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Preface to the
Fifth Edition

““If it is beautiful, wear it around your neck. If it serves a useful purpose, carry it
on your back. It if is neither, get rid of it.”’

In the process of deciding which material to include in this new edition and
which to discard, I attempted to follow the above-quoted advice of my sergeant
major (whose name I forgot) in the Israeli army as we were preparing to go into the
field. I thus limited the material to what I consider, subjectively, beautiful, or im-
portant, or, on more than one occasion, both. The user of this book will have his
own candidates for each of these categories, which, I hope, are not different from
mine. In the process, most of the topics and chapters of the fourth edition survived
the transition to the fifth. A considerable amount of new material, however, has been
added. The changes reflect the continuous ascendance of optical communication as
the foremost communication technology. With the new additions, the center of grav-
ity of the book has swung cledrly to the side of low-power, communication-related
topics that made it appropriate to change the title to Optical Electronics in Modern
Communications.

The main new features of this edition are:

1. Use of the transfer function Fourier transform formalism to treat pulse propaga-
tion in fibers.

2. The temporal-spatial equivalence of pulse and beam propagation including tem-
poral lenses.

3. Compensation of dispersive pulse spread in fibers.



4. New treatment of the optical susceptibility (x’(v) and x"(v)). using the Kramers—~
Kroning relations. Derivation of Kramers-Kroning relations.

5. A major overhaul of the discussion on distributed feedback lasers, including a
treatment of gain-coupled lasers.

6. Dynamic chirp in semiconductor lasers.

7. Vertical-cavity semiconductor lasers.

8. A new chapter on solitons, with a first-principles derivation of the propagation
equation in nonlinear fibers.

9. A new chapter consisting of a classical treatment of quantum optics and quantum
noise, consequences for optical measurements, shot noise, and **squeezing”’ of
amplitude fluctuations, below the classical limit, by degenerate parametric am-
plification.

The academic requirements for the use of this book are unchanged from those
stated in the preface to the fourth edition, repeated here.

I am indebted to Mrs. Jana Mercado and Mrs. Mary Eleanor Johnson for typing
and editing under fire. I also benefited from specific technical inputs by John Kitch-
ing, William Marshall, John O’Brien, and Matt McAdams.

To Mr. Ali Adibi my deep appreciation for the countless hours spent rederiving
all the major results. The errors and inconsistencies that he corrected will go a long
way toward making this a rigorous and relatively error-free text.

Pasadena, California Amnon Yariv
June 1996



Preface to the
Fourth Edition

The five years that have intervened since the appearance of the third edition of
OPTICAL ELECTRONICS witnessed significant technical developments in the field
and the emergence of some major trends. A few of the important developments are

I. Optical fiber communication has established itself as the key communication
technology.

2, The semiconductor laser and especially the longer wavelength GalnAsP/InP ver-
sion has emerged as the main light source for high-data-rate optical fiber com-
munication systems.

3. Quantum well semiconductor lasers started replacing their con ventional counter-
parts for high-data-rate long distance communication and most other sophisticated
applications including ultra-low threshold and mode-locked lasers.

4. Optical fiber amplifiers are causing a minor revolution in fiber communication
due to their impact on very long distance transmission and on large scale optical
distribution systems.

The accumulated weight of the new developments was such that when I last
taught the course at Caltech in 1989 I found myself using a substantial fraction of
course material that was not included in the text. The fourth editicn brings this
material into the fold. The main additions to the third edition, include major revisions
and new chapters dealing with



Jones calculus and its extension to Faraday effect elements.
Radiometry and infrared detection.
Optical fiber amplifiers and their impact on fiber communication links.
Laser arrays.
Distributed feedback lasers, including multi-element lasers with phase shift sec-
tions.
. Quantum well and ultra-low threshold semiconductor lasers.
Photorefractive crystals and two-beam coupling in dynamic holography and
image processing.
- Two-beam coupling and phase ¢onjugation in stimulated Brillouin scattering.
9. Intensity fluctuations and coherence in semiconductor lasers and their impact on
fiber communication systems.

SE LN~

~N >

*®

The book continues to be aimed at the student interested in learning how to
generate and manipulate optical radiation and how to use it to transmit information.
At Caltech the course is taken, almost in equal proportions, by electrical engineering,
physics, and applied physics students. About half the students tend to be seniors and .
the rest graduate students.

