IOPSClence iopscience.iop.org

This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 18.219.49.70
This content was downloaded on 26/04/2024 at 05:02

Please note that terms and conditions apply.

You may also like:

Full Field Optical Metrology and Applications

INVERSE PROBLEMS NEWSLETTER

Principles of Plasma Spectroscopy
A.L. Osterheld

Recent NRPB publications April-June 2002



https://iopscience.iop.org/page/terms
https://iopscience.iop.org/book/edit/978-0-7503-3027-5
https://iopscience.iop.org/article/10.1088/0266-5611/14/3/025
https://iopscience.iop.org/article/10.1088/0029-5515/38/8/702
https://iopscience.iop.org/article/10.1088/0952-4746/22/3/605

An Introduction to Photonics and
Laser Physics with Applications



IOP Series in Advances in Optics, Photonics and Optoelectronics

SERIES EDITOR

Professor Rajpal S Sirohi Consultant Scientist

About the Editor

Rajpal S Sirohi is currently working as a faculty member in the Department of
Physics, Alabama A&M University, Huntsville, Alabama (USA). Prior to this, he was
a consultant scientist at the Indian Institute of Science, Bangalore, and before that he
held a chair and was professor in the Department of Physics, Tezpur University,
Assam. During 2000-11, he was an academic administrator, being vice-chancellor to a
couple of universities and the director of the Indian Institute of Technology, Delhi. He
is the recipient of many international and national awards and the author of more than
400 papers. Dr Sirohi is involved with research concerning optical metrology, optical
instrumentation, holography, and speckle phenomena.

About the series

Optics, photonics, and optoelectronics are enabling technologies in many branches of
science, engineering, medicine, and agriculture. These technologies have reshaped our
outlook and our ways of interacting with each other and have brought people closer.
They help us to understand many phenomena better and provide a deeper insight into
the functioning of nature. Furthermore, these technologies themselves are evolving at
a rapid rate. Their applications encompass very large spatial scales from nanometers
to astronomical and a very large temporal range from picoseconds to billions of years.
This series on advances on optics, photonics, and optoelectronics aims to cover topics
that are of interest to both academia and industry. Some of the topics to be covered by
the books in this series include biophotonics and medical imaging, devices, electro-
magnetics, fiber optics, information storage, instrumentation, light sources, CCD and
CMOS imagers, metamaterials, optical metrology, optical networks, photovoltaics,
free-form optics and its evaluation, singular optics, cryptography, and sensors.

About IOP ebooks

The authors are encouraged to take advantage of the features made possible by
electronic publication to enhance the reader experience through the use of color,
animation, and video and by incorporating supplementary files in their work.

Do you have an idea for a book you’d like to explore?
For further information and details of submitting book proposals, see iopscience.
org/books or contact Ashley Gasque on Ashley.gasque@iop.org.

A full list of titles published in this series can be found here: https://iopscience.iop.
org/bookListInfo/series-on-advances-in-optics-photonics-and-optoelectronics.


https://iopscience.org/books
https://iopscience.org/books
mailto:Ashley.gasque@iop.org
https://iopscience.iop.org/bookListInfo/series-on-advances-in-optics-photonics-and-optoelectronics
https://iopscience.iop.org/bookListInfo/series-on-advances-in-optics-photonics-and-optoelectronics

An Introduction to Photonics and
Laser Physics with Applications

Prem B Bisht
IIT Madras

IOP Publishing, Bristol, UK



© IOP Publishing Ltd 2022

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system
or transmitted in any form or by any means, electronic, mechanical, photocopying, recording
or otherwise, without the prior permission of the publisher, or as expressly permitted by law or
under terms agreed with the appropriate rights organization. Multiple copying is permitted in
accordance with the terms of licences issued by the Copyright Licensing Agency, the Copyright
Clearance Centre and other reproduction rights organizations.

Permission to make use of IOP Publishing content other than as set out above may be sought
at permissions@ioppublishing.org.

Prem B Bisht has asserted their right to be identified as the author of this work in accordance with
sections 77 and 78 of the Copyright, Designs and Patents Act 1988.

ISBN 978-0-7503-5226-0 (ebook)
ISBN 978-0-7503-5225-3 (print)
ISBN  978-0-7503-5227-7 (myPrint)
ISBN 978-0-7503-5235-2 (mobi)
DOI 10.1088/978-0-7503-5226-0
Version: 20220801

IOP ebooks

British Library Cataloguing-in-Publication Data: A catalogue record for this book is available
from the British Library.

