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PR EFACE

This book originates from a set of class notes prepared for seniors or begin-
ning graduate students in electrical engineering, physics, or chemistry at the
University of Illinois. It is an attempt to adapt the student’s background in
electronics at radio or microwave frequencies to some of the techniques,
components, and problems associated with this new source—the laser—at the
higher-frequency domain. -

‘Therefore, the book begins with Maxwell’s equations, examines electro-
magnetic issues that play a major role in laser oscillation, and then discusses
the basic phenomena in atomic physics which lead to amplification and, with
feedback, to oscillation. While the discussion is intended to be applicable to
all types of lasers, there is a considerable bias exhibited towards the gas laser
as being the simplest system which exemplifies the principles discussed. The
book concludes with a preliminary discussion of quantum detectors and detec-
tion systems, a subject which could be covered first or last, but in any case,
should be covered, to appreciate some of the possibilities and problems of
laser communications.

All theoretical developments are presented using the SI system of units,
however, most of the discussion and examples involving numerical values use.
the centimeter as the unit of length.



‘ xii Preface

The underlying philosophy of the entire text is that laser technology is,
for the most part, a natural extension of low-frequency electronics. Lasers are
- quantum devices—so be it, so are transistors! The student should enjoy,
rather than be intimidated by the quantum nature of the faser.
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Group velocity

Voltage standing wave ratio

Energy

Drift velocity (Chapter 11)

Energy of the electron gas

Minimum spot-size

Saturation energy

Spot-size as a function of z

Characteristic length parameter of a Gaussian beam
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Secondary emission ratio

Fraction of the electron’s excess energy lost in an clastic

collision
Doppler line width
Homogeneous line width
Natural line width
Hole line width
Line width in radian frequency units
Pulse wide (FWHM)
Characteristic energy of electrons = Dyfu
Characteristic energy of atoms or molecules
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Imaginary part of the relative dielectric constant



xvi List of Symbols

€ Permittivity of free-space

€, Relative dielectric constant

€ Electron energy

Mo Wave impedance of free-space (u,/€,)"?
Nae Quantum efficiency

7. Extraction efficiency

A Characteristic length

A Wavelength of the TEM,, ,, , mode

Ao Free-space wavelength

A Wavelength 4,/n

y7] Mobility '

Ha Electric dipole moment

Ho Permeability of free-space

v.f Frequency (Hertz)

v, ’ Ionization rate (per electron)

v, Line center

12 Wave number (# of wavelengths per centimeter)
v, Collision of frequency )
p(») Energy per unit of volume per unit of frequency at v
P, Energy per unit of volume at a frequency v
P Reflection coefficient for the electric field
a(v) Stimulated emission cross-section

o (€) Collision cross-section

g, Ionization cross-section

T Lifetime of state 1

72 Lifetime of state 2

3} Decay rate of state 2 into state 1

T, Photon lifetime

T, Radiative lifetime

¢, 0 Phase shift or geometric angles

¢, Number of photons in a cavity

$12 Branching ratio

17 - Wave function -

w Radian frequency = 2nv

Q Rabi frequency (u,,E/2h)



CONTENTS

PREFACE

PRELIMINARY COMMENTS

REVIEW OF ELECTROMAGNETIC THEORY

B

1.2
1.3
1.4
1.5
1.6
1.7
1.8

Introduction, 5§

Maxwell's Equations, 6

‘Wave Equation, 7

Algcbraic Form of Maxwell's Equations, §
The Uncertainty Relationships, ¢
Spreading of an Electromagnetic Beam, 11
Coherent Electromagnetic Radiation, 12
Example of Coherence Effects, 18



