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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. 
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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 arc called gradient 

index (GRIN) media. Different optical effects related to GRIN media arc 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 [I], including perfect rcncctor for all 

polarizations over a wide selectable spectrum [2, 5], optical I lall effect [3 J, 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 thut of the wavelength - rotation or 

polarization becomes much more noticeable. The problem ol polari1ation change is 

particularly important because of its applications in polari1t1tion controlling d1.:\ ices and 

when there is a need to manipulate the polarization of incidence light Iii XI . 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 Ma,xwell'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 [I 3), complementary media [I 4), 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 metamatcrials 

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 [I 3]. 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 or MFE can be tuned by external magnetic 

field , so the MFE would be promising device for spin waw focusing and wavefront 

manipulation (22]. Maxwell fi sh eye potential energy profile was also considered in 

graphene quantum dot. It was shown that all the electron trajectories arc 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 l lall 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 fi sh 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 reOection 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: 

• understand the polarization rotation mechanism in dilute photonic crystal 

• investigate light propagation in Maxwell fish eye refraction profile focusing on 

the closed ray trajectories 

• obtain the spin-induced deformation for an arbitrary refractive profile, which 

preserves the internal symmetries of the system 

• understand light generation mechanisms by investigating the radiation 

properties of MFE 
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Results submitted for defense 

• a new theory based on Maxwell equations has been proposed which explains the 

resonance polarization change in dilute photonic crystal 

• 

• 

• 

• 

• 

• 

• 
• 

parameters of ray trajectories in Maxwell fish eye have been expressed through 

the integrals of motion 
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 I !all effect in an 

extended symmetry profile has been predicted 

we have shown that polarization violates the additional symmetries of the 

medium so that ray trajectories no longer remain closed 

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 
explicit expressions for the polarization-dependent integrals of motion and the 

solutions of corresponding ray trajectories are presented 

generalized scheme has been proposed which allows to find the deformation of 

an arbitrary refraction index profile when spin is taken into account 

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

it is 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 ofMFE. 

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. 
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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 K) and two-sheet 

hyperboloid/pseudosphere (for negative K), 
n0 1 

n(r)=I 21·K= ±-2· 1 +Kr 4r0 

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. I), respectively. The reason for that is the existence of 

three additional conserved quantities - " translation generators". This profile is well-known 

L -> 0 L -> 0 

OQ 
K < 0 K>O 

Figure I. 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 gA8 = n 2 (r)<'iAa· Using the conserved 

quantities, we are able to find the explicit expressions for ray trajectories. Due to the 

so( 4)/so(3. l) 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 - Kr2)p + 2K(pr)r. Using these expressions, we are able to obtain explicit 
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expressions for the ray trajectories. In Fig. I are depicted the ray trajectories for different 

values of T, L and K. Dashed and red circles with radius 2r0 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 K < 0. The main 

results obtained in this chapter are the following: 

• the ray trajectories in Maxwell fish eye are closed and the expressions for ray 

trajectories are found directly from the integrals of motion 

• there exists a photon state with maximal angular momentum and it can be used 

as a possible means for creating optical resonators 

• a perturbation theory has been proposed which illustrates that when we take 

into account the spin the tr~jectories rotate by a fixed angle 

Chapter 4 

In this chapter we continue our study of a polarized I ight 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 

ns (r) = nMre(r) (i + 1 _ 4Ks 2X~_1_) 
Mfe 2 no nMre(r) ' 

where n~1fe(r) is the original Maxwell fish eye profile, ands 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 tr~jectories 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: 

J~rxp+s!!., 
p ( 

n 0 ) 2Ks T5 = 2 - - 5-(-) p + 2K(rp)r + s--c )/. 
nMfe r nMfe r 

It is seen, that spin induced term is proportional to the dimensionless parameter s 2 X~/rg 

where r 0 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 sX0 /r0 - 1. 

since we are working in the framework of geometrical optics approximation, Ao « r 0 . 
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s"' 0 

ro = 20 ro = 2 

Figure 2. Deformations of the ray trajectories. 

