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aberrations, 69

ABCD matrix, 59, 62, 217, 226, 229, 259, 321

absorption coefficient, 21, 164

achromatic lens, 299

adiabatic approximation, 215, 219, 223, 230, 233, 339

Airy function, 217

Airy pattern, 71

amplifier

bandwidth of, 167

distributed Raman, 177

erbium-doped, 166

FWM-based, 172

GRIN-fiber, 208

multimode, 106, 201

optical, 128, 131

parametric, 143, 174, 187–195

Raman, 169, 177–187

rare-earth doped, 166, 196, 203

thulium-doped, 150

waveguide, 208

amplitude mask, 39

angular momentum, 188

conservation of, 252

orbital, 27, 39, 245, 274

spin, 243, 274

total, 248, 288

angular spectrum, 280

annihilation operator, 43, 287, 338

attenuation coefficient, 6

axial variation

exponential, 220

linear, 220

periodic, 232

beam

Airy, 260

Airy–Gauss, 258

Bessel, 258, 260

circular, 69

coherent, 327

collimated, 59

cylindrical vector, 249

Gaussian, 26, 46, 51, 64, 117

Laguerre–Gauss, 258

paraxial, 318

partially coherent, 322

partially polarized, 331

Poincaré, 249

pulsed, 117

quasi-monochromatic, 328

Stokes, 183

vector, 249, 331

vortex, see vortex beam

beam cleanup

Kerr-induced, 152, 201

Raman-induced, 144, 149, 151, 177, 178, 183

SBS-induced, 146

spatial, 151, 153, 201

threshold of, 154

beam collapse, 114, 124, 197

Beer–Lambert law, 6

Berry phase, 224

Bessel function, 261

biomedical imaging, 107

birefringence, 95, 252

circular, 274, 277, 284, 290

geometric, 300

linear, 269

magnitude of, 270

random, 96, 271

spatially varying, 256

stress-induced, 262

Bragg mirror, 293

Brillouin scattering

intermodal, 145

stimulated, 145

Brillouin threshold, 145

chemical vapor deposition, 12

chirp, 88
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dispersion-induced, 89

for Gaussian pulse, 118

linear, 89

SPM-induced, 118–120

coherence

evolution of, 320

frequency-domain description, 319

partial, 315

polarization, 318

spatial, 316

temporal, 316

coherence length, 316

coherence radius, 316, 330

coherence time, 316

coherent receiver, 265

coherent state, 322, 338

evolution of, 289

two-photon, 232

conversion efficiency, 156, 186

Coriolis force, 277, 278

correlation length, 96

coupled-mode equations, 94

coupling coefficient, 94, 138

coupling efficiency, 34–36, 38, 87

coupling length, 94

creation operator, 43, 287, 338

cross-phase modulation, see XPM process

cross-spectral density, 319

evolution in GRIN media, 325

evolution of, 321

crosstalk, 265

deep-learning technique, 77, 109

degree of birefringence, 96

degree of coherence, 316

spectral, 320, 321, 330

time-domain, 320

degree of polarization, 319, 331, 332

delta function, 63

demultiplexer, 106

DGD parameter, 140

dichroic mirror, 79

differential group delay, see group delay

diffraction length, 65

digital signal processing, 107, 265

dipole relaxation time, 167

direct laser writing, 13

directional coupler, 76

dispersion

chromatic, 7, 40, 84

effects of, 84

group-velocity, 7, 84, 121

intermodal, 39

material, 40

modal, 101

polarization-mode, 95, 272

third-order, 7, 133, 134, 137, 148

waveguide, 40

dispersion length, 89, 131, 132

dispersive wave, 137, 147

displacement operator, 339

distributed amplification, 171

Eaton lens, 305

effective dielectric constant, 300

effective medium theory, 300, 304, 305

effective mode area, 126, 139, 177

effective mode index, 25

eikonal equation, 56, 275

eikonal-based technique, 49, 217, 233

endoscope, 76, 108

fiber-based, 109

Ermakov equation, 219

error function, 4

Euler–Lagrange equation, 46

evolution operator, 43, 231

Fabry–Perot resonator, 78

fiber

chalcogenide, 150

graded-index, see GRIN fiber

microstructured, 303

non-silica, 150

photonic crystal, 296, 303

plastic, 6, 79, 163

preform for, 13

silica, 6, 163

single-mode, 78, 190

step-index, 2, 40, 80, 106, 134, 148

step-index multimode, 157

tapered, 201

thermodynamics of, 154

two-mode, 254

vortex, 263, 264

fiber laser

erbium-doped, 157

mode-locking of, 156

thulium-doped, 157

ytterbium-doped, 157

fiber-optic sensing, 78

fish-net structure, 297

fisheye lens, 2, 305

fluorescence time, 166

focal length, 74, 75

focal plane, 74

Fock state, 43, 288, 338

four-wave mixing, 139, 172

degenerate, 139

in GRIN fiber, 142

intermodal, 142, 188, 189

nondegenerate, 189

spontaneous, 143, 189

Fourier transform

definition of, 20

fractional, 62, 232, 340
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inverse, 20

