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1 English

Abstract

The course aims at giving the students the basics of modern photonics and
consider the basic practical tasks in this area. The course begins with a study
of the theory of metallic and dielectric waveguides and optical resonators. The
physical effects underlying the control of electromagnetic radiation are examined
in detail. We will study methods that allow us to analyze the capture of light
in resonators and its propagation in the simplest waveguide systems. Moreover,
the course presents the basics of the theory of photonic crystals, coupled modes
approach and scattering theory including Mie-task.

1.1 Detailed content and structure with sectioning
of lectures/seminars

Ne | Topic \ Lecture \ Seminar
Part I. Theory of waveguides

1 | Waveguide as a quantum well for photon. Geometrical

theory of waveguides. Parallel plate hollow waveguide

with metal claddings

2 | Parallel plate dielectric waveguide. Frequency cut-off.

Asymmetric waveguides

3 | Cylindrical waveguides and optical fibers

4 | Goos-Hanchen shift. Losses in waveguides. Propagation

length

Part II. Theory of optical resonators
5 | S-matrix and its properties. Reciprocity

6 | Fabry-Perot resonator. Eigenmodes. Quasi-normal
modes. Quality factor and finesse. Resonant transmis-
sion. Impedance matching and absorption

7 | Whispering gallery mode resonators

Part III. Photonic Crystals

8 | Bragg reflector. T-matrix

9 | Band structure of 1D, 2D and 3D photonic crystals. Pho-
tonic band gap and quarter-wave condition

10 | Width of photonic gap. Weak contrast approximation.
Coupled mode theory

11 | Effective medium approximation for multilayer struc-
tures. Hyperbolic metamaterials

12 | Photonic crystal cavity

Part IV. Coupled mode theory

13 | Reciprocity theorem. Orthogonality of waveguide modes
14 | Coupling between two parallel waveguides. Power ex-
change. Eigenmodes




Ne

Topic \ Lecture \ Seminar
Part V. Scattering theory

13 | Lippmann-Schwinger equation. Dyadic Green’s func-

tion. Optical cross sections. Scattering in the dipole ap-

proximation

14 | Vector spherical harmonics. Mie theory. Multipole ex-

pansion. Kerker effect

15 | Optical theorem

1.2 Recommended resources

1. L. D. Landau, et al. Electrodynamics of continuous media. Vol. 8. Elsevier (2013).
[ENG]

2. L. D. Landau, and E.M. Lifshitz. The classical theory of fields. (1971). [RUS]

3. L. Novotny and B. Hecht. Principles of nano-optics. Cambridge university press
(2012). [ENG]

4. M. Born and E. Wolf. Principles of optics: electromagnetic theory of propaga-
tion,interference and diffraction of light. Elsevier (2013).[ENG]

5. J. D. Joannopoulos, et al. Photonic crystals: molding the flow of light. Princeton
university press (2011). [ENG]

6. K. Sakoda. Optical properties of photonic crystals. Vol. 80. Springer Science &
Business Media (2004). [ENG]

7. A. W. Snyder and J. Love. Optical waveguide theory. Springer Science Business
Media (2012) [ENG]

8. M.J. Adams. An introduction to optical waveguides. Vol. 14. New York: Wiley,
1981. [ENG]

9. M. L. Gorodetsky, Optical Microresonators with Giant Quality factor. Fizmatlit,
Moscow (2011). [RUS|

10. J. D. Jackson, John D. Classical Electrodynamics (3rd ed.). New York: John
Wiley & Sons (1999). [ENG]

11. Bohren C. F., Huffman D. R. Absorption and scattering of light by small particles.
John Wiley Sons, 2008. [ENG]

12. «Matthew Schwartz - Lecture 19: Diffraction and resolution» [ENG]

13. http://www.gmrt.ncra.tifr.res.in/ joardar /lecHtmlPages/lectures/03-Polarimetry.pdf
[ENG]

14. «®Duzuka. Teopernaecknit Murnmym» Online course [RUS|

15. «Onrukas Online course |[RUS]


https://scholar.harvard.edu/files/schwartz/files/lecture19-diffraction.pdf
https://stepik.org/course/155/syllabus
https://lectoriy.mipt.ru/course/Physics-Optics-09L

1.3 Assignments

e There is a block of home problems, which aim to help student in mastering the
course (30-40 problems of various levels).

e During seminar classes the students are supposed to solve problems in class.

1.3.1 Tasks examples: Home Task 1

Submission deadline: 16.09

Correction submission deadline: 26.09

Threshold number of points allowing to make corrections is 2

The minimal number of points for successful passing the home task is 7

Figure 1: Metal-cladding parallel plate waveguide.

