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For my father,

Professor Arthur K. Young,
from whom I am

still learning the art

of clear thinking



And God said: “Let there be light.” And there was light.
And God saw the light, that it was good;
and God divided the light from the darkness.
THE TORAH

And the light is sweet, and a pleasant
thing it is for the eyes to behold the sun.
KOHELETH (ECCLESIASTES)

But soft! what light through yonder window breaks?
It is the east, and Juliet is the sun!
SHAKESPEARE

Light breaks where no sun shines.
DyLAN THOMAS

Sadness flies on the wings of morning and
out of the heart of darkness comes light.
GIRAUDOUX

Let us bathe in this crystalline light!
PoE

... On a river of crystal light,
Into a sea of dew.
EUGENE FIELD

1 see a black light.
VicTOR HUGO (last words)

Do not go gentle into that good night ...
Rage, rage against the dying of the light.
DyLAN THOMAS



Preface

This is the fifth edition of a book that first appeared in 1977, when it was
half its present length. In the twenty-odd years since that first edition was
published, optical communications has burgeoned, computers have become
ubiquitous, and video techniques have supplemented classical optics. Hence,
the book now includes sections on optical fibers and integrated optics, video
microscopes and digital image processing, holography and coherent optical
processing, and scanning confocal microscopy. Thus, whereas much of the
book is devoted to classical optics, the denouement is the coverage of modern
optics, lasers, and optical waveguides. Nevertheless, the sections on classical
optics include material, such as those on coherence and resolution, that is
not readily found in texts at similar levels.

The fourth edition included over 100 problems; many are designed to dis-
play important results that are not discussed in the text. I have therefore
added to this edition the solutions to all the problems. I hope that the in-
clusion of the solutions will make the book more amenable to self-study, but
also that the solutions will enhance the usefulness of the book in the class-
room. Finally, I think that optics has a lot of terms that are sometimes not
easily understood or whose technical meanings differ from their colloquial
meanings; “focal point”, “grain”, “intensity”, and even “light” are examples.
I have therefore added a glossary to the book.

Optics has been changing greatly for over 40 years, since the invention
of the laser. Partly because of the applied or engineering nature of much of
modern optics, there has been a need for a practical text that surveys the en-
tire field. Such a book should not be a classical-optics text but, rather, should
be strong on principles, applications, and instrumentation; on lasers, holog-
raphy, and coherent light; and on optical-fiber waveguides and integrated
optics. On the other hand, it should concern itself relatively little with such
admittedly interesting topics as the formation of the rainbow or the precise
determination of the speed of light.

My purpose, therefore, has been to write an up-to-date textbook that
surveys applied or engineering optics, including lasers, optical processing,
optical waveguides, and other areas that might be called modern optics. I have
attempted to treat each topic in enough depth to give it considerable practical
value, while keeping it as free from mathematical detail as possible. Because I
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have surveyed applied optics in a very general way (including much more than
I would attempt to incorporate into a single, one-semester college course), this
book should also be a useful handbook for the practicing physicist or engineer
who works from time to time with optics. Any of the material is appropriate
to an introductory undergraduate course in optics; the work as a whole will
be useful to the graduate student or applied physicist with scant background
in optics.

The book originated in class notes for several one-semester courses that
I offered in the Electrical Engineering Curriculum at Rensselaer Polytech-
nic Institute and in the Physics Department of the University of Waterloo
(Canada), before I joined the Optoelectronics - Division of the National Insti-
tute of Standards and Technology. Most of the courses were at the second-
and fourth-year level, but I have drawn much additional material from grad-
uate courses I have offered in lasers and related areas. I have also used the
book as a textbook for courses in the Electrical and Computer Engineering
Department of the University of Colorado and in the Electronics Depart-
ment of the Weizmann Institute of Science. To make the book as useful to as
large an audience as possible, 1 have included short reviews of such subjects
as complex-exponential notation, superposition of waves, and atomic energy
levels.

