
Amplification, 3, 66–68, 161
and gain, 96–97
chirped pulse, 165, 427–428

Amplified spontaneous emission,
174–175

Amplifiers, optical, 161–166
communications, 353 
erbium-doped fiber, 256–257
neodymium, 240–241
parametric, 180
Raman fiber, 258–259
semiconductor, 294

Amplitude modulation, 145–148, 351
Angioplasty, laser, 397
Angle of refraction, 45
Angle, normal, 44
Annealing, 386, 387
Antipersonnel lasers, 409
Antireflection coatings, 139
Arc lamps, 230, 233
Argon fluoride lasers, 388, 392; see

also excimer lasers
Argon ion lasers, 197–200
Arrays, diode laser, 289
Asteroid defense, laser, 409, 433
Atmospheric perturbations, 153
Atom lasers, 422
Atomic clocks, 421
Atomic energy levels, 30–33
Atomic gases, 167, 187
Atomic vapor laser isotope

enrichment, 399–400
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Aberrations, 127–128
Ablation of tissue, 391
Absorption, 37–38, 41–42, 47–48, 141

high-energy laser, 405–406
material surface, 381–382
spectroscopy, 365–366
spectrum, 230–231

Acceleration, laser, 430
Accelerators, electron, 329–330
Achromatic lenses, 128
Acoustooptic modulators, 148
Active layer, see junction
Active sensing, 367
Active species, 225, 226–227
Acupuncture, laser, 398
Adaptive optics, 153
Advanced Research Projects Agency,

403
Advanced Tactical Laser, 214, 404,

408
Advantages of laser light, 340–341
Aiming laser weapons, 361–362
Air, refractive index, 43
Airborne Laser, 214, 408
Aircraft defense, 363
Alexandrite lasers, 246–248
Alferov, Zhores, 416
AlGaAs lasers, 306–307
AlGaInP lasers, 306
Alignment lasers, 355
Alpha chemical laser, 407
Altimetry, 356
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Boltzmann constant, 39
Bomb-driven X-ray laser, 327
Bone, laser interaction with, 392
Bose–Einstein condensates, 423, 424
Boundary conditions, 79
Brewster windows, 117–118, 190–191
Broad-area diode lasers, 288
Broadband lasers, 175–178, 243–248
Broadening, line, 98
Buried heterostructure laser, 288

Cadmium vapor lasers, 201–202
Cancer therapy, photodynamic, 397
Carbon dioxide lasers, 203–208

materials working, 379–387
optics, 207–208
tissue interactions, 390–391

Carbon-monoxide lasers, 216
Carriers, current, 268–270
Cataract surgery, 394
Cavities; see also resonators 

diode laser, 290–294
Fabry–Perot, 76–78
gas laser, 190–191
laser, 66–79, 98–99
length, 75
optics, 83–84
reflective pump, 231–233
resonant, 66–76
VCSEL, 295

Cavity dumping, 150
CD players, 345
Ceramic scribing, 384
Charged particle acceleration, 430
Chemical lasers, 212–214, 407
Chemical oxygen-iodine laser, 214,

407
Chemical reactions, 418–419
Chirped pulse amplification, 165,

427–428
Choppers, beam, 146
Chromatic aberration, 127
Chromium

alexandrite lasers, 246–248
LiSAF lasers, 248
ruby lasers, 235

Chu, Steven, 416
Classical physics, 30
Classifications, laser safety, 445

Attenuation, optical, 47–48
Attosecond pulses, 428–429
Audio disk players, 345–346
Automotive fiber optics, 354
Avalanche photodiodes, 155
Average power, 116

Baby-bottle nipples, drilling, 380
Band, conduction, 267
Band, valence, 267
Band gaps, 268, 272–273

direct, 273
indirect, 272–273
semiconductor, chart, 304–305

Bandwidth, 96–101, 302
broad, 175–178, 243–248
diode laser, 291–293, 301–301
Doppler, 98, 191
gain, 75–76, 96–101
laser dye, 318–319
LED, 277–278
pulse duration and, 116–117, 429

Bar-code scanners, 342–344
Basov, Nikolai, 416
Battle simulation, 362–363
Beam characteristics (laser), 74–81
Beam choppers, 146
Beam combination, coherent, 432
Beam control optics, 405
Beam diameter, 13, 74, 103
Beam direction, 151–153
Beam divergence, 13, 74, 101–104,

300–301
Beam expanders, 126–127
Beam modulation, 145–151
Beam propagation, 151–153
Beam scanners, 152
Beam splitter, 135–136
Beam waist, 103
Bennett, William R. Jr., 185
Biological testing, 368
Biostimulation, 398
Birefringence, 135
Bleaching, skin lesions and tattoos,

395–396
Blinding lasers, 409
Bloembergen, Nicolaas, 416
Blue diode lasers, 305–306
Blu-Ray disks, 346