The prerequisites for taking the course at Caltech are a sound undergraduate
background in electromagnetic theory—usually a one year course in this area—and
an introcution to atomic physics.

The hands-on and research flavor of the book owes greatly to the exciting mix
of visitors, talented students, and postdocs who bombard me continually with their
newest findings and thoughts.

This edition includes acknowledged and unacknowledged contributions from
Chris Harder, Kerry Vahala, Eli Kapon, Kam Lau, Pamela Derry, Israel Ury, Nadav
Bar-Chaim, Hank Blauvelt, Michael Mittelstein, Lars Eng, Norman Kwong, Shu Wu
Wu, Bin Zhao, and Rudy Hoffmeister. The Caltech Applied Physics 130 and 131
classes during 1987 and 1989, helped ferret out inconsistencies and insisted on
clearer presentations.

My wife Fran and my administrative assistant Jana Mercado are responsible for
the typing and editing. To them and to all of the above, my gratitude,

Pasadena, California Amnon Yariv
January 1991



S

BSE

$6 5

BT

F8E

$9 &

410 &

F11E

S EI2E

BELREHE IR - veveresesnesnsenssesseseses e et e e e 1
Electromagnetic Theory
FEER TN VLT HIIERN - -vrvvrerrrrre e e 39
The Propagation of Rays and Beams
JEHEFE LR P GFERE -revereesesreesessessinnensses et 76
Propagation of Optical Beams in Fibers
PR YRR e ereenreeeeeene BRI 121
Optical Resonajors
BT S BEF AGATAER oo 159
Interaction of Radiation and Atomic Systems
S 5 T 0 T SRS K AU I RG] oo vememee e 185
Theory of Laser Oscillation and Its Control in the Continuous and Pulsed Regimes
AR Y BUGEE ZE R v v veeer e re e e e 242
Some Specific Laser Systems
UGB PR RIS BRI s 273
Second~Harmonic Generation and Parametric Oscillation
LT T FCCTSEUIIOPRPRI PP TP 326
Electrooptic Modulation of Laser Beams
FEFE A R HTI T RIBRE <eereeerereeeemeremmims e 372
Noise in Optical Detection and Generation
SEIRG BRI ++vvvevereereeseesmemesmeasse s s 413
Detection of Optical Radiation
FERURT AR T AR wevrerereesemesesemeeees i 474

Interaction of Light and Sound



HI13E

B4

FI5E

16 &

BUTE

18 &

19

20 E

.10 -

MRS —— I SR AR SR RS e 491
Propagation and Coupling of Modes in Optical Dielectric Waveguides—Periodic
Waveguides
Lo BRI EIRTERE +vovveervrrerressneesnssinnsssenisesinsssesssansesssssse s 541
Holography and Optical Data Storage
S B YEHE TR AR wvvereeeremreoreermeseiemirteireee et sireeee e 558

Semiconductor Lasers—Theory and Applications

Feit 2 HABOLR— B T BROES , 0 RRA RO,
L e A BaE 6o T O P 604

Advanced Semiconductor Lasers; Quantum Well Lasers, Distributed Feedback

Lasers, Vertical Cavity Surface Emitting Lasers

FR 24 FE2 BT TR cveereererreereeermrnsinnesiniesesieiaesnssrniassne e 639
Phase Conjugate Optics—Theory and Applications
%ﬁ@ﬁ}ﬁ*ﬁgﬂ%ﬂi%ﬁ%ﬂ*ﬁ{j;{e% .......................................... 668
Two-Beam Coupling and Phase Conjugalion in Photorefractive Media

JERIT weeveeenerremmontaneensisste e r e es et 693
Optical Solitons

By B PR E AR HAR T e 703

A Classical Treatment of Quantum Optics, Quantum Noise ,and Squeezing



Chapter 1

1.2

1.3

1.4

1.5

1.6

Contents

ELECTROMAGNETIC THEORY I

Introduction )
Compiex-Function Formalism 1
Time-Averaging of Sinusoidal Products 3
Considerations of Energy and Power in Electromagnetic Fields 3
Dipolar Dissipation in Harmonic Fields 5
Wave Propagation in Isotropic Media 7
Power Flow in Harmonic Fields 10
Wave Propagation in Crystals—The Index Ellipsoid 12
Birefringence 13
Index Ellipsoid 14
Normal (index) Surfaces 17
Jones Calculus and Its Application to Propagation in Optical Systems with
Birefringent Crystals 17
Intensity Transmission 24
Circular Polarization Representation 26
Faraday Rotation 27
Diffraction of Electromagnetic Waves 30
PROBLEMS 34
REFERENCES 38