Contents

2 RAY TRACING IN AN OPTICAL SYSTEM 25

2.0 Introduction, 25

2.1 Ray Matrix, z5 -
2.2 Some Common Ray Matrices, 27

2.3 Applications of Ray Tracing—Optical Cavities, 30
2.4 Stability—Stability Diagram, 33

2.5 The Unstable Region, 35

2.6 Example of Ray Tracing in a Stable Cavity, 35

2.7 Repetitive Ray Paths, 38

2.8 Initial Conditions—Stable Cavities, 39

2.9 Initial Conditions—Unstable Cavities, 40

2.10 Astigmatism, 41

2.11 Continuous Lens-like Media, 43

2.11.1 Propagation of a ray in an inhomogeneous medium, 44
2.11.2  Ray matrix _for a continuous lens, 45

2.12 'Wave Transformation by a Lens, ¢47

3 GAUSSIAN BEAMS | 53

3.1 Introduction, 53

3.2 Preliminary Ideas—TEM Waves, 5¢

3.3 Lowest-Order TEM,; , Mode, 56

3.4 Physical Description of the TEM,, o Mode, 6o

3.4.1 Amplitude of the field, 60

3.4.2  Longitudinal phase factor, 62

3-4.3 Radial phase factor, 62

3.5 Higher-Order Modes, 64 .

3.6 Divergence of the Higher-Order Modes—Spatial Coherence, 67

4 GAUSSIAN BEAMS IN CONTINUOUS MEDIA 70

4.1 Introduction, 70

4.2 The Dielectric Slab Waveguide, 71

4.3 The ABCD Law for Gaussian Beams, 73

4.4 Fiber-Optic Waveguide—An Approximate Analysis, 76
4.5 Fiber-Optic Waveguide—An Exact Analysis, 79

4.6 Higher-Order TEM Modes, 82

4.7 Dispersion in Fibers, 83

S5 OPTICAL RESONATORS 89

5.0 Introduction, 8¢
5.1 Gaussian Beams in Simple Stable Resonators, 89



Contents vii

5.2 Application of the ABCD Law to Cavities, 92
5.3 Mode Volume in Stable Resonators, 97

$.4 Unstable Resonators, 99

5.5 The Unstable Confocal Resonator, 106

6 RESbNANT OPTICAL CAVITIES 112

6.0 General Cavity Concepts, 112

6.1 Resonance, 112

6.2 Frequency Filtering—Cavity Q, Finesse, 115

6.3 Photon Lifetime, 119

6.4 Resonance of the Hermite-Gaussian Modes, 121
6.5 Diffraction Losses, 123

7 ATOMIC RADIATION 130

7.1 Introduction and Preliminary Ideas, 130

7.2 Blackbody Radiation Theory, 132

7.3 Einstein's A and B Coefficients, 135

7.3.1 Definition of radiative processes, 135

7.3.2 Rela{ionship between the cocfficients, 137

7.4 Introduction to the Ratc Equations—Lifetime Broadening, 139
7.5 The Line Shape, 143

7.5.1 Homogeneous broadening, 143

7.5.2  Inhomogeneous broadening, 148

7.5.3 General comments on the line shape, 150

7.6 Transition Rates for MonochromaticWaves, 151
7.7 Amplification by an Atomic System, 152 '
7.8 Review, 155

8 LASER OSCILLATION AND AMPLIFICATION 159

8.1 Introduction—Threshold Condition for Oscillation, 159

8.2 Laser Oscillation and Amplification in 2 Homogeneous
Broadened Transition, 161 '

8.3 Gain Saturation in 2 Homogeneous Broadened Transition, 165

8.4 Laser Oscillation in an Inhomogeneous Broadened Transition—

" "Physical Description, 171

8.5 Multimode Oscillation, 174

8.6 Gain Saturation in an Inhomogencous Broadened Transition—
Mathematical Treatment, 175

8.7 Amplificd Spontancous Emission (ASE), 179

8.8 Laser Oscillation—A Different Viewpoint, 18¢



9 GENERAL CHARACTER!STICS OF I..ASERS ,

I0

9.1 Intmducnon—Qumttm Eﬂicxcncy, 193
9.2 Powcr of a CW Laser, 195

9.2.1

Simplified analysis, 195

9.2.2 Power output—exact analy.m, 198
9.3 Trans:cnt Effects, zo1

- 9.3-1

Q switching, Q spoiling, or giant pulve behavior, 201

9.3.2 Gain switching, 212
9-3.3 Pulse propagation in amplifiers, 216
9.4 Multimode Effects—Mode¢ Locking, 222

9-4-1

Simplified analysis, 223

9.4.2 Formal analysis of mode locking, 225
9-4-3 Spatial'variation of the field, 228

‘9.5 Distributed Feedback, 230

9.6 Dispersion Effects, 241
9.6.1  Material dispersion, 241

. 9-6.2 " Anomalous dispersion, 243

LASER EXCITATION .