Nearly all the references are to books or reviews and are chosen to allow
the reader to explore any topic in greater detail. The problems are designed
to help increase the reader’s understanding and, sometimes, to derive a useful
result. Certain portions of the text are largely descriptive; there 1 have used
comparatively few problems.

It is my very great pleasure to acknowledge the invaluable assistance of
the first editor of this book, David MacAdam, whose guidance and comments
have led to a clearer, more readable, and more complete work. My former
officemate at Rensselaer Polytechnic Institute, William Jennings, read the
early versions with great care, offered excellent suggestions, and occasionally
made me rewrite the same passage several times with very salutary results.
Helmut Lotsch of Springer-Verlag ably supervised the production of the early
editions of the book and adhered only to the highest standards.

I also acknowledge my debt to my former professors and fellow students
at the Institute of Optics of the University of Rochester. My closest advisers
there were Michael Hercher and Albert Gold; I also have warm memories
of Philip Baumeister, Parker Givens, and others. My first optics course was
Rudolf Kingslake’s introductory optical-engineering course, and I still occa-
sionally refer to his duplicated course notes.

1 have been working, on and off, with optical-fiber communications since
about 1972; the number of people I have learned from is, as a practical mat-
ter, nondenumerable. However, I want to single out for acknowledgement my
former colleagues and co-editors of the Optical Waveguide Communications
Glossary and, in particular, Robert Gallawa and Gordon Day of NIST in
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Boulder. Neither of these able scientists ever lets me get away with anything,
and Bob Gallawa has offered many pithy comments on the chapters on optical
waveguides. I am equally grateful to Ernest Kim for his critical reading of the
entire third edition. Kevin Malone and Steven Mechels formerly of NIST, sug-
gested many worthwhile improvements, while Paule Hale of NIST reviewed
the material on noise in detectors with great care. Roberto Forneris and Yara
Forneris of the University of Sao Paulo, Brazil, and Burton Brody of Bard
College pointed out a number of errors and made many helpful suggestions.

Additionally, T thank Tim Ohno of the Colorado School of Mines for
suggesting the glossary and Reuben Collins of the Colorado School of Mines
for a tutorial on near-field scanning microscopy. Theodor Tamir, the editor of
the second edition, offered dozens of helpful suggestions. 1 also acknowledge
my very good fortune to have been a Visiting Scientist at the Weizmann
Institute of Science. A course I taught there gave me the impetus to organize,
edit, and supplement my problems and led to their inclusion in this volume.

Finally, I thank Hans Jiirgen Koelsch of Springer for giving me the oppor-
tunity to revise and publish this fifth edition, and Torsten Baade, Kristina
Uhlendorf, and Barbara Luedge of the Friederich-Schiller University of Jena
for carefully weeding the errors from the text and, in particular, from the
problem solutions. Any errors that persist, like the weeds in my lawn, are
mine alone.

Boulder, Colorado, June 2000 M. Young



Contents

1. Introduction........ ... ... ... .. . ... .. 1
2. Ray Optics ... ... 5
2.1 Reflection and Refraction.......... ... ... . ... ... ... 5
211 Refraction.......... ..ottt 5

