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Abel integral equation, 433
Absorption, 21-22

effect of OH- and OD , 25, 31, 39
ground state, 373
OH-/OD-, 39

ac coupling constant, 145
contra-directional, 147

Access, 361
Acousto-optic tunable filter

(AOTF), 377
Adiabatic perturbation, 382
Aging, accelerated, 440
Alpha parameter, 369
Amplified spontaneous emission

(ASE), 362, 410
Amplifier

erbium, 360
fiber, 386
gain clamping. See Gain clamp-

ing
gain flattening. See Gain flat-

tening
gain saturation, 385
reflective, 392
semiconductor, 357

Amplitude modulation, 128
Angled facet, 362
Anisotropy, UV induced, 430
Annealing, 24f, 410, 435, 436

thermal, 435
Antenna, 164
Anti-reflection (AR), 60, 358, 365
Apodization

Blackman, 198
Cauchy, 198
cosine, 327
effect on group delay, 198
Hamming, 197
Hanning, 197
long-wavelength edge, 219
moire effect, 201-202
raised cosine, 198
requirements for fabrication,

221-223
self, 200-202
shading functions, 197-199
short wavelength, 219
sine, 93, 198, 208-211, 214
super-step-chirped gratings, 219
tanh, 198, 330, 341, 344f

Apodization methods
position weighted fabrication,

208-211
self-apodization, 200-202
symmetric stretch, 216-221

strain vs. length of grating, 219
top hat reflection gratings,

208-211

447
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variable diffraction efficiency
phase-mask, 205-206

Apozidation, asymmetric, 223
Apozidation methods

amplitude mask, 203-205
dual exposure, 203
moving fiber/phase mask,

211-216
multiple printing, 206-208

Athermalization, 263
Attenuation, 13
Autocorrelation, 382
Average soliton. See Soliton

Bandpass filter, 362
Bragg reflection coupler (BRC),

276-284
concatenated chirped gratings,

238-239
DFB, distributed feedback,

229-239
DFB stop bandwidth, 231
Fabry-Perot (FP), 242-246
full width at first zeroes (FWFZ),

253, 411
grating frustrated coupler (GFC),

248-288
grating Mach-Zehnder interfer-

ometer, 260-264
grating Michelson interferome-

ter, 246-254
Michelson interferometer trans-

mittance, 246
moire, 242
MZI, long term stability, 263
polarization independent, 273
polarization rocking, 293-296
polarization splitting (PBS-BPF),

272-276

superstructure, 239-241
Bandwidth, 154
Bessel function, 32, 123,162,

249
Beta-eucryptite, 263
Beta-quartz, 263
Birefringence, 81, 149, 232, 293,

338, 424
beat length, 150
bend induced, 81
fiber, 82, 424
polarization coupler, 80-83
stress-induced, 28, 293, 432
UV induced, 426

Bit error rate (BER), 268
Bit rate, 343
Blazed grating, 160

tilt angle, 69
Boltzmann constant, 437
Bound field, 144
Bragg grating

lifetime, 436-439
reflection spectrum, 410-412
reflectivity, 414
reliability, 435
transmission spectrum, 410-417
uniform

group delay, 155-157
phase delay, 155-157
properties of, 152-155

Bragg grating fabrication
Bragg wavelength dependence on

bend, 93
chirp by non-uniform strain, 94
continuously chirped gratings,

93-99
elevated temperature, 89
etched tapers for chirped grat-

ings, 96
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higher spatial order masks,
77-80

phase mask interferometer,
62-69

point-by-point writing, 80, 86
scanned phase mask, 71-73
single pulse, 83-84
tilted gratings, 69-70

Bragg gratings
bandwidth between zeroes in

back reflection, 155
fabrication, 155
fabrication bulk interferometer,

55-57
fabrication by projection, 78
fabrication of ultra-long, 85-88
temperature dependence of, 438
uniform period gratings, 318
wavelength of reflection peak,