Metal cladding
/

Total internal
reflection

Metal cladding

1. Find the dispersion equation of TM-polarized odd and even modes (1 points).
2. Plot the dispersion of TE and TM modes (1 points).
3. What are the differences between fundamental TE and TM modes (2 points)?

4. Plot distribution of different field components in xz-plane for TE and TM modes
in the vicinity of cut-off frequency and far from it (4 points).

5. Plot electric and magnetic lines for TE and TM modes in zz-plane (4 points).

6. The geometrical theory of waveguides states that the waveguide mode repre-
sents the plane wave propagating inside the waveguide core reflecting from its
claddings. According to the rigours electromagnetic theory the mode is deter-
mined by the mode number n, polarization, frequency w , and wavenumber k..
Find the relation between n, w, k, and angle 6 (see Fig. 1). Analyze this depen-
dence (3 points).



1.3.2 Colloquium questions on Midterm attestation

1.

10.

The fundamental theorems of vector calculus. Vector differential operators in
curvilinear orthogonal coordinates.

. Maxwell’s equation in vacuum and in the media. Boundary conditions at plane

interface.

Complex amplitudes of electric and magnetic fields.

. Pointing vector and density of electromagnetic energy.

. Electromagnetic waves. Wave equation. Dispersion equation in homogeneous di-

electric media.

. Polarization of electromagnetic waves. Stokes parameters. Polarization ellipse.

Poincare sphere.

. Fresnel equations. TE- and TM-polarization. Brewster angle.
. Dipole radiation.

. Diffraction grating. Bloch theorem.

Waves in anisotropic media. Ordinary and extraordinary waves. Birefringence.
Half- and quarter-wave plates.

1.3.3 Exam questions

Theory of waveguides

1.

2.

Waveguide as a quantum well for photon.

Geometrical theory of waveguides.

. Derivation of the dispersion equation (from Maxwell’s equations) for eigenmodes

of symmetric parallel plate hollow waveguide with metal claddings.

. Mode structure of parallel plate hollow waveguide with metal claddings.

. Derivation of the dispersion equation (from Maxwell’s equations) for eigenmodes

of parallel plate dielectric waveguide.

. Dispersion of eigenmodes structure of parallel plate dielectric waveguide. Graph-

ical solution of the dispersion equation.

. Phase and group velocity.

. Field distribution in waveguide core and cladding layers of a dielectric slab waveg-

uide.

. Frequency cutoff and leaky modes.



10.

11.
12.
13.
14.
15.
16.
17.

Derivation of the dispersion equation (from Fresnel equation) for asymmetric
parallel slab dielectric waveguide.

Circular hollow metal waveguides: dispersion and frequency cut-off.
Circular hollow metal waveguides: mode classification and profiles.
Circular dielectric waveguides: dispersion equation and mode classification.
Low contrast circular dielectric waveguides (optical fibers).

Goos-Hanchen shift.

Effective thickness of waveguide.

Losses in waveguides. Propagation length. Classification of real waveguides.

Theory of optical resonators

10.
11.
12.
13.
14.
15.

16.
17.
18.

. Classification of optical resonators and their application.

Quality factor (definition, characteristic values for optical resonators).
Scattering matrix of two port network. Definition and main properties.
S-matrix for dissipation free systems.

S-matrix for reciprocal systems. Lorentz reciprocity theorem.

S-matrix for systems with time reversal symmetry.

S-matrix of free space.

S-matrix of the interface separating two transparent media.

S-matrix of semi-transparent mirror.

S-matrix of Fabry-Perot resonator.

Transmission spectrum of Fabry-Perot resonator.

Main characteristics of Fabry-Perot resonator.

Resonant transmission and electron tunneling.

Fabry-Perot resonator with losses. The condition of perfect absorption.

Equation on resonant frequencies of whispering gallery modes in dielectric cylin-

der.
Field distribution of whispering gallery modes in dielectric cylinder.
Radiation losses of whispering gallery modes in dielectric cylinder.

Radiation losses as photon tunnelling.

7



Photonic crystals

1. Photonic crystals (definition, main properties, examples).
2. T-matrix for multilayer structure (TE and TM polarizations).

3. Derivation of the dispersion equation for 1D photonic crystal with unit cell con-
sisting of two isotropic layers.

4. Band structure of 1D photonic crystal with unit cell consisting of two isotropic
layers. Photonic band gap.

5. Photonic band gap. Quarter-wave condition.

6. Reflection from 1D photonic crystal with unit cell consisting of two isotropic
layers.

7. Width of photonic gap (weak contrast approximation).
8. Width of photonic gap (coupled mode theory).
9. Effective medium approximation for multilayer structures. Spatial dispersion.

