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English

Abstract

Quantum optics studies the properties of light and light-matter interaction
from the grounds of modern quantum mechanics. You will learn the basic quan-
tum concepts of photon and polariton, how one can entangle photons, and find
out whether one can violate Heisenberg principle.

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 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
it propagation in the simplest waveguide systems. The course presents the basics
of the theory of photonic crystals and scattering theory.

1.1 Detailed content and structure with sectioning

of lectures/seminars

Ne

Topic

Part I Theory of waveguides

1 | Dielectric and Metal waveguides: part 1

[\]

Dielectric and Metal waveguides: part 2

3 | Goos-Hanchen shift. Losses in waveguides. Propagation
length

Part IT Theory of optical resonators

4 | Fabry-Perot resonator. FEigenmodes. Quasi-normal
modes

5 | Quality factor. Resonant transmission. Impedance
matching and absorption

6 | Whispering gallery mode resonators

Part III Photonic Crystals

7 | Bragg reflector. T-matrix

oo

Band structure of 1D, 2D and 3D photonic crystals

9 | Plane wave expansion. Tight binding approximation

10 | Photonic crystal cavity

Part IV Coupled mode theory

11 | Reciprocity theorem. Orthogonality of waveguide modes

il

12 | Coupling between resonators and waveguides. CMT

Part V Scattering theory

13 | Lippmann-Schwinger equation. S-matrix

14 | S-matrix and coupled mode theory

15 | Scattering cross-section. Extinction cross-section. Ab-
sorption cross-section

Lecture \ Seminar




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

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

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

11. «®wusuka. Teopernueckuit munmmym» Online course [RUS]

12. «Onruka» 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 are aim to help student in mastering
the course (30- 40 problems of various level).

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

Metal cladding
pd

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 of it (4 points).

5. Plot electric and magnetic lines for TE and TM modes in xz-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. 2). Analyze this depen-
dence (3 points).



1.3.2 Colloquium questions on Mid-term attestation

1.

10.

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

. Complex amplitudes of electric and magnetic field.

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

interface.

. 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 polarizations. Brewster angle.
. Dipole radiation.

. Diffraction grating. Bloch theorem.

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

1.3.3 Exam questions

1.
2.

10.

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 hollow waveguide with metal

claddings. Graphical 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.

. Derivation of the dispersion equation (from Fresnel equation) for asymmetric

parallel slab waveguide.

Goos-Hanchen shift.



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

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.
30.
31.
32.

33.

34.

35.

Effective thickness of waveguide.

Losses in waveguides. Propagation length.

Classification of real waveguides.

Waveguide as a quantum well for photon.

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.

General form of S-matrix of symmetric time-reversal two port network without
losses.

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.
Photonic crystals (definition, main properties, examples).

T-matrix for multilayer structure (TE and TM polarizations).

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

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

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

Effective medium approximation for multilayer structures. Spatial dispersion.



36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

47.
48.

49.

50.

ol.

14

Width of photonic gap (weak contrast approximation).
Width of photonic gap (coupled mode theory).
Reciprocity theorem (conjugated form).

Reciprocity theorem (non-conjugated form).
Orthogonality of waveguide modes.

Integral identity for propagation constant.

Modal method for z-independent perturbation.

Coupling constant between two parallel waveguide.
Eigenmodes of coupled parallel waveguides.

Power exchange between two coupled parallel waveguides.

Temporal coupled mode theory. The main parameters, their physical meaning
and properties.

Temporal coupled mode theory and scattering matrix.

Scattering of a plane wave on infinitely long cylinder with arbitrary cross-section.
(S-matrix and R-matrix)

Scattering cross-section. Absorption cross-section. Extinction cross-section. Def-
inition, geometrical meaning, physical meaning, connection with S-matrix.

Scattering problem in terms of temporal coupled mode theory. Expression for
S-matrix.

Expressions scattering and absorption cross-sections predicted by temporal cou-
pled mode theory.

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 point you need to get to pass the home
task successfully.

The solved home task should be sent to 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.



e 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 tasks.

e Corrections can be sent to the lecturer assistant only if you get the minimal
number of points mentioned in each home tasks.
1.4.2 Mid-term attestation

e Mid-term attestation consist of discussion with lecturer or lecturer assistant and
answering the questions for the question list (see 2.3.2).

e Each students has two attempts to pass the mid-term attestation.

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 for the question list (see 2.3.3) and discussion with lecturer
or lecturer assistant.

1.5 Additional notes
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https://physics.ifmo.ru/ru/study/nanofotonika-i-metamaterialy
https://physics.ifmo.ru/ru/study/kvantovye-materialy
https://physics.ifmo.ru/ru/course/elektrodinamika

2 Pycckunii

AnHoTanus

Quantum optics studies the properties of light and light-matter interaction
from the grounds of modern quantum mechanics. You will learn the basic quan-
tum concepts of photon and polariton, how one can entangle photons, and find
out whether one can violate Heisenberg principle.

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 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
it propagation in the simplest waveguide systems. The course presents the basics
of the theory of photonic crystals and scattering theory.