Published by IOP Publishing, wholly owned by The Institute of Physics, London
IOP Publishing, Temple Circus, Temple Way, Bristol, BS1 6HG, UK

US Oftice: IOP Publishing, Inc., 190 North Independence Mall West, Suite 601, Philadelphia,
PA 19106, USA



a’g@a’ w...ﬂze whole earth is a family—( Mahopnishad)
hY

Dedicated to people all over the world.






Contents

Preface

Author biography

Foreword

Part I  Basics of photonics and lasers

1.1
1.2

1.3
1.4

1.5
1.6

2.1
2.2
2.3
24

The photon and photonics

The photon

Branches of photonics

1.2.1 Conventional optics

1.2.2 Electromagnetism and wave optics

1.2.3 Quantum optics

1.2.4 Light-matter interaction or quantum electronics
1.2.5 Optoelectronics

1.2.6 Electro-optics

1.2.7 Light-wave technology

Maxwell’s equations and their connection to optics
A few topics related to lasers and optics

1.4.1 Phase velocity and group velocity

1.4.2 Power flow and Poynting vector

1.4.3 Radiation pressure and angular momentum
1.4.4 Radiation emitted by the accelerated charge
1.4.5 Refractive index

1.4.6 Dispersion curve

1.4.7 Normal dispersion and anomalous dispersion
Comparison of an electronic circuit and a photonic circuit
Nobel prizes related to lasers

Questions and problems

Bibliography

Light-matter interaction and the essentials of spectroscopy

Light sources and types of spectra
Laser: a tool covering the EM spectrum
Photoelectric effect

Rutherford’s experiment

vil

Xix
xxii

xxiii

1-1
1-2
1-2
1-3

1-3
1-3

1-4
1-4
1-4
1-7
1-7
1-8
1-8
1-10
1-10
1-11
1-12
1-13
1-14
1-15
1-16

2-2
2-3
2-3
2-5



An Introduction to Photonics and Laser Physics with Applications

2.5 Bohr’s atomic model: atomic energy levels 2-6
2.6 Franck—Hertz experiment 2-8
2.7 Stern—Gerlach experiment: spin quantization 29
2.8 Compton effect 2-11
2.9 Quantum mechanical picture of matter 2-11
2.9.1 Wave functions 2-12
2.9.2 The Schrodinger equation 2-12
2.9.3 Infinite quantum well 2-13
2.9.4 Stationary states and the coherent state 2-14
2.9.5 Heisenberg’s uncertainty principle 2-15
2.9.6 Atomic quantum states 2-15
2.9.7 Molecular quantum states 2-19
2.9.8 Energy-momentum diagrams in semiconductors 2-27
2.9.9 Energy levels in solids: doped insulators 2-28
2.10 Raman spectroscopy 2-29
Questions and problems 2-29
Bibliography 2-30
3 Polarization of light 3-1
3.1 EM waves and linearly polarized light 3-2
3.2 Types of polarization 3-4
3.2.1 Ordinary and extraordinary light beams 3-4
3.2.2 Classification of polarized light 3-5
3.3 Jones vector representation of polarization 3-8
3.3.1 Jones vector 3-8
3.3.2 Jones vectors for some common types of light 3-9
3.3.3 Jones matrix for a medium 3-10
3.4 Methods of generating polarized light 3-12
3.4.1 Wire-grid polarizer in the microwave region 3-12
3.4.2 Long polymer chain 3-13
3.4.3 Polarization based on reflection 3-13
3.4.4 Polarization based on dichroism 3-17
3.4.5 Polarization based on double refraction 3-17
3.5 Change of state of polarization 3-20
3.5.1 Electro-optic effects 3-20
3.5.2 Magneto-optic effect 3-21

3.6 Quarter-wave and half-wave plates 3-22

viii



3.7

42
43
4.4

5.1
5.2
53
5.4
5.5
5.6
5.7

6.2

An Introduction to Photonics and Laser Physics with Applications

Polarized light in nature
Questions and problems
Bibliography

Spontaneous and stimulated emission

Thermal radiation and Planck’s law
4.1.1 Radiation density in a cavity
4.1.2 Density of modes in a closed container
4.1.3 Wein’s displacement law
Boltzmann statistics