10. Hyperbolic metamaterials. Definition and main properties.
Coupled mode theory

1. Reciprocity theorem (conjugated form).

2. Reciprocity theorem (non-conjugated form).

3. Orthogonality of waveguide modes.

4. Coupled mode equation and coupling coefficients.
5. Coupling constant between two parallel waveguide.
6. Eigenmodes of coupled parallel waveguides.

7. Power exchange between two coupled parallel waveguides.
Scattering theory

1. Lippmann-Schwinger equation. Dyadic Green’s function.

2. Scattering cross section. Absorption cross section. Extinction cross section. Def-
inition, geometrical meaning, physical meaning.

3. Scattering amplitude and differential cross section.
4. Scattering and extinction cross sections in the dipole approximation.

5. Vector harmonics. Definition and main properties.



10.
11.
12.

14

Scalar and vector spherical harmonics.

. Plane wave expansion in terms of spherical harmonics.

. Mie coefficients. Magnetic and electric resonances of a dielectric sphere.

Scattering regimes: geometric optics, Mie theory, and Rayleigh scattering.
Quasi-static limit. Radiation correction.
Kerker effect.

Optical theorem.

Grading policy

1.4.1 Home tasks

After each lecture you get a home task (see example 2.3.1).

Each home task has a minimal number of points you need to get to pass the home
task successfully.

The solved home task should be sent to the lecturer assistant by the deadline.

Each home task has a deadline. If you didn’t send your home tasks to the lecturer
assistant by the deadline without reasonable excuse, the home task is accounted
as failed.

Each home task has a correction deadline. If you don’t get enough points you
can send the corrections to the lecturer assistant by the correction deadline set
for each home task.

Corrections can be sent to the lecturer assistant only if you get the minimal
number of points mentioned in each home task.

1.4.2 Midterm attestation

Midterm attestation consists of discussion with lecturer or lecturer assistant and
answering the questions of the question list (see 2.3.2).

Each student has two attempts to pass the midterm attestation.

There are additional lectures and materials on preparation for the midterm exam.

1.4.3 Admission to final exam

In order to admitted to the final exam you should have 70% of successfully passed
home tasks.



1.4.4 Final exam

The final grade is completely determined by the final exam. The final exam consists
of answering two questions of the question list (see 2.3.3) and discussion with lecturer
or lecturer assistant.

10
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https://physics.ifmo.ru/ru/study/nanofotonika-i-metamaterialy
https://physics.ifmo.ru/ru/study/kvantovye-materialy
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2 Pycckunii

AnHoTanus

Kypc nanpasiien na T0, 9TOOBI AT CTYAEHTAM a3bl COBPEMEHHON (DOTOHUKU U
PacCMOTPETh OCHOBHBIE IIPAKTUYECKUE 33849 13 3Toi obsactu. Kypc HaunnaeTcst
C U3y4dYCHUA TEOPUU METAJIJIMIECKUX U JIUIJICKTPUICCKNX BOJIHOBOJIOB U OIITUICCKUX
pesoraTopos. [loapobro paccMorpensl pusndeckne 3pGHEKTHI, JIeKAIIe B OCHOBE
VIPABJICHUS 3JIEKTPOMATHUTHBIM U3JTy YeHrneM. Mbl 13y IuM MeTO/Ibl, II03BOJISTIOIINE
aHAJIM3UPOBATH 3aXBAT CBETA B PE30HATOPAX U €I'0 PACIIPOCTPAHEHNE B IPOCTENIITIX
BOJTHOBOJIHBIX crucTeMax. Kpome Toro, B Kypce paccKa3bIBAIOTCs OCHOBBI TEOPUU
dOTOHHBIX KPUCTAJIJIOB, TEOPUU CBA3AHHBIX MOJ, M TEOPUU PACCESHUs, BKIIIOYAs
3astaqy Mu.

