptional scattering effects of magnetodielectric particles
were theoretically established by Kerker et al [1]. Assuming linearly polarized light exciting dielec-
tric sphere, the generalized Kerker’s condition for backward radiation suppression can be described
by [2, 3]

∞∑

n=1

2n+ 1

3

[
(−1)nan + (−1)n+1bn

]
= 0, (1)

where an and bn are Mie coefficients and index n stand for the multipole order, although the forward
radition intensity cannot be exactly zero according to the optical theory, it presents a minimum at [3]
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]
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]∗
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The occurrence of both previous conditions at a specific frequency leads to destructive interference
in both forward and backward directions and redistribute of the scattered power into side directions
(see Fig. 1). The result is maybe useful for predicting of the perfect absorbance in meta-surfaces.
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Fig. 1: Scattering diagrams for the 7.5 mm ceramic sphere with permittivity 16 in vacuum
at frequency 7.7 GHz.
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Quantum optics with LiNbO3 integrated waveguide circuits:
Generation and manipulation of two-photon interference and progress

towards the integration of superconducting detectors
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Quantum optical effects can be applied to overcome classical performance limitations in several
fields such as communication security, metrology, and computation. The practical implementation
and thus the exploitation of basic physical quantum effects in devices requires the development of
reliable and stable miniaturized components. Here, we present and discuss perspectives on current
developments on advanced quantum optical circuits which are monolithically integrated in the lithium
niobate platform [1].

A set of basic components comprising photon pair sources based on parametric down conversion
(PDC), passive routing elements as well as active electro-optically controllable switches and polar-
ization converters form the basis for a broad range of diverse quantum optical waveguide circuits [1].
The state-of-the-art of these components and models that properly describe their performance are
reviewed [1]. As an example we analyze a circuit providing on-chip two-photon interference and
demonstrate that entangled states are able to significantly extend the functionality of Hong–Ou–
Mandel (HOM) interferometers [2].

The rather poor efficiency of conventional single photon detectors, in particular at telecom wave-
lengths, is often significantly detrimental to the observation of quantum optical effects in experiments.
Superconducting detectors are well-established tool that combine high efficiency with a fast response
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and low noise. We report on simulations and measurements of the absorption of superconducting
thin films mounted on LiNbO3-based waveguides and discuss the perspectives of integrating super-
conducting detectors on this platform [3].
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Modified excited states dynamics in the localized plasmon — molecular
exciton hybrids
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Strong light-matter interactions in microcavities have been long known to provide means to
alter optical and nonlinear properties of the coupled system. As a result of this interaction, one
typically observes the emergence of new polaritonic eigenstates of the coupled system. These states
are of hybrid nature and possess both light and matter characteristics, which is reflected in vacuum
Rabi splitting, observed in the absorption or transmission spectra. Because of the hybrid nature
of these states, the excited state temporal dynamics can be significantly altered in comparison to
the uncoupled system dynamics. This, in turn, can have profound effects on the emission and
photochemical processes.

Here, we show that individual plasmonic nanoantennas can strongly couple to molecular J-ag-
gregates, resulting in splitting up to 400 meV, i.e. ≈ 20% of the resonance energy. Moreover, we
observe mode splitting not only in elastic scattering but also in photoluminescence of individual hy-
brid nanosystems, which manifests a direct proof of strong coupling in plasmon-exciton nanoparticles.
This situation is drastically different from the photoluminescence of uncoupled molecules, which sig-
nals the involvement of polaritonic states into the relaxation pathways of the hybrid system. We also
discuss how the involvement of these pathways can modify other relevant excited state dynamics,
including photochemical processes.

Microwave transparency of a superconducting quantum metamaterial
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Quantum mechanics is expected to govern the electromagnetic properties of a quantum meta-
material, an artificially fabricated medium composed of many quantum objects acting as artificial
atoms. Propagation of electromagnetic waves through such a medium is accompanied by excitations



DAYS on DIFFRACTION 2018 207

of intrinsic quantum transitions within individual meta-atoms and modes corresponding to the in-
teractions between them. I will discuss an experiment [1] in which an array of double-loop type
superconducting flux qubits is embedded into a microwave transmission line. We observed that in a
broad frequency range the transmission coefficient through the metamaterial periodically depends on
externally applied magnetic field. Field-controlled switching of the ground state of the meta-atoms
induces a large suppression of the transmission. Moreover, the excitation of meta-atoms in the array
leads to a large resonant enhancement of the transmission. We anticipate possible applications of
the observed frequency-tunable transparency in superconducting quantum networks.

Fig. 1: Transmission of microwaves through the quantum metamaterial in different regimes.
(a) The measured dependence of the amplitude of transmission coefficient (normalized to the
value at zero field) on applied magnetic field and frequency. (b) A cross-cut of (a) at the fixed
frequency of 13 GHz. The sharp peaks correspond to coherent tunneling between quantum
states in the qubits. Red curve is a fit to theory.
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Active nanophotonics: from graphene-integrated plasmonic metasurfaces
and metagates to photon-accelerating semiconductor nanostructures
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Plasmonic metasurfaces enhance light-matter interaction by focusing light into extremely sub-
wavelength dimensions. These carefully designed structures have been used in extremely thin optical
component which can mold the wavefront, with exciting applications in optical lenses, beam steering,
and biosensing applications. Adding dynamic tunability to these devices opens up the possibility for
new application in single pixel detection and 3D imaging as well as optical modulators and switches.
In this talk, I will concentrate on the experiments and modeling of plasmonic and semiconductor
metasurfaces that rely on free carriers for controlling their optical responses. The possibilities for
light control using free carriers are particularly tantalizing in the infrared part of the spectrum.
I will discuss two types of such active nanophotonic structures. The first type is plasmonic metasur-
faces integrated with graphene. I will describe our recent experimental results demonstrating rapid
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amplitude and phase modulation of mid-infrared light, as well as our new theoretical proposals for
developing reconfigurable topological devices that can route light around sharp turns and interfaces.
The second type of active nanophotonic structures are the Photon-Accelerating Semiconductor In-
frared Metasurfaces (PASIM) that can be used to control light propagation through self-consistent
generation of electron-hole pairs. First-principles particle-in-cell simulations reveal that such meta-
surfaces can trap and frequency-shift light via the process of photon acceleration. Computational
challenges to modeling active metasurfaces will be discussed, and new experimental results will be
presented.

Light-trapping in organic solar cells by silver nanoantennas

Simovski C.R.1,2, Voroshilov P.M.1,2, Papadimitratos A.3, Zakhidov A.A.3,4
1Aalto University, School of Electrical Engineering, FI00076, Finland
2ITMO University, Kronverkski 47, St. Petersburg, Russia
3University of Texas at Dallas, Richardson 75080, USA
4National University of Science and Technology MISiS, Moscow 119049, Russia
e-mail: konstantin.simovski@aalto.fi

In this work, we study report an experimental study of the enhancement of overall power con-
version efficiency and other operational parameters of a typical organic solar cell (OSC) based on
fullerenes. Such OSCs have a subwavelength small thickness of the photovoltaic layer. The enhance-
ment of the useful ((photovoltaic) absorption was predicted in our earlier works for similar, but
not exactly same, structures. This enhancement is granted by an originally proposed light trapping
structure (LTS) that represents a planar array (metasurface) of silver nanoantennas. Our metasur-
face supports collective modes, that are leaky and, therefore, can be excited by a plane wave in a
substantial part of the solar frequency spectrum. It was shown that the excitation of these modes
theoretically provides the subwavelength light enhancement (hot spots) in whatever substrate with
optical losses. However, for practical applications the most suitable solar cell to be enhanced by our
metasurface is namely a fullerene-based OSC. It is important that hot spots of the light-trapping
modes are excited fully outside the metal elements that implies low parasitic losses.