Planck’s law of radiation

Einstein’s 4 and B coefficients

4.4.1 Stimulated absorption coefficient
4.4.2 Spontaneous emission

4.4.3 Coefficient of stimulated emission
4.4.4 Rate equation analysis

Questions and problems

Bibliography

The Beer—Lambert law and the gain coefficient

The Beer-Lambert law

Absorption coefficient

Gain media

Gain coefficient

Round-trip gain

Gain saturation

Applications of the Beer—Lambert law
Questions and problems

Bibliography

Population inversion with moderate pumping

Population inversion schemes

6.1.1 Two-level system

6.1.2 A low-efficiency scheme: the three-level system
6.1.3 Population inversion in a four-level system

Rate equation analysis for a four-level system and a multilevel system

6.2.1 Population inversion between E, and E,

X

3-22
3-23
3-24

4-1
4.2

42
43

4-7
4-8
4-8
4-9
4-10
4-11
4-16
4-16

5-1
5-2

5-5
5-6

5-8
5-9
5-10
5-11

6-1
6-2
6-2

6-4
6-5



6.3

7.2

7.3
7.4
7.5
7.6

8.1
8.2
8.3
8.4
8.5

An Introduction to Photonics and Laser Physics with Applications

6.2.2 Metastable state

6.2.3 Plot of output power after population inversion
Typical laser systems

6.3.1 Nd:YAG laser

6.3.2 Helium-—neon laser

6.3.3 Argon-ion laser

6.3.4 Nitrogen laser and superradiance

Questions and problems

Bibliography

Pumping mechanisms and types of optical cavity

Pumping via electrical excitation

7.1.1 Collisions of the first kind

7.1.2 Collisions of the second kind
7.1.3 Electrical pumping

Optical pumping

7.2.1 Lamps

7.2.2 Light-emitting diodes and lasers
Thermal and gas-dynamic pumping
Chemical pumping

Nuclear pumping

Pump-cavity geometries

7.6.1 Optical side pumping

7.6.2 Optical transverse pumping
7.6.3 Optical face pumping

7.6.4 Other optical pumping geometries
Questions and problems

Bibliography

Line-broadening mechanisms

The small-gain coefficient in practice
Spectral resolving power

Line broadening in He—Ne lasers
Harmonic oscillator

Broadening mechanisms

8.5.1 Fourier transform

8.5.2 Homogeneous broadening and the Lorentzian expression
8.5.3 Inhomogeneous broadening and the Gaussian expression

X

6-8
6-8
6-9
6-9
6-10
6-12
6-13
6-14
6-15

7-1
7-2

7-2
7-3
7-3
7-4

7-6
7-7

7-8
7-9

7-10
7-11
7-11
7-12

8-1
8-2
8-2

8-4
8-5
8-5
8-6
8-9



8.6
8.7
8.8
8.9

9.2

9.3
9.4
9.5

10

10.1
10.2

10.3
10.4

An Introduction to Photonics and Laser Physics with Applications

Correction of the small-gain coefficient
Voigt profile

The effect of amorphous or crystalline hosts
Hole burning and the Lamb dip

Questions and problems

Bibliography

The Fabry—Pérot resonator

Modes in a two-dimensional cavity

9.1.1 Active medium and gain bandwidth

9.1.2 Modes of a cavity

9.1.3 Free spectral range

Resonant cavity: the Fabry—Pérot resonator

9.2.1 A beam splitter in the path of the light

9.2.2 Phase difference between reflected and refracted light
9.2.3 Field transmitted by a passive cavity: the Airy function
9.2.4 Effect of the reflectivity of beam splitters