2.1 lerasbHOe onucaHue Kypca ¢ pa3dbueHueM 1o JIEKIUusM /
ceMuHapaM

Ne

Tema

Jlekrms ‘ IIpakTuka

YHacts . Teopus BosiHoBOI0B
1 | BosmoBom Kak  KBaHTOBast —siMa  Juid  (pOTOHA.
l'eomerpuaeckast Teopust BOJIHOBOJIOB.
[LnockomapaJiienbHbIi IIOJIBII BOJIHOBO/], c

MeTaJIMIeCKAMI OOKJIaTKAMU

2 | Ilyiockomapa/iie/TbHbIil  JIM3JIEKTPUYECKUIT  BOJTHOBO/I.
Yacrora orcuekn. ACUMMETPUIHBIN BOJTHOBO/T

3 | Hnnunapuieckue BOJTHOBOJBI U OIITUYIECKOE BOJIOKHO
4 | Cuur I'yca-Xenxena. [lorepu B BOHOBOjAx. [lnmmna
pacIpocTpaHeHus

Yactp [I. Teopusa ontudeckux pe3oHATapPOB
5 | S-matpuna u eé cpoiictBa. BanmHocThb
6 | Pezonarop  ®abpu-Ilepo. CobCcTBEHHBIE — MOJIBI.
Ksasunopmasibibie Mojbl. JIOOPOTHOCTH U PE3KOCTb.
Pezonancnoe nporyckanue. CorjiacoBanue UMIIEIaHCOB

U TIOTJIOTIICHHE
7 | Pe3onaropsl Ha MOax IMIENYyIeil rajepun

Yactse III. PoToHHBIE KPUCTAIITBI
8 | Bparrosckuii orpaxkaresnb. T-maTpura

9 | BoHHast CTpyKTypa OJHO-, JIBYy- # TPEXMEPHBIX
POTOHHBIX KPUCTAJIOB. 3alperiéHHas 30Ha U yCJIOBHE
A4

10 | [upuna s3anpemiénnoit 3oubl. [Ipubanxkenne ciraboro
KoHTpacTa. Teopusi CBI3aHHBIX MO,

11 | ITpubnmxkenue s berTuBHOI cpeJibl JLIS
MHOT'OCJIONHBIX CTPYKTYD. [Munepbosinaeckue
MeTaMaTepHuaJIbl

12 | TTosiocth B bOTOHHOM KpuCTAJLIE

12



Ne | Tema

Jlexus ‘ [IpakTuka

Yacte IV. Teopus cBA3aHHBIX MO,

13 | Teopema B3ammuocTu. OpPTOroOHAJILHOCTD BOJTHOBOIHBIX
MOJT,

14 | Cps13b MeKy JABYMs HapaJjiiebHBIMUA BOJIHOBOIAMHU.
O6men sueprueit. CobCTBEHHBIE MOIBI

Yacte V. Teopus paccesauns

13 | Ypasuenne Jlunmmana-IlIsunrepa. Inagnas dyHKIms
['puna. Onrudeckue cedenusi. PaccessHue B JUITOIBHOM
IPUOJIMKEHNN

14 | Bekropuble cdepuieckue rapmonuku. Teopuss Mu.
Mynbrunonbaoe pasioxenne. ddderr Kepkepa

15 | Onruveckasi Teopema

2.2
1

10.

11.

12.

PekomenmoBanHaga JuTeparypa

L. D. Landau, et al. Electrodynamics of continuous media. Vol. 8. Elsevier (2013).
[ENG]

. L. D. Landau, and E.M. Lifshitz. The classical theory of fields. (1971). [RUS|

. L. Novotny and B. Hecht. Principles of nano-optics. Cambridge university press

(2012). [ENG]

. M. Born and E. Wolf. Principles of optics: electromagnetic theory of propaga-

tion,interference and diffraction of light. Elsevier (2013).[ENG]

J. D. Joannopoulos, et al. Photonic crystals: molding the flow of light. Princeton
university press (2011). [ENG]

. K. Sakoda. Optical properties of photonic crystals. Vol. 80. Springer Science &

Business Media (2004). [ENG]

. A. W. Snyder and J. Love. Optical waveguide theory. Springer Science Business

Media (2012) [ENG]

. M.J. Adams. An introduction to optical waveguides. Vol. 14. New York: Wiley,

1981. [ENG]

. M. L. Gorodetsky, Optical Microresonators with Giant Quality factor (Fizmatlit,

Moscow, 2011). [RUS|

J. D. Jackson, John D. Classical Electrodynamics (3rd ed.). New York: John
Wiley & Sons (1999). [ENG]|

Bohren C. F., Huffman D. R. Absorption and scattering of light by small particles.
John Wiley Sons, 2008. [ENG]

«Matthew Schwartz - Lecture 19: Diffraction and resolution» [ENG]
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https://scholar.harvard.edu/files/schwartz/files/lecture19-diffraction.pdf

13. http://www.gmrt.ncra.tifr.res.in/ joardar /lecHtmlPages/lectures/03-Polarimetry.pdf
[ENG]

14. «®usnuka. Teopernueckuit munmmym» Online course [RUS]

15. «Onruka» Online course [RUS|

2.3 3anaHus

e B Kypce NpepLyCMOTPEHBI JIOMAITHUE 3aJ[@HWd, KOTOpble IOMOI'YT CTYJEHTY B
ocoernn Kypca (30-40 3a7a4 pasHOro ypoBHH).

e B Teuenue CEMHMHAPCKUX 3aHATUANA CTYJEHTDBI PeIIaloT 3aJa491 B KJlacce.

