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Abstract

In this thesis we investigate various phenomena related to light propagation in media which
possess different types of symmetric inhomogeneity. Our main focus is on two types of
inhomogeneous media. Firstly, we examine photonic crystals which are optical structures
where the refractive index changes periodically. Specifically, we examine the effect of
resonant polarization rotation when the electromagnetic wave passes through a photonic
crystal. We propose a theory based on Maxwell equations and the symmetric Kronig-
Penney model which explains the abrupt polarization change and which is in good
correspondence with the experiment. The other type of inhomogeneity that is examined is
the case when the refractive index of a medium is a continuous function of position.
Moreover, central focus is given to profiles possessing different additional symmetries.
Specifically, we investigate the effects occurring in Maxwell Fish eye profile and the
Luneburg profile. We have shown that that due to additional symmetry of the Maxwell
Fish eye the expressions of the ray trajectories are derived using the integrals of motion.
Other than that, we have also proposed a general mechanism which allows to find the
deformation of any refractive profile which preserves the symmetries of the system and
ensures that the ray trajectories remain closed when spin is taken into account. Finally, we
also examine the radiation properties of Maxwell fish eye including radiation intensity,
spectrum and the angular distribution of the radiation. We have found that there are three
regimes of radiation when a charged particle passes through the MFE. A Cherenkov-like

condition is also derived.