9.2.5 Longitudinal modes

9.2.6 Properties of FP resonators

FP etalon

Fresnel number

Mode pulling

Questions and problems

Bibliography

Basic properties of lasers: directionality, brightness,
and coherence

Directionality of a laser beam

Brightness of a light source

10.2.1 Sun

10.2.2 Sodium lamp

10.2.3 A laser—the He—Ne laser

Monochromaticity

Coherence

10.4.1 Visibility or contrast in interference fringes

10.4.2 Temporal coherence: the idea of ‘coherence length’
10.4.3 Spatial or transverse coherence

xi

8-11
8-12
8-13
8-14
8-16
8-17

9-1
9-2

9-3
9-3

9-5
9-6
9-6
9-9

9-10
9-13
9-13
9-14
9-15
9-17

10-1

10-2
10-3
10-3
10-4
10-4
10-6
10-7
10-8
10-9
10-10



11
11.1

11.2

11.3

11.4
11.5
11.6

12

12.1
12.2
12.3

12.4

An Introduction to Photonics and Laser Physics with Applications

10.4.4 Coherence surface and coherence volume
Questions and problems
Bibliography

ABCD matrices and stability diagrams

Geometrical optics and ABCD matrices

11.1.1 Translation matrix

11.1.2 Reflection matrix

11.1.3 Refraction matrix

Round trip in a cavity

11.2.1 Light ray from the middle of the cavity
11.2.2 Light initiated at a mirror

Cavity with several round trips

11.3.1 Stability condition for m round trips
11.3.2 Stability diagram

Nearly stable or marginally stable resonators
Stable resonators

Unstable resonators

11.6.1 Negative-branch confocal unstable cavity
11.6.2 Positive-branch confocal unstable cavity
Questions and problems

Bibliography

Stability conditions according to Gaussian beam analysis

Cavity mirrors as diffracting elements

Laser light: a plane or spherical wave?

Kirchhoff’s diffraction

12.3.1 Single diffraction

12.3.2 Multiple diffractions

Directional properties of laser light

12.4.1 Obtaining the Helmholtz equation from the wave equation
12.4.2 Slowly varying envelope approximation (SVEA)
12.4.3 Transverse Helmholtz equation

12.4.4 Radius of curvature of the beam

12.4.5 Beam waist

12.4.6 Rayleigh range in terms of the minimum beam waist

Xii

10-12
10-12
10-14

11-1
11-2
11-2
11-3
11-5
11-8
11-8
11-9
11-10
11-11
11-12
11-13
11-15
11-15
11-16
11-16
11-17
11-18

12-1
12-2
12-2
12-3
12-3
12-4
12-6
12-6
12-7
12-7
12-8
12-10
12-11



12.5
12.6

Part I Pulsed lasers and nonlinear optical applications

13
13.1

13.2

13.3

14

14.1
14.2

14.3
14.4

14.5
14.6

An Introduction to Photonics and Laser Physics with Applications

12.4.7 Laser beam spot and Gaussian expression
12.4.8 Angular spread
12.4.9 Special cases of R(z)

12.4.10 Appearance of the Gouy phase in a Gaussian beam

Stability condition and Gaussian wave analysis
TEM modes

Questions and problems

Bibliography

Laser spiking and Q-switching
Pulsed light sources

13.1.1 External modulation
13.1.2 Intra-cavity modulation
The spiking phenomenon

13.2.1 Pump flash duration and population inversion

13.2.2 Laser spiking

The Q-switching phenomenon
13.3.1 Conditions for Q-switching
13.3.2 Methods of Q-switching
Questions and problems
Bibliography

Introduction to nonlinear optical phenomena

Review of linear dielectrics

Wave equation in nonlinear optics
14.2.1 Interatomic field strength
14.2.2 Higher terms of polarization
Units and estimates of susceptibilities
Characteristics of second-order susceptibility
14.4.1 Optical rectification (OR)
14.4.2 Second-harmonic generation
Virtual levels

Linear and nonlinear optics
Questions and problems
Bibliography

Xiil

12-12
12-13
12-13
12-14
12-15
12-15
12-17
12-19

13-1
13-2
13-2
13-3
13-4
13-4
13-5
13-6
13-6
13-8
13-12
13-13

14-1
14-2
14-3
14-3
14-4
14-5
14-6
14-6
14-7
14-8
14-8
14-8
14-9



15
15.1

15.2
15.3
15.4

15.5

15.6
15.7

16

16.1
16.2
16.3
16.4
16.5
16.6

16.7
16.8
16.9

An Introduction to Photonics and Laser Physics with Applications

Second-order susceptibility, phase matching, and applications

Sum- and difference-frequency generation

15.1.1 Three-wave mixing processes

Signal and idler photons

Properties of, and contracted notation for, y®

Conditions for refractive-index matching

15.4.1 Angle dependence of the extraordinary refractive index
15.4.2 Phase matching for SHG in a crystal

15.4.3 Effects of the length and area of nonlinear crystals
15.4.4 Types of phase-matching interaction

Parametric oscillation and amplification

15.5.1 Optical parametric oscillation

15.5.2 Noncollinear geometries of parametric amplification
Superfluorescence

Generation of polarization-entangled photons

Questions and problems

Bibliography

Third-order nonlinear optical processes

Parametric and nonparametric processes
Third-order nonlinear optical susceptibility
Symmetry properties of the susceptibility tensor
Four-wave mixing due to y©