In Fig. 2 are illustrated the deformations of the ray trajectories for different values of r 0 

when n0 = 1.5, /c0 = 1. The black curves correspond to the basic trajectories where T = 
Tmin = s/r0 . The red (light gray) curves correspond to trajectories with intermediary 

value of"T. Dashed curves are the trajectories corresponding to the same value ofT but for 

circularly polarized light (s = I). The first figure (r0 = 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 (r0 = 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. 
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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 Bin terms of the 

vector potential we arrive at the following equation: \/2A + w: E(r)µ(r)A = -
4
n µj. The 

c c 

gauge condition for an inhomogeneous medium is given by: \/('ii· A)+ ~E(r)µ(r)'ilcp = 
c 

0, where is the scalar potential and is determined as 17¢ = E - ~A. The radiation potential 
c 

can be expressed through Green's function of the scalar Helmholtz equation: AzrCR) = 

-
4
; J drG(R, r)µ(r)jz(r). Green ' s function satisfies the equation: [v2 + 

w2 ] 2n P2 
2 n2(R) G(R, r) = fi(R -r), where n(r) = .jE(r)µ(r), where n(r) = ~. r < R1 c r +p 

and n(r) = 1 when r > R1. Green's problem is exactly solved and has singularities 

expressed by the parameter v, which has the following form 

-1 + fi+4n~k2 p2 

v= 
2 

When v = n + 1/2, -n - 3/2 (n E 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) = ~ fi(x)&(y)eikoz, where k 0 = 
v 

w/v. Assuming a small imaginary part for n 0 and correspondingly for v at the singular 

points the integral for vector potential is calculated analytically: 

4e isign(v)Ko(kop) P 

A1;2(R) = --z sinh(-rrlm[v1;2])JR2 + P2 

8iesign(v) n 
A3/2 lKJ = r c sinh( nlm[v

312
]) JR2 + p2 [(kop)Ko(kop) - K1 (k0 p)], R < Ri 
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In the absence of external sources, the isotropic solution when R > R1 is chosen in the form: 
eikR 

Av(R) = CR, R > R1 . We find the constant C from the boundary condition and arrive 

to following equation: C1; 2 (R1) = .4ie(ign(v) ) pK0 (k0 p)e-ikR 1 • Using the explicit 
c smh nlmv1; 2 

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

K2( J3 ) 
I (8) - 3e2 0 2ii7c . ze 
1/2 - . (31Tlrn[<J) sm , nc smh2 --•• 

where p = v/c. Since the modified Bessel function is exponentially small for large values 

of the argument, for the existence of radiation, the condition p > ~should be satisfied. 
2vE 

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 0 , 

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 ~ llR (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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<UlTUQU<I> U'b-<UlTUUhfi..fiJ-Q.3fiJ-'l/\,t;P 'l-bPC 
tlb'-lSPUlTU<l-'\.,PUU'-lU'l, ULPJ!'l,l:;f'p SUPUUlTU'l, 

Ju 'l,'l-fl. P'l, l:; r fiJ-lT 

u u iflmrnuI 

U2tuwmwu12mu DLumtluwu[lpt[b1 bu mwpwmbuu14 hwtlw~u1ili 

w[1hwtlwubnmJ0JlllUubpm[ odmt[wb tljl2wilwJpb[lmtl JlllJUj1 mwpwMwu hbtn 
lJWUJl[wb tuu11-]lpubp: lJ]l2wilu1jp]l wbhwtlwuhnlll)OJDLU[! u2wbu1411Lt1 t , np 1\jl2wt[WJ[l]l 
pbljtlwb gmgjl~l! hwumwmmu ~t Lt. m[1j1 npn2wlJ]l mwpwbwljwu l1wtuilwbmJOJ11LU : UJU 
wtnbuwJununLJClJWU tlb2 tlGJl h[1tlbw4wu llQWl}JlllLJOJllLU[! ljbbmpnbwgmb t bpljm 
mbumljjl muhmtlmubn t1]12milmJphp]l t[pm: 'GmJu mumtlbmu]lpilmtl bu :tJnmnumJllb 
pJmphTJuhp[!, npnu12 OUJtn]lljmljmu ljmnmgilwb]2bbp bu octmilwb UJmpµbpmljmu 
muhwtlwubnmiaJmUubpm[: UuhwtlmuhnlllJOJWU tlJllLU mbumlj[! UlJU t. hpµ tl]l 2milmJpjl 
pbljtlwu gmg]l~Q npn2wlJ[1 wu11Ui}hwm :tJmuljg]lu1 t ljnnpq]luwm]lg : <]ltlbwljmu 
ll QWl'][lllLJClJllLUQ mpilmtl t mwppbp QU'llWJUilmb hwtlw~wilimiaJmUbbp DLbhgnT] 
Ulf111:tJ[1tuhppb: lJmubwilnrwu1hu, mumtlumu]lrilmb bu «lim12uilhtl1 aljmu mw» (lJQU) 
ljn~iln'l UJrn:Pb1mu JllLJUP mmpu1Mwu Lt. UllLJU Uj[1n:tJl11mu 6wnmqmJUWb hbtn 
ljWUJilmb juuqppubp: fd-bljumbmwljwu WtnbuwtunUllLJClJW[l tlb2 UU1WQilW0 h]ltluUiljWU 
mprumb12hp[! hbtnlLJm1b bU' 