466 INDEX
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Clocks, atomic, 421
Coatings, optical, 139–141
Cohen-Tannoudji, Claude, 416
Coherence, 14–15, 93–96
Coherence length, 95
Coherent atoms, 423
Coherent beam combination, 432
Cold laser treatment, 398
Collimators, 126–127
Color filters, 140
Color printers, 350
Color separation, 350
Colorado State University, 327, 328
Color-center lasers, 248
Communications, deep-space, 432
Communications, fiber-optic, 350–354
Compound semiconductors, 273–275,

304–305
Compression, pulse, 165, 427–428
Computer printing, laser, 347–349
Computer-to-press systems, 350
Computing, quantum, 431
Concentric resonator, 77
Condensates, Bose-Einstein, 423, 424
Conduction band, 267
Configurations, solid-state laser,

229–230
Confinement, energy, 87–88
Confinement, in diode, 281–289
Confocal resonator, 77
Constants

Boltzmann, 39
lattice, 282, 304–305
Planck’s, 23

Construction alignment, 355
Constructive interference, 27–28
Continuous-wave emission, 71–72,

113–117
Continuum, white-light, 420
Cooling equipment, 189
Cooling, laser, 422
Copper vapor lasers, 202–203,

399–400
Core, fiber, 250–252
Cornea, and refractive surgery,

392–393
Cornell, Eric, 416, 423
Corner cubes, 129–130
Cosmetic surgery, 396

INDEX 467

Countermeasures, laser, 363
Coupler, optical, 251–252
Cryptography, quantum, 431
Crystals, laser, 169–170, 225–230
Current carriers, semiconductor,

268–270
Current, threshold, 280–281
Curvature, radius of, 50
Customization, integrated circuit, 389
Cutting, laser, 384–385
Cylindrical lenses, 128–129

Damage, optical, 165
Data links, 354
Data storage, optical, 344–347
Dawson, John M., 430
Death rays, xi, 2
Deep-space communications, 432
Defense, laser against asteroids, 409,

433
Deflectors, beam, 152
Density, optical, 141
Dentistry, 396
Depopulation, lower laser level, 65
Depth of focus, and drilling, 383
Dermatology, 395–396
Designators, laser target, 362
Destructive interference, 28
Detectors, light, 155
Deuterium fluoride lasers, 212–214,

407
D’Haenens, Irnee, xi–xii, 5–6, 15, 340
Diabetic retinopathy, 394
Diameter, beam, 13, 73, 103
Diamond, drilling, 379–380
Dielectric coatings, 140
Dielectric solids, 169–170
Difference-frequency generation, 144
Diffraction, 48

grating, 84, 131–132
limit, 101–102, 104

Diffuse reflection, 46
Diode lasers, 265–311

arrays, 289
beams, 300–301
composition, 302–308
confinement in, 281–289
edge emitting, 290–293
junction emission, 276–280
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Diode lasers (continued)
layers in, 281–285
materials, 302–308
optical properties, 300–301
photos, 8
pumping with, 234–235, 407
surface emitting, 294–297

Diode-pumped lasers, 234–235, 407
Diodes, semiconductor, 270–272, 
Direct band gap, 273
Direct modulation, 146–147
Discharge, electric, 189

pumping extreme ultraviolet laser,
328

Disks, optical, 344–347
Dispersive optics, 130–132
Displays, laser, 359–361
Distance measurement, 356
Distributed Bragg reflection laser,

291–292
Distributed feedback lasers, 291–292
Divergence, beam, 13, 74, 101–104.

300–301
Dopants, 226

fiber laser, 250–255
semiconductor, 268–270

Doppler broadening, 98, 191
Doppler-free spectroscopy, 417–418
Double-heterojunction laser, 284
Drilling, laser, 383

baby-bottle nipples, 380
diamond dies, 379–380

Dual cladding, 251
Duke University Free-Electron Laser

Laboratory, 332
Dumping, cavity, 150
Duration, pulse, 12, 114–117

and bandwidth, 116–117
Duty cycle, 116
DVD players, 346
Dye lasers, 172, 317–322, 417–418

dermatology, 395
isotope enrichment, 399–400

Edge-emitting diode lasers, 290–294
Efficiency, 14, 86–87, 108–113

excitation, 109–110
fiber laser, 253

Einstein, Albert, 3–4, 29

468 INDEX

Electrical excitation, 85–86, 189
Electrical hazards of lasers, 441
Electromagnetic radiation, 3, 24–26
Electromagnetic spectrum, 24–26
Electron accelerators, 329–330
Electron energy levels, 30–32
Electron volts, 23
Electronic transitions, 35–36
Electronics manufacture, 387–389
Electrooptic modulators, 147
Electrooptic polarization rotators,

147–148
Emission, 38–39

duration, 113–117
LED, 277–278
recombination, 276
spontaneous, 38–40
stimulated, 3–4, 38–40