2.1 lerasbHOe onucaHue Kypca ¢ pa3dbueHuem 1o JIEKIusM /
ceMuHapaM

Ne

Topic \ Lecture \ Seminar
Part I Theory of waveguides

1 | Dielectric and Metal waveguides: part 1

Dielectric and Metal waveguides: part 2

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

length

(\]

Part II Theory of optical resonators
4 | Fabry-Perot resonator. Eigenmodes. Quasi-normal
modes
5 | Quality factor. Resonant transmission. Impedance
matching and absorption
6 | Whispering gallery mode resonators

Part III Photonic Crystals
Bragg reflector. T-matrix
Band structure of 1D, 2D and 3D photonic crystals
Plane wave expansion. Tight binding approximation
10 | Photonic crystal cavity
Part IV Coupled mode theory
11 | Reciprocity theorem. Orthogonality of waveguide modes
12 | Coupling between resonators and waveguides. CMT
Part V Scattering theory
13 | Lippmann-Schwinger equation. S-matrix
14 | S-matrix and coupled mode theory
15 | Scattering cross-section. Extinction cross-section. Ab-
sorption cross-section

©| 00|
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2.2 PekomeHgoBaHHas JIUTEpaTypa

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

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

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

11. «®wusuka. Teopernueckuit munmmym» Online course [RUS]

12. «Onruka» Online course [RUS|
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https://scholar.harvard.edu/files/schwartz/files/lecture19-diffraction.pdf
https://stepik.org/course/155/syllabus
https://lectoriy.mipt.ru/course/Physics-Optics-09L

2.3 3anaHus

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

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

2.3.1 IIpumep: [domarmnee 3amanue 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

Metal cladding
pd

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 of it (4 points).

5. Plot electric and magnetic lines for TE and TM modes in xz-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. 2). Analyze this depen-
dence (3 points).

13



2.3.2 Ko/iokBuyM Ha MIPOME>KYTOUYHOI aTTecTaluu

1.

10.

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

. Complex amplitudes of electric and magnetic field.

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

interface.

. 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 polarizations. Brewster angle.
. Dipole radiation.

. Diffraction grating. Bloch theorem.

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

2.3.3 SDk3ameH

1.
2.

10.

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 hollow waveguide with metal

claddings. Graphical 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.

. Derivation of the dispersion equation (from Fresnel equation) for asymmetric

parallel slab waveguide.

Goos-Hanchen shift.

14



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

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.
30.
31.
32.

33.

34.

35.

Effective thickness of waveguide.

Losses in waveguides. Propagation length.

Classification of real waveguides.

Waveguide as a quantum well for photon.

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.

General form of S-matrix of symmetric time-reversal two port network without
losses.

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.
Photonic crystals (definition, main properties, examples).

T-matrix for multilayer structure (TE and TM polarizations).

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

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

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

Effective medium approximation for multilayer structures. Spatial dispersion.

15



36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

47.
48.

49.

50.

ol.

2.4

Width of photonic gap (weak contrast approximation).
Width of photonic gap (coupled mode theory).
Reciprocity theorem (conjugated form).

Reciprocity theorem (non-conjugated form).
Orthogonality of waveguide modes.

Integral identity for propagation constant.

Modal method for z-independent perturbation.

Coupling constant between two parallel waveguide.
Eigenmodes of coupled parallel waveguides.

Power exchange between two coupled parallel waveguides.

Temporal coupled mode theory. The main parameters, their physical meaning
and properties.

Temporal coupled mode theory and scattering matrix.

Scattering of a plane wave on infinitely long cylinder with arbitrary cross-section.
(S-matrix and R-matrix)

Scattering cross-section. Absorption cross-section. Extinction cross-section. Def-
inition, geometrical meaning, physical meaning, connection with S-matrix.

Scattering problem in terms of temporal coupled mode theory. Expression for
S-matrix.

Expressions scattering and absorption cross-sections predicted by temporal cou-
pled mode theory.

O1nerka ycrieBaeMOCTH TI0 KypCy

2.4.1 [domamninue 3aJiaHus?

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

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

The solved home task should be sent to 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.

16



e 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 tasks.

e Corrections can be sent to the lecturer assistant only if you get the minimal
number of points mentioned in each home tasks.
2.4.2 IIpomexkyTouHasi aTTecTanus

e IIpomerkyToUHAsT ATTECTAIMS COCTOMT M3 OTBETOB HA BOIIPOCHI M3 CITHCKA (CM.
2.3.2) 1 0bCyXK/JIeHus JIEKTOPOM HJIH ACCHCTEHTOM.

oy KazKJI0ro CTyJeHTa €CTb /JAB€ IIOIIbITKU HpOﬁTH IIPOMEXKYTOYIHYIO aTTECTAIUIO.

2.4.3 Jomyck K K3aMeHY

It mormycka Ha 9K3aMeH, y Bac JI0JKHO ObITh 70% yCIemHo mpoiIeHHbIX JOMAIITHIX
3aIaHUM.
2.4.4 Dk3aMeH

HNrorosast oleHKa IOJHOCTBIO OIIPEJIE/ISIeTCsI UTOTOBBIM SK3aMeHOM. (PuHa bHbINT
9K3aMeH COCTOMT M3 OTBETOB Ha JIBa BOIpoca M3 crnucka (cMm. 2.3.3) u obcyxKaeHns
C JIGKTOPOM MJI ACCHCTEHTOM.

2.5 JonosaHuTtejabHble KOMMEHTAPUU
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