416
Bragg reflection coupler (BRC)

OADM, 278-279
theory, 279-284

Bragg wavelength, 25, 31, 34, 56
sensitivity to strain and tempera-

ture, 88-89
tuning, 64-66
UV induced shift, 25

Burn-in, 439

Carrier, 357
density, 368

Cavity loss, 396
Cavity round trip, 384
Chirp

induced by moving fiber/phase
mask, 213

static and dynamic, 364
Chirped grating

approximate delay, 313
asymmetric apodization. See

Apodization
chirp rate, 184
compression ratio, 316
continuously chirped, 93
effect of apodization, 324
figure of merit (FOM), 316
high-power, 347
linear chirp, 95
pulse broadening, 315
quadratic chirp, 93
random refractive index modula-

tion
amplitude, 330
Bragg wavelength, 331-332
group delay difference, 332
transmission spectrum, 331

symmetric and asymmetric
apodization comparison,
329-330

Chirped moire grating, 88
Chirped pulse amplification, 312
Codirectional coupling

of guided modes, 182
power in crossed state, 148
power in uncoupled state, 148
radiation modes, 171-178

Codoping
aluminum, 34
boron, 5, 20

Coherence
collapse, 361
length, 103

Comblike dispersion profiled fiber
(CDPF), 383

Compression, axial, 433
Conduction band, 17-18
Copropagating modes, 130
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Core dopant
Al/Tb, 5
Al/Yb/Er, 5
cerium, 34
erbium, 34
germanium, 21
neodymium, 371
phosphorous, 5
rare earth doped fiber photosen-

sitivity, 385
rare earth doping, 34
tin, 23, 29, 39
ytterbium, 5

Counterpropagating modes, 138
coupling, 142

Coupled-mode
equation, 125-127
modes, 125
theory, 125-127

Coupler
coupling constant, 147, 311
coupling length, 148
grating frustrated (GFC). See

Bandpass filter
polarization splitting, 148-152
transfer matrix, 317

Coupling
co-propagating modes, 146

Coupling constant
dc. See Visibility
dc self-coupling, contra-direc-

tional, 147
modulation depth. See Visibility
radiation modes, 126, 138

Critical angle, 135-136
Cross-section, emission and absorp-

tion, 373
Cut-off angle, radiation mode,

135-136

CW lasers, 22

Dark soliton, 383
Decibel, electrical, 421
Defects

absorption at 240nm, 30, 38
detection of, 19-20
electron spin resonance, 19
GeE', 17, 19f, 37, 38
GeO, 17, 19f, 21
germanium, 17, 18f
in glass, 16-19
higher order ring structure, 37
non-bridging oxygen hole center

(NBOHC), 18
oxygen deficiency, 17
oxygen deficient hole center (Ge-

ODHC), 22
paramagnetic, 17, 22
peroxy radical, 19
phosphorous, 18
sub-oxides, 17

Delay line, 381
Dense WDM, 361
Densification, 35, 38
Detuning, 197, 250
Deuteration. See Hydrogen loading
DFB bandpass filter, 229-239

apodization of, 233
bandwidth, 230-231
chirped grating, 238
flat-top bandpass, 236
multiple phase-shift, 236
quality factor, 235

Dielectric constant, 16
Diffraction, 205
Dioxide, germanium and silicon, 17
Dipole approximation, 132
Dirac-delta function, 123
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Dispersion
diagram, 135
effect of chirp, 314
measurement, 418
polarization mode dispersion,

336
in chirped gratings, 336

Dispersion compensation, 339, 426
chromatic dispersion, 312
dispersion compensation, 426
dispersion compensation grating

(DCG), 312
systems measurement, 339-342

Distribution of induced defects
(DID), 437-438

Dopants, fluorine, 5
Drawing induced defects, 23
Drawing induced stress, 23

Eigenmode, 120
Eigenvalue, 125, 280

equation, 125
Elastic limit, 8
Electro-optic effect, 13
Electron

hopping, 17
tunneling, 17

Electron beam, e-beam, 72
End-pumping, 371
Energy density, 22
External cavity, 366

laser modeling, 366-369
External grating reflector, chirped,

359
Extinction, 236
Eye-closure penalty, 342-345, 344f

Fabrication of
long period grating (LPG), 84-85

mode converting grating,
297-300

polarization converting grating,
80-83

step-chirped grating, 99-101
super-step-chirped gratings, 100
superstructure grating, 92-93

Fabry-Perot (FP)
effect of absorption, 244
free spectral range (FSR), 242
reflectivity, 242

Fermi-Dirac function, 436
Fiber

dispersion, 346
grating laser (FGL), 362-366
grating semiconductor laser

(FGSL), 355-362
pigtail, 361, 365
preform collapse, 17
rear facet grating laser, 366