Endometriosis, 391
Energy confinement, 87–88
Energy conversion efficiency, 86–87
Energy extraction efficiency, 111–112
Energy levels, 30–40, 61–65

alexandrite, 247
argon, 199
atomic, 30–33
carbon dioxide, 204
dye, 319
electronic, 35–36
excimer, 209–210
extreme ultraviolet, 324–325
helium–cadmium, 201
helium–neon, 194
hydrogen, 30–31, 33–34
molecular, 33, 36–37
neodymium laser, 235–236
quantum cascade, 299–300
ruby, 235–236
Rydberg, 36
semiconductor, 272–273, 277–278
transitions, 37
vibrational, 36–27, 203–205
vibronic, 170, 238

Energy, photon, 23
Energy storage, in laser cavity, 73
Enrichment, isotope, 398–401
Equilibrium, thermodynamic, 39–40
Erbium fiber amplifiers, 256–257, 353
Erbium fiber lasers, 255
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Erbium glass lasers, bulk, 249
Erbium–YAG lasers, 249
Etalon, 99–100
Evanescent coupling, 333–334
Excimer lasers, 208–211, 388
Excimers, 168, 187
Excitation, 61, 85–88

efficiency, 109–111
electrical, 85–86
gas laser, 189
semiconductor, 277–278, 280–281
solid-state laser, 230–234

Excited dimers, 168
Excited-state lifetime, 62
Exciton, 171
Exclusion principle, Pauli, 312
Expanders, beam, 126–127
External cavity diode laser, 293
External modulation, 147
Extreme electromagnetic fields,

428–430
Extreme Light Infrastructure, 426
Extreme ultraviolet lasers, 168,

323–328
Eye hazards, 441–445
Eye safety, 249, 441–445
Eye surgery, 392–394
Eye-safe lasers, 249, 362

Fabry–Perot diode lasers, 290–291
Fabry–Perot etalon, 99–100
Fabry–Perot resonator, 76–78
Facets, laser, 290
Fall time, 114–115
Far-field beam, 102–103
Far-infrared gas lasers, 216
Femtosecond lasers 177–178, 245, 429
Femtosecond spectroscopy, 418–419
Fiber amplifiers, 256–259
Fiber lasers, 250–255
Fiber optics, 132–133

communications, 350–354
home, 354
networks, 354
surgery, 396–397

Filters, 139–141
color, 140
interference, 140
neutral-density, 141

INDEX 469

spatial, 141
Flashlamp pumping, 231–233, 322
Flashlamps, 224, 230
Flow, gas, 188–189
Fluorescence spectroscopy, 364
Fluorine laser, see excimer lasers
Focal length, 50–51, 54
Focal point 49
Focusing laser beams, 104
Forward bias, 271–272
Four-level laser, 63–65, 82–83
Franken, Peter, 415
Free-Electron Laser at Hamburg, 332
Free-electron lasers, 173, 328–332
Free-space laser communications, 354
Frequency, 22–24
Frequency combs, 419–421
Frequency doubling, 143–144,

178–179
neodymium laser, 241–242

Front-surface mirrors, 129
Full width at half maximum, 114–115
Fundamental limit, pulse duration,

116–117, 151, 429

GaAlAs lasers, 306–307
Gabor, Dennis, 369, 416
Gain, 66–68, 83–84, 174–175

bandwidth, 75–76, 96–97
guided laser, 287–288

GaInP lasers, 306
Gallium arsenide, 274

compounds, 304–305
Gallium nitride lasers, 305–306
Gas flow, 188–189

carbon dioxide lasers, 206–207
Gas lasers, 185–216

argon-ion, 197–200
carbon dioxide, 203–207
chemical, 212–214
excimer, 208–211
helium–neon, 193–196
media, 187–188
metal-vapor, 200
photos, 8
wavelengths, 192

Gas replacement in laser, 188
Gas-dynamic lasers, 86, 207
Gaussian mode, 79
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Glass, 137–138
as laser host, 228, 239–240

Glauber, Roy, 416
Goggles, laser safety, 442
Gordon, James, 4
Gould, Gordon, 4–5, 403
Grading irrigated fields, 355
Grating, diffraction, 84, 131–132
Grating-coupled surface emitting

lasers, 297
Green laser pointers, 360
Ground state, 64
Guiding, in junction plane, 286–289
Guiding, light, 132–133, 152–153
Gun sights, laser, 361

Hair removal, 396
Hall, John, 416, 420
Hall, Robert, 266
Hänsch, Theodor, 416, 417, 420, 
Hard X rays, 324
Harmonic generation, 143–144,