Third-harmonic generation

Optical Kerr effect

16.6.1 Transverse OKE

16.6.2 Longitudinal OKE: the effect of self-phase modulation
Optical phase conjugation

Stimulated Raman and Brillouin scattering
Four-photon parametric generation

16.10 Cross-phase modulation

16.11 Self-steepening

16.12 Saturable absorption
16.13 Photonic circuit based on the SA effect

Questions and problems
Bibliography

Xiv

15-1
15-2
15-3
15-3
15-4
15-7
15-8
15-8
15-10
15-13
15-18
15-18
15-19
15-21
15-23
15-25
15-26

16-1
16-2
16-2
16-3
16-4
16-5
16-6
16-7
16-8
16-11
16-11
16-13
16-13
16-14
16-14
16-16
16-19
16-20



17

17.1
17.2

17.3

17.4
17.5

18

18.1
18.2

18.3
18.4
18.5
18.6

18.7

18.8
18.9

19

19.1
19.2

An Introduction to Photonics and Laser Physics with Applications

Mode locking

The requirement for short-duration optical pulses
Mode locking of lasers

17.2.1 Longitudinal modes with random phases
17.2.2 Longitudinal modes with identical phases
Methods of mode locking

17.3.1 Active mode locking: the acousto-optic method
17.3.2 Synchronous pumping

17.3.3 Passive mode locking

Shortening of pulse length

Spectra of mode-locked laser pulses

Questions and problems

Bibliography

Characterization of ultrafast laser pulses

Introduction

Autocorrelators

18.2.1 Intensity autocorrelation

18.2.2 Background-free intensity autocorrelation
18.2.3 Interferometric autocorrelation
Frequency-resolved optical gating
Spectral phase interferometry
Frequency up- and downconversion
Dispersion of ultrafast laser pulses
18.6.1 Linear chirp

18.6.2 Nonlinear chirp

Dispersion compensation

18.7.1 Grating compressor

18.7.2 Prism compressor
Dispersion-free autocorrelator
Chirped pulse amplification

Questions and problems

Bibliography

Optical phase conjugation

Two-beam interference and Bragg diffraction
Four-wave mixing: phase conjugation

XV

171
17-2
17-3
17-3
17-3
17-7
17-7
17-9
17-10
17-14
17-14
17-16
17-17

18-1

18-2

18-3

18-3

18-6
18-10
18-12
18-13
18-16
18-17
18-17
18-18
18-18
18-19
18-21
18-22
18-24
18-24
18-25

19-1
19-2
19-3



19.3
19.4

20

20.1
20.2
20.3

20.4

20.5
20.6

21

21.1
21.2
21.3
21.4
21.5

21.6
21.7

An Introduction to Photonics and Laser Physics with Applications

19.2.1 Diffraction efficiency and

19.2.2 Six-wave mixing and y©
Time-reversal in phase conjugation
Applications of phase conjugation

19.4.1 Reversal of the wavefront

19.4.2 Correction of aberrations and imaging
Questions and problems

Bibliography

Multiphoton absorption

Higher photon absorption processes

Units of absorption cross-sections

Selection rules

20.3.1 Advantage of multiphoton processes
Reverse saturable absorption

20.4.1 Excited-state absorption

20.4.2 Free-carrier absorption

20.4.3 2PA and MPA processes
Estimating the number of photons
Second-harmonic or multiphoton emission?
Questions and problems

Bibliography

White-light continuum generation

Spatial self-phase modulation

White-light continuum generation

Phenomena responsible for WLC generation
Spectrum of the WLC in a water—-D,O mixture
Supercontinuum with photonic crystal fiber
21.5.1 Structure of photonic crystal fiber

21.5.2 The mechanism responsible for the supercontinuum
in PCF

Filamentation and conical emission
Dark-core beam generation
Questions and problems
Bibliography