2.3.1 IIpumep: [domarmnee 3amanue 1

Cpok cuaun: 16.09.

Cpok ciaun uctpasieruii: 26.09.

[ToporoBoe Ko/m4decTBO OAJIIOB, TO3BOJIAIONIEE BHOCUTD UCIPABJICHUA: 2.
[Toporosoe KoJymmvaecTBO 6AJIJIOB JIJIsl YCIEITHOM c/iavu 3aaHusd: 7.

Figure 2: [lnockonapaienbHbIil MeTAIINYEeCKAN BOJTHOBOI.

Metal cladding
/

Total internal
reflection

Metal cladding

1. Haiture nucniepcronnoe ypapaenue TM-1o/iapru30BaHHBIX HEUYETHBIX M YETHBIX
Moz (1 6as).

2. IMocrpoiite pucnepcuonnbie kKpusbie TE u TM Moz (1 6ammr).
3. Yewm ormmuatorcs dbyngamentansiasie TE u TM mozpr (2 6asmia)?

4. IlocTpoiiTe pacipeeseHne pa3IMIHbIX KOMIIOHEHT MOJs B IJIOCKOCTH x2 njid TE
u TM wmoj B6JIMBH 9acTOTHI OTCEYKU U Biau oT Heé. (4 Gasia).

5. IlocTpoiiTe 3ekTpuvecKkue u MaraiuTHble cuioBble Juaun a1 TE u TM mom B
wiockocTu zz. (4 6asuia).

14


https://stepik.org/course/155/syllabus
https://lectoriy.mipt.ru/course/Physics-Optics-09L

6.

[eomeTpudeckas Teopust BOJTHOBOJIOB YTBEPKIAET, YTO BOJTHOBOIHAS MOJIA ITPEICTABIISIET
co0OMt IIJIOCKYIO BOJIHY, PACIPOCTPAHSIONLYIOCS BHYTPU CEPAIIEBUHBI BOJTHOBO, 1
OTPaXKAOIILYIOCT OT ero 06o101ueK. CoracHo CTPOroit 3JIeKTPOMATHUTHON TEOPUN

MOJIa olpeJieideTcs e€ HOMEpOM n, IoJidpu3alueil, 9acTOTOil w M BOJIHOBBIM
quciaom k.. Haiiaure coorHormenne mexiay n, w, k, u yriaom 6 (cm. Puc. 2).
[TpoanajmsupyiiTe MOJIyIeHHYIO 3aBUCUMOCTE (3 Gasiia).

2.3.2 KoiokBuyM BO BpeMsl IIPOME>KYTOUYHOI aTTecTaluu

1.

10.

OcHoBHBIE TeopeMbl BeKTOpHOro anajusa. luddepeniuanibabie onepaTtopbl B
KPUBOJIMHEHHBIX CHCTEMAaX KOOD/IMHAT.

. YpaBuenus Makcse/uta B cpejie U B BaKyyMme. |'paHuvdHbIe yCJIOBUA.

Kowmrtekcabie aMITATYIBI 3JIEKTPUIECKOT0 U MArHUTHOTO TIOJIEH.
Bekrop IlofinTuHra u MI0THOCTD 9JIEKTPOMAIHUTHON SHEPIUH.

DJIEKTPOMarHUTHBIE BOJIHBI. Bo/THOBOE ypaBHeHMe. Y paBHEHNE JUCIIEPCUN B OTHOPO/IHO
JINSJIEKTPUYECKON CpeJie.

[Honsgpuzarus smekrpomarauTHbix BotH. [Tlapamerpsr Crokca. DJLIUIIC TOIIPU3aIii.
Cdepa Ilyankape.

@opmysibl Ppeneisa. Yroa Bprocrepa.

. ﬂHHOJII)HOG nsJjrydeHnue.

. undpaknuonnas pemérka. Teopema Biioxa.