178–179, 241–242
high-order, 328

Harris, Steve, 424
Harvard University, 424
Hau, Lene, 424
Hazards, laser, 441–445
Heat dissipation, 112, 229
Heat treating, 386
Heat-seeking missiles, 363
Helium–cadmium lasers, 201–202
Helium–neon lasers, 193–197

transitions, 193–194
tubes, 195–196

Hemifocal resonator, 77
Hemispherical resonator, 77
Herriott, Donald R., 185
Hertz, frequency unit, 22
Hertz, Heinrich, 22
Heterojunction laser, 283–284
Heterostructure, see heterojunction
High harmonic generation, 328
High-energy laser weapons, 403–409
High-gain lasers, 174
Highly ionized plasmas, 168–169,

324–328
High-power diode lasers, 288–289
Holes, semiconductor, 269–270

470 INDEX

Holographic interferometry, 371
Holographic optical elements, 371
Holography, 369–371
Holonyak, Nick Jr., 266
Homojunction lasers, 282–283
Horizontal-cavity surface emitters, 297
Host material, 225, 227, 228, 238–239
Huygens, Christians, 21
Hybrid III-V/Silicon laser, 333–334
Hydrogen energy levels 30–31, 33–34
Hydrogen, Lyman lines, 33–34
Hydrogen fluoride lasers, 212–214,

407

Image, real, 52
Image, virtual, 52
Impurities, 268–270
Index of refraction, 42–43, 46–47, 431
Index-guided laser, 287–288
Indirect band gap, 272–273, 333
Industrial laser safety, 444
Inertial confinement fusion, 401–403
Infrared absorption spectroscopy, 

366
Infrared optics, 207–208
InGaAs diode lasers, 307
InGaAsP diode lasers, 307–308
InGaAsSb diode lasers, 308
Injection lasers, 265–311
Integrated circuit manufacture,

387–389
Integrated optics, 152–153, 431
Intense electromagnetic fields,

428–430
Intensity, 107, 156
Interference, 26–29

and coherence, 95–96
coatings, 140
holography, 369–370

Interferometry, 357–359, 371
Interplanetary communications, 432
Intracavity power, 105
Intraocular surgery, 393–394
Inversion, population, 39–40; see also

energy levels
Invisibility cloak, 431
Iodine laser, see Chemical oxygen

iodine laser
Ion lasers, 167, 197–200
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Ionizing radiation, 324
Irradiance, 107, 156
Isolation, vibration, 153
Isotope enrichment, 398–401

Javan, Ali, 185
Jell-O laser, 166
Joint High-Power Solid-State Laser,

409
Junction, semiconductor, 171,

270–272, 276–281, 286–289

Kapteyn, Henry, 328
Ketterle, Wolfgang, 416, 423
Keyhole surgery, 396–397
Kidney stone removal, 397
Kimble, Jeff , 426
Kroemer, Herbert, 416
Krypton fluoride laser, see excimer

lasers
Krypton ion lasers, 197–200

Laser acceleration, 430
Laser acupuncture, 398
Laser angioplasty, 397
Laser cooling, 422
Laser dentistry, 396
Laser displays, 359–360
Laser dyes, 318–319
Laser isotope enrichment, 398–401
Laser fusion, 401–403
Laser gain, 174–175
Laser light characteristics, 340–341
Laser marking, 384
Laser media, 166–173
Laser medicine, 390–398
Laser produced plasmas, 325–327
Laser pumping

dye laser, 322
solid-state laser, 234–235, 407
X-ray laser, 325–327

Laser radar, 356
Laser ranging, 356
Laser safety goggles, 442
Laser scanners, 342–344
Laser scribing, 384
Laser surgery, 390–394
Laser tag, 363
Laser-tissue interactions, 390–392

INDEX 471

Laser tube, 189–191
Laser wavelengths, table, 11
Laser weapons, 2, 403–409
Laser welding, 385–386
Lasers, see type
LASIK, 392–393
Lattice constant, 282, 304–305
Lattice matching, 284–286
Lawrence Livermore National

Laboratory, 326, 327, 399, 402,
427

Layers, in diode laser, 281–286
Lead salt lasers, 308
LEDs, 266, 272, 276–279
Leith, Emmett, 369
LeMay, Gen. Curtis E., xi, 
Length, laser cavity, 75
Lenses, 49–54

achromatic, 128
compound, 126
cylindrical, 128–129
holographic, 371
simple, 126

LIDAR, 356
Lifetime, excited state, 62
Lifetime, spontaneous emission, 38
Light, 21–29

guiding, 132–133; see also fiber
optics

interaction with materials, 41–48
shows, laser, 359–360
slow, 424
spectrum, 25–26
speed of, 22–24

Light-emitting diodes, see LEDs
Limit, transform, 116–117, 151, 429
Linac Coherent Light Source, 332
Line broadening, 98, 191
Linear optics, 141–142
Linear polarization, 117–118, 134
Line width, laser, 96–101; see also

Bandwidth
Lines, spectral, 33–35; see also

Transitions
Link, fiber-optic, 351
Liquid lasers, 172; see also dye lasers
Long-distance telecommunications,

354
Longitudinal discharge, 189
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Longitudinal modes, 75, 98–99,
150–151