Xvi

19-5
19-6
19-6
19-7
19-7
19-9
19-10
19-12

20-1
20-2
20-3
20-4
20-4
20-5
20-6
20-6
20-7
20-7
20-8
20-11
20-11

21-1
21-2
21-3
21-4
21-5
21-8
21-8
21-9

21-11
21-11
21-13
21-14



22

22.1
22.2
22.3
22.4
22.5
22.6
22.7
22.8

22.9

An Introduction to Photonics and Laser Physics with Applications

Semiconductor lasers

Semiconductors

Bandgaps in semiconductors

Excitons

Fermi level

Direct and indirect bandgaps

Density of states

p-type and n-type semiconductors

The p — n junction and electrical excitation
22.8.1 The light-emitting diode: a forward-biased p—n junction
22.8.2 Diode lasers

Semiconductor heterostructures

22.10 Vertical-cavity surface-emitting lasers

22.11 Quantum cascade laser: a unipolar device

23
23.1

23.2
233

234
23.5
23.6

23.7
23.8

22.11.1 Quantum size effect

22.11.2 Mechanism of lasing in the QCL

22.11.3 Advantages of the QCL over laser diodes
Questions and problems

Bibliography

Fiber lasers

Fiber laser technology

23.1.1 Structure of an optical fiber

23.1.2 Acceptance angle and numerical aperture
Gain media for fiber lasers

Chromatic dispersion and nonlinear effects
23.3.1 Material dispersion

23.3.2 Mode dispersion

23.3.3 Polarization dispersion

Optical nonlinearity

Fiber amplifiers and lasers

Figure-of-eight laser

23.6.1 Optical isolator

23.6.2 Nonlinear amplifying loop mirror
23.6.3 Mode-locked operation in the F8L
High-power fiber lasers

Raman fiber laser

Xvii

22-1
22-2
22-3
22-4
22-5
22-6
22-6
22-7
22-7
22-8
22-9
22-10
22-12
22-12
22-12
22-12
22-14
22-15
22-16

23-1
23-2
23-2
23-3
23-5
23-6
23-7
23-7
23-8
23-8
23-10
23-11
23-12
23-12
23-13
23-13
23-14



23.9

24
24.1

242

243

An Introduction to Photonics and Laser Physics with Applications

Optical fiber communication

23.9.1 Losses due to fiber absorption

23.9.2 Fiber scattering losses

23.9.3 Gain medium

23.9.4 Soliton formation

23.9.5 Higher-order dispersion and other effects
Questions and problems

Bibliography

Coherent radiation obtained using special geometries

Mirrorless laser cavities

24.1.1 Principle of DFB lasers

24.1.2 Ultrashort pulses and the tunability of DFB lasers
Coherent radiation based on acceleration of charge

24.2.1 Free-electron lasers

24.2.2 Extreme UV and soft x-ray lasers

Present and future outlook

Questions and problems

Bibliography

Appendix A: Suggested further reading

Appendix B: Luminescence

Appendix C: Physical constants

Xviil

23-15
23-15
23-16
23-16
23-17
23-18
23-18
23-19

24-1
24-2
24-3
24-5
24-5
24-5
24-6
24-11
24-12
24-14

B-1

C-1



Preface

Lasers are ubiquitous, from deep space communication to lab-on-the-chip to
supermarket product scanning. Although they form an integral part of optics and
photonics, the modern laser industry has contributed to interdisciplinary areas in
scientific research and technology. Therefore, it is an appropriate time to make a
self-sufficient, comprehensive text describing laser-related concepts available to
beginners. This book aims to do just that. A list of books is provided at the end
in an appendix for the reader who wishes to undertake comprehensive study in a
particular area. A bibliography at the end of each chapter also connects the reader to
original literature. The book is written with the intention of preparing a textbook for
undergraduate and graduate students as well as reference material for any student
working with lasers in the fields of optics, biosciences, and engineering. Sufficient
mathematics, instead of details, have been given for the reader to be able to
understand the topic.
The structure of the book is shown schematically in the following chart.