Fig. 1: (a) Photo of the sample with our LTS. (b) Scheme of the metasurface geometry. The
geometrical parameters are as follows: Dx = Dy = 1000 nm, a = 300 nm, b = 150 nm, c =
300 nm, e = 250 nm, h = 35 or 50 nm (two different samples). (c) Transmission and reflection
spectra measured for 50-nm thick LTS on a bilayer ITO/glass and for a bare bilayer.

In Fig. 1(a) we show the picture of our experimental sample, in Fig. 1(b) — the scheme of our
metasurface, and in Fig. 1(c) — the plot of the plane-wave transmission and reflection coefficients.
It shows how the absorption in the transparent electrode grows in presence of the metasurface. Here
we have studied our metasurface located on top of a 150-nm thick indium-tin oxide (ITO) layer on a
glass substrate. We found that in the range of the visible light (in the present geometry it is that of
our light-trapping modes) the integral increase of the absorption in ITO is close to 20%. Although the
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Ag nanoantennas occupy 40% of the photoactive OSC area, the integral reflection loss in this range
is only 19%. Both these results fully agree with numerical simulations. The increased absorption in
ITO is a parasitic effect but it leaves the room for the increase of the useful absorption, when the
glass substrate is replaced by our solar cell (in which this ITO layer becomes a front electrode).

We have fabricated a sufficient set of samples of OSCs. Some were covered by a standard anti-
reflecting coating, some comprised our LTS. The last one increases the total absorption in the visible
range nearly twice. This result fits numerical simulations, which also predict 50% for the gain in
the useful absorption and 20% for the increase of the photocurrent. Measurements have shown the
mean (over all working samples) increase of the photocurrent 8% granted by our LTS compared to
the conventional design. We have found and implemented a specific design for which the fill factor is
also affected positively. For this design we have obtained a small damage for the open-circuit voltage
and the mean power conversion efficiency improvement equals to 18%. This gain is higher than that
reported in the literature as the gain due to previously known plasmonic LTSs developed for such
solar cells [1].

This study finalizes the doctoral research by Pavel Voroshilov of the light-trapping capacities of
nanoantennas supporting the advantageous light-trapping modes [2–5]. It also opens the door for
implementing the OSCs incorporated into window glass whose theory was developed in [2]. In [2]
the geometric parameters of the metasurface corresponded to the light-trapping in the near-infrared
part of the solar light, whereas the whole structure was transparent in the visible range. Therefore,
one could harvest some electric power from the window without the damage for the illumination.
Though, in the present work the structure was impervious for the visible light, the sufficient agree-
ment between the simulations and the experiment shows that our theory is really adequate. Our
metasurface enhances the useful absorption without a noticeable damage for other operation char-
acteristics. Therefore, we believe that it will work similarly (in the theory — better) in its infrared
implementation.
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Glassy metasurfaces: structural and optical studies

A.D. Sinelnik1, M.V. Rybin1,2, S.Y. Lukashenko1, K.B. Samusev1,2, M.F. Limonov1,2
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The aim of this work was the synthesis, structural and diffraction studies of ordered and dis-
ordered woodpile photonic structures including woodpile-type glassy metasurfaces. The structures
were fabricated by the two-photon polymerization method. The correspondence of the resulting
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materials to the designed structures was confirmed by scanning electron microscopy. By specially
choosing the lattice parameters and laser wavelength, we visualized the optical diffraction patterns
on a flat screen positioned behind the sample. A detailed interpretation of the complex diffraction
patterns was enabled by analysis of the structural factor in the Born approximation.

We fabricated the disordered structures as follows. Each individual rod in the xy woodpile layer
was turn about its center (along x- or y-axis) by random angle with respect to the ordered state. We
observed a wide range of optical phenomena from Laue diffraction and laser speckle to a great variety
of intermediate light scattering regimes (Fig. 1). We found that the zero-order and first-order Laue
diffraction show different behavior as a function of the disorder parameter. The zero-order diffraction
is not significantly modified for small and intermediate disorder, but the first-order diffraction can
be affected strongly even for small disorder.

Fig. 1: Diffraction pattern evolution for samples with lattice parameters ax = ay = 1 µm (a),
ãx = ãy = 1 µm (b, c), ax = ay = 2 µm (d), ãx = ãy = 2 µm (e, f), ax = 1 µm, ay = 0.5 µm (g),
ãx = 1 µm, ãy = 0.5 µm (h, i). Disordered parameter p = 0 (a, d, g), p = 0.1 (b, e, h), p = 0.5
(c, f, i).

Unexpected interplay between order and disorder was observed from anisotropic glassy samples
when orientational disorder was introduced only in one direction of square woodpile structure. With
increasing of the disorder, the first-order diffraction patterns from ordered set of rods becomes ran-
domized and finally hardly observed while first-order patterns from disordered set of rods continue to
be bright and sharp, despite the fact that one might expect reversed situation with disordered diffrac-
tion patterns arising from disordered set of rods. To explain this effect, we demonstrate theoretically
and experimentally that the light scatters only from intersection points of different rods. This con-
clusion can be considered as general features of light scattering in dielectric photonic structures and
lead to new understanding about light propagation in random photonic structures.

Extreme states and statistics in the gas of solitons

Slunyaev A.V., Pelinovsky E.N., Shurgalina E.G.
Institute of Applied Physics, Nizhny Novgorod, 46 Ulyanova Street & N. Novgorod State Technical
University n. a. R.E. Alekseev, Nizhny Novgorod, 24 Minina Street
e-mail: slunyaev@appl.sci-nnov.ru

The soliton gas may be understood as a particular limiting case of strongly nonlinear waves
in integrable (or near integrable) system, where most of the field is represented with solitons (or
envelope solitons or breathers, etc.) which can interact elastically with other waves (or with tiny
manifestations of inelasticity). There is a number of practically important situations in the modern
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physics when the properties of the soliton gas play the role (see references in the cited papers).
Probably the brightest example is optical solitons in the data transmission fibers; solitary waves on
the sea surface and in the stratified sea are the other applications, which are closest to the authors’
interests.

In contrast to the kinetic theory for solitons in integrable systems developed by V.E. Zakharov
and G.A. El & A.M. Kamchatnov (which describe the transport of eigenvalues of the associated
scattering problem), we make focus on the statistical properties of the field, which essentially depend
on the wave phases. The study is based on two main approaches: (i) consideration of pairwise or
multiple soliton interactions as the elementary acts of the soliton turbulence, and (ii) direct numerical
simulation of the soliton ensembles.
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Fig. 1: Focusing of 6 solitons (left) and 3 breathers (right), the modified KdV framework.