standard, 340

frequency chirp, see chirp

nonlinear, 118

SPM-induced, 118

time dependence of, 118

gain bandwidth, 167

gain saturation, 168, 171, 201

Gaussian beam

collimated, 35

off-axis, 37, 66, 153, 279

on-axis, 38, 64

propagation in GRIN media, 64

pulsed, 125

tightly focused, 281

Gaussian–Schell model, 322, 325, 331

geometric parametric instability, 129

geometrical phase, 224, 274, 277

geometrical-optics approximation, 51, 55, 71, 218, 275

gradient-index optics

fabrication techniques for, 11

history of, 1

materials for, 11

grating

Bragg, 78, 186, 232, 293, 296

fiber, 183, 186, 232, 255, 293

holographic, 39

Kerr-induced, 147, 154

long-period, 254, 263

nonlinear, 148

nonlinear index, 126, 129, 190

Nragg, 183

GRIN fiber

applications of, 75–81

beam propagation in, 42–52

birefringence of, 269, 271

development of, 84

dispersive effects in, 84–107

excitation of modes in, 34–39

few-mode, 35

for telecom systems, 105

FWM theory for, 193

germanium-doped, 156

group delay in, 40

impact of gain, 165–176

impact of losses, 163–165

modal excitation in, 35

modes of, 23–30

nanostructured, 166, 304

non-modal approach, 101

nonlinear phenomena in, 111–158

partially coherent beam in, 324

plastic-based, 2, 106

pulse broadening in, 41

Raman amplification in, 183

rare-earth doped, 166–169, 196–203

self-imaging in, 55–69

sensing with, 78

sinusoidally modulated, 233

spectral changes, 328

spectral intensity of, 326

spin-orbit coupling in, 274

tapered, 201, 214–239, 339

tweezer, 80

vector modes of, 282

ytterbium-doped, 166, 196, 201

GRIN lens, 69, 108, 256

cascade of, 273

endoscopy with, 76

focal length of, 75

focusing by, 60, 69

imaging with, 72, 76

metamaterial, 305

GRIN rod, 3, 5, 11, 34, 35, 69, 75, 137

birefringence of, 270, 273

nonuniform birefringence in, 272

SAM-to-OAM conversion in, 281

group delay, 7, 40, 41

differential, 8, 40, 84, 87, 131

intermodal, 9, 131

group velocity, 7

GVD parameter, 7, 8, 40, 41, 86

anomalous, 8, 121, 190

normal, 123, 190

Hamiltonian, 116, 223, 237, 287

harmonic oscillator

eigenstates of, 338

energy levels, 26

equation for, 44, 51

one-dimensional, 337

perturbed, 236

propagator for, 62, 229

quantum, 24, 222, 337

standard, 230

two-dimensional, 43

Heisenberg picture, 43, 225, 289

Helmholtz equation, 21, 164, 178, 193, 261

Hermite polynomial, 24, 260, 338

Hermite–Gauss function, 24, 223, 340

hologram

computer-generated, 251, 309

wavelength multiplexing of, 309

imaging condition, 74

impulse response, 91

index gradient, 4, 12, 13, 50, 63, 69, 111, 112, 216,

300, 305

index profile

inverse parabolic, 263

parabolic, 4, 23, 26, 31, 40, 42, 48, 57, 61, 84, 113,

155, 283

power-law, 4, 30, 41, 92

shape of, 22
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intermodal crosstalk, 107