Losev, Oleg, 266
Loss, intracavity, 71
Loss, optical, 47–48
Lower laser level, 60
Lower laser level, depopulation, 65
Low-gain lasers, 173–174
Lyman, Theodore, 34

Magnetic confinement fusion, 401
Magneto-optical disks, 347
Magnification, 51–52
Maiman, Theodore, xi, 5, 6, 7, 15, 340,

421
Marking, laser, 384
Mars Orbital Laser Altimeter, 356
Masers, 4, 61, 65
Mask repair for integrated electronics,

389
Master oscillator power amplifier,

164, 229–230
Matching, lattice, 284–286
Materials, 136–138, 166–173

absorption, table, 381
diode laser, 302–308
fiber laser, 253–254
gas laser, 187–188
host 225, 227, 228
LED, 278
nonlinear, 145
optical, 43
transparent, 136–138
working, 379–387

Materials-working lasers, 387
Matter waves, 423
Matter, interaction with light, 41–48
Measurements

frequency, 419–421
optical, 155–156
power, 107
with lasers, 355–359

Mechanical modulation, 146
Medical lasers, 390–398
Medical testing, 368
Metal coatings, 138–139
Metal vapor lasers, 188, 200–203
Metamaterials, optical, 430–431
Metastable states, 62

472 INDEX

Microwaves, stimulated emission of, 4
Mid-Infrared Advanced Chemical

laser, 213
MILES, 362–363
MIRACL, 213
Mirrors, 46, 53–54

front-surface, 129
metal, 138–139
output, 70

Missile defense, 327, 404
Missions for laser weapons, 404
Mixed gas lasers, argon-krypton, 200
Mixing, three-wave, 179
Modes

diode laser, 302
hopping, 291
locking, 150–151, 419–420
longitudinal, 75, 98–99, 150–151
TEM00 79–80
transverse, 78–81, 105
unstable resonator, 80–81
vibrational, CO2, 203–205

Modulation, 107
acoustooptic, 148
amplitude, 145–148, 351
beam, 145–151
direct, 351
electro-optic phase, 147
electro-optic polarization, 147–148

Molasses, optical, 422
Molecular energy levels, 33, 36–37
Molecular gas lasers, 167–168,

203–211, 216
Molecular laser isotope enrichment,

400
Momentum, and laser weapons, 406
Monochromator, 132
MOPA, 164, 229–230
Motion, atomic, 422
Mounts, optical, 153–154
Multilayer coatings, 140
Multiple Integrated Laser Engagement

System, 362–363
Multiplexing, wavelength division,

256, 351–353
Multistripe arrays, diode laser, 289
Murnane, Margaret, 328

n-type semiconductor, 270
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Nanotechnology, 425–426
National Ignition Facility, 240,

402–403
Natural masers, 65
Near-field beam, 102
Negative index materials, 431
Negative lenses, 52–53
Negative temperature, 40–41
Neodymium lasers, 237–243

for fusion, 240, 402
glass, 239–240
pump bands, 231
YAG, 238–239
YLF, 238–239
YVO4, 239

Neutral-density filters, 141
Newton, Isaac, 21
Nitride diode lasers, 305–306
Nitrogen lasers, 215
Nobel Prizes, 416
Noncontact processing, 380–381
Noninvasive surgery, 396–397
Nonlinear optics, 141–145
Normal angle, 44
Northrop-Grumman, 408
Nuclear fusion, laser, 401–403
Nuclear weapon simulation, 401–402
Nuclear X-ray laser, 327

Object beam, 369–370
OLEDs, 275
Optical amplifiers, 161–166

communications, 353
erbium fiber, 256–257
neodymium, 240–241
parametric, 180
Raman fiber, 258–259
semiconductor, 294

Optical coherence tomography, 368
Optical confinement, 88
Optical coupler, 251–252
Optical damage, 165
Optical data storage, 344–347
Optical density, 141
Optical disks, 344–347

lasers for use with, 310
Optical elements, holographic, 371
Optical fibers, 132–133, 350–354
Optical materials, 136–138, 166–173

INDEX 473

Optical metamaterials, 430–431
Optical molasses, 422
Optical parametric amplifiers, 180
Optical parametric oscillators,

179–180
Optical pumping, 85, 224, 230–234,

322
Optical SETI, 432–433
Optical tables, 153
Optical trapping, 421
Optical tweezers, 421
Optical wavelengths, 25–26
Optics, 49–54

adaptive, 153
carbon dioxide laser, 207–208
holographic, 371
industry, 1
infrared, 207–208
integrated, 152–153
laser drilling, 383
linear, 141–142
nonlinear, 141–145
polarizing, 134–135