Pacmpocrpanenue s/1eKTpOMarHiTHBIX BOJIH B aHU30TPOITHOMN cpeje. OObIKHOBEHHA
1 HeoOBIKHOBEHHAas BOJIHBI. JIByrydenpeomienue. [losryBoiHOBBIE 1 1€ TBEPTHBOJTHOBBIE
IIJTACTAHKM.

2.3.3 Bomnpocsl K 3K3aMeHy

Teopusi BOJTHOBOI0B

BostHOBOI Kak KBaHTOBas siMa, Jijist (DOTOHA.
['eomeTpudeckass Teopus BOJTHOBOJIOB.

BriBoj1 /uciepciorHOr0 ypaBHerust (u3 ypasHernii Makcsesia) /it COOCTBEHHBIX
MO/T CHMMETPUIHOTO IIOCKOTIAPAJIIETHHOTO TTOJIOTO BOJTHOBO/IA ¢ METAITNIECKITMUI
O0OKJTaIKAMIU.

Cobcreennble MO/bI CUMMETPHUYIHOI'O IIJIOCKOIIapaJIJICJIbHOI'O IIOJIOI'O BOJTHOBOAa C
MeTaJIJINYeCKUMM O6KJI&,ILK&MI/I.

BoiBot jiuctiepcnonHoro ypasHenus (u3 ypasuenuii Makcpesiia) Jjist COGCTBEHHBIX
MO/, TITTIOCKOITAPAJIETBHOTO TIOJIOTO BOJTHOBOJIA ¢ METAJIMIECKAMI OOKJIaIKAMH.

15



10.

11.
12.

13.

14.

15.
16.
17.

. ZLHCHepCHﬂ CcOOCTBEHHBIX MO/ IIJIOCKOITIapaJIJIEJIbHOI'O JIUSJIEKTPUYIECKOT'O BOJIHOBO/IA.

['pacudeckoe perenne IUCIIEPCUOHHOTO YPABHEHUS.
da3zoBast U rpyImoBas CKOPOCTH.

Pacnipeenenne mosist B cep/ilieBUHE BOJIHOBO/IA U OOKJIQJIKAX JIMIJIEKTPUIECKOIO
IJIOCKOTIAPAJIJIETbHOT'O BOJTHOBOJIA.

YHacrora oTcedkn u yTeKarmue MOJIbI.

BriBoj1 suciepcronHoro ypasaenust (u3 ypasaernst Openeis) j1jis aCHMMETPUIHOTO
IJIOCKOIAPAJIJICIBHOIO AUJICKTPUYICCKOI'0 BOJTHOBOA.

L[I/IIH/IH,ZLpI/I‘IGCKI/Ie IIOJIbIE ME€TaJIJINIECKHUE BOJTHOBOADbI: JUCIIEPCUA U HaCTOTa OTCEIKU.

HI/IJII/IHLLpI/I‘{eCKI/Ie II0JIbIC MeTaJIJIn4YeCKHre BOJTHOBO/IDI: KﬂaCCI/ICbI/IKaJ_[I/IH MO/ 1 pacIIipe-
JeJIeHne II0JIEei.

L[I/IJH/IH,Z[pI/I‘IeCKI/Ie JAUIJIEKTPpUYIECKHE BOJIHOBOZAbBI: JUCIIEDCHUOHHOE YypPpaBHCHUHE U
KJIacCU(PUKAIIAT MO/I.

s aprIecKue JU9JIeK TPUIECKIe BOJTHOBOJIBI CO CJIa0BIM KOHTPACTOM (OIITHYECKHe
BOJIOKHA).

Cnsur I'yca-Xemnxena.
DddekTrBHAS TOMIIITHA BOJTHOBOJIA.

[Torepu B BoJIHOBOsAaX. [ljmuHa pacupocrpanenus. Kiraccudukaimsa peasibHBIX
BOJIHOBOJIOB.

TeOpI/IH OIITUNYIEeCKHUX pe30oHaTopoB

10.
11.

KﬂaCCI/I(bI/IKaHI/IH OIITUYECKUX PE30HaTOPOB N UX IIPpUMEHEHUC.

. dob6porHocTh (0mpe/ienienre, XapaKTepHbIe 3HAUEHUST JJ1sT ONTHIECKUX Pe30HATOPOB).

Marpuiia paccessHus AByXKaHaJIbHOMI crucreMmbl. OlpeiesieHue 1 OCHOBHBIE CBOICTBA.
S-Marpuia, i cucrTeM 6€3 JIMCCUIATUBHBIX II0TEPD.

S-marpuiia i B3auMHBIX cucteM. Teopema B3ammuocTH JIopeHIa.