invariant operator, 224

inverse scattering method, 121, 131

inverse-design approach, 310

inversion symmetry, 154

ion-exchange technique, 12, 256, 270, 272

ion-stuffing technique, 12

Jones matrix, 96, 243, 273, 281

Jones vector, 137, 139, 244, 281

Kerr coefficient, 10, 112, 138

Kerr effect, 10, 111, 201

Kerr nonlinearity, 111, 113, 128, 139, 189

Lagrangian density, 46, 113, 122

Laguerre polynomial, 27

Laguerre–Gauss function, 287

Laplacian operator, 22

laser

mode-locked, 201

Raman, 177, 185

left-handed medium, 297

Legendre function, 217

lens

defocusing, 49

fisheye, 2

GRIN, 5, 75

Luneberg, 2

Selfoc, 69

light-emitting diode, 78

liquid-crystal display, 252

loss

bending, 93

fiber, 170

GRIN fiber, 163

impurity, 6

plastic fiber, 6, 163

scattering, 6

Luneberg lens, 302

integrated, 305

plasmonic, 305

M2 factor, 178, 185, 187, 201, 327

machine-learning technique, 38

Mamyshev mechanism, 202

Mathieu equation, 217

Maxwell’s equations, 19, 274

Maxwell-Garnett theory, 300

medical imaging, 76

Mehler’s formula, 61, 341

meridional ray, 272

metalens, 310

metamaterial

anisotropic, 305

digital, 305

epsilon-near-zero, 307

graded-index, 305

negative index in, 297

physics of, 297

metasurface, 252, 298

birefringent, 253

dielectric, 253, 299

graded-index, 308

holography with, 309

plasmonic, 253, 298

Michelson interferometer, 316

mid-infrared region, 189, 304

MIMO technology, 107

modal degeneracy, 259, 263

modal interference, 77, 78

modal overlap factor, 139, 140, 142, 178

mode

Bloch, 295

cladding, 93

degenerate, 95

even, 27

excitation of, 34–39

fundamental, 29, 48

guided, 93

Hermite–Gauss, 24, 28, 60, 283

higher-order, 37

impact of loss, 164

Laguerre–Gauss, 26, 28, 245

odd, 27

radiation, 93

selective excitation of, 38

spatial, 140

thermalization of, 154

vector, 282

vortex, 30, 39, 245

mode coupling, 77, 258

linear, 138

nonlinear, 138, 139

power-dependent, 156

random, 93, 97, 261, 265

mode degeneracy, 28

mode group, 95

mode locking

active, 185

passive, 202

spatiotemporal, 201

mode-division multiplexing, 106

mode-locking, 156

modulation instability, 128–131, 188

GRIN-fiber, 189

impact of self-imaging, 129

spatiotemporal, 129, 304

moment method, 43, 90, 116

multi-spectral imaging, 108

multimode equations

coupled, 137, 201

nonlinear, 137

multimode interference, 37, 100, 108, 156

multiphoton absorption, 68
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multiphoton microscope, 76

multiplexing

mode-division multiplexing, 39

OAM-domain, 264

space-division, 41, 264

negative-index material, 297

neural network, 77, 109

Newton’s formula, 74

NLS equation, 209

averaged, 132

coupled, 140, 141

effective, 125, 126

soliton solution of, 135

standard, 126

temporal, 124

nonlinear length, 130

nonlinear microscopy, 76

nonlinear parameter, 190

effective, 125

nonlinear Schrödinger equation, see NLS equation

numerical aperture, 5, 58, 76, 280, 310

optical bullets, 121

optical communication system, 41, 84, 105, 106, 128,

171, 177

optical poling, 154

parametric amplification, 239

parametric resonance, 239

paraxial approximation, 22, 25, 57, 111, 114, 217, 276

Pauli spin matrices, 287

phase conjugation, 77, 100, 108, 174

digital, 108

phase mask, 39

phase matching, 139, 173, 176, 188

in GRIN fiber, 142

nonlinear, 189

phase shift

GRIN-induced, 112

linear, 112

nonlinear, 11, 111

time-dependent, 118

XPM-induced, 181

phase singularity, 241, 245

phase-matching condition, 175, 188, 190, 192

photoacoustic microscopy, 107

photonic bandgap, 295, 299

photonic crystal

dispersion curve for, 295

graded-index, 299

period of, 300

physics behind, 292

two-dimensional, 296, 300

photonic lantern, 107

Planck’s constant, 337

PMD parameter, 96

Poincaré sphere, 241, 270, 319

polarization

azimuthal, 249, 262

circular, 242, 244

degree of, 332

elliptical, 270

left-circular, 242

linear, 242, 244

mechanisms for changing, 269

partial, 318

radial, 249, 262

right-circular, 242

rotation of, 274

state of, 241, 269, 270, 318, 334

polarization diversity, 265

polarization ellipse, 242

polarization matrix, 318, 331

polarization rotation, 277, 290

preform, 166, 304

principal axis, 96, 270

principal plane, 74, 76

propagation equation

for pulse amplification, 200

four-dimensional, 200

frequency-domain solution, 104

FWM-coupled, 193

modal, 85

nonlinear, 113, 120

pulse, 120

Raman-amplifier, 179

spatiotemporal, 101

time-domain, 86, 102

propagation kernel, 64, 69, 259

GRIN medium, 60, 61

homogeneous medium, 63

pulse

chirped, 88, 103, 118

femtosecond pulse, 148

Gaussian, 87, 89, 118

Stokes, 183

super-Gaussian, 118

transform-limited, 89

ultrashort, 126

pulse broadening

average, 90

DGD-induced, 87, 100

dispersion-induced, 84

GVD-induced, 88

PMD-induced, 96

pulse distortion, 90

DGD-induced, 87

pump depletion, 171

q-plate technology, 253

Q-switching, 157

quantum noise, 232

quasi-homogeneous approximation, 322

quasi-phase matching, 154
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Raman amplification, 170