- 10,0 Introduction, 252

10.1 Three- and Four-Level Lasers, 253
10.2 Optical Pumping, 255

10.2.1

. 10.2.2

Qwerview, 255

Ruby lasers, 255

10.2.3 Neodymium lasers, 260
10.3 Dye Lasers, 264
10.4 Gascous-Discharge Lasers, 268

10.4.1
10.4.2
10.4.3
10.4.4

Overview, 268 _
Helium-nieon laser, 268
Ion lasers, 276

CO, lasers, 278

10.5 Chemical Lasers, 285

10.5.1
10.5.2

Background, 285
HF chemical lasers, 285

10.6 Semiconductor Lasers, 287

10.6.1

" 10.6.2

10.6.3
10.6.4
10.6.5

Preliminary comments, 287

Review of semiconductor terminology, 287

Optical amplification in a semiconductor, 291

Carrier injection in semiconductor lasers—homojunctions, 294
Heterofunction lasers, 297

193

252



Contents

IX

X2

I3

GAS-DISCHARGE PHENOMENA

11.1  Introduction, 3o4

11.2 Terminal Characteristics, 306

11.3 Spatial Characteristics, 307

11.4 Flectron Gas, 309

11.4.0 Background, 3og

11.4.1 “Average” or “typical” electron, 309
11.4.2  Electron distribution function, 317
11.4.3 Computation of rates, 320

11.4.4 Computation of a flux, 322

11.5 Ionization Balance, 323

11.6 Example of Gas-Discharge Excitation of a CO, Laser, 326
11.6.1  Preliminary information, 326

11.6.2 Experimental detail and results, 326

. 11.6.3  Theoretical calculations, 328

11.6.4 Correlation betw_em' experiment and theory, 332
11.6.5 Laser-level excitation, 335
11.7 Electron Beam Sustained Operation, 337

TRANSITION RATES

12.1 Introduction, 344

12.2 The Classical Model of an Avom, 345

12.2.1 The antenna problem, 345

12.2.2  The “bowund” electron, 346

12.2.3 The “driven” oscillator, 347

12.2.4 Dispersion, 351

12.3 Quantum Viewpoint of the Interaction of the Atom
with a Classical Field, 352 '

12.3.1  General formulation, 353

12.3.2  Perturbation of the wave function, 355

12.4 Derivation of Einstein Coefficients, 357

12.5 Strong-Signal Theory—A More Exact Analysis, 361

SPECTROSCOPY OF COMMON LASERS"

' 13.1 Introduction, 367

13.2. Atomic Notation, 368
13.2.1  Energy levels, 368
13.2.2  Transitions—selection rules, 369

304

367



x Contents

13.3 Molccular Structure—Diatomic Molecules, 370

13.3.1 Preliminary comments, 370

13.3.2 Rotational structure and transitions, 372

13.3.3 Thermal distribution of the population in rotational states, 373
13.3.4 Vibrational structure, 374 :
13.3.5 Vibration—rotational transitions, 375