S-marpuiia i CUCTEM C CUMMETPHeil 110 OTHOIIEHUIO K OOPAIEHUIO BPEMEHH.
S-MaTpuIia CBOOOIHOTO TPOCTPAHCTRA.

S-MaTpuIia IMI0CKOH IpaHUIbl, pa3AessIoNnieil 1Be INIIeKTPUIeCKAe CPEeIb.
S-MaTpuIia MoIyIPO3PATHOTO 3epKaJIa.

S-matpura pesonaropa Padpu-Ilepo.

Crekp nponyckanust pesornaropa Padpu-Ilepo.
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12. OcHoBHBIE XapakeTupUCTUKH pe3oHaTopa Padbpu-Ilepo.
13. Pesonanchoe mporryckaHue u TYHHEJTUPOBAHUE SJIEKTPOHOB.
14. Pezonarop ®abpu-Ilepo ¢ norepsamu. YcjioBue njieaabHOTO MOTJIONIEHUS.

15. YpaBHeHune pe3oHAHCHBIX YACTOT MOJI IIEMIYyIell rajepen B JIUIJEKTPUIECKOM
UJTAH/IPE.

16. Pacmpesnenenue moJieit MO MISMTIYINEH TaJieper B JIMIJICKTPUICCKOM ITUJIMHJIPE.
17. Pajmamuonnblie moTepu MOJI IIEMYYINENd rajleperd B JIMJIEKTPUIECKOM ITUJINHJIPE.

18. Pajmmaruonnbie morepu Kak TyHHEIUPOBaHUE (POTOHOB.
DoToHHBbIE KPUCTAJLIIBI

1. ®oronHbIE KpUCTAUIBI (OIpeJieIeHne, OCHOBHBIE CBONCTBA, MIPUMEDHI ).
2. T-marpuna st muorocsoitaoit crpykrypbl (TE- u TM-nonstpusarun).

3. BwiBoj1 JMCIIepCHOHHOTO YpaBHEHUS JIJI OJIHOMEPHOrO (POTOHHOT'O KPHUCTAJLIA C
3JIEMEHTAPHON AYEUKOM, COCTOANIEH U3 JIBYX U30TPOIHBIX CJIOEB.

4. 3oHHAZ CTPYKTYPa OJHOMEPHOIO (POTOHHOTO KPUCTAJLIA C 9JIEMEHTAPHOMN TIeHKOI,
COCTOMAIIEN U3 JIBYX M30TPOIHBIX CJI0EB. 3allPEeIEHHAas 30HA.

5. Banpeniénuas 30Ha. Yciaosue /4.

6. OrpakeHre OT OJHOMEPHOTO (DOTOHHOTO KPUCTAJIA C JTEMEHTAPHON SIeHKOi,
COCTOMIIICH U3 ABYX U30TPOIHBIX CJIOEB.

7. Iupuna 3anpenéHHoii 30ubl. (Ipub/inKenne cjaboro KOHTPacTa,).
8. Hlupuna 3anperéHnoil 30Hbl. (TeOpHsl CBA3AHHBIX MOJ).

9. Ilpubmmxkenue 3bHeKTUBHOIN CPeIbl JIJIT MHOTOCJIONHBIX cTPYKTYp. [IpocTpancreennast
JTUCTICPCHS.

10. T'untepbosinueckue meramarepuasinl. OnpejeseHne u OCHOBHbIE CBOCTBA.
Teopusi cBsI3aHHBIX MO/,

1. Teopema BzaumuocTH (conpszkéHuasi popma).

2. Teopema B3anmuOCTH (HecompsizkéHHas opma).

3. OpToroHajbHOCTH BOJTHOBOIHBIX MO/I.

4. YpaBHeHUE CBA3AHHBIX MO M KOIMDPUIINEHTHI CBA3H.

5. Koncranra cBs3u MeXJLy JBYMs HAaPaJICTbHBIMUA BOJTHOBOJIAMI.

6. CobcTBeHHbIe MO/IbI CBA3aHHBIX ITapaJlJIeJIbHBIX BOJIHOBOJIOB.
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7.

Obmen 3HepI‘I/IeI71 MeEKAY ABYM: CBA3aHHBIMU ITapaJlJICJIbHBIMU BOJIHOBO/JIaMHA.

Teopusi paccessHus

10.
11.
12.

2.4

. Ypasuenue JIunnvana-IlIsunarepa. duagnas dpynkmusa ['puna.

Ceuenne paccessnust. Ceuenne noromenns. Cedenne skcruaknun. Onpegenenne,
reoMeTPUIECKUl CMBIC, PUINIECKUI CMBICII.