• Unm2 t 12w2ilht Um12uilhl'1 hmilmuwrmtlubpp ilrm hj1uu4mb mhumJOJmu, 
np[! pwgmmpmtl t :tJnmnuwJj1u pJmphT]mtl plLbnwgtlwu nbqnuwuumJ]lu 
lljU111LJU1[! : 

• UQU UJpn:tJ]l]llltl lllLJU]l 6mnwqWJJObhp]l hbmwqbbpj1 tqwpwtlbmphp[! 
wrmrnhwJmilht bu 2wpcttlmb pumhqrw1uhrti tl]12ngm[: 

• PwgwhwJmilh1 tr1 :tJnu111u]l WJliUJ]lu]l ilti6mljbbp, npnu12 octmilmb bu 
wnwilh1wq11LJU lljtntnwljwu tlntlbumnil lL npnb12 ljwpnTJ bb oqmwqnpbilh1 
otqm[lljwljwu nbqnbwmnpbbp ummuw1m hwtlwp : 

• Umwgilh1 t uUJJiujig ljwJuilwb UQU UJpn:tJ]11]1 ilinilinluilwb 
W[lUlullWJUlDLJOJDLb, 11[1(1 ilhrwlJwbqumtl t hwtlwljwpq]l ubp]2J1U 
hwtlw~wilinLJClJllLUubp[! Lt. hwuqbguDLU t plLbnwgilwb 1nLJu]16wnwqmJJ0Ubp]l 
iliwli hbmwqbbp]l: 

• c+muilh1 bu uUJJiuJ1g ljwJuilwb 2wpcttlwu J1umbqpw1uhp]1 , ]1u~u1bu [1wlL 
plLbnwgilwb tmJu]l 6umwqtuJJOUbpji hbmwqbbp]l 62qr]lm 
wpmw hw Jlll llLJClJlllU u bp[! : 

• Umwgilht t mu]lilbputut tlbJuwf1j1qtl. 11[1[1 JOllLJl t U1U1U1U qmuht gwbljwgwb 
nb.'.j>pwl1g]lnu UJrn.'.1>]11]1 (lU'l-hwupwgmtl[l mJb 11-h1q12mtl, bpp hu124J1 t 
wnut[mtl utajlu[! : 
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• 'Gb[l4WJW9ilht t lmubpm[lqp uurn:tJjlLJ1 W[ltnWhWJU111LJOJ11lU[! hw2ilti wnubtnil 
UUJPU[!: 

• 5DLJQ t tnpilbi, np lJQU pbljthuu gnLgj1~nil tljl2wilwJpn4 wug[rnq 
1P912wilnrilwb tlwuuj14jl 6wnwqWJJCltlwu UUJblJtnp[! 11-jluljpbtn t : 

• 511LJ9 t tnpilbJ, np 6wnwqWJJOt[n11 WJPRP bpljwp11LJOJ11LU[! DL11P11 
hwt\btlwmwljwu t lJQU UJpn:tJjl1J1 2wnwilqjlu lL uniln11wljwu Uj12wt[WJ[1Dltl 
muJ1 I}jllljll[WJjlU 6wnwqWJJOllwu pU11LJ)O: 

• UQU llj[ln:tJjl[mtl 6wnwqWJJ011ltl mubuwtm hwtlwp umwgilht t uwlt. 
QhrhulJnilti UJWJUwujlu hwtlwuuwu UJWJtlwu lJQU UJ[1n:tJtil'1 hwuwr: 

" 
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POJib CMMMETPWIHblX HEO,IOlOPO,[(HOCTEH B TIPOI>JIEMAX 
PACilPOCTP AHEHH.H 3JIEKTPOMAfHMTHbIX BOJIH 

PeJt0Me 

B )laJIHOtt )lHCCepTaUHH HCCJie)lyKlTCJI llBJleHHJl, CBJl3aHHbJe c pacnpoCTpaHeHHeM cBern B 

cpe;:i;ax, o6Jia)laKl!UHX pa3JIW!Hh!MH THnaMH CHMMeTpfflfHOtt HeO)lHOpO)lHOCTH. 