2.1.2 Index of Refraction ............ ... . ... ... .. ... 6
213 Reflection ...... ... i 6

2.1.4 Total Internal Reflection .......................... 7
2.1.5 Reflecting Prisms................ ... 8

2.2 Imaging .. ... ... 9
2.2.1 Spherical Surfaces .............. ... .. ... 9
2.2.2 Object-Image Relationship ................... .. ... 11
2.2.3 Use of the Sign Convention ........................ 13
224 LensEquation ........... ... ... ... ..o il 13
2.2.5 Classification of Lenses and Images ................. 15
2.2.6 Spherical Mirrors............. .. . oo, 16
227 Thick Lenses......... ..., 17
2.2.8 Image Construction................. ... ... . ... 19
229 Magnification ......... ... .. i 20
2.2.10 Newton’s Form of the Lens Equation............. ... 22
2.2.11 Lagrange Invariant .......... ... .. .. ... ... ... ... 22
2.212 Aberrations. . . ... .. i 23
2.2.13 Spherical Aberration of a Thin Lens ................ 26
Problems ........ ... . 28
3. Optical Instruments . ...................... ... .. .ouiun... 31
3.1 The Eye (as an Optical Instrument) ...................... 31
32 BasicCamera ...........coiiiiiiiniinnuuininia., 34
3.2.1 Photographic Emulsion ........................ ... 35
3.2.2 Sensitometry .............c. it 36
3.2.3 ResolvingPower ............... ... ... . ... 39
324 DepthofField ............. ... ... ......... 39

3.3 Projection Systems ......... ... ... i 41
3.4 Magnifiying Glass .......... ... ... i 42



XII

Contents
3.5 MIiCroscope . ... ... 43
3.6 Scanning Confocal Microscope ........................... 45
3.6.1 Nipkow Disk ......... . ... i i 47
37 TeleSCopPe . . oo i 48
3.7.1 Pupilsand Stops ........ ... 49
3.72 Field Stopand FieldLens ......................... 50
3.7.3 Terrestrial Telescopes ....... ... ... . ... ........ 51
3.8 Resolving Power of Optical Instruments ................... 52
381 Camera ....... ..t 52
382 Telescope...... ... 53
3.83 MiCroscope - ... oit i 54
384 Condensers ............ccouuiiiiiineiiiinaaiii. 55
3.9 Near-Field Scanning Optical Microscope................... 57
Problems ...... ... 60
Light Sources and Detectors .............................. 65
4.1 Radiometry and Photometry . ............................ 65
4.1.1 Radiometric Units .............. ... ... ... ........ 65
4.1.2 Photometric Units................................ 67
413 Point Source......... . ... 68
4.1.4 Extended Source ..................... ... 69
4.1.5 Diffuse Reflector ............................. . ... 70
4.1.6 Integrating Sphere................................ 71
4.1.7 Image Muminance.................... ... ......... 73
4.1.8 Image Luminance .............. ... ........... ... 75
4.2 Light Sources ......... ... ... . .. .., 77
4.2.1 Blackbodies .......... ... . ... ... 77
4.2.2 Color Temperature and Brightness Temperature. . . ... 80
423 LineSources........... ... ... 81
4.2.4 Light-Emitting Diodes (LEDs) ..................... 84
4.3 Detectors. . ...t 85
4.3.1 Quantum Detectors............................... 85
4.3.2 Thermal Detectors ............................... 90
4.3.3 Detector Performance Parameters .................. 92
Problems ......... . .. . . 97
Wave Optics....... ... i 101
5.1 Waves ... ... 101
5.1.1 Electromagnetic Waves............................ 103
5.1.2 Complex-Exponential Functions .................... 104
5.2 Superposition of Waves. ........................ . ... ..., 104
521 Group Velocity .. ........ooooiii i 105
5.2.2 Group Index of Refraction......................... 106
5.3 Interference by Division of Wavefront ................... .. 107