13.3.6 Relative gain on P and R branches—partial and total invetsions, 376
13.3.7 Gas dynamic lasers, 378 '

13.4 Electronic States in Molecules, 381

13.4.2  Notation, 381

13.4.2 The Franck—Condon principle, 381

13.4.3 Molecular nitrogen lasers, 382

13.4.4 Rare gas~halide lasers, 383

I4 DETECTION OF OPTICAL RADIATION 3s8

14.1 Introduction, 388

14.2 Quantum Detectors, 389

14.2.1  Vacuum photodiode, 389

14.2.2  The photomultiplier, 391

14.3 Solid-State Quantum Detectors, 392
. 14.3.1  The photoconductor, 392 '

14.3.2 The junction photodiode, 395

14.3.3 The p-i-n diode, 398

14.3.4 The avalanche photodiode, 399

14.4 Noise Considerations, 399

14.s The Mathematics of Noise, 402
14.6 Sources of Noise, 406

14.6.1  Shot noise, 407

14.6.2  Thermal noise, 408

14.6.3 Noise figure of video amplifiers, 410

14.6.4 Background radiation, g11

14.7 Limits of Detection Systems, ¢12

14 7.1 Video detection of photons, 412

14.7.2 The heterodyne system, ¢18

APPENDIX 1 “DETAILED BALANCING” '
OR “MICROSCOPIC REVERSIBILITY" 424

APPENDIX I THE KRAMERS-KRONIG RELATIONS 429

INDEX | — 435



PRELIMINARY
COMMENTS

Prior to the 1960s, optics formed the basis for a relatively small industry
involving rather sedate and mature topics such as optical instruments,
cameras, microscopes, and scientific applications. Then the laser came on
the scene, first the solid-state (ruby) laser, then the gas laser, then the semi-
conductor injection laser—and now optics forms the basis for many more
functions, products, and services. ‘

At first, the standard joke was: “The laser is a solution in search of a
problem.” More seriously, almost everybody recognized the potential of the
laser in communications, in data processing, storage, and retrieval, and
even in eye surgqry. The question to be answered was: Could the laser do
things that had not been done before, or could it do things better and more
economically than had previous devices and technologies? It is interesting
" to observe that the initial applications of the laser have not been in the
rather obvious fields listed above but in new applications by ingenious people
who understood the principles of the laser and who understood the problems
to be solved. Hence, we have laser transits, laser pattern cutting, laser cutting
of steel, and laser fusion, and we are starting to make inroads in optical
communications. The history of the laser in the ficld of communications is
a good one to follow to illustrate a point about “obvious™ applications.

AL 35D .



2 [ Chap. o Preliminary Comments

The frequency of the ruby laser at 4 = 694.3nm is 4.32 X 10'* Hz,
a quantity that is of interest to any communication engineer. If only 19, of
this carrier frequency is used for the information bandwidth, we have a
communication channel that has two to three orders of magnitude (102 to 103%)
more capacity than the widest band channel in existence. Some of the micro-
wave radio-relay links used by the telephone company have channel widths
as large as 109 of the carrier frequency. Consequently, one laser beam
should be able to carry a huge number of telephone conversations (bandwidth
required per telephone conversation, 4 kHz) and many television programs
(bandwidth, ~ 5 MHz) simultaneously.

There are, however, a few problems. We do not know how to modulate
this carrier at a 4 X 10'2 Hz rate; nor does the technology exist to demodu-
late at this rate; nor could our terminal equipment handle information at
this rate. Ii" that is not enough, we are not overly confident of being able to
transmit the information from point 4 to a distant point B with the reliability
afforded by microwave links. Finally, there was some doubt as to the reliability
of the laser. Consequently, communications by lasers with the same degree
of sophistication as is done at microwave frequencies lies in the future, but
some inroads are being made.

The invention of glass fibers exhibiting very low loss has made laser
communications a viable alternative to wired links. After all, the world has
practically exhausted high-grade copper ore supplies, but we have not really
touched the primary ingredient of glass—SiO, (i.e., sand). Thus, the first
“obvious” application of the laser, communications, had to wait until 1977
for trial runs over short-haul links.

The point to be made by the above is that obvious appllcatlons are not
so straightforward and simple. Most often, it is the materials that are the
major impediment, but this should not stop one from looking for other uses.
For instance,, a first major use of the ruby laser was in the “trimming” of
solid-state circuit components. In that case, one uses the ability to focus the
energy of the laser onto a very small spot so as to vaporize the excess material.

In view of the above, then, we will not look at a laser from an appli-
cations standpoint. Rather, we will try to introduce the elementary and
simple principles of the laser itself, the propagation of its radiation, and
the elements of the detection problem. The word “simple” was underlined
to emphasize the goal of this textbook: to make you feel comfortable with
the following issues:!

" 1. What physical principles are involved in generation of laser radiation ?

2

'The numbers in parentheses represent the order of the topics covered in this book.