Orbits, electron, 30–32
Organic dye lasers, 172, 317–322
Organic semiconductors, 275–276
Oscillator-amplifiers, 164
Oscillators, 6, 70–73, 161–162

optical parametric, 179–180
Output mirror, 70, 103–104

effect on divergence, 103–104
Output power, 105–107
Overall efficiency, 108–113
Oxygen and laser cutting, 385

p-type semiconductor, 270
Packaged lasers, safety, 443
Packaging, diode laser, 309–311
Packaging, LEDs, 277
Pain reduction, 398
Particle acceleration, 430
Particle theory of light, 21–22, 29
Pauli exclusion principle, 32
Peak power, 114–115, 165, 383
Perturbations, atmospheric, 153
Petawatt lasers, 426–428
Phillips, William, 416
Photochemistry, 398
Photodetectors, 155
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Photodiodes, 155
Photodynamic therapy, 397
Photoelectric effect, 29
Photolithography, semiconductor,

387–388
Photometry, 156
Photomultipliers, 155
Photonic crystal lasers, 425
Photonics, see type of device
Photonics, integrated, 152–153, 432
Photons, 21–24, 29
Photorefractive keratectomy (PRK),

393
Picosecond Ti-sapphire lasers, 245
Pinholes, 141
Planck, Max, 23
Planck’s constant, 23
Plane-parallel resonator, 76–78; see

also Fabry–Perot, 
Plasma formation and energy transfer,

382
Players, optical disk, 345–346
Plutonium isotope enrichment, 400
Pointers, laser, 360–361, 443
Pointing and tracking optics, 405
Polarization, 117–118, 134–135

linear, 134
optics, 134–135

Pollution monitoring, 367
Population inversion, 39–40, 60–65
Populations, 39–40
Port wine stains, 395
Positioning equipment, 153–154
Positive lenses, 49–52
Power, 156

average, 116
beaming, 409
laser, 12, 105–107, 113–117, 406
peak, 114–115, 165, 383
supply efficiency, 109

Prepress equipment, 350
Printing, laser, 347–350
Prisms, 130–131
Profiling, laser surface, 358
Projection displays, laser, 361
Prokhorov, Alexander, 416
Propagation, beam, 151–153
Propulsion, laser, 409, 432
Prostate reduction, 397

474 INDEX

Pulp science fiction, 2
Pulses 12–13, 113–117

attosecond, 428–429
compression, 427–428
control, 145–151
drilling with, 383–384
duration, 114–117
energy, 115
femtosecond, 177–178, 245, 429
modelocked, 150–151, 419–420
modulation, 148–141
ultrashort, 150–151, 177–178, 245,

419–420, 429
Pump bands, optical, 230–231
Pump cavities, 231–233
Pumping 

diode laser, 311–312
dye lasers, 322
electrical, 85–86
energy conversion, 113
fiber lasers, 251–252
optical, 85, 230–234
Raman, 259

Q factor, 148
Q switches, 148–149, 242
Quality factor, 148
Quantum cascade lasers, 298–299
Quantum computing, 431
Quantum cryptography, 431
Quantum dots, 298, 425
Quantum mechanics, 29–40
Quantum optics, 431
Quantum wells, 298
Quantum wires, 298
Quasi-three-level laser, 254
Quaternary semiconductors, 275,

304–305

Radar, laser, 356
Radiation, electromagnetic, 3, 24
Radiation, ionizing, 324
Radiometry, 156
Radius of curvature, 50
Rainbow holograms, 370
Raman fiber amplifiers, 258–259
Raman fiber lasers, 258–259
Raman gain, 258
Raman lasers, in silicon, 333
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Raman scattering, 144–145, 258
Raman-shifted Nd–YAG lasers, 249
Range finding, 356
Rapid prototyping, 389
Rare-earth doped fiber lasers, 250–255
Rare-gas halide lasers, 208–211
Raster scanning, 348
Ray guns, 2
Rayleigh range, 102
Rays, light, 49–52
Reading with laser, 341–344
Reagan, Ronald, 404
Real image, 52
Recombination, 271–272

radiation, 276–281, 333
Recording, optical disk, 346–347
Red diode lasers, 306
Red helium–neon lasers, 196
Rediker, Robert, 266
Reference beam, 369–370
Reflection, 41–42, 45–46, 53–54
Reflection, total internal, 45, 132–133
Refraction, 43–45, 49–52
Refractive index, 42–43

air, 43
common materials, 43
negative, 431
wavelength dependence, 46–47

Refractive surgery, 392–393
Remote sensing, 366–367
Replacement, gas, 188
Repetition rate, 115
Research with lasers, 415–433
Resistor trimmers, 388–389
Resonators, 66–78, 98–99

concentric, 77
confocal, 77
diode laser, 290–294
Fabry–Perot, 76–78
gas lasers, 190–191
hemifocal, 77
hemispherical, 77
length, 75
plane-parallel, 76–78
stable, 76–78
types, 76–78
unstable, 77–78, 80–81
VCSEL, 295