5.3.1 Double-Slit Interference .................. ... ...... 107



Contents  XIII

5.3.2 Multiple-Slit Interference .......... e 109
5.4 Interference by Division of Amplitude ... .................. 111
54.1 Two-Beam Interference ........................... 111
5.4.2 Multiple-Reflection Interference .................... 113
5.5 Diffraction....... ... .. 115
5.5.1 Single-Slit Diffraction ............................. 117
5.5.2 Interference by Finite Slits......................... 119
5.5.3 Fresnel Diffraction................................ 120
554 FarandNearField ............................... 123
5.5.5 Babinet’s Principle ......................... A, 125
556 Fermat’s Principle .............. ... . ... ... ..... 125
5.6 Coherence . ... 127
5.6.1 Temporal Coherence .............................. 128
5.6.2 Spatial Coherence .................... ... ... ..... 130
5.6.3 Coherence of Thermal Sources ..................... 131
5.6.4 Coherence of Microscope INlumination . .............. 131
5.7 Theoretical Resolution Limit............................. 132
5.7.1 Two-Point Resolution ............................. 132
5.7.2 Coherent Illumination............................. 133
5.7.3 Diffused, Coherent Illumination .................... 134
5.7.4 Quasi-Thermal Source ............................ 137
Problems . ... ... .. 138
Interferometry and Related Areas ........................ 143
6.1 Diffraction Grating ................ .. . ... i ... 143
6.1.1 Blazing ............. . ... . 145
6.1.2 Chromatic Resolving Power........................ 145
6.2 Michelson Interferometer ................................ 146
6.2.1 Twyman-Green Interferometer................... .. 148
6.2.2 Mach-Zehnder Interferometer ...................... 149
6.3 Fabry-Perot Interferometer ........ ... ... ... ... ... ... 150
6.3.1 Chromatic Resolving Power........................ 150
6.3.2 FreeSpectral Range ........................... ... 152
6.3.3 Confocal Fabry-Perot Interferometer................ 153
6.4 Multilayer Mirrors and Interference Filters................. 153
6.4.1 Quarter-Wave Layer .............................. 153
6.4.2 Multilayer Mirrors................................ 154
6.4.3 Interference Filters ............................... 154
Problems ... ... .. . 155
Holography and Image Processing .................... ... 157
7.1 Holography ......... ... .. ... . .. . . 157
7.1.1 Off-Axis Holography . ............................. 159
7.1.2 Zone-Plate Interpretation.......................... 161

7.1.3 Amplitude and Phase Holograms . .................. 162



XIV  Contents

7.1.4 Thick Holograms .............. ... .o ... 163

7.2 Optical Processing . ......... ... ... . ... . L. 165
7.2.1 Abbe Theory ........ ... i, 166
7.2.2 Fourier Series .. ........ ..o 168
7.2.3 Fourier-Transform Optics.......................... 171
7.2.4 Spatial Filtering. . ........... ... ... ... ... ... 172
7.2.5 Phase Contrast ............. ... ... 176
726 Matched Filter ................ . ... ... ......... 178
7.2.7 Converging-Beam Optical Processor ................ 180

7.3 Impulse Response and Transfer Function .................. 181
731 Impulse Response ................................ 181
7.3.2 EdgeResponse................ ... ... ... 183
7.3.3 Impulse Response of the Scanning Confocal Microscope 185
7.3.4 Image Restoration................................ 187
7.3.5 Optical Transfer Function ..................... .. .. 188
7.3.6  Coherent Transfer Function........................ 189
7.3.7 Diffraction-Limited Transfer Functions .............. 190
7.3.8 MTF of Photographic Films .................... ... 192

7.4 Digital Image Processing ................................ 193
741 VideoCamera ..................coiiiiiiin. ... 193
7.4.2 Single-Pixel Operations ........................... 194
7.4.3 Cross-Correlation................................. 196
7.4.4 Video Microscope ................oiuuiiiiniiin.. 198
7.4.5 Dimensional Measurement ......................... 199
Problems ......... . 201
8. Lasers .......... .. 207
8.1 Amplification of Light............. ... .. ... ... ........ 207
8.1.1 Optical Amplifier............ ... ... ... 208

8.2 Optically Pumped Laser.............. ... ... ............ 211
8.2.1 RateEquations .................... ... ... ... ..., 212
822 Output Power ............... ..., 213
823 @switched Laser................................. 213
8.2.4 Mode-Locked Laser ............................... 215

8.3 Optical Resonators .................coviviiininni. .. 217
831 AxialModes ........ ... ... ... ... .. ... ... ... 217
8.3.2 Transverse Modes ................................ 219
833 Gaussian Beams..................... ... ......... 220
8.3.4 Stability Diagram ................ ... . ... ... ..., 223
8.3.5 Coherence of Laser Sources ........................ 224

8.4 Specific Laser Systems ..................vuiiiiiiiiii.. 225
84.1 Ruby Laser...................................... 225
8.4.2 Neodymium Laser ................................ 227
8.4.3 Organic-Dye Lasers............................... 229

84.4 Helium—Neon Laser............................... 230



10.