Amiuturyna paccesinus n auddepeHnuaibHoe cedeHune.
Cevenus paccessHUS U SKCTUHKIIMH B JIUTIOJLHOM IIPUOJINYKCHIH.
Bekropubie rapmonuku. OrtpejiesieHne 1 OCHOBHBIE CBONCTBA.
CxaJisipHble U BEKTOPHBIE cepruiecKne rapMOHUKH.
Pazroxkenne miockoit BOJIHBI IO chePUIECKIM TapMOHUKAM.

Kosddurmentsr Mu. Marautabie n 3/1IeKTPUIECKUE PE3OHAHCHI THIJIEKTPUICCKON
cepsl.

Pexxumbl paccesinust: reoMeTpudeckas ONTHKA, Teoprust Mu 1 paJjieeBCKoe paccesiHue.
Ksazucraruieckoe npub/imkenune. PajnanmonHas momnpaBka.

Db dexr Keprepa.

Onrudeckas Teopema.

OneHKa ycrieBaeMOCTH II0 KypCy

2.4.1 lomaliHue 3adaHUs

[Tocste KaxK 101 JIEKIIUY CTYAEHT HOJIyYaeT JoMariHee 3aanue (cM. mpumep 2.3.1).

Kazknoe nomarnee 3ajanne nveeT MIHIMAIbHOE KOJINYECTBO 0AJJIOB, HEOOXOIIMOE
JUI4 €ro yCIIeNIHOH c/1aqu.

Peménnoe jpomarrtee 3ajanme OTIPABIIETCS aCCUCTEHTY JIEKTOPA JI0 Jie/iIaiiHa.

VY KaxKJIOro JIOMAIHero 3aJaHust eCcTh Jiejiaiin (Kpaitauii cpok cuaqm). Ecim
CTYIEHT He OTIPaBUJI JOMAIIHee 3a/[aHue aCCUCTEHTY JIEKTopa 0 Jie/iaiina 6e3
YBaXKUTEJIbHON TPUYUHBI, JOMAaITHEee 3aJaHie CIUTAETCsl HEBBITIOJTHEHHDBIM.

YV KaxKJI0ro JOMAIITHEro 3a/JaHusl eCTh Je/JIaifH ucipapienuii. Ecim cryneHT He
HabpaJji JIOCTATOYHOE KOJUYeCTBO OajljIoB, TO OH MOXKET cjesjaThb paboTy HaJl
OmMMOKaAMHU U OTIIPABUTH €€ aCCUCTEHTY JIeKTopa JI0 dedaatinag ucnpasserut. OH
YCTAHOBJIEH JIJIsT KarKJI0TO JOMAIITHEr0 33 aHM.

Wcnpapienust MOTYT OBITH OTIIPaBJIEHBI ACCHCTEHTY JIEKTOPA TOJIBKO B TOM CJIyUae,
€CJIU CTYJEHT HaDEepET MUHUMAJIbHOE KOJIMYECTBO 0OAJLIOB, YKa3aHHOE B KarKJIOM
JIOMAIITHEM 3a/IaHUN.
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2.4.2 IlpomerkyTodyHasi aTTeCcTAIINA

[ ] HpOl\Ie}I(yTO‘{HaH aTTecTalud COCTOUT M3 OTBETOB Ha BOIIPOCHI M3 CIIMCKa (CM.
2.3.2) u GeceIbl € JIEKTOPOM I ACCUCTEHTOM.

e VYV KaxKJIOrO CTYJEHTA €CThb JIBE MOIBITKHU ITPOUTHU TTPOMEKYTOUHYIO ATTECTAINIO.

® Hpe,ZLyCMOTpeHbI JOIIOJIHUTEJIbHBIE JICKIIUW U METOJIUYIECCKUE MaTepuaJibl JJIf IO
T'OTOBKH K HpOIVIe}KyTOLIHOIU/I aTTecTrann.

2.4.3 Homyck K K3aMeHY

Jlist mormycka K 9K3aMeHy HeoOXOIMMO YCIIEITHO ¢aaTh 6ostee 70% moManimux 3a,1aHuii.

2.4.4 SDK3aMeH

Nrorosas orenka 1mo Kypcy MOJTHOCTBIO OTIPEJIeIAeTCs SK3aMEHOM, KOTOPBI COCTOUT
U3 OTBETa Ha J[BA BOIPOCa 13 CIrcKa (cM. 2.3.3) u 6eceIbl ¢ JIEKTOPOM UJIA ACCHCTEHTOM.
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