Retail checkout, 343

INDEX 475

Retinal detachment, 394
Retinal hazards, 442
Retinal response, 26
Retinal-safe lasers, 249
Retroreflectors, 129–130
Reverse bias junction, 271
Ring dye laser, 320–322
Rise time, 114–115
Rocca, Jorge, 327
Rod, laser, 229
Rotational transition laser, 216
Round, Henry J., 266, 276
Ruby lasers, 6, 7, 64, 224, 234–237
Rutherford Appleton Laboratory, 327
Rydberg constant, 34
Rydberg transitions, 36

Safety classifications, laser, 445
Safety goggles, 442
Safety, laser, 441–445

classes, of lasers, 445
goggles, 442
packaged lasers, 443
pointers, 443
retinal, 442

Saturation, gain, 68
Scaling, laser output, 106–107
Scanners, beam, 152
Scattering, 47–48

Raman, 144–145, 172
Schawlow, Arthur L., xi, 5, 6, 166,

416, 417
Scribing, 384, 388–389
Second-harmonic generators,

143–144, 178–179
Selection, wavelength, 81–84; see also

tuning
Selective excitation, 61
Selective laser sintering, 390
Semiconductor lasers, 265–311

arrays, 289
beams, 300–301
composition of, 302–308
confinement in, 286–289
edge emitters, 290–293
junction emission, 276–280
layers in, 281–285
materials, 302–308
optical properties, 300–301
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Semiconductor lasers (continued)
photos, 8
pumping with, 234–235, 407
quantum cascade lasers, 298–299
surface emitting lasers, 294–296

Semiconductor optical amplifiers, 294
Semiconductor photolithography,

387–388
Semiconductors, 171, 267
Sensing, 363–368
SETI, optical, 432–433
Shells, electron orbit, 30–32
Short-pulse lasers 150–151, 177–178,

245
Silex uranium enrichment, 400
Silicon, 272–273

lasers, 308, 332–334
Raman lasers, 333

Silicon carbide, 275
Simulation, battle, 362–363
Single-atom lasers, 426
Single-heterojunction laser, 284
Single-photon sources, 426
Skin color, and laser interaction, 390
Skin resurfacing, 396
Skin treatment with laser, 395–396
Slope efficiency, 111
Slow light, 424
Small-signal gain, 68
Smart bombs, 362
Soft X rays, 324
Solid-state lasers, 223–259; see also

type
alexandrite, 246–248
erbium, 249–250
fiber, 250–255
materials, 169–170, 225–230
neodymium, 237–242
optical pumping, 230–233
photo, 9
Raman fiber, 258
ruby, 234–236
titanium–sapphire, 245–246
vibronic, 243–248

“Solution looking for a problem,” 340
Space laser communications, 354
Space-Based Laser, 408
Spacecraft propulsion, laser, 409
Spatial coherence, 95
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Spatial filters, 141
Species, active, 225, 226–227
Speckle, 96
Spectral lines, 33–35
Spectral width, laser, 96–101; see also

bandwidth
Spectroscopy, 363–368, 417–421
Spectrum, electromagnetic, 24–26
Spectrum, hydrogen, 34
Spectrum, visible, 24–26
Specular reflection, 46
Speed of light, 424
Spherical aberration, 128
Splitter, beam, 135–136
Spontaneous emission, 38–40

amplified, 174–175
LEDs, 276–279
lifetime, 38

Spot size, 126, 406
Stable resonator, 76–78
Standard laser safety classes, 445
Stanford Linear Accelerator Center,

332
Stanford University, 424
Star Wars missile defense, 327, 404
Stereolithography, 389
Stimulated emission, 3–4, 38–40

coherence, 94
diode laser, 279–280
laser cavity, 71–72

Stimulated Raman scattering, 172–173
Stockpile Stewardship Program, 402
Storage, energy in laser cavity, 73
Strain, in semiconductors, 284–286
Strained-layer superlattice, 285
Strategic Defense Initiative, 404, 407
Strategic weapons, 404
Stripe-geometry laser, 286, 291
Structure

diode laser, 281–286
dye laser, 320–322
fiber laser, 250–252
free-electron laser, 329–330
helium–neon, 195–196
resonator, 76–78

Substrates, 282
Sum-frequency generation, 144
Supercold atoms, 423
Supercontinuum, 420
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Superlattice, 285
Supermarket scanners, 342–343
Superradiance, 174–175
Surface emitting diode lasers, 294–297
Surface profiling, 357
Surfaces, optical, 137–141
Surgery, laser, 390–394, 396–397
Surgery, noninvasive, 396–397
Surveying with lasers, 355
Synchrotron radiation, 329

Table, optical, 153
Tactical High-Energy Laser, 213, 405,

408
Tactical weapons, 404
Tajima, Toshi, 430
Target acquisition, 405
Target designators, 362
Targets, laser weapons, 404
Tattoo removal, 395
TEA CO2 lasers, 206–207
Telecommunications, 310–311,