Relevance of the scientific research

Media with symmetric inhomogeneity have been of great interest due to numerous effects
which occur when electromagnetic waves propagate through such media. In general,
inhomogeneity of a certain medium means that the refraction index of the medium is not
constant and has some sort of spatial dependency. These types of media are called gradient
index (GRIN) media. Different optical effects related to GRIN media are described by
GRIN optics. GRIN optics examines different phenomena related to the gradient of the
refractive index of the medium and/or the material. It is known that one important
advantage of GRIN materials is that those can be used to build optical systems for imaging
without aberrations which are common for traditional optical systems like spherical
homogenous lenses. GRIN materials are classified into three major categories — axial,
cylindrical and spherical. In axial GRIN profiles the refractive index changes along the
optical axis of the system. Cylindrical refractive profile is a system consisting of concentric
cylinders with surfaces with constant refraction index. Spherical profiles, by analogy, are
symmetric relative to point source. In spherical profiles surfaces of concentric spheres have
constant refraction index. Electromagnetic waves propagating in such materials result in
many effects which are being exploited to produce lenses, optical fibers and other devices.
By symmetric inhomogeneity we refer to the case when the inhomogeneity of the medium
or material is not an arbitrary function of position but has some sort of symmetry. In this
dissertation our main focus is on two types of inhomogeneous media. Firstly, we examine
photonic crystals which are optical structures where the refractive index changes
periodically. The other type of inhomogeneity that is examined is the case when the
refractive index of a medium is a continuous function of position. Moreover, central focus
is given to profiles possessing different symmetries. Specifically, we investigate the effects
occurring in Maxwell Fish eye profile which has spherical symmetry as well as an extended
symmetry which will be thoroughly studied in Chapters 3 and 4. Photonic crystal is a
system with periodical dielectric permittivity and has many interesting properties regarding
transmission and polarization change of incident electromagnetic wave. Recent
developments in material science have made possible the fabrication of photonic crystals
that allow the observation of many peculiar effects [1], including perfect reflector for all
polarizations over a wide selectable spectrum [2, 5], optical Hall effect [3], unidirectional
scattering [4] with broken time reversal symmetry, the propagation of optical beams
without spatial spreading and polarization rotation effects in dilute photonic crystal which
were examined in [9]. In general, it is accepted that in geometrical optics approximation
polarization change is negligible. Conversely, in the opposite limit, when the scale of
characteristic inhomogeneity is of same order as that of the wavelength - rotation of
polarization becomes much more noticeable. The problem of polarization change is
particularly important because of its applications in polarization controlling devices and
when there is a need to manipulate the polarization of incidence light [6-8]. Particularly,
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in the above-mentioned paper, it is experimentally observed that there appears a drastic
change of polarization in photonic crystal which has inhomogeneity perpendicular to the
propagation direction of the wave. In Section 2.2 we briefly present the experimental set-
up that was used to detect the change of polarization. In the following two sections it is
presented the developed theory which is based on Maxwell’s equations with two-
dimensional inhomogeneous permittivity. In [10] we have presented the theory for the TE
waves and obtained a good correspondence between the theoretical and experimental
frequencies for which the resonance polarization change was observed. Under certain
conditions dilute photonic crystals are also argued to cause a light straightening effect [11].
It is found that such effect is caused by the formation of localized states in transversal
motion. It is argued that these states decrease mobility in the transverse direction and force
the light to be straightened. Starting from the second chapter we mainly focus on the other
type of the inhomogeneity that was noted earlier. That is, we will examine various
phenomena that arise when electromagnetic wave propagates through different kinds of
continuous refractive media. Particularly, we have considered refractive profiles (Maxwell
fish eye, Luneburg lens) possessing spherical symmetries which are of high scientific
interest due to their applications in well-known phenomena of perfect imaging and
cloaking. Cloaking phenomena have attracted a reasonable amount of interest since Pendry
[12] and Leonhardt [13] assumed that an object coated by certain inhomogeneous shell
becomes invisible to electromagnetic waves. Different mechanisms of cloaking have been
suggested since that time, among which are anisotropic metamaterial shells [12], conformal
mapping in two-dimensional systems [13], complementary media [14], etc. Transformation
optics [12] is the most common approach, where the dielectric permittivity and magnetic
permeability tensors are specific coordinate-dependent functions. However, this approach
is difficult to implement in the optical field, since it is problematic to find metamaterials
with the necessary magnetic properties [15]. In the cases when the photon wavelength is
much smaller than the characteristic size of inhomogeneity, geometrical optics
approximation is justified [16-19]. In the conformal mapping method of cloaking when
geometrical optics approximation is used, closed ray trajectories are of significant
importance [13]. The scheme that Leonhardt proposed uses optical conformal maps where
a dielectric medium conformally maps physical space onto Riemann sheets. The idea is to
send all rays that have passed through the branch cut onto the interior sheet back to the cut
at precisely the same location and in the same direction in which they entered [13]. The
latter illustrates that potentials (refractive profiles) which result to closed ray trajectories
are particularly important in achieving the cloaking phenomenon. Moreover, these
trajectories determine the size and shape of the cloaked area. Other than that, Maxwell’s
fish eye has also applications in quantum optics. While investigating quantum optical
properties of MFE, it was shown that such a system mediates effectively infinite-range
dipole-dipole interactions between atomic qubits, which can be used to entangle multiple
pairs of distant qubits [21]. MFE was also used as a possible mean for spin waves focusing
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[22]. Using numerical simulations, it was shown that sub-wavelength focusing can be
achieved by means of MFE with appropriate chosen parameters. Furthermore, simulation
results also prove that the focusing properties of MFE can be tuned by external magnetic
field, so the MFE would be promising device for spin wave focusing and wavefront
manipulation [22]. Maxwell fish eye potential energy profile was also considered in
graphene quantum dot. It was shown that all the electron trajectories are closed circles that
are classified by angular momentum and an additional integral of motion. Moreover, given
that the lower Dirac zone is completely filled, a universal value for Hall conductivity is
found [23]. Note that in this section of the dissertation light polarization is mostly
neglected. In Chapter 4 we examine the propagation of polarized light in the medium with
Maxwell fish eye refraction index profile. The chapter is organized as follows. In
subsection 4.2, we describe the Hamiltonian formulation of the geometric optical system.
We also present some other textbook facts on the duality between Coulomb and free-
particle systems on a (pseudo)sphere which allow us to relate the Maxwell fish eye and
Coulomb profiles and will be used in our further consideration. In subsection 4.2, we
present the Hamiltonian formalism for the polarized light propagating in an optical medium
and propose the general scheme of the deformation of an isotropic refraction index profile
which allows us to restore the initial symmetries after the inclusion of polarization. In
subsection 4.3, we use the proposed scheme for the construction of a “polarized Maxwell
fish eye” profile which inherits all the symmetries of the original profile when light
polarization is taken into account. We present the explicit expressions for the symmetry
generators of the corresponding Hamiltonian system and find the expressions of the
Casimirs of their symmetry algebra. In subsection 4.5 the explicit expressions for the
trajectories of polarized light are presented. It is shown that these trajectories are no longer
orthogonal to the angular momentum but turn to a fixed angle relative to it. Despite
deviations from circles, these trajectories remain closed. We show that light polarization
violates the additional symmetries of the medium so that ray trajectories no longer remain
closed. Afterwards we suggest a modified, polarization-dependent Maxwell fish eye
refraction profile which restores all the symmetries of the initial profile and yields closed
trajectories of polarized light. Explicit expressions for the polarization-dependent integrals
of motion and the solutions of corresponding ray trajectories are also presented. In Chapter
5 we consider problems related to light generation in mediums with different types of
refraction index profiles. So far most of the attention was paid to light propagation in such
systems. Other very interesting topic which also has a big potential in terms of real-life
applications is light generation in such profiles. Within the scope of this dissertation, light
generation mechanisms in a medium with highly symmetric Maxwell fish eye refractive
index profile are investigated. Under the term light generation, we refer to radiation
properties of the Maxwell fish eye when a charged particle interacts with the refraction
profile by penetrating through it. In general, there are three main types of emitted radiation
when a charged particle penetrates some medium. Those are Cherenkov radiation,
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transition radiation and finally the so-called diffraction radiation. Radiation intensity and
spectrum are primary objectives of investigation in any type of radiation problem. Apart
from those, angular distribution of the radiation intensity is another important property
which is examined in this section. Whether the radiation is isotropic or it is highly directed
towards some direction. In this chapter radiation from a charged particle moving in a
medium with Maxwell fish eye refraction index profile is considered. Maxwell’s equations
are used to describe the electromagnetic fields in an inhomogeneous medium taking into
account the moving charge as an external source. Other than that, well-known method of
Green’s function is used to find out the expression for radiation potential A and
corresponding electric and magnetic fields. Generally, Green’s function is an integral
kernel that can be used to solve many types of differential equations including
inhomogeneous partial differential equations [20]. Also, we have constructed the well-
known Poynting’s vector which will be used to derive the radiation intensity. Whenever
appropriate, numerical estimations of integrals are completed. We have shown that the
radiation spectrum has a discrete character. The main emitted wavelength is proportional
to the refractive profile’s radius and has a dipole character in a regular medium. Cherenkov
like threshold velocity is established. A cardinal rearrangement of angular distribution in a
lossless medium is predicted. This behavior is caused by the total internal reflection in a
lossless medium as opposed to photons’ attenuated total reflection in the regular medium.
Lossless medium ensures that both directed and monochromatic emission can serve as a
light source in the corresponding regions.