Contents XV

845 TonLasers...... ..., 231
846 COg Laser..........oviriiiiiiiiieinanna,. 232
847 OtherGasLasers................oiiiiiiiinnaa.. 233
8.4.8 Semiconductor Lasers ..................ociin.... 233
8.5 Laser Safety ........ ... .. 235
8.5.1 Sunglasses...........ciiiiiiiii 236
Problems ...... ... 237
Electromagnetic and Polarization Effects ............... .. 239
9.1 Reflection and Refraction................................ 239
9.1.1 Propagation ............ ... ... .. .., 239
9.1.2 Brewster's Angle ........... ... ... .. ... ... ... 240
913 Reflection .............. ... ... .. 241
9.1.4 Interface between Two Dense Media ................ 243
9.1.5 Internal Reflection................................ 243
9.1.6 Phase Change..........cooivuiiiiiiiiiniinuunn. .. 244
9.1.7 Reflection from Metals ......................... ... 246
9.2 Polarization .............. ... . 246
9.2.1 Birefringence ....... ... ... . 247
922 WavePlates ............... ... ... ... 249
9.2.3 Glan—Thompson and Nicol Prisms . . ... N 250
9.2.4 Dichroic Polarizers ............................... 251
9.2.5 Optical Activiby . ..., 252
9.26 Liquid Crystals ............ ... ... ... ..., 252
9.3 Nonlinear Optics ............. ... ... i i i 254
9.3.1 Second-Harmonic Generation ...................... 255
9.3.2 Phase Matching .............. ... ... ... .. ... ... 255
933 Optical Mixing............ ... ... ... ... ...... 257
9.4 Electro-optics, Magneto-optics, and Acousto-optics ......... 258
941 KerrEffect ........ ... .. 258
942 PockelsEffect................... . ... ... . ... .. ... 259
9.4.3 FElectro-optic Light Modulation..................... 261
9.4.4 Acousto-optic Beam Deflection .. ................... 261
9.45 Faraday Effect ............... ... .. ... ... .. ...... 263
Problems ........ . .. . ... 263
Fibers and Optical Waveguides ....................... .. .. 265
10.1 Rays in Optical Fibers .................................. 265
10.2 Modes in Optical Waveguides ............................ 267
10.2.1 Propagation Constant and Phase Velocity ........... 270
10.2.2 Prism Coupler ................................. .. 271
10.2.3 Grating Coupler................. .. ... i, 272
10.2.4 Modes in Circular Waveguides ..................... 274
10.2.5 Number of Modes in a Waveguide .................. 274

10.2.6 Single-Mode Waveguide ........................... 275



XVI

11.

12.

Contents

10.3 Graded-Index Fibers . ........ ... .. ... ... ... ... ...... 276
10.3.1 Parabolic Profile ................ ... ... ........... 276
10.3.2 Local Numerical Aperture ......................... 278
1033 Leaky Rays . ......... ... .. i 279
10.3.4 Restricted Launch ................................ 280
10.3.5 Bending Loss and Mode Coupling .................. 282

10.4 Connectors ... ...t 283
10.4.1 Multimode Fibers ............................. ... 284
10.4.2 Single-Mode Fibers ............................... 287
10.4.3 Star Couplers . ............ i 289

Problems .. ... ... . . 290

Optical-Fiber Measurements. ............................. 293

11.1 Launching Conditions . ............. ... ... ... iovii.n. 293
11.1.1 Beam-Optics Launch ............................. 294
11.1.2 Equilibrium Mode Simulator .. ..................... 295
11.1.3 Cladding-Mode Stripper........................... 296