Fiber grating laser, modeling,
366-372

Fiber laser, 355
rare earth, 370-372

Filter
band-pass, 362
band-stop, 227

blocking, 227
Bragg reflection coupler (BRC),

276-284
gain flattening, 385-387
in-coupler Bragg grating,

276-287
mode converters, 297-300
narrow band, 231
polarization rocking, 148-152
rocking, bandwidth, 295
sidetap, 288-293
sidetap design diagram, 170
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Forward radiating modes, 141
Fourier transform, 196
Fraunhofer diffraction, 161
Free spectral range (FSR), 242
Front facet reflectivity, 358, 366,

369

Gain
control, all-optical, 391-395
control, automatic (AGO, 394

analysis, 395
equalization, 387
flattening, 385-387
spectrum, 375, 387
stability, 396
tilt, 390

Gain clamping, 385-387
Gaussian, 75, 103, 104
GDR, cascading of non-ideal

shapes, 340-342
Glass sliver, 362
Gordon-Haus jitter, 244
Grating

dispersion tunable, 340
fabrication, 155
lifetime, model, 435
period, 330
profile, 426
reliability, 435
schemes for lumped, 340
strength, 435
strength, hydrogen loading, 437
thermal stability, 435

Grating-assisted coupler (GAG),
276-278

Grating-frustrated coupler (GFC),
284-288

Grating lifetime, decay, 434
Grating longevity, 409

Grating type
Bragg grating, 2
long period grating (LPG). See

Long period grating (LPG)
sidetap, 288-292

bandwidth, 290
step-chirped grating, 99-101
tilted, 69-70
Type I, 22, 101
Type II, 23, 101
Type II, damage, 23
Type IIA, 22, 28, 30, 101-102

Group delay, 420
ripple (GDR), 422

Guided mode, 136, 142, 389
cutoff angle, 136

Hamming function. See Apodiza-
tion

Hanning function. See Apodization
Heat generation, UV induced, 31
Hermetic sealing, 362
Heterodyne, 375
Hydrogen loading

deuterium, 32
diffusion time, 34
in-diffusion of hydrogen, 33
out-diffusion, 32-34
temperature dependence of out-

diffusion, 34
Hysteresis, 362

Index matching gel, 362
Insertion loss, 355
Inter-modal coupler, guided mode,

149
Interferometer

Fabry-Perot (FP), 232
Lloyd, 74-77
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Mach-Zehnder, 260-263
Michelson, 246-260
phase mask, 57-60
prism, 75-76
silica block, 66

International Telecommunication
Union, 361

Kerr effect
dc, 16
dc Kerr constant, 16
Intensity dependent refractive

index, 16
optical, 16

Kramers-Kronig relationship, 7, 37
Kronecker's delta function, 123

Laser
composite cavity, 375-377
distributed feedback (DFB), 377

modeling, 378
dual frequency, 374-375
fiber Raman, 383, 384
four grating coupled cavity, 379
gain-switched DFB, 377
large spot, 361, 366
long external cavity, 367
longitudinal mode control, 375
multifrequency, 379
Raman fiber grating laser

(RFGL), 384
ring, 380
short external cavity, 369
single-mode operation, condition,

375
tunable single frequency, 380
wavelength uncommitted, 365

Lensed fiber, 358
Linewidth, 357

enhancement factor, 357
Local area network, 361
Long period grating (LPG), 33 171,

288
angular distribution of radiation,

141
bandwidth, 175
effect of overlay refractive index,

175
loss at boundary, 176
sensitivity to UV induced refrac-

tive index change, 173
transmission spectrum, 174,290f

Loop mirror, 247
Luminescence, UV induced, 31

Mach-Zehnder interferometer,
260-263

athermalization, 263
cascaded, 264

Master oscillator power amplifier
(MOPA), 372

Maxwell's equations, 122
Michelson interferometer, 246-260

bandpass filter
apodized gratings, 251
chirped gratings, 252
counter-chirp, dissimilar

length gratings, 259
identical chirped gratings, 247
path imbalance, 251
reverse chirped gratings, 258

scanning, 427
Mirror, broad band, 248
Mode, 122

hop, 362, 363, 364, 368
hop-free, 362

Mode field width, 158
Mode-locked laser, 370



454 INDEX

Modes coupling, types of, 134-142
Moire, 88
Multi-quantum well (MQW), 366
Multiple bandpass filter, 238