Aim of the dissertation

The main objective of the dissertation is to investigate different phenomena related to light
propagation in media with symmetric inhomogeneity. Main objectives of the thesis are the
following:

e understand the polarization rotation mechanism in dilute photonic crystal

e investigate light propagation in Maxwell fish eye refraction profile focusing on
the closed ray trajectories

e obtain the spin-induced deformation for an arbitrary refractive profile, which
preserves the internal symmetries of the system

e understand light generation mechanisms by investigating the radiation
properties of MFE



Results submitted for defense

e anew theory based on Maxwell equations has been proposed which explains the
resonance polarization change in dilute photonic crystal

e  parameters of ray trajectories in Maxwell fish eye have been expressed through
the integrals of motion

e we observed the existence of a photon state with maximal angular momentum,
which can be used as an optical resonator as well as the spin Hall effect in an
extended symmetry profile has been predicted

e we have shown that polarization violates the additional symmetries of the
medium so that ray trajectories no longer remain closed

e we suggest a modified, polarization-dependent Maxwell fish eye refraction index
which restores all symmetries of the initial profile and yields closed trajectories
of polarized light

o explicit expressions for the polarization-dependent integrals of motion and the
solutions of corresponding ray trajectories are presented

e generalized scheme has been proposed which allows to find the deformation of
an arbitrary refraction index profile when spin is taken into account

e the deformation of the well-known Luneburg profile is also presented

e itis shown that the radiation from a charged particle moving in a medium with a
Maxwell’s fish-eye refraction index profile has a discrete spectrum