In particular, optimal conditions on the soliton focusing are determined based on the exact
solutions of a few integrable equations (Korteweg – de Vries equation, modified Korteweg – de Vries
equation, Gardner equation, focusing nonlinear Schrödinger equation). Examples of the optimal
focusing are given in the provided figure (trains well before and at the moment of focusing).

The nonlinear properties of the governing equations play the fundamental role in whether the
nonlinear dynamics is characterized by higher probability of extreme waves or not.

The review on the recent (e.g. [1–3]) and on-going research will be given in the talk.
Support from RFBR Grant No. 18-02-00042 is acknowledged.
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Metamaterial inspired structures for enchantment performance
of RF-coils for MRI

Solomakha G.A., Glybovski S.B.
Department of Nanophotonics and Metamaterials, ITMO University, 197101 Saint Petersburg, Russia
e-mail: g.solomakha@metalab.ifmo.ru

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) has become one
of the main methods of non-invasive investigation of properties biological objects including human
body tissues. The radiofrequency (RF) coils among of the most important components of MRI
and MRS systems. Their main functions are excitation of spins in the studies subject located in a
permanent magnetic field (B0) and reception of their response signals. When an RF signal is applied
to the input port of the coil and the coil placed creates RF-fields (commonly called B1), orthogonal
to the direction of the permanent magnetic field B0, exciting the spin at their nuclear magnetic
resonance frequency (Larmor frequency). In this case, excitation of spins results in a change in their
orientation.
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Design of RF-coils, that acts as near-field resonators or as antennas depending on the operational
permanent field, are very challenging problem because of the presence of a high-permittivity and
lossy human body, strict limitation on deposited RF power in body tissues in in transmit regime and
maximum SNR in receive regime.

According to the definition by METAMORPOSE-VI [1], a metamaterial is an arrangement of
artificial structural elements, designed to achieve advantageous and unusual electromagnetic proper-
ties, including enchantment of magnetic and electric fields. Recently, the field control with passive
two-dimensional periodic structures has been extended to densely packed arrays of electrically small
inclusions still having engineered electromagnetic response. These structures have been called “meta-
surfaces”, which are 2D analogues of metamaterials [2]. These unique electromagnetic properties, used
in RF-coils engineering, could be very useful in to enhance performance of MRI.

In this work we review and discuss major works on applications of metamerials, metasurfaces and
metamaterial-inspired structures in high-field and ultra high-field MRI.
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Interaction-induced two-photon topological states
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Su–Schrieffer–Heeger model (SSH) is the canonical example of one-dimensional topological sys-
tem, which is implemented to date in a variety of systems from mechanical to the optical ones. While
the behavior of the linear SSH model is well understood, the quest for dynamically reconfigurable
topological pathways calls for deeper understanding of its nonlinear generalizations. Recently, the
emergence of the self-induced topological states has been examined in the context of classical Kerr-
type nonlinearity [1]. However, the formation of the interaction-induced few-body topological states
in strongly correlated quantum regime still remains largely unexplored featuring such intriguing
physics as formation of repulsively bound boson pairs (doublons) [2].
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Fig. 1: Schematics of the system under study and doublon topological states. (a,c) Doublon
edge state at the open boundary of the array. (b,d) Doublon interface state at the domain
wall. U = 5J . P = 5J .
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In this work, we make a conceptual step forward extending the standard Bose–Hubbard model
by direct two-particle tunneling process which is indeed present in cold atom systems [3]. The
Hamiltonian of the system under study [Fig. 1(a,b)] for the fixed photon polarization reads:

Ĥ = ω0

∑

m

n̂m + U
∑

m

n̂m(n̂m − 1)− J
∑

m

(â†mâm+1 + â†m+1âm) +
P

2

∑

m

(â†2mâ
†
2mâ2m+1â2m+1 + H.c.),

where â†m and âm are the photon creation and annihilation operators for the m-th cavity with eigen-
frequency ω0 (~ = 1), n̂m = â†mâm, J and P are the tunneling amplitudes for the single photon and
for the photon pair, respectively, U is the effective photon-photon interaction strength.

While such model is topologically trivial at the single particle level, we demonstrate that in the
two-boson regime the system exhibits SSH-type behavior forming the topological states in edge and
domain wall configurations [Fig. 1(c,d)].
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Quantum photonics with dielectric metasurfaces
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We overview the latest theoretical and experimental results, revealing new opportunities for
transformation and measurement of quantum multi-photon states with all-dielectric metasurfaces.
Specifically, we present a tailored design and experimental demonstration of metasurfaces for the
reconstruction of the full multi-photon quantum state, including phase, coherence, and multi-particle
entanglement [1]. We realize an all-dielectric metasurface which spatially splits a tomographically
full set of components of multi-photon polarization states, such that a simple averaging measurement
of correlations with polarization-insensitive on-off detectors enables accurate reconstruction of multi-
photon density matrices.

We also introduce a new conceptual approach for implementing arbitrary complex birefringence
with all-dielectric metasurfaces. We formulate a practical design principle of complex birefringent
metasurface unit cell composed of two types of nanopillars. It is provably optimal by achieving
any desirable polarisation transformation with the minimum required amount of loss, while enabling
fundamentally new possibilities for polarisation control which cannot be achieved with lossless bire-
fringent media. In particular, we optimized and fabricated metasurface structures for implementing
polarisation beam-splitters with an arbitrary phase between the output polarisations, which can lead
to the anti-coalescence of entangled photon pairs in the Hong–Ou–Mandel interference, rather than
the bunching behavior observed in a conventional regime.

The fundamental conceptual and practical advances in realization of multi-photon quantum in-
terference, taking place at sub-wavelength scale within its short interaction with the metasurface,
pave the road to novel types of ultra-thin metadevices for the manipulation and measurement of
multi-photon quantum entangled photon states.

Acknowledgements. This presentation is based on results of collaborations driven by researchers
who co-authored Refs. [1, 2].
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Tunable resonant coupling of excitonic states with Mie modes
in halide perovskite nanoparticles

Tiguntseva E.Y.1, Pushkarev A.P.1, Makarov S.V.1, Zakhidov A.A.2, Kivshar Yu.S.3
1ITMO University, Kronverskiy pr. 49, St. Petersburg 197101, Russia
2University of Texas at Dallas, Richardson, TX, USA
3Australian National University, Canberra ACT 2601, Australia
e-mail: e.tiguntseva@metalab.ifmo.ru, s.makarov@metalab.ifmo.ru,

zakhidov@utdallas.edu, ysk@internode.on.net

The ability to couple exciton resonance with light in halide perovskites nanostructures efficiently
at room temperature is enormously important for modern laser technologies, photodetectors, and
solar cells. Here, we review first observations of broadly tunable coupling of exciton with the Mie
resonances in halide perovskite nanoparticles of a quasi-spherical shape. The nanoparticles were
fabricated by femtosecond laser ablation [1]. The coupling behavior is observed in the dark field
spectra from single nanoparticles, as well as in extinction spectra of random arrays of perovskite
nanoparticles. In the latter case, chemical tunability of the exciton resonance allows one to shift
the spectral position of the Fano resonance across 100 nm in the visible range. Our finding offers
additional degree of control for optical properties of the perovskite nanostructures used in modern
optoelectronic devices. Moreover, novel method of chemical tuning of the resonant properties of
perovskite nanoparticles paves the way to control of emission properties of the integrated light-
emitting nanoantennas.
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Halide perovskite nanoparticles with enhanced photoluminescence