Resonator theor
y Some special lasers

Fabry-Pérot resonator (9) .
ABCD matrices (11) S_emlconductor lasers (22)
Fiber lasers (23)

DFB, FEL and HHG (24)

\ Basics for lasers /

Introduction & Spectroscopy (1,2)
Polarisation of light (3)

Einstein’s A and B Coefficients ( 4,5,6)
Pumping Mechanism (7)

Line broadening mechanism (8)
Coherence and brightness (10) \

Applications in nonlinear optics

Gaussian beam propagation (12)

Pulsed lasers

2" & 3" order nonlinearity (14,15,16)

Q switching & modelocking (13, 17) H OPC, MPA & WLC (19,20, 21)
Pulse characterisation (18)

Chart: Schematic of the theme of the book. The chapter numbers are given in
parentheses. Arrows indicate the interconnections between the chapters and the
subsections.

As can be seen from the chart above, this book has been divided into two sections:
section I: Basics of photonics and lasers and section II: Pulsed lasers and nonlinear
optics. This book has five subsections, which can be grouped as follows:

e Basics of lasers (chapters 1-8 and 10);
e Resonator theory (chapters 9, 11, and 12);

XIX
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e Pulsed lasers (chapters 13, 17, and 18);
e Nonlinear optical phenomena (chapters 14-16 and 18-21);
e Some special lasers (chapters 22-24).

The book starts with the basics of photons and their connection to light according
to EM theory. The subject matter proceeds with the old and traditional subject of
spectroscopy and subsequently develops toward the state of the art as the chapters
progress. In part I we begin with a look at the basics of photons and the connection
between optics and electrodynamics (chapter 1). This part helps the reader to review
the study material required to understand the working principle of lasers and some
of their applications. Chapter 2 in this part provides the required knowledge of
spectroscopy and quantum mechanics. Chapters 4 to 12 are closely related and need
to be studied in the given sequence. Chapters 13-21 of part II provide the
background and applications of nonlinear optics, which was mainly developed
following the invention of ultrafast pulsed lasers. A chapter on semiconductor lasers
and one on fiber lasers are separately provided in this section. For the curious reader,
a clear distinction between semiconductor lasers (diode lasers, vertical-cavity
surface-emitting lasers (VCSELSs)) and quantum cascade lasers (QCLs) is elucidated.
Some other lasers with unique designs (mirrorless lasers) and lasers in the extreme
ultraviolet and soft x-ray regions with pulse durations on the scale of attoseconds are
described in chapter 24.

In each chapter, a few questions and end-of-chapter problems are included to aid
in the understanding of the material. Most of the problems are not based on
numerical answers. For a better understanding of the applications, extra informa-
tion related to the topic is denoted by a & symbol. Similarly, related information
elsewhere in the book has been marked with a & symbol.

Each chapter starts with a summary along with a diagram for those curious about
the subject matter. Learning objectives are clearly outlined at the start of each
chapter so that students can study on their own. I am conscious of the availability of
additional reading material for the different topics spread over a large number of
books/ journals. Therefore, full details of the references are given at the end of each
chapter. Where appropriate, footnotes are given to help explain the concept further.

For the instructor, the material covered in this book can be used to make a course
of about 45-50 classes. The book can also be split into two courses, as follows: (A)
fundamentals of lasers and (B) ultrafast lasers and applications in photonics. For
course (A), part I can be used with some selected material from part II. On the other
hand, for course (B), chapters 13 to 24 must be preceded with introductory material
from the previous section, depending on the level of the class. Additionally, some
rescheduling may be necessary to interchange the sequence of chapter 17 (mode
locking) with chapter 13 (Q-switching).

This book specifically targets the problems faced by research students and
professionals in various fields, including biology. For example, the identification
of materials based on second-harmonic generation or two-photon absorption is
outlined towards the end of chapter 20. A word for researchers in biology: chapter 20
(multiphoton absorption) may be extremely useful, in addition to chapters 16-19.

XX



An Introduction to Photonics and Laser Physics with Applications

Useful data from research papers have been provided as reference materials in a few
tables for ready use.