Noise figure
Raman, 385
signal, spontaneous beat noise,

397
Noise floor, 410
Nonlinearity, 15
Normalized waveguide parame-

ters, 124

Optical add-drop multiplexer
(OADM), 263-265

programmability, 269
reconfigurable dispersion com-

pensating (RDC-ADM),
270-272

reconfigurable (ROADM),
270-272

Optical circulator ADM (OC-ADM),
266

coherent power penalty, 268
incoherent power penalty, 268
short wavelength loss, 267

Optical circulator (OC), 265
Optical fiber

fabrication, 2-4
fabrication (MCVD), 16, 29
preform, 17
Rayleigh scatter, 4

Optical fiber amplifier, 355
Optical low-coherence reflectome-

try (OLCR), 427-429
Optical-time domain reflectometry

(OTDR), 426
Optically induced changes, 42-44

Optically induced effects
photorefractive, 14—16
photosensitive, 13-14

Overlap integral, 131

Penalty, 386
Period, pure sinusoidal, 431
Permittivity, 15
Phase mask, 57-60

chirp correction, 72
diffraction angle from phase

mask, 58
diffraction efficiency, 59
diffraction order, 58
etch depth, 60
fabrication with electron-beam,

60-61
holographic fabrication, 61-62
non-normal incidence, 59
normal incidence, 60
period, 59
relationship to Bragg grating pe-

riod, 59
relationship to Bragg reflection

wavelength, 59
stitching, 72
tunability, 62
zero-order, avoidance, 64, 65f
zero-order minimization, 60

Phase matching, 130-142
condition, 131, 134
copropagation, 131
detuning, 131
diagram, 132f, 137f, 140f
types of, 134-142

Phase shift, 183
Photochromic, 14
Photosensitivity

cladding, 27
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of high pressure hydrogen loaded
fiber, 32-34

summary of mechanisms, 36-38
Photosensitization

boron-germanium co-doping, 29,
39

cold soaking in hydrogen, 20, 26,
29-32, 39

flame brushing, 20, 39
hot-hydrogenation, 20,22,25-26,

39
phosphorous-fluorine, 28
summary of route to, 38-42
tin-germanium, 20, 29

Piezoelectric stretcher, 243, 269
Point reflector, 281
Polarization beam splitter, 272
Polarization dependence, 340
Polarization, induced, 14
Polarization mode dispersion

(PMD), 336-338
induced delay, 338
shift in reflection wavelength,

338
Polarization rocking filter. See

Bandpass filter

bandwidth, 295
fabrication, 295
filter rocking angle, 295
Mach-Zehnder, transmission

function, 295-296
Polarization splitting coupler, 272
Polarization splitting (PBS-BPF),

dispersion compensation,
274

Polarization wave, 133
Poling, 3

voltage, 16

Polymer, 83
Population, inversion, 393
Poynting's vector, 123, 162
Preform collapse, 17, 22
Preform fabrication in reducing at-

mosphere, 22
Prism interferometer, dependence

of grating length, 75-76
Pulse

compression, 312
shaping, 418

Pulsed laser, semiconductor DFB,
380-383

Pump
bidirectional, 385
laser stabilization, 371

Quartz
alpha, 18
beta, 263

Radiated field, 160
Radiation

even-azimuthal order modes, 163
field, 138
loss, 94
modes, 82
odd-azimuthal order modes, 170
scattered power, 164
start wavelength, 139
untilted grating, maximum angle

of, 139
wavelength vs. angle in STG and

LPG, 141
Radiation modes coupling, 157-160
Radiation spectrum of STG, 169

with photosensitive cladding, 169
Raised cosine, 198
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Raman
amplification, 383
gain coefficient, 384
scattering, 383

stimulated (SRS), 383
Raman amplifier, 384
Rate equation, 368
Ray propagation, 135
Reflection, 410

back, 362
Bragg, 410
first zeroes, 151, 155
reflectivity, 410
STG

with photosensitive cladding,
168

without photosensitive clad-
ding, 168

Refractive index, 426
ac modulation index, 128
concentration dependence of re-

fractive index change, 25,25f
dc index, 128
dependence on energy density,

21-22
effective mode index, 120
group index, 7
modulation, 23, 128
origin of, 6-8
profile, 4
Sellmeier expression, 6
thermally induced change in hy-