Tiguntseva E.Y.1, Zakhidov A.A.1,2, Kivshar Yu.S.1,3, Makarov S.V.1
1ITMO University, St. Petersburg 197101, Russia
2University of Texas at Dallas, Richardson, Texas 75080, United States
3Australian National University, Canberra ACT, Australia
e-mail: e.tiguntseva@metalab.ifmo.ru

Hybrid perovskites of the MAPbX family represent a class of dielectric materials with excitonic
states at room temperature, refractive indices (n=2–3) high enough for the efficient excitation of
Mie resonances, low losses at the exciton wavelength, chemically tunable band gap over the entire
visible range (400–800 nm) [1], high defect tolerance [2], and high quantum yield (more than 30% [3])
of photoluminescence (PL) [4]. These properties make them perfect candidates for effective nanoscale
light sources. In this work, we fabricate by laser printing method [5] perovskite nanoparticles (NPs)
supporting electric and magnetic dipolar and multipolar Mie resonances.
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The study of white-light scattering from the perovskite NPs with different diameters reveals their
resonant behavior in visible and infrared ranges. NP with diameter 415 nm exhibits a pronounced
maximum around the spectral position of the exciton line (λ ≈ 770 nm) (Fig. 1a). According to our
analytical calculations based on the mode decomposition with the Mie theory, the experimentally
obtained spectrum can be theoretically described by several Mie resonant modes in 440 nm spherical
perovskite NP (Fig. 1a). Moreover, when the spectral position of the exciton line coincides with the
position of the MQ resonance, the PL signal normalized to the emitting material volume becomes
five times stronger than that for slightly smaller NPs and two times stronger in comparison with
0.5 µm perovskite film (Fig. 1b).

We have proposed a novel type of light-emitting nanoantennas made of hybrid perovskites, which
demonstrate enhanced PL. Our results pave the way towards new optoelectronics applications of
nanophotonics based on halide perovskite materials.
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Fig. 1: (a) Red curve corresponds to experimental DF scattering spectrum for single per-
ovskite NP with diameter 415 nm. Green and blue lines stand for analytical mode decompo-
sition for single spherical perovskite NP of 440 nm in homogeneous air media. (b) PL spectra
of NPs (marked by the corresponding colors of the frames of SEM image) and for 0.5 µm
perovskite film. Scale bar in the SEM image is 400 nm.
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Chiral photonic crystal slabs and metasurfaces
for emitters of circularly polarized light
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Embedding semiconductor light emitting nanostructures such as quantum dots or quantum wells
into chiral metasurfaces or photonic crystal slabs allows to create compact sources of circularly
polarized light including lasers [1–5]. They need neither static magnetic field nor thick quarter-
wavelength plates.

For example, a circularly polarized photoluminescence of achiral InAs quantum dots from a
GaAs/AlGaAs waveguiding structure with chiral photonic slab was demonstrated, with a degree of
circular polarization exceeding 95% [4]. A close to circularly polarized lasing was achieved [5] at room
temperature and under optical pump from an AlAs/AlGaAs Bragg microcavity with GaAs quantum
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wells in the active region and chiral etched upper distributed Bragg refractor. Recently a close to
circular lasing of this structure was also demonstrated in the strong coupling exciton-polariton regime
at low temperature.

In my talk I will discuss the physical mechanisms allowing to control the polarization state of
light emission from photonic structures with chiral photonic crystals and metasurfaces.
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Chiral optical Tamm states: method of images
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Method of images [1] is capable of simplifying the problem geometry by symmetry. The method
can be generalized from electrostatics to optical frequency, from Laplace’s to Helmholtz’s equation.
For example, it reveals obvious analogy between optical Tamm states [2] and photonic crystal odd and
even defect modes splitted through the mirror symmetry plane. In this study the method of images
is applied to cholesteric liquid crystal. Cholesteric birefringence is due to a preferred orientation
of molecules. This orientation is constant in the interface-parallel cross-sections, and it uniformly
rotates with increasing distance from the interface. Its cyclic nature produces translational order
and photonic band-gap. Near the interface, a chiral optical Tamm state is described [3]. But it is
impossible for conventional metallic mirror at normal light incidence (Fig. 1, left). And a mirror is
necessary with the effect of a half-wave phase plate to maintain polarization matching with proper
chirality. Technically this mirror is achieved by some metasurfaces or anisotropic slabs. This mirror
projects the half-space to another half-space with the same handedness (Fig. 1, right). Thus, the
method of images reveals a new connection of chiral optical Tamm state to cholesteric liquid crystal
twist-defect mode with its wavelength-tunable laser applications.

Fig. 1: Cholesteric liquid crystal, represented by green strips, twisted according to preferred
molecular orientation helix. [left] The half-space is bounded by an ideal metallic mirror
(magenta square). The enlarged region is constructed by reflection from the mirror plane.
At normal light excitation the problem has neither surface mode nor defect mode solutions.
[right] A polarization-preserving anisotropic mirror constructs the enlarged region by rotation
about the mirror optical axis (red line). At normal light excitation this scheme supports both
surface mode and twist-defect mode.
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Short pulse propagation in PT-symmetric photonic crystals
with material dispersion
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The concept of parity-time (PT) symmetry in the non-Hermitian optics requires delicate balance
between real and imaginary parts of the dielectric permittivity [1, 2]. The last requirement for the
distribution of absorption and gain, described by the imaginary part of the dielectric permittivity,
strictly speaking, is written for a given frequency of light and as such, is applicable only for this specific
frequency. This point has fundamental importance in optical applications, in view of the causality
principle. Mathematically, this is expressed through the Kramers–Kronnig relations, which can be
satisfied only for isolated frequencies [3]. Therefore, the major development of the PT-symmetric
optics is achieved, so far, within the paraxial approximation proposed, rather than with optical
pulses, as initially suggested in Refs. [1, 2].

The main goal of the present work is to show that imperfectness of atomic resonances may allow
for sustaining of PT symmetry in strongly dispersive media. Thus, such media with inhomoge-
neously broadened spectrum line are suitable for exploring short pulse dynamics in PT-symmetric
environment. Using spectral method we solve the boundary diffraction problem of picoseconds pulse
propagation in PT-symmetric photonic crystals (PC) under the condition of dynamical Bragg diffrac-
tion.