Practical value

The practical value of the thesis is reflected in the fact that a number of phenomena, such
as perfect imaging, the cloaking phenomenon etc. are closely related to the various
properties of the MFE profile. The closed ray trajectory of the light beam determines the
size and shape of the cloaked area. We have obtained spin-induced deformations of the
well-known refraction index profiles (Maxwell fish eye, Luneburg), which preserve the
symmetries of the system and thus the trajectories of the rays remain closed.

Other than that, we have proposed a general mechanism that allows to find the spin-induced
deformation of any refraction profile. This mechanism can be used both in theoretical and
experimental research.

When studying the trajectories of rays in the MFE profile, photon states with maximum
angular momentum were observed. These states are very important in the sense that those
can be used as optical resonators.

We also investigate the problem of radiation of a charged particle when it passes through
the MFE profile. The results obtained are very important in the sense that they allow to
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obtain radiation in the microwave and terahertz bands. Since millimeter scale MFE profiles
are practically possible, the obtained results can be used to generate radiation in the
specified bands.

The novelty of the work

The presented research investigates various phenomena related to the propagation of light
in media with symmetric inhomogeneity, focusing on the well-known refraction index
profile Maxwell fish eye. We expand the current knowledge about the properties of the
MFE. The spin-induced deformation of the MFE profile is one of the main novelties of
the work. Moreover, the general scheme to obtain the spin-induced deformation of any
profile is an important scientific novelty that is presented in this thesis. The other
important novelty of this research is the investigation of the radiation properties of MFE.

Length and structure of the dissertation

The dissertation contains 6 chapters and the bibliography. The first and the last chapters
are the Introduction and the Conclusion respectively. The other 4 chapters present our
findings.

Content of the dissertation
Chapter 1

The first chapter of the dissertation is an introductory chapter where we present an
overview about main concepts that are covered in the thesis. We present the two main
types of media with symmetric inhomogeneity which are photonic crystals (periodic
inhomogeneity) and the so called GRIN media, where the gradient index profile is some
continuous function of coordinate. In addition, we illustrate the importance of our
consideration in terms of applications in other well-known phenomena.

Chapter 2

In Chapter 2 the rotation of polarization of TE waves in one dimensional dilute photonic
crystal is theoretically investigated. In Section 2.2 we describe the recent experimental
results obtained in dilute photonic crystal where resonance polarization change is observed.
In Section 2.3 we present the theory that was introduced in [9]. In Section 2.4 it is presented
the reformulation of the same theory using TE waves. In the following sections it is
examined the spectrum of the photonic crystal as well as comparison with the actual
experimental results is completed. Resonance character of polarization rotation is revealed.

9



It is shown that rotation angle at resonant frequencies acquires only discrete values. Results
of theory are compared with the experiment. Good correspondence between the TE theory
and the experiment was observed.

Chapter 3

In this chapter we consider the refraction indices which yield the optical metrics coinciding
with those of three-dimensional sphere (for positive «) and two-sheet
hyperboloid/pseudosphere (for negative «),

ng _
T+~ i4_7"02'
While the generic homogeneous spaces have so(3) symmetry algebra generated by
conserved angular momentum, three-dimensional sphere and pseudosphere have symmetry
algebras so(4) and so(3.1), respectively. The reason for that is the existence of
three additional conserved quantities - “translation generators”. This profile is well-known

n(r) =

L-0

k<0
Figure 1. Ray trajectories in Maxwell fish eye.