11.2 Attenuation ............ . ... . i 296
11.2.1 Attenuation Measurements ........................ 298

11.3 Fiber Bandwidth ........ ... ... .. ... .. ... ... . ... . ... 299
11.3.1 Distortion .. ...t 299
11.3.2 Material Dispersion............................... 300
11.3.3 Waveguide Dispersion............................. 301
11.3.4 Bandwidth Measurements ......................... 302
11.3.5 Coherence Length of the Source .................... 302

11.4 Optical Time-Domain Reflectometry ...................... 303

11.5 Index Profile . . . ... ... .. ... .. . . . . . 305
11.5.1 Transverse Methods .............................. 306
11.5.2 Longitudinal Methods............................. 307
11.5.3 Near-Field Scanning .............................. 307
11.5.4 Refracted-Ray Method ............................ 308
11.5.5 Core-Diameter Measurements ...................... 311

11.6 Numerical Aperture of Multimode Fibers.................. 312

11.7 Mode-Field Diameter ........... ... . ... . ... ... ...... 312

Problems .. ... .. 315

Integrated Optics . ......... ... ... . ... ... ... ... ... ... 319

12.1 Optical Integrated Circuits ............ ... .............. 319
12.1.1 Channel or Strip Waveguides ...................... 321
12.1.2 Ridge Waveguide . . ................ ... ...... ... ... 322
1213 Branches ... 323
12.1.4 Distributed-Feedback Lasers ....................... 324
1215 Couplers ... 325
12.1.6 Modulators and Switches .......................... 327

12.2 Planar Optical Devices . .............. ... uiin. ... 329



Contents XVIIL

12.2.1 Mode-Index Lenses . .......... ... ... ... ... ... 330

12.2.2 Luneburg Lenses ............. ... ..., 331

12.2.3 GeodesicLenses . . . .........ooiiiniia i 333

1224 Gratings ............ . e 335

12.2.5 Surface-Emitting Lasers ........................... 339
Problems ..... .. . . 339

13. Solutions of Examples and Problems...................... 345
Glossary . ... 443
Suggested Reading Material ........... ... .. ... .. ... .. .. . .. 473

Subject Index ......... ... ... ... 481



1. Introduction

This is an applied optics book. It is written for physics or engineering students
who will incorporate optical instruments into practical devices or who will
use optical components in their laboratories or their experiments. My aim is
to present as complete a picture of modern applied optics as possible, while
going into as much depth as possible, yet using a minimum of advanced
mathematics.

In much of the book, we will consider a beam of light as a collection of
rays. When it is necessary to understand interference and diffraction, we will,
in effect, add a wave motion to the rays. Less often, we will use the particle
nature of light and, in effect, consider the rays as if they were streams of
particles. If you like, you can call this the triplicity of light - rays, waves,
particles. We will use the wave and particle natures of light without justifica-
tion and without philosophical foundation: that is, as heuristic devices that
enable us to understand certain kinds of phenomena in as much depth as we
require for designing and understanding optical instruments and systems.

Deeper understanding of the wave and particle natures of light is pre-
sented in courses in quantum electrodynamics. Here, let me just say, without
apology, that sometimes it is convenient to consider light as a wave motion
and sometimes as a stream of particles, depending on the kind of experiment
we are performing. Still, there is something mysterious about performing
an experiment, like the double-slit experiment (Chap.5), in which the light
propagates and exhibits interference precisely as if it were a wave, and yet
detecting the interference pattern with a quantum detector (Chap. 4), which
interacts with the light as if it were a series of particles. The most common
explanation, that particles in the subatomic world behave in a way that we
do not find intuitive, is not very satisfying and gets us back where we began:
we must, to some extent, consider the light as a wave when it propagates,
but as a particle when it is absorbed by matter. When the wave motion is
not important, as in many simple lens instruments, we ignore it and use a
formalism based on rays.

The book begins with two chapters based on geometrical, or ray, optics.
In Chap.2, I treat as much ray optics as I find necessary for a complete
understanding of the optical instruments introduced in Chap. 3. In particular,
Chap. 2 derives the lens equation, which allows calculation of object and