Raman gain spectrum, 127, 143, 169

Raman response, 126

analytic form for, 127

modified form for, 127

Raman scattering

cascaded, 144, 183

cascaded stimulated, 108

intermodal, 143, 177

intrapulse, 127, 134, 178

spontaneous, 170, 178

stimulated, 143, 144, 169, 304

random process, 316

random walk, 96

ray

axial, 58

field, 58

meridional, 57

skew, 57

ray equation, 56, 71, 215

ray tracing, 59, 69

Rayleigh scattering, 6, 164

refractive index, 1

cylindrically symmetric, 2

effective, 304, 308

frequency dependence of, 84

graded, 1

intensity dependence of, 10, 111

negative, 297

nonlinear, 10

spatial profile for, 3

spherically symmetric, 2

wavelength dependence of, 8

rotating-wave approximation, 238

SAM-to-OAM conversion, 252, 280, 308

saturable absorber, 156

effective, 156

GRIN-fiber based, 156

three-section, 158

two-section, 158

saturation power, 166, 169

scanning electron microscope, 14

Schrödinger equation, 22, 42, 223, 337

nonlinear, see NLS equation

vector modes of, 287

Schrödinger picture, 43

second harmonic generation, 154

second-order susceptibility, 154

self-defocusing, 11, 112, 122

self-focusing, 10, 111, 112, 123, 146, 153, 205

critical power for, 114

self-imaging, 26, 49, 60, 62, 102, 180, 190, 194, 280

experiments on, 68

impact of self-focusing, 112

of partially coherent beams, 322

periodic, 117, 154, 322

self-imaging period, 63, 67, 79, 102, 114, 129, 132,

182, 190, 219, 323

self-phase modulation, see SPM process

self-similar evolution, 48

self-similarity, 204, 233

Sellmeier equation, 8

side-launch technique, 38

silicon-on-insulator technology, 301

similariton, 203–210

singular optics, 241

Snell’s law, 56

soliton

fission of, 135

fundamental, 132

fundamental GRIN, 132

graded-index, 131

guiding-center, 131

higher-order, 133, 135

loss-managed, 131

multimode, 131, 133, 148

spatial, 203–210

spatiotemporal, 121, 124

temporal, 124

space-division multiplexing, 3, 106

spatial filtering, 38

spatial light modulator, 39, 77, 108, 252, 254

spatial multiplexer, 39, 106

spatial overlap, 34

spatial width oscillations, 47

spatiotemporal evolution, 121

spatiotemporal focusing, 101

speckle pattern, 37, 38, 100, 152, 183

spectral broadening, 11

SPM-induced, 119

spherical aberration, 76

spin-Hall effect, 274

observation of, 280

photonic, 277, 279, 290

spin-orbit coupling, 21

in GRIN fibers, 276

photonic, 269, 274

spiral phase plate, 250

split-ring resonator, 297, 308

split-step Fourier method, 206

SPM process, 10, 117, 189, 304

chirp induced by, 118

spectral broadening by, 119

spot size, 80, 104

focal, 71

fundamental mode, 26, 36, 52

Gaussian beam, 35

periodic variations of, 65

squeezing operator, 232, 238

Stokes parameters, 334

Stokes vector, 241, 271, 273, 318, 319, 334

structured light, 241

supercontinuum, 304

broadband, 148
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GRIN-fiber, 146

long-pulse, 148

mid-infrared, 147, 149

multimode, 146

tapered-fiber, 201

supercontinuum generation, 296

tapering

exponential, 221, 230

linear, 220

Taylor series, 40, 86, 91, 104, 138

third-order susceptibility, 138, 173

time-ordering operator, 227

topological charge, 30, 246, 251

total internal reflection, 4, 296

transfer matrix, 226

tweezer

fiber-optic, 80, 265

GRIN-based, 265

two-photon absorption, 76

two-photon fluorescence, 108

two-photon microscope, 77

van Cittert–Zernike theorem, 320, 324

variational method, 45, 113, 121

vortex beam, 39, 241–265

Airy, 260

angular momentum of, 245

applications of, 264

Bessel, 260

Gaussian, 259

generation of, 250

metasurface for, 308

propagation of, 258

topological charge of, 246

vortex mode sorter, 256, 265

wave plate, 243

waveguide

graded-index, 204, 300

photonic crystal, 300

planar, 204

tapered, 214

wavelength-division multiplexing, 106

weakly guiding approximation, 21, 286

Wiener–Khintchine theorem, 320

WKB approximation, 23, 31, 41, 84, 339

Wolf effect, 322

Wronskian, 216

XPM process, 11, 111, 139

intermodal, 139, 141

pump-induced, 195

Young’s interferometer, 317, 320

zero-dispersion wavelength, 8, 41, 87

zone plate, 251
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