P



Chapter 2
2.0
2.1
2.2

2.3
24
2.5
2.6

2.7
2.8
29

2.10
2.11

2.12

Chapter 3
3.0
31
32
33
34

3.5

3.6
3.7

Chapter 4

C12 . 4.0

THE PROPAGATION OF RAYS AND BEAMS 3¢9

Introduction 39
Lens Waveguide 39
Identical-Lens Waveguide 44
Propagation of Rays Between Mirrors 45
Reentrant Rays 45
Rays in Lenslike Media 46
Wave Equation in Quadratic Index Media 48

Gaussian Beams in a Homogeneous Medium 50
Fundamental Gaussian Beam in a Lenslike Medium—The ABCD
Law 53

Transformation of the Gaussian Beam—The ABCD Law 54
A Gaussian Beam in Lens Waveguide 57
High-Order Gaussian Beam Modes in a Homogeneous Medium 57
High-Order Gaussian Beam Modes in Quadratic Index Media 58
Pulse Spreading in Quadratic Index Glass Fibers 63
Propagation in Media with a Quadratic Gain Profile 65
Elliptic Gaussian Beams 66
Elliptic Gaussian Beams in a Quadratic Lenslike Medium 69
Diffraction Integral for a Generalized Paraxial A,B,C,D System 70
PROBLEMS 72
REFERENCES 74

PROPAGATION OF OPTICAL BEAMS IN FIBERS 76

Introduction 76
Wave Equations in Cylindrical Coordinates 77
The Step-Index Circular Waveguide 80
Mode Characteristics and Cutoff Conditions 83
Linearly Polarized Modes 89
Power Flow and Power Density 96
Optical Pulse Propagation and Pulse Spreading in Fibers 98
Frequency Chirp 105
Compensation for Group Velocity Dispersion 106
Compensation for Pulse Broadening by Fibers with Opposite
Dispersion 108
Compensation for Pulse Broadening by Phase Conjugation 108
Analogy of Spatial Diffraction and Temporal Dispersion 113
Attenuation in Silica Fibers 115
PROBLEMS 116
REFERENCES 119

OPTICAL RESONATORS 121

Introduction 121
Mode Density in Optical Resonators 122



4.1
4.2
43

4.4
4.5

4.6
4.7
4.8

49

Chapter 5

50
5.1

5.2
53
54
3.5
5.6
5.7

Chapter 6

6.0
6.1
6.2
6.3
6.4

6.5
6.6

Fabry-Perot Etalon 125

Fabry-Perot Etalons as Optical Spectrum Analyzers 129

Optical Resonators with Spherical Mirrors 132
Optical Resonator Algebra 33
The Symmetrical Mirror Resonator 134

Mode Stability Criteria 135

Modes in a Generalized Resonator—The Self-Consistent Method 138
Stability of the Resonator Modes 139

Resonance Frequencies of Optical Resonators 140
Losses in Optical Resonators 143
Optical Resonators—Diffraction Theory Approach 145
Equivalent Resonator Systems 149
Mode Coupling 154
Equivalent Resonator Systems 149

Mode Solution by Numerical Iteration 151
PROBLEMS 156
REFERENCES 158

INTERACTION OF RADIATION AND ATOMIC SYSTEMS 159

Introduction 159
Spontaneous Transitions Between Atomic Levels—Homogeneous and
Inhomogeneous Broadening 159
The Concept of Spontaneous Emission 160
Lineshape Function—Homogeneous and Inhomogeneous
Broadening 161
Homogeneous and Inhomogeneous Broadening 162
Induced Transitions 165
Absorption and Amplification 168
Derivation of x'(v) 171
The Significance of x(v) 174
Gain Saturation in Homogeneous Laser Media 176
Gain Saturation in Inhomogeneous Laser Media 179
PROBLEMS 182
REFERENCES 183