In the figure we demonstrate the restoration of effect of unidirectional diffraction for a pulse in
PC in the Laue geometry of the Bragg diffraction in the exceptional point and at exact Bragg angle
of incidence. The figure shows the snapshots of the intensity distributions of the pulse for the case
of weak [(a), (b)] and sufficiently large [(c), (d)] inhomogeneous broadening. The PT symmetry is
not verified for the pulse spectrum in the former case, and the shapes of the pulses with positive and
negative angles of incidence weakly differ from each other showing the similarity of the distribution
[(a), (b)]. Strong asymmetry, which is characteristic for the case of PT symmetry, is observed at
large inhomogeneous broadening [(c), (d)]. For any pulse characterized by the spectral width smaller
than the inhomogeneous line broadening, such a medium is close to PT-symmetric. As illustration
of how PT symmetry can affect pulse propagation we describe unidirectional diffraction by a PC in
Laue and Bragg geometries. As soon as the spectral characteristics are involved, the approach paves
the way for a frequency control on the pulse dynamics in the PT-symmetric media.
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CdSe nanoplatelets as a new generation
of ultrafast ionizing radiation detectors
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In the field of fast timing research, direct band-gap semiconductors synthesized as colloidal
nanocrystals have proven to be a promising source of prompt photon emission under high ener-
getic ionizing radiation [1]. State-of-the-art inorganic single crystals commonly used in high-energy-
physics (HEP) experiments and/or time-of-flight positron emission tomography are able to produce
scintillating light at a rate of around 1 photon/MeV per picosecond. This rate strongly determines
and limits the time resolution reached in radiation detector systems used nowadays. Lowering the
accuracy at which we measure timing in scintillator-based calorimeters would highly impact particle
tracking algorithms and image reconstruction techniques, both in HEP and medical imaging.

In this contribution we present light emission properties of CdSe nanoplatelets (NPls) with and
without a CdS crown using a pulsed X-rays tube with energies up to 30 keV and an impulse response
function of 330 ps FWHM. We found that in agreement with electron excitation, the CdSe radio-
luminescence appears to be at least 10 nm red-shifted from the main excitonic emission showing a
fast decay component of O(100) ps for around 50% of the photons emitted. This red-shifted fast
emission is also able to induce a small Stokes shift (∼ 84 meV), radically changing the self-absorption
characteristics of direct band-gap semiconductors, allowing for an incremental build-up of NPls thick
films on the order of tenths of µm (Figure 1). Furthermore, light output measurements of drop-casted
CdSe/CdS core-crown NPls films using Lu2−xYxSiO5 as a substrate, point towards a time-photon
density on the order of 10 ph/MeV per picosecond. We show that the combination of state-of-the-art
scintillators with high stopping power and the ultrafast photon emission of CdSe nanoplatelets opens
the way to new radiation detector concepts with unprecedented timing performance.

film thickness (um)
0 2 4 6 8 10 12 14 16 18 20 22

A
m

p
lit

u
d

e
 o

f 
th

e
 f

a
s
t 

c
o

m
p

o
n

e
n

t

0

50

100

150

200

250

300

350

400 CC 4ML on glass @532nm

CC 4ML on glass @515nm

CC 4ML on LYSO @532nm

CC 4ML on LYSO @515nm

NPLs 4ML on LYSO @532nm

CdSe_CdS Core Crown (CC) NPLs

t (ps)
0 5000 10000 15000 20000

1

10

210

310

!d1 = 103ps (48%) 

!d2 = 1.0ns  (52%)

Fig. 1: Light output of CdSe NPLs films drop-casted on LYSO tiles of 3×3×0.2 µm3 for the
excitonic (@515 nm) and multiexcitonic (@532 nm) emission. The NPls time profile @532 nm
is shown as inset.
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Sensing strategies for dielectric characterization and solute concentration
measurement in liquids based on metamaterials-inspired resonators

in microstrip technology
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In recent years, metamaterial-inspired resonators, such a split ring resonators (SRR) and comple-
mentary split ring resonators (CSRR), have been used for sensing purposes in microwave range [1–3].
Usually, these sensors are designed in planar technology by coupling the resonators to a host line.
The sensing effect is based on the change of the electromagnetic properties of the resonators due
to the presence of a material under test (MUT) close to them. In this work, some examples of mi-
crowave sensors for dielectric characterization and determination of solute concentration in deionized
(DI) water are reported. Typically, in these microwave sensors the sensing principle is based on the
change in the resonant frequency, phase shift and/or quality factor of the resonant particles due to the
material to be sensed. For example, the complex dielectric constant of some MUT can be extracted
by the frequency position and the magnitude of transmission/reflection coefficient in a transmission
line loaded with resonators. This kind of sensing strategy is susceptible to environmental changes
(temperature, humidity, etc.). To avoid this limitation, differential sensors, or sensors where the
output variable is invariant to ambient conditions, becomes a good solution.

Fig. 1: Microwave sensors based on splitter/combiner configuration (a), uncoupled OCSRR-
loaded transmission lines (b) and uncoupled SSRR-loaded transmission lines (c).

As a first example, the authors reported a splitter/combiner configuration implemented in mi-
crostrip technology loaded with symmetric resonators (SRR) (Fig. 1a) for dielectric characterization
of DI water/ethanol mixtures. One of the main problems of permittivity sensors implemented by
means of resonator loaded lines is their limited capability to detect small changes between the refer-
ence material and MUT. In this work the authors reported a new strategy to design a high sensitivity
microwave sensor based on uncoupled microstrip transmission lines loaded symmetrically with sym-
metric resonators (SRRs and OCSRRs) (Fig. 1b and Fig. 1c). The principle of sensing is based on
the cross-mode transmission coefficient (SDC

21 ) which is related to the level of asymmetries produced
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by the MUT. These sensors are applied in this work to the measurement of the complex dielectric
constant of liquids and to the determination of solution concentration in DI water.
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Ultra-high field MRI radiofrequency excitation inhomogeneities
mitigation in the head: optimization of dielectric pad mixture

and locations
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Synopsis: With higher signal and contrast to noise ratio, UHF MRI (≥ 7 Tesla) images provide
unprecedented potential for clinical and neuroscientific research. However, several limitations have
been reported, hindering clinical application of these devices. At such field strengths, one of the main
issues is the heterogeneous excitation of the nuclear spins. Typically, it leads to shadows or contrast
losses across the human brain images, making the impacted regions sometimes barely exploitable.

A simple and cost efficient approach to address these inhomogeneities is the use of relative High-
Dielectric Constant (HDC) materials in radiofrequency (RF) coils [1]. Their high displacement
current alters the global RF distribution in the transmit coil and generates a secondary localized RF
field used to tune the B+

1 field. The current most effective HDCs found in the literature are small
rectangular pads filled with BaTiO3 water mixtures. Unfortunately, major drawbacks prevents their
use in high field clinical routine: performance drops over time and manufacturing made difficult by
the ecotoxicity of this perovskite power. In addition, to date, to the knowledge of the authors, there
is no study inferring the number, location, size, geometry and permittivity of the pads in order to
increase substantially the RF field simultaneously in both temporal lobes and cerebellum, which are
the most altered areas in the brain at those fields [2].