Heo,111-1opo,11HOCTh KOHKpeTHOH cpe,11h1 0311a<iaeT, 'l.TO noKa3aTeJih npenoMneHHll 

nenocTO»HeH H 11MeeT onpe,11enenny10 npocTpanc-rnennyKl 3aBHCHMOCTh. Eonh!llei:i 

•rncThKl, BHHMa1-111e y,11eJU1eTCJl )lBYM nmaM Heo;:i;Hopo)lHhIX cpe;:i;. Bo-nepBhlX, 113yLfa1-0TCJl 

¢oTOHHhie KpHCTanllhl, npe;:i;crnanmow11e co6ott onTw1ecKHe CTPYKTYPhl c 

nepHOAH'leCKHMH HeO)J;HOpO)lHOCTJIMH. )J,pyroti THfl - 3TO Kor;:i;a noKa3aTeJlh 

npenoMnemrn JlBJIJleTCll Henpepb!BHOH ¢yHKUHei1 KOOp)lHHaThl. OcHOBl!Oe BHHMam-ie 

y;:i;enlleTCll npocj:JHnllM c pa3JIH'IHhtMH paclllHpeHHhtMH CHMMeTpHllMH. B qacTHOCTH, 

1-13y4anJ1Ch npo6neMhJ, CBll3aHllhle c pacnpocTpanentteM csern B npo<jrnne, Ha3bJBaeMOM 

« Ph1611tl rna3 MaKcsenna» (M)J,A), a TaJOKe npo6neMa 113ny4e1-111» B 3TOM )l(e npoqrnne. 

OcHOBHhTe pe3y JibTaThI ;:i;11cceprnu1111 npe;:i;crnsneHhI ttIDKe: 

• BhI)lBHraeTCll Teopilll, ocHoBaHHa» na ypas1-1en11six MaKcsenna, o6bllCHllIOJUa» 

pe30HaHCHOe Bpaiuem1e JIO!lllpH3auHH B ¢oTOHHOM KpHCTaJIJIC. 

• DoKa3aHo, LfTO B npo¢1rne PfM napaMeTPhI TPaeKTop11tt cBeTOBhlX nyqej;j 

Bbipa)l(al-OTCll HHTerpanaMH )lBH)f(eHilll . 

• Onpe.ncneHhI cjioTOHHhie cocTOllHHll c MaKCHManhHhIM spaJJJaTeJihHhIM 

MOMeHTOM, KOTOpblC MO)l(HO 11cnOJib30BaTb )lJlll nony'leHHll onTH'-leCKHX 

pe30HaTopoB. 

• nonr1eHO MO)lHcj:JHUHpOBaJrnoe Bblpa)l(eHHe cnHH-3aBMCHMOfO npocj:JMJIJl PfM, 

KOTopoe BOCCTaHaBJlHBaeT BttyTpeHHHe CHMMeTpHH CMCTeMhl 11 npHBO)lHT K 

3aMKttyTOCTM TPaeKTopHtt nonsipM30BaHHblX CBCTOBhlX JIYLfCH. 

• Hati;:i;eHbl TO'!HbJe Bblpa)l(eHilll HHTerpanoB ABH)f(CHilll, a TaK)l(e Bblpa)l(eHHll 

TpaeKTOpHH llOJUlpH30BaHHhlX CBeTOBhlX JIY'ICH. 

• Ilorryt-Ien yHHBepcanhHhitt Mexan113M, rro3BOJUl]{JJJJHH o6o6wttTh mo6oi1 

pe¢paKTHBHh!H rrpo¢m1h c yt-IeTOM cnttHa. 

• Dpe)lCTaBneHO Bb!pa)l(eHHe npoqmn» nl-One6ypra c yt-IeTOM cnHHa. 

• DoKa3aHo, '!TO cneKTp u3rry1.1enm1 3apsi)l(eHHoi1 1.1acTHUhI, npoxo.nsiJJJei1 1.1cpe3 

cpe.ny c rroKa3aTeneM rrpenoMneHHll PfM, llBJrneTCll )lHCKpeTHhIM. 

• IloKa3aHO, 1.JTO AJIHHa BOJlHhl M3rryt.JaeMOH BOJIHhl nponoputtoHanhHa pa)lnycy 

npocj:JHJIJl PfM H B HOpMaJihHOH cpe.ne HMeeT xapaKTep )lHnOJibl!OfO H3JIY'leHHJl. 
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• Attanorn'IHO qepettKOBCKOMY ycnos11w, nony'letto ycnos11e )lJUI 113ny'lettilll B 

npoqrnne M)J.A. 
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