drogen loaded fiber, 31
UV induced change, 23-25
UV induced growth rate of, 22,

23, 42-43
UV radiation induced growth of,

28

Refractive index modulation, 23,
229

non-sinusoidal, 133
non-uniform, 330
uniform, 128

Relative group delay, 198
Relaxation, 409
Resonance peak spectral splitting

(RPSS), 368
Resonance, vibrational, 86
Resonator, 228
Rocking filter, 148

coupling length, 151
rocking period, 150
rotation angle, 150

Scanning electron microscope
(SEM), 61

Second harmonic generation, 2
Self-coupling, 145
Semiconductor, 361
Sensor, 80
Serrodyne, 85
Short wavelength loss, 267
Side lobe, 153
Side-mode suppression ratio

(SMSR), 360, 365
Side-polished fiber, 371
Side-scatter, 429-431
Side tap grating (STG), 138

angular distribution of radiation,
141

sensitivity to UV induced refrac-
tive index change, 160

spectrometer, 157
spectrum analyzer, 157

Sidetap, 288-293
Sidetap filter
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bandwidth, 290
design diagram, 288
zero back reflection, 171

Signal wave, 144
Backward propagating, 127

Silica
temperature dependence of grat-

ing length, 90
tetrahedra, 17
thermal expansion coefficient, 90

Silica block interferometer, depen-
dence of grating length, 66

Silicon optical bench (SLOB), 362
Simulation methods for gratings,

178
Simulation of gratings

Bloch theory, 120
effective index method, 431
Gel'Fand-Levitan-Marchenko

coupled integral, 178
Gel'Fand-Levitan-Marchenko in-

verse scattering, 178
Rouard's method for thin films,

178, 185-186
transfer matrix method, 179

limitations of, 184-185
Single-frequency laser, 380
Slowly varying envelope approxi-

mation (SVEA), 126
Small signal gain, 373
Soliton, 1, 370, 382
Spatial hole burning, 372, 378
Spectrum analyzer, 157, 410

effect of linewidth, 418
Step-chirped grating (STG),

317-324
design diagram, 321-322
sections vs. chirp, 99, 324f

Stokes field, 383
Strain, 42

Bragg wavelength dependence,
88-89

Stress
internal, 432-435
UV induced, 433

Stress-optic coefficient, 42
Stress-relief model, 433
Stretch tuning, 216-221
Super-step-chirped grating

(SSCG), 100, 332-336
high resolution reflectivity and

group delay, 336
join, 333
join and group delay, 334
join and reflection spectrum, 333
long, 332-336

Supermodes, 278
Superstructure, 91
Superstructure grating, 237-241

Bragg wavelengths, 92
transmission spectrum, 240
wavelength spacing, 92

Susceptibility, 15
Symmetry, 131
Systems measurements, 339-342
Systems simulation, 342

Temperature, effect of, 435
Temperature tuning, 340
Tension, axial, 433
Tetra-chloride

germanium, 28
silicon, 28
Sn, 28

Thermal decay, hydrogenated B-Ge
fibers, 29
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Third order nonlinearity, 15
Three-level laser, 372
Tilted gratings, shortening due to

fringe depth, 69
Transfer characteristics, 409
Transfer matrix elements

codirectional, 180
counterpropagating, 180
Rouard's method, 185-186

Transmission
bit error rate (BER), 268, 339
dip, 415
error floor, 317
eye closure, 342-345
pulse broadening, 316

Transverse momentum of STG, 167
Tuning, compression, 380
Type IIA, B-Ge, 22

UV lasers
high coherence, 104-105
influence of coherence, 103-104
low coherence, 102-104

types of, 106-107
UV trimming, 72, 250, 252, 261

Vector-voltmeter, 420
Vee-groove, silicon micro-ma-

chined, 362
Visibility, 104, 128

Wave equation, 122
Waveguides

normalization constant, 124
optical fiber, 122
orthogonality relationship, 123
perturbation, 125
planar, 20

Wavelength-division-
multiplexing, 386

XeCl, 107

Ytterbium, 35-36
doped fibre laser, 378

Zeroes (FWFZ), 155, 411, 417f
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