In this work, we synthetize recent findings on BaTiO3 preparation to enhance its properties [3]
and concerning a serious alternative based on Silicon Carbide (SiC) [4]. Finally, we demonstrate
through simulations that the most intuitive approach consisting in setting pads in front of each weak
regions does not lead to the most efficient outcome [5].
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Time-delay modeling of short pulse generation in lasers
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An approach to the modelling of nonlinear dynamics in multimode lasers using delay differential
equations (DDEs) is discussed. DDE models of different multimode laser devices: passively mode-
locked semiconductor lasers generating short optical pulses [1, 2], frequency swept lasers used in
optical coherence tomography, and broad area external cavity lasers capable of generating 3D local-
ized structures of light (so-called light bullets) are developed and studied numerically and analytically.
We present the results of numerical simulations of different dynamical states in these lasers and apply
asymptotic approaches to the stability analysis of stationary and periodic operation regimes in the
large delay time limit. In particular, distributed and nonlocal delay models for modelling the effects
of dispersion [3] and transverse diffraction [4] on the laser dynamics are discussed.

Fig. 1: Spatiotemporal profile of the intensity of light bullet in a broad area semiconductor
mode-locked laser [4].
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Second-harmonic generation in Mie-resonant dielectric nanoparticles
made of noncentrosymmetric materials
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By combining analytical and numerical approaches, we study resonantly enhanced second-harmonic
generation (SHG) by individual spherical high-index dielectric nanoparticles made of noncentrosym-
metric materials (AlGaAs and BaTiO3), which possess large volume quadratic susceptibility of a
tensorial form. Excitation of Mie resonances in such nanoparticles allows achieving record-high non-
linear conversion efficiencies at the nanoscale [1].

We focus on Mie-resonant dielectric nanoparticles, whose sizes correspond to the resonant excita-
tion of the leading dipolar modes at the laser fundamental wavelength and discuss the effect of the
low-order optical Mie modes on the characteristics of the generated far-field [2]. The problem of
linear light scattering by a sphere is solved using the multipolar expansion in accord with Mie the-
ory. We then analyze the induced nonlinear multipolar sources by employing general expressions
for the electric and magnetic multipolar coefficients at the SH wavelength as defined by the overlap
integrals of the sources with spherical harmonics. We specifically derive an analytical solution for the
resonantly enhanced SHG driven by the magnetic dipole (MD) mode. Our calculations show that
within the framework of single-mode MD approximation (for the magnetic moment aligned with
[010] crystalline axis), the multipolar composition features magnetic quadrupolar (MQ) and electric
octupolar (EO) components for the AlGaAs nanoparticle, and electric dipolar (ED), MQ and EO
for the BaTiO3 nanoparticle. Our analytical considerations are confirmed by full-wave numerical
modeling performed with the finite-element solver COMSOL Multiphysics, following the procedure
described in Refs. [1, 2]. The exemplary results of calculations are shown in Fig. 1.
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Fig. 1: Total scattered FF (solid blue) and radiated SH (dashed purple) powers spectra
calculated for AlGaAs nanoparticle of radius a = 237 nm at pump laser wavelength λ0 =
1550 nm and incident intensity I0 = 1 GW/cm2.

The developed multipolar analysis can be instructive for interpreting the far-field measurements of
the nonlinear scattering, and it provides prospective insights into a design of highly-efficient nonlinear
nanoantennas and subwavelength light sources, as well as methods of nonlinear diagnostics.

This work was supported by the Russian Foundation for Basic Research (Grant No. 18-02-00381).
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Multi-walled carbon nanotube sheet transparent electrode mediated ionic
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The main drawbacks of organic solar cells (OSCs) are low efficiency and stability. In this paper,
we study the controlled n-doping in OSC by ionic gating of multi-walled carbon nanotube (MWCNT)
coated fullerenes. Such electric double layer charging (EDLC) doping, achieved by ionic liquid (IL)
charging, allows tuning the elec-tronic concentration in the acceptor layers, increasing it by orders of
magnitude [1]. This leads to decreasing both the series and shunt resistances of OPV and allows to
use thick (up to 200 nm) electron transport layers, increasing the durability and stability of OPV.

Two stages of OPV enhancement are described, upon increase of gating bias: at small (or even
zero) gate voltage the interface between porous transparent MWCNT charge collector with fullerene
is improved, becoming an ohmic contact. This changes the S-shaped I-V curve and improves the
electrons collection by a MWCNT turning it into a good cathode. The effect further enhances
at higher gate voltage due to raising of Fermi level and lowering of MWCNT work function. At
next qualitative stage, the acceptor layer becomes n-doped by electron injection from MWCNT
and ions penetration into fullerene. At this step the internal built-in field is created within OPV,
that helps exciton dissociation and charge separation/transport, increasing further the short-circuit
current and the filling factor. Overall power conversion efficiency increases nearly 50 times in classical
CuPc/fullerene OPV with bulk heterojunction photoactive layer and MWCNT cathode. Ionic gating
of MWCNT-fullerene part of OPV opens a new way to tune the properties of organic devices, based
on controllable and reversible doping and modulation of work function.

Fig. 1: Side view of the OSC-MWCNT-IL cell (left) and IV curves (right).
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In this paper, a simple scheme of a synthetic dual-frequency self-mixing interferometer for high-
precision non-contact displacement measurement is proposed. Previous researches on the self-mixing
interference effect in orthogonally polarized dual frequency laser show that the mode competition
will affect the phase relationship between the two self-mixing interference signals. If the frequency
difference between two modes is greater than the line width of homogeneous broadening gain curve of
laser (about 100–300 MHz), the phase relationship of two intensity modulation curves will be mainly
determined by phase difference of two modes, and mode competition can be neglected. In this case,
the intensity curves of the two orthogonal modes are independent and synthetic wavelength configu-
ration can be brought into the self-mixing interferometer to get rid of the disadvantage of complicacy
and high cost in non-contact tiny displacement measurement. An experimental system is set up and
nanometer measurement experiment is conducted. In this system, an orthogonally polarized dual
frequency laser with a frequency difference of 1 GHz is employed in optical configuration to avoid
mode competition. We also design a zero-crossing phase detecting software module to record the
temporal point of zero phase difference. The phase difference between the two orthogonally polarized
feedback fringes is observed, and the tiny displacement of the object can be measured through the
phase change of the synthetic signal. Since the virtual synthetic wavelength is 106 times larger than
the operating wavelength, sub-nanometer displacement of the object can be obtained in millimeter
criterion measurement without modulation, demodulation and complicated electrical circuits. Ex-
perimental results show good agreement with the theoretical analysis and the measurement precision
reaches nanometer level with a modest sampling rate within 500 nm displacement range. The error
sources of the developed interferometer have been discussed in detail, indicating that the precision
of the entire system is mainly limited by the sampling rate of the DAQ card. If a higher sampling
rate is used, the resolution of our system might be further improved. We achieve simplicity and
good resolution in a synthetic dual-frequency self-mixing interferometer simultaneously, which can
provides a potential approach to contactless measurement engineering application.