in optics as the “Maxwells fish eye”. Using the extended symmetries, we investigate the
ray trajectories in this profile and aim to find the explicit expressions for ray trajectories.
In Section 3.2 and 3.3 we present the Hamiltonian formulation of the system using the
action of the system on the three-dimensional curved space equipped with the “optical
metrics” (or Fermat metrics) of Euclidean signature g 45 = n?(r)8,5. Using the conserved
quantities, we are able to find the explicit expressions for ray trajectories. Due to the
s0(4)/s0(3.1) symmetry of three-dimensional sphere/hyperboloid, in addition to so(3)

algebra generators L = r X p, the system possesses three more conserving quantities T =
(1 —xkr?)p + 2k(pr)r. Using these expressions, we are able to obtain explicit
10



expressions for the ray trajectories. In Fig. 1 are depicted the ray trajectories for different
values of T, L and «. Dashed and red circles with radius 2r, are given by the refraction
profile n(r). The red circle is the photon trajectory with maximal angular momentum of
the photon in k > 0 case. The straight lines are trajectories without angular momentum L
= 0. The small blue circles are trajectories in L — oo limit provided that ¥ < 0. The main
results obtained in this chapter are the following:
e the ray trajectories in Maxwell fish eye are closed and the expressions for ray
trajectories are found directly from the integrals of motion
e there exists a photon state with maximal angular momentum and it can be used
as a possible means for creating optical resonators
e aperturbation theory has been proposed which illustrates that when we take
into account the spin the trajectories rotate by a fixed angle

Chapter 4

In this chapter we continue our study of a polarized light passing through the Maxwell fish
eye profile within the geometrical optics approximation. The key point of our study is that
we introduce a polarization-dependent deformation of the Maxwell fish-eye profile
4xs2iZ 1
nls\/[fe(r) = _anZe(T) <1 + Jl Sl ),

ng nmre(r)

where n} (1) is the original Maxwell fish eye profile, and s is the light polarization. For
the linearly and circularly polarized light we have s = 0 and s = 1 respectively. The
proposed deformation restores all the symmetries of the optical Hamiltonian, with Maxwell
fish eye profile, which were broken after the inclusion of polarization. It also ensures the
closeness of the trajectories for polarized photons and can be used for cloaking and perfect
imaging of polarized photons. The integrals of motion when light polarization is taken into
account are the following:

P _ __hg 2KsS
]—>r><p+sp, T, (2 nlsv[fe(r))p+2K(Tp)r+n15v1fe(r)]'

It is seen, that spin induced term is proportional to the dimensionless parameter s?42/r¢
where r; is the characteristic length of the profile n(r). This means that spin will play a
significant role only in the vicinity of wave and geometrical optics border sA,/ry ~ 1,
since we are working in the framework of geometrical optics approximation, A, < 7.
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Figure 2. Deformations of the ray trajectories.

In Fig. 2 are illustrated the deformations of the ray trajectories for different values of r,
whenny, = 1.5, = 1. The black curves correspond to the basic trajectories where T =
Tmin = S/1o- The red (light gray) curves correspond to trajectories with intermediary
value of T. Dashed curves are the trajectories corresponding to the same value of T but for
circularly polarized light (s = 1). The first figure (r, = 20) corresponds to the case when
the deformations of the profile only result to the shift of the centers of the trajectories not
affecting their shapes. Conversely, in the second figure (r, = 2), the deformations of the
Maxwell fish eye result to highly deformed trajectories.

Chapter 5

As opposed to the research regarding light propagation in Maxwell fish eye medium,
much less attention has been paid to light generation problems in that particular medium.
However, it turns out that radiation emitted by a charged particle when it passes through
such a medium possesses unique properties as well (see below). In this chapter, we consider
the spectrum and angular distribution of radiation from a charged particle moving in a
Maxwell fish eye refraction profile medium. Instead of dyadic Green’s function, we utilize
the exact Green’s function of scalar Helmholtz equation [24-26]. This approach allows us
to obtain complete analytical expressions for radiation intensity that reveal new physical
results. The geometry of the problem is presented in Fig. 3.