THEORY OF LASER OSCILLATION AND ITS CONTROL IN THE CONTINUOUS
AND PULSED REGIMES 185

Introduction 185

Fabry-Perot Laser 185

Oscillation Frequency 189

Three- and Four-Level Lasers 192

Power in Laser Oscillators 194
Rate Equations 194

Optimum Output Coupling in Laser Oscillators 197

Multimode Laser Oscillation and Mode Locking 201 <13 -
Mode Locking 203



Methods of Mode Locking 206
Theory of Mode Locking 210
6.7 Mode Locking in Homogeneously Broadened Laser Systems 212
Transfer Function of the Gain Medium 213
Transfer Function of the Loss Cell 213
Mode Locking by Phase Modulation 217
6.8  Pulse Length Measurement and Narrowing of Chirped Pulses 218
Pulse Narrowing by Chirping and Compression 222
The Grating Pair Compressor 226
6.9  Giant Pulse (Q-switched) Lasers 227
Methods of Q-Switching 233
6.10 Hole-Burning and the Lamb Dip in Doppler-Broadened Gas Lasers 235
PROBLEMS 238
REFERENCES 239

Chapter 7 SOME SPECIFIC LASER SYSTEMS 242

7.0  Introduction 242
7.1  Pumping and Laser Efficiency 242
7.2  Ruby Laser 243
7.3 Nd&*:YAGLaser 248
7.4  Neodymium-Glass Laser 251
7.5 He-Ne Laser 255
7.6  Carbon Dioride Laser 257
7.7  Ar* Laser 259
7.8  Excimer Lasers 260
7.9 Organic-Dye Lasers 262
7.10 High-Pressure Operation of Gas Lasers 267
7.11 The Er-Silica Laser 270
PROBLEMS 270
REFERENCES 270

Chapter 8 SECOND-HARMONIC GENERATION AND PARAMETRIC
OSCILLATION 273

8.0  Introduction 273

8.1  On the Physical Origin of Nonlinear Polarization 273

8.2  Formalism of Wave Propagation in Nonlinear Media 282

8.3  Optical Second-Harmonic Generation 285
Phase-Matching in Second-Harmonic Generation 286
Experimental Verification of Phase-Matching 290
Second-Harmonic Generation with Focused Gaussian Beams 291
Second-Harmonic Generation with a Depleted Input 293

S 14 . 84  Second-Harmonic Generation Inside the Laser Resonator 295



Chapter 9

Chapter 10

8.5
8.6
8.7
8.8
8.9
8.10

8.11
8.12

9.0
9.1

9.2
9.3
9.4

9.5
9.6

9.7
9.8

9.9

10.0
10.1

10.2
10.3

104
10.5

Photon Model of Second-Harmonic Generation 299
Parametric Amplification 300
Phase-Matching in Parametric Amplification 306
Parametric Oscillation 308
Frequency Tuning in Parametric Oscillation 311
Power Output and Pump Saturation in Optical Parametric

Oscillators 314
Frequency Up-Conversion 316
Quasi Phase-Matching 319

Quasi Phase-Matching in Crystal Dielectric Waveguides 320

PROBLEMS 322
REFERENCES 323

ELECTROOPTIC MODULATION OF LASER BEAMS 326

Introduction 326
Electrooptic Effect 326
The General Solution 333
Electrooptic Retardation 341
Electrooptic Amplitude Modulation 344
Phase Modulation of Light 347
Transverse Electrooptic Modulators 348
High-Frequency Modulation Considerations 349
Transit-Time Limitations to High-Frequency Electrooptic
Modulation 350
Traveling-Wave Modulators 351
Electrooptic Beam Deflection 353
Electrooptic Modulation—Coupled Wave Analysis 356
The Wave Equation 358
Phase Modulation 360
Amplitude Modulation (advanced topic) 364
PROBLEMS 367
REFERENCES 370

NOISE IN OPTICAL DETECTION AND GENERATION 372

Introduction 372

Limitations Due to Noise Power 373
Measurement of Optical Power 373

Noise—Basic Definitions and Theorems 376
Wiener-Khintchine Theorem 378

The Spectral Density Function of a Train of Randomly Occurring

Events 379

Shot Noise 381

Johnson Noise 383
Statistical Derivation of Johnson Noise 386 .15 .