Flat asymmetric absorbers
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In this presentation we will discuss how to break the angular symmetry of electromagnetic re-
sponse of flat thin absorbers without breaking reciprocity. Based on our recent results on multichannel
metasurfaces [1], we propose a new concept of asymmetric absorbers in which the absorption coeffi-
cient for waves impinging from a given oblique angle is extraordinarily different from that for waves
incident from the oppositely tilted direction (see illustration in Fig. 1). The proposed flat structure
realizes controllable reflectance (from 0 to 0.99) for waves incident from one direction, exhibiting total
absorption when the sign of the incidence angle is reversed. We provide a theoretical and numerical
analysis for the asymmetric absorber, including design and numerical validation of its performance.
More information about this work can be found in preprint [2].
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Fig. 1: Illustration of the asymmetric absorber concept. The reflection asymmetry is con-
trolled by engineering the excited evanescent waves, localized at the metasurface.
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Surface waves of mixed TE-TM polarization at Jerusalem-cross-based
anisotropic metasurface in microwaves
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Metasurfaces have recently gained significant attention due to their extraordinary electromag-
netic properties to control both propagating plane waves and localized surface waves [1]. Another
appealing feature is that spectrum of anisotropic metasurface supports two mixed TE-TM polarized
modes [2–4]. This hybridization of TE and TM polarizations for surface waves is the consequence of
the anisotropy and accidental degeneracy of the eigenmodes [5]. Moreover, the interplay between hy-
perbolic dispersion of surface waves and hybrid character of the polarization lead to the multiplicity
of the equal frequency contours [2, 6].

In this work we focus on the numerical and experimental characterization of hybrid TE-TM
polarized surface waves in the super high frequency range (from 2 to 8 GHz) supported by hyperbolic
metasurface representing a two-dimensional array of copper Jerusalem crosses on FR4 substrate. We
measure the normal component of electric and magnetic fields by using a coaxial probe and loop,
respectively. Then we apply a 2D fast Fourier transform in order to visualize the equal frequency
contours [7]. We demonstrate the propagation of two localized surface modes, which have hybrid
TE-TM polarization and analyze the degree of a hybridization. We investigate the evolution of
equal frequency contours for each eigenmode. The drastical changes of the equal frequency contours
shapes, called topological transitions, are observed. Finally, we show that both modes can propagate
simultaneously at the same frequency.

The manipulation and control over electromagnetic surface waves are promising for a number
of potential applications in optical information technologies, opto-electronic and photonic devices,
opto-mechanics, biological sensors etc.
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Dynamics of solitons and slow light in optical systems with strong
light-matter interactions
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Propagation of the waves in waveguides with incorporated two-levels systems (quantuum dots or
atoms) is considered. In the framework of mean field approximation the system can be described
by the equation for the optical field amplitude φ and the spin projections S. Under the assumption
that the backscattering can be neglected the equation have the form
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The influence of the effective transverse magnetic field resulting in the direct coupling between the
atom subsystems is accounted by the normalized frequency Ω.

It is known that in the absence of the magnetic field Ω strong optical pulses in the systems
in question split into a number of solitons and the residual radiation. The solitons have different
amplitudes and durations, but the product of the amplitude and the duration is a fixed value which
provides that after propagation of the solitons no material excitations are left in the medium.

The second material sub-system S(L) creates resonance exitations with the frequency laying in
the resonant gap of the dispersion characteristic. The finite coupling Ω broadens the resonance into
a narrow zone, the modes belonging to the zone correspond to slow light propagating in the system.

In this work we show that propagating solitons can resonantly excite slow light belonging to the
flat branch of the dispersion characteristics. We discuss the scattering of the dispersive waves on the
solitons and show that this process allows to transfer slow light belonging to the intermediate branch
of the dispersive characteristic into either upper or lower branch of the dispersion characteristic. This
opens a possibility to transform pulses of fast light into the slow ones and then to transform the slow
light back to a fast propagating mode. This process can be of interest from the point of view of new
frequencies generation and for optical writing, storing and reading of information.
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In this talk, we will show how going beyond the usual description of locally resonant metamaterials
in terms of effective parameters allows to induce topological properties on a subwavelength scale [1].
Without any loss of generality, we take the particular case of quarter-wavelength-resonators in the
microwave domain. First we show numerically that, thanks to multiple scattering [2], it is possible
to engineer the band structure of a subwavelength scaled lattice of such resonators in order to obtain
Dirac cones.

Then, following the previous work of Wu and Hu [3], we operate adiabatic subwavelength struc-
tural changes within the metamaterial. We show that these modifications lead to a phenomenon
of band inversion which, added to the computation of the topological invariant, is a proof of the
topological nature of the metamaterial crystals we designed. This band inversion is demonstrated
both numerically and experimentally comparing the symmetries of the measured modes within the
samples. This phenomenon is explained from a polaritonic point of view.

Moreover, the interface between media which present different topological behavior supports
topological edge modes. Therefore we will show that this phenomenon occurs in the case of our
subwavelength microwave topological insulator. We measure experimentally, and corroborate nu-
merically, the propagation of subwavelength topological edge modes along the interface between two
topologically different samples. This demonstrate the guiding of microwave on a subwavelength scale.
We finally show that this work can be directly transposed to the acoustic domain [4].
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Metal-dielectric nanoantenna for NV-center emission control
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The emission control of nanoscale quantum sources through metal or high refractive index nanoan-
tennas is a cornerstone of nanophotonics [1, 2]. Recently, we have proposed the concept of reconfig-
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urable metal-dielectric (hybrid) nanoantenna [3], which can be a promising platform for luminescence
control of nanoscale quantum sources. Here, we numerically investigate the opportunity of emission
control of a single nitrogen vacancy (NV) center in a nanodiamond (ND) by the hyrid nanoantenna.

We study the influence of spatial arrangement of ND with single NV-center relatively to hybrid
nanoantenna as well as NV-center orientation inside ND on the radiation diagram. We applied
diameter of the diamond sphere of 50 nm, Si cone tip radius of 55 nm, height of the Si cone of
220 nm, the radius of the Si cone and Au disk base of 110 nm, the Au disk thickness of 30 nm. The
simulation demonstrate 2-fold acceleration of spontaneous emission rate for ND placed on the edge
of Au nanodisc for perpendicular orientation of NV-center to substrate, and 4-fold acceleration for
parallel one. When ND is located in the center of Au nanodisc the spontaneous emission rate is 20
for perpendicular NV-center orientation and 4 for parallel one.