350–354
Telescopes, 126–127
Teller, Edward, 327
TEM00 mode, 79–80
Temperature, negative, 40–41
Temporal coherence, 95
Ternary semiconductors, 274
Tesla, Nicola, 2
THEL, 213, 405, 408
Thermodynamic equilibrium, 39–40
Thomas Jefferson National Accelerator

Facility, 331
III-V semiconductors, 273–275
Three-dimensional holography,

369–370
Three-dimensional modeling, 389–390
Three-level laser, 62–63
Three-wave mixing, 179
Threshold current, 280–281
Threshold, laser, 111, 280–281
Thulium fiber lasers, 255–256
Tissue interactions with lasers,

390–392
Titanium cutting, 381
Titanium–sapphire lasers, 245–246
Toner, 349
Total internal reflection, 45, 132–133

INDEX 477

Townes, Charles H., 4–5, 6, 416, 432
Tracking optics, 405
Transform limit, 116–117, 151, 429, 
Transitions, 33–39, 60–65 see also

energy levels
alexandrite, 247
argon-ion, 199
atomic, 30–33
dye, 319
efficiency, 110–111
electronic, 35–36
energy, 37
extreme ultraviolet, 324–325
fiber laser, 253–254
gas laser, 191–192
helium–neon lasers, 193–194
hydrogen, 33–34
ruby, 235–236
molecular, 36–37
quantum cascade laser, 299–300
rotational, 36–37
Rydberg, 36
selecting, 82–83
vibrational, 36–37, 203–205
vibronic, 228

Translucent materials, 45
Transmission capacity, fiber-optic,

352
Transmitters, fiber-optic, 351
Transparency, 41–42
Transparent materials, 45, 136–138
Transverse discharge, 189
Transverse modes, 78–81
Transverse waves, 21
Trapping, optical, 421
Tubes, laser, 189–191

carbon dioxide, 205–207
helium–neon, 195–196

Tunability, free-electron laser,
330–331

Tunable lasers, 176–177
diode, 293
dye, 317–322
in absorption spectroscopy,

365–366
solid-state, 243–248

Tuning, laser, 81–84, 98–100, 320–321
Tweezers, optical, 421
Two-dimensional bar codes, 343–344
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Two-level maser, 61
II-VI semiconductors, 275, 308

Ultrashort pulse lasers, 177–178, 245
(see also Femtosecond,
Ti–sapphire, etc.)

Ultraviolet diode lasers, 305–306
Uncertainty principle, and pulse

duration, 116–117
Undulator magnet, 329–330
Universal Product Code, 342
University of Colorado, 328
Unstable resonators, 77–78, 80–81
Upatnieks, Juris, 369
Upper laser level, 60
Uranium isotope enrichment, 398–400

Vacuum ultraviolet, 323, 324
Valence band, 267
Vanderbilt University free-electron

laser, 331
Vaporization and energy transfer, 382
VCSELS, 294–297
Vertical cavity surface-emitting lasers,

294–297
Vibration isolation, 153
Vibrational transitions, 36–37

carbon dioxide, 203–205
Vibronic lasers, 243–248
Vibronic transitions, 170, 228,

243–244
Violet diode lasers, 305–306
Virtual image, 52
Visibility, green pointers, 360
Visible spectrum, 24–26
Volts, electron, 23

Waist, beam, 103
Wall-plug efficiency, 87, 108–113
War of the Worlds, 2
Waste heat, 112
Water, and laser absorption by tissue,

390
Wave plates, 135
Wave theory of light, 21–29
Waveguides, 152–153

carbon dioxide lasers, 205–206
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Wavelength, 22–24
absorption dependence, 381–382
argon laser, 198
chart, diode laser, 305
diode laser, 302–308
excimer laser, 209
free-electron laser, 330, 331–332
gas laser table, 192
helium–neon laser, 193–194
krypton laser, 198
laser tables, 11, 303
LEDs, 277–278
neodymium laser harmonics,

241–242
optical, 25–26
refractive index dependence, 46–47
selection, 81–84, 98–100, 320–321 
solid-state laser, 227
vibronic solid-state lasers, 244

Wavelength-division multiplexing,
256, 351–353

Waves, 22–29
transverse, 21

Weapons, aiming aids, 361–362
Weapons, laser, 2, 403–409
Welding, laser, 385–386
Wells, H. G., 2
White-light continuum, 420
Wieman, Carl, 416, 423
Wiggler magnet, 329–330
Windows, Brewster, 190–191
Wound healing with laser, 398
Writing on optical disks, 346–346

Xenon fluoride laser, see excimer
lasers

X-ray lasers, 325–327
X-ray transitions, 324

YAG, 238–239
YLF, 238–239
Ytterbium-fiber lasers, 254–255
Yttrium aluminum garnet, see YAG
Yttrium lithium fluoride, see YLF
Yttrium vanadate, 239

Zewail, Ahmed, 416, 418
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