I thank IIT Madras for permitting me to spend four months of sabbatical, during
which I stayed in my home town of Champawat to initiate this humongous task. The
climate of the Himalayan region and the company of the villagers was just excellent
for this task. Besides the experiments with lasers at II'T Madras, my earlier stays at
other institutes have created great interest in writing this book. Starting with DSB
College (Kumuan University, Nainital), these include the Tata Institute of
Fundamental Research, Mumbai, research visits to the Raja Ramanna Center of
Advanced Technology (RRCAT) Indore, the Institute for Molecular Science (IMS,
Okazaki), Kyoto Institute of Technology (Kyoto), Ludwig Maximilian University
(Munich), the Optoelectronic Research Centre, University of Southampton
(Southampton), and Dublin City University (Dublin). The academic training
received from Professor H B Tripathi and Professor D D Pant as a graduate student
followed by the interactions with Professors Keitaro Yoshihara, Satoshi Hirayama,
Hrvoje Petek, Eberhard Riedle, and John Costello are gratefully acknowledged.
At IIT Madras, the foundation laid down by Professor B M Sivaram and Professor
J P Raina in developing ultrafast lasers also motivated the writing of this book. My
colleagues Doctors G C Joshi, H C Joshi, K K Pandey, Sanjay Pant, Debi Pant,
H Kandori, S Kumazaki, A Yartsev, S Kasiviswanathan, the staff at the instrument
center of IMS and the scientists, Doctors S M Oak and K S Bindra of RRCAT,
Indore also encouraged the idea of writing this book on several occasions. I thank all
my former and present PhD students for the discussions on the topics of the book.
A special mention is given to the students of various departments of IIT Madras
over last two decades who took the courses I taught on lasers. I acknowledge the
help in reading the first version of a few chapters given by Professor S N Thakur,
Dr Srini Krishnamurthy (SRI international), Dr R Aravind and Dr Prabha
Mandayam (IITM), and Dr Rama Chari (RRCAT). Thanks are due to Professor
Anurag Sharma for readily agreeing to write the foreword of this book. Finally,
I thank my wife Mamta and my sons Anupam and Sameer for their patience and for
helping me in every way they could, during the course of this task.

8th March 2022 Prem B Bisht
IIT Madras, Chennai
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Foreword

Photonics and optics have contributed greatly to the development of societies
around the world and have provided solutions to many societal problems in recent
times. Since the invention of the laser in 1960, progress is this field has been very
rapid, leading to developments in nonlinear optics, laser spectroscopy, fiber optics
and optical communications, ultrafast optics, optical sensing, and many other areas.
These contributions to the welfare and development of mankind were recognized by
the UN in their declaration of 2015 as the Year of Light and Light-based
Technologies and their subsequent nomination of May 16 as the International
Day of Light. Research and education in this field have also seen unprecedented
growth over the last few decades. In particular, lasers are central to most develop-
ments that have taken place. Many developments and applications involving lasers
are still confined to monographs and advanced texts and are therefore largely
inaccessible to undergraduate and postgraduate students. There are many textbooks
on laser and laser theory, but they do not include recent developments and
applications. This new book fills this gap admirably. It describes the fundamentals
of lasers, including the necessary basis of optics and photonics, and includes recent
applications such as laser spectroscopy, nonlinear optics, ultrafast pulses, super-
continuum generation, and fiber lasers.

This book has many notable features. First and foremost, the author, Professor
Prem B Bisht, is a well-known experimentalist in the field with over 35 years of
experience in laser spectroscopy and nonlinear optics. His hands-on expertise is
amply reflected in the book by examples and descriptions of experiments drawn
from his own laboratory. The mathematical details have been kept at the essential
level and there is a greater focus on discussing physical understanding and
practical details. Second, the material in the book has grown out of his experience
of teaching courses at IIT Madras for several years, and the text is an outcome of
the organic growth of the author’s teaching and research experience. Thus, while
the subject dealt with is very advanced, it is brought to an appropriate level for
senior undergraduate and postgraduate students. Third, as mentioned above,
there is an emphasis on applications and practical details. Some of the
notable applications, in addition to the ones already mentioned, are the sensing
technique of cavity ring-down spectroscopy and applications of optical para-
metric processes. Some of the applications are in interdisciplinary areas, such as
imaging with nonlinear optics for biotechnology as well as fiber lasers and
semiconductor lasers in the area of engineering. The applications of various
spectroscopic methods will be useful to chemistry and materials science students.
Finally, I personally like the format of this book, which has short sections and a
large number of figures. These help the reader to directly focus on the desired
topic while using this book as a reference book.
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This book is a welcome and valuable addition to the educational literature on the
subject and would benefit students in science and engineering who wish to learn
about lasers and photonics and their applications.

March 15, 2022 Anurag Sharma
IIT Delhi
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