Thus, we have demonstrated that the developed concept of hybrid nanoantenna is suitable for
emission control of NV-center in ND. The proposed approach can be realized by the existing fabri-
cation methods and applied to different nanoscale quantum emitters.
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Manipulation of robust valley edge transport in ultrathin
substrate-integrated photonic crystals
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The birth of topological photonics has revolutionized our view on the propagation and scattering
of light, especially giving rise to the unconventional robust backscattering-immune energy transport.
However, the majority of previous photonic topological insulators (PTIs) consist of either infinitely
long rods array, or complex magnetic components, or multi-mode metal waveguides with large thick-
nesses, rendering them difficult to compatible with the integrated circuitry. To tackle this problem,
here we propose ultra-thin substrate-integrated photonic topological insulators (SIPTIs), exhibiting
a single pair of edge modes with different valley chirality, which show high robustness and great
compatibility with the traditional substrate-integrated circuitry. Such topological properties have
been used to design some functional substrate-integrated components, such as sharp bending wave-
guides with high transmission, waveguides with disorders. Our studies offer a new route to control
both valleys in the substrate-integrated circuitry, and may work as a fundamentally new integration
platform for information processing with low cost, easy access, and light weight.
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Light-assisted spontaneous birefringence and magnetic domains formation
in suspension of gyrotropic nanoparticles
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Russia
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The new demands of optical fields control at microscale and nanoscale stimulate development de-
sign and manufacturing of novel types of metamaterials allowing wider possibilities than traditional
optical devices. High tunability and easy reconfiguration are important requirements applicable
to metamaterials to be a basis for advanced nanophotonic devices. In this context, liquid meta-
materials [1] occupy special niche because of their incredible reconfigurability. Recently, a tunable
resonant metamaterial called liquid metacrystal was suggested in [2]. It was supposed that such a
material can be made of elongated resonant metallic nanoparticles (meta-atoms) dispersed in viscous
liquid. An external DC electric field aligns meta-atoms along one axis that imparts the anisotropic
properties to the metamaterial. The reorientation of anisotropy axis leads to the change of effective
refraction index of metamaterial that, taking a resonant response into account, may strongly change
the conditions of light propagation. Furthermore, meta-atoms can also be reoriented in response
to high-frequency electromagnetic field that supposes the presence of strong nonlinearity of LMC.
These properties of LMC were predicted in [2–4] and basically demonstrated in experiment [5].

In this report we discuss some unusual optical properties of a liquid metamaterial with spherical
gyrotropic (for example, ferromagnetic) meta-atoms. It is well-known that electromagnetic properties
of ferromagnetics in optical domain can be described by dielectric tensor similar to dielectric tensor of
magneto-active plasma while the magnetic permeability is the unit tensor [6, 7]. We show that linearly
polarized light in the suspension of gyrotropic nanoparticles can experience modulation instability,
which leads to spatial separation of right- and left-circularly polarized waves. Such a separation
preserves zero full angular momentum of electromagnetic field; thus, the time-reversal symmetry
is broken only locally. Eventually, this instability results in the formation of the lattice of spatial
solitons with alternating right and left circular polarization. As magnetic moments of nanoparticles
tend to re-orient parallel to the wavevector in circular polarized light, every spatial soliton captures
static magnetic field directed along or opposite to the wavevector depending on the direction of the
field angular momentum; therefore, the soliton lattice altogether looks like magnetic domains array
with antiferromagnetic ordering.
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Self-focusing of electromagnetic surface waves in gyrotropic liquid
metacrystals
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Metamaterials provide a variety of possibilities to control optical fields at microscale and nanoscale
unachievable in traditional optical devices, which, in turn, instigates interest of scientific commu-
nity to this research area. Tunable structures with easily adjustable electromagnetic properties are
particularly challenging as they can increase functionality of metamaterial devices. One of possi-
ble approaches to realize such structure, namely, liquid metamaterial, was experimentally studied
in [1]. Similar concept was theoretically analyzed in [2]. In [2], a tunable metamaterial called liquid
metacrystal (LMC) was composed of elongated resonant nanoparticles (meta-atoms) suspended in
viscous liquid. The orientation of such particles can be managed by external DC electric field, which
provides the ability to control the anisotropy axis direction of the material. The reorientation of
meta-atoms in high frequency field leads to strong nonlinearity of LMC. Such properties of LMC as
high tunability, strong nonlinearity, ability to support surface and guided waves of new kinds, as well
as existence of thermal topological transitions were theoretically studied in [2–5]. Some predicted
properties of LMC were experimentally demonstrated in [6].

Current research is devoted to the study of nonlinear propagation of surface plasmons in LMCs
with gyrotropic meta-atoms. Such meta-atoms can be described by the Hermitian polarizability
tensor with isotropic diagonal part and imaginary non-diagonal elements. It was shown that in this
case the orientation of meta-atoms is determined not by external DC electric field but by the presence
of the nonzero angular momentum of the electromagnetic field. As TM electromagnetic surface wave
(SW) has elliptic polarization (with longitudinal and transverse components of electric field) it causes
reorientation of the meta-atoms magnetic moments along the SW angular momentum, thus, leading
to the change of SW dispersion properties and emergence of focusing nonlinearity. It can result in
lateral self-focusing of SWs and eventually in forming of SW spatial solitons.
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Leaky topological states: from near- to far-field investigation
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Inspired by the discoveries of the topological phases in condensed matter physics, photonic ana-
logues of topological insulators are currently under active investigation. Their fascinating properties
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such as disorder robustness and backscattering-immune propagation of the topological states have
opened novel ways to control propagation and internal degrees of freedom of electromagnetic waves.

In the recent years, photonic topological systems have been investigated experimentally from
microwave to optical frequencies [1–3], while the conclusions about the topological properties of the
structures have been drawn based on the analysis of the topological edge states. Technically, this
implies the measurement of the near field distribution from the topological structure.

In this work, we propose an alternative strategy, namely, to retrieve the topological invariants
from the far field. Specifically, we measure the angle-resolved transmission spectra of the topological
metasurfaces [Fig. 1(a,b)] and from these results extract spin Chern number. To verify the proposed
technique, we perform proof-of-concept experimental near-field studies of the edge modes in the
microwave spectral range [Fig. 1(c)] which confirm the proposed method.

Our results thus give not only an alternative technique to investigate the topological systems, but
also provide further insights into the topological states of open non-Hermitian systems.

Dipole
source

(1)

(2)(с)ExpandedShrunken

Fig. 1: (a) Shrunken and (b) expanded geometries of a metasurface based on a triangular
lattice of hexamers of silicon pillars on a sapphire substrate. (c) A sketch of the metasurface
for observation of pseudo-spin polarized edge states in microwave range.
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Multimode theory of plasmonic distributed feedback laser
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In the last years, substantial progress has been made in creating plasmonic distributed feedback
(DFB) lasers [1–6]. In these lasers, the role of the resonator is played by the periodic plasmonic
structure. These can be metallic films perforated by holes [1, 3, 5, 6] and one- or two-dimensional
arrays of plasmonic nanoparticles [2, 4]. The eigenmodes of plasmonic DFB lasers are hybrid plasmon-
polariton Bloch modes [1, 2]. These modes can be generated with either continuous [1, 5] or pulsed [2–
4, 6] pumping. Owing to its small size the plasmonic DFB lasers are very promising for a wide range
of applications, from spectroscopy [6] to optoelectronics [2]. At the same time, a number of problems
with the DFB lasers remain unresolved [5].

Here, we develop a multimode theory of the plasmonic DFB laser that takes into account the
spontaneous emission of the atoms of the active medium and a nonlinear interaction between the
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Bloch modes of the plasmonic structure [7–9]. Based on this theory we find the output power,
the spectrum and the radiation pattern of the plasmonic DFB laser. We demonstrate that the
spontaneous emission and the multimode nature of the lasing have a strong effect on the radiation
properties of the plasmon DFB lasers [8, 9]. Our theory [9] eliminates the existing discrepancies
between theoretical [10] and experimental [5] results.
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