A~

Figure 3. Geometry of the problem. Observation point is far away from the charge and
from the core of the refraction profile.
Starting from the Maxwell’s equations and after expressing vectors E and B in terms of the

vector potential we arrive at the following equation: V2A + ‘:’—;s(r)u(r)A = - 47“ yj. The
gauge condition for an inhomogeneous medium is given by: V(V - 4) + iT“’s(r) u@)vep =
0, where is the scalar potential and is determined as Vo = E — %‘*’A. The radiation potential
can be expressed through Green’s function of the scalar Helmholtz equation: A,.(R) =
- %ﬂ [drG(R,7)u(r)j,(r). Green’s function satisfies the equation: [VZ +
Cn?(R)| G(R, 1) = 8(R — ), where n(r) = \/e(r)u(r), where n(r) = Z+pz, r<R,

and n(r) = 1 whenr > R;. Green’s problem is exactly solved and has singularities
expressed by the parameter v, which has the following form

—1++/1 4+ 4nZk?p?
2
Whenv =n+ 1/2,—n — 3/2 (n € N) Green’s function is divergent and there is another
expression which takes into account those singularities. Fourier component of the current

density along the z axis has the following form: j(r, w) = %S(X)S(y)e“‘oz, where k, =

Vv =

w/v. Assuming a small imaginary part for ny and correspondingly for v at the singular
points the integral for vector potential is calculated analytically:

4eisign(v)Kq(kop) p

Tsinh(nlm[vl/z]) /RZ + p2

A1/2(R) =-

8iesign(v)

c 51nh(1'[1m[v3/2]) \/RZ—

Az/>(R) = [(kop)Ko(kop) — Ky (kop)], R <Ry



In the absence of external sources, the isotropic solution when R > R; is chosen in the form:

ikR
Ay(R) = CET, R > R;. We find the constant C from the boundary condition and arrive

4iesign(v)

to following equation: Cy,,(R;) = )pKo(kop)e‘ile. Using the explicit
/2

- csinh(nlmv1
expressions of magnetic field components, we can calculate the electromagnetic field
energy density and thus the radiation intensity:

st Ki(G)

11/2(9) = Sinze,

where B = v/c. Since the modified Bessel function is exponentially small for large values
of the argument, for the existence of radiation, the condition g > 2—‘/\2 should be satisfied.

In Fig.4 we can see the R dependence of radiation potential for different angles. The
radiation potential in the lossless medium is highly anisotropic. It follows from Fig. 4 that
at large observation angles the potential is significantly smaller. The maximum potential is
reached at small angles from the particle trajectory. Modifying the imaginary part of n,,
one can observe a transition from highly directed to isotropic radiation potential. The
isotropic radiation potential leads to a dipole-like radiation intensity. However, in the
lossless medium the radiation potential is highly directed. Note that the R dependence for
all angles is ~1/R (see Fig. 4). The U-shaped curve is obtained for the lossless medium
using generalized Green’s function. The actual radiation potential is determined by the
curve below the straight lines.
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Figure 4. R dependence of radiation potential for different angles.
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withudwutinnieynibitipny: Wthwdwutinnipyub Wniu mbuwyp wyb £, tpp thounjuyph
pijdwd gnighyp npnpuyh wbpinhwm $nidjghw £ Ynnpnhtunhg: <pdowub
npunpnipnitin wpynd £ wwpptp ppuyiwd hwdwsuhnigyniitip niitignn
wynndhiiiphtt: Uwubwynpuytiv, ntuntdtwuhpyud &b «Uwpuybih aub wsp» (UQAY)
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thwl] httmwgodtiph:
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POJIb CHMMETPUYHBIX HEOJITHOPOJJHOCTEM B TIPOBJEMAX
PACITIPOCTPAHEHUSA DJIEKTPOMATI'HUTHBIX BOJIH

Pe3rome

B naHHOM IuccepTalu NCCIEAYIOTCS SIBICHHUS, CBA3aHHbIE C PAaCIPOCTPAHCHUEM CBETA B
cpefax, OONAmaArOMMX Pa3IMYHBIMH  THIIAMH CHMMETPHYHONH HEOTHOPOIHOCTH.
HeoqHOpOOHOCT KOHKPETHOH Cpelbl O3Ha4yaeT, YTO MOKa3aTelb HPEIOMICHUS
HENOCTOSHEH W HMMEET OINPEIEICHHYI0 IMPOCTPAHCTBEHHYIO 3aBHCHMOCTb. boJbluei
9acTbI0, BHIMaHUE yJeIIeTCs IBYM TUIIaM HEOTHOPOIHBIX cpell. Bo-TiepBhIX, M3ydaroTcst
(GOTOHHBIC ~ KPUCTAUIBI, IMPEACTABIAIOIIME COOOH  ONTHYECKHE  CTPYKTYpHI C
MEPHOIMYECKUMI  HEOJHOPOIHOCTAMH. JIpyroif THm — 9TO Koraa IoKa3arelb
NPETIOMIICHUST SIBISCTCSL HenpepblBHON (yHKuueil koopauHaTbl. OCHOBHOE BHHMMAaHHE
yaensercss nmpoGHIAM ¢ pasIMYHBIME PACLHIMPCHHBIMH CHMMETPUSMH. B 4acTHOCTH,
N3yYaJInCh TPOOJIEMBI, CBSI3aHHBIE C PacIpPOCTPAHEHUEM CBeTa B NMPOQHie, Ha3bIBACMOM
«Pr10uii rma3z Makcsemta» (M/IA), a Taxoke mpobieMa H3IIydeHus B TOM JKe MpoduIe.

OCHOBHBIE Pe3yJIbTaThl AUCCEPTAIMHN NPEACTABICHBI HIDKE:

e  BryiBuraercs Teopus, OCHOBaHHAs Ha ypaBHEHMsIX MakcBeiuia, 0ObsICHSIOMAs
PE30HAHCHOE BpalleHHe MOJISIPU3alii B (JOTOHHOM KpHCTaJLIe.

e [lokazano, uro B mpoduine PI'M mapaMeTpsl TpaeKTOpHil CBETOBBIX Jydei
BBIPAKAIOTCS MHTETPAIaMU IBIKEHUS.

e  OmpeneneHsl (OTOHHBIE COCTOSHHS C MAaKCHMAJIbHBIM BpaIaTebHBIM
MOMEHTOM, KOTOpbleé MOKHO HCIOJb30BaTh I IOJYYEHUS ONTHYECKUX
PE30HATOPOB.

e  [lomy4yeHO MOAM(UIMPOBAHHOE BBHIPAKEHUE CIMH-3aBUCUMOTO npoduins PI'M,
KOTOpPOE€ BOCCTAHABIMBAECT BHYTPEHHHE CHMMETPHH CHCTEMBI M NPUBOAWT K
3aMKHYTOCTH TPAaeKTOPUH MOJIIPU30BAHHBIX CBETOBBIX JTy4deil.

e  HaiifeHbl TOYHBIC BBIPQKCHUSI MHTETPATOB ABIDKCHUS, a TAKXKE BBIPAKCHHS
TPaeKTOPHH ITOJISIPH30BAHHBIX CBETOBEIX JTyUeH.

e [lomyyeH yHUBEpCAJIBbHBIH MEXaHU3M, TO3BOJNSIOMUN O00OOIIUTE IFO0O0H
pedpakTHBHBII TPO(WIL C yI€TOM CIIHHA.

e [lIpencrapieHo BepakeHue npoduis JlloHeOypra ¢ yueToM CriuHa.

e [loka3aHO, 9TO CIIEKTp HM3ITyYCHUs 3apsHKCHHOHM YAaCTHIIBI, MPOXOIAIIEH depe3
cpeny ¢ mokasarenem npesnomiieHust PI'M, sBisieTcst TMCKPETHBIM.

e  [loka3aHO, YTO JJIMHA BOJHBI M3Iy9aeMOH BOJHBI NPOIOPIHOHATBHA PATHYCY
npodust PI'M u B HopMansHO# cpefie IMeeT XapakTep TUIOIBHOTO U3y IeHHS.
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AHAIOTHYHO YEPEHKOBCKOMY YCIIOBHUIO, MOJTYYCHO YCIOBHE AJIS M3ITyUCHUS B
npoduie MJIA.
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