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Preface

Since the publication of the first edition of this book in 1989, the field of nonlinear
fiber optics has remained an active area of research and has thus continued to grow
at a rapid pace. During the 1990s, a major factor behind such a sustained growth
was the advent of fiber amplifiers and lasers, made by doping silica fibers with
rare-earth materials such as erbium and ytterbium. Erbium-doped fiber amplifiers
revolutionized the design of fiber-optic communication systems, including those
making use of optical solitons, whose very existence stems from the presence
of nonlinear effects in optical fibers. Optical amplifiers permit propagation of
lightwave signals over thousands of kilometers as they can compensate for all losses
encountered by the signal in the optical domain. At the same time, fiber amplifiers
enable the use of massive wavelength-division multiplexing, a technique that led, by
1999, to the development of lightwave systems with capacities exceeding 1~Tb/s.
Nonlinear fiber optics plays an important role in the design of such high-capacity
lightwave systems. In fact, an understanding of various nonlinear effects occurring
inside optical fibers is almost a prerequisite for a lightwave-system designer.

Starting around 2000, a new development occurred in the field of nonlinear fiber
optics that changed the focus of research and led to a number of advances and novel
applications in recent years. Several kinds of new fibers, classified as highly nonlinear
fibers, have been developed. They are referred to with names such as microstructured
fibers, holey fibers, or photonic crystal fibers, and share the common property that a
relatively narrow core is surrounded by a cladding containing a large number of air
holes. The nonlinear effects are enhanced dramatically in such fibers to the extent
that they can be observed even when the fiber is only a few centimeters long. Their
dispersive properties are also quite different compared with those of conventional
fibers developed for telecommunication applications. Because of these changes,
microstructured fibers exhibit a variety of novel nonlinear effects that are finding
applications in fields as diverse as optical coherence tomography and high-precision
frequency metrology.

The fifth edition is intended to bring the book up-to-date so that it remains a
unique source of comprehensive coverage on the subject of nonlinear fiber optics.
It retains most of the material that appeared in the fourth edition. However, an
attempt was made to include recent research results on most topics relevant to the
field of nonlinear fiber optics, resulting in an increase in the size of the book. Major
changes occur in Chapters 11 and 12. In particular Chapter 12 has been split into two
chapters such that the new Chapter 13 is now wholly devoted to the phenomenon
of supercontinuum generation. In the fifth edition, Chapters 11 and 12 have seen
major additions because of recent advances in the design of photonic crystal and
other microstructure fibers. All other chapters have also been updated, as found
appropriate for improving the book. For example, a new subsection of Chapter 2
is now devoted to the nonlinear effects in multimode fibers. Polarization issues are
discussed in detail in Chapters 6 to 10 because of their importance. Chapters 8 to
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Preface

10 required major changes because of continuing advances in the research areas
covered by them.

The potential readers of this book are likely to consist of senior undergraduate
students, graduate students enrolled in the M.S. and Ph.D. degree programs,
engineers and technicians involved with the fiber-optics industry, and scientists
working in the fields of fiber optics and optical communications. This revised edition
should continue to be a useful text for graduate and senior-level courses dealing with
nonlinear optics, fiber optics, or optical communications that are designed to provide
mastery of the fundamental aspects. Some universities may even opt to offer a high-
level graduate course devoted to solely nonlinear fiber optics. The problems provided
at the end of each chapter should be useful to instructors of such a course.

Many individuals have contributed, either directly or indirectly, to the completion
of the fifth edition. I am thankful to all of them, especially to my graduate students
whose curiosity and involvement led to several improvements. Several of my
colleagues have helped me in preparing the fifth edition, and I thank them for reading
drafts of selected chapters and for making helpful suggestions. [ am grateful to many
readers for their occasional feedback. Last, but not least, I thank my wife, Anne, and
my daughters, Sipra, Caroline, and Claire, for their understanding and support for
this project.

Govind P. Agrawal
Rochester, New York



Contents

DEAICALION .....eecveeeeie e rereerr e e e ire s craes st sre e e s be e sbesssemas e st s e sba s s ma e b as s bssasaemasensnera v
AUthor Biography .......c.cccicimmiiiiiiiicciiccc ettt e vii
BIEEACE. . fvweri Thmcmmsasmarsramnansessmsmensmssasmmns s Smdee TR TARE AT G OV IS TR xix
CHAPTER 1 INtroduction.................ccccooomvenccricccnniernissssssesesesssiaon 1
1.1 Historical PErSPECHIVE: iuuussssssnsssmussessesmosssssssssssssssssssisesisssvssasssnsasnss 1

1.2 Fiber CharacteriStiCs ......coeevuerueemrriereriiessesseetessesseeseensaessessesssssennes 3

1.2. 1 Material:and FabiCation. . . cnaamsmnapmmrmansmsmmmms -

1.2:2 FIber L08SeS : ciscisssusnissssssinssnsssiasnssnssnsonssinsinsmpassssississiassasans 5

1.2.3 Chromatic DiSPErSION ..c.sssssssisseasssassasassssssssssssssasssssssssanasaoss 6

1.2.4 Polarization-Mode DiSpersion...........ccceeeemeuecieineeicnicuninnnns 11

1.3 Fiber Nonlin€arities .......ccccovvvvuvermsinssmninsssssssmsssssssscsnasssnsssssenes 15

1.3.1 Nonlinear Refraction ..........cccccceeeeereirercenenieineneceieeiarienne 15

1.3.2 Stimulated Inelastic Scattering .........c.co.cevererrirerirererennnnee 16

1.3.3 Importance of Nonlinear Effects.........ccccoccevriviinniiininnn 18

TiB OVEIVIEW ..oviuirieieeceiieteise st sreeiseieeessae e se e s sese e seesesesees e erassnaniens 19

PrODIEIMIS ...t 21

RETETEICES ......eeeeieeeieeeieeieeeeee ettt et e se e s nsess e e sesssess e seesenaean 22

CHAPTER 2 Pulse Propagation in Fibers..................ccooervrrennrrcnnne. 27
2.1 Maxwell's EGUAIONS wuyssuuaoesmssissusussensssssonssansisssssssonsasssssssassioss 27

2.2 FIDET MOMES ......eeereieenieinie s e s ssase s asse s s sassenenes 30

2.2.1 Eigenvalue EQUAtiOn ........ccccoeeveeuereererserareeniereeseeneereeeesenaenes 30

2.2.2 Single-Mode Condition .........cccccoceviiriinieerensineieesseninsesennes 31

2.2.3 Characteristics of the Fundamental Mode...........c.c.ccccuvnenne. 32

2.3 Pulse-Propagation EQUAtion...........c.ccosessessrsesssnesssssussssenisssnsissssns 34

2.3.1 Nonlinear Pulse Propagation ..............ccocceceuecrueinencnneccieenes 34

2.3.2 Higher-Order Nonlinear Effects .........cccccoceeecvveueerieienennee. 39

2.3.3 Raman Response Function and its Impact...........cccccuceueee. 41

2.3.4 Extension to Multimode Fibers .......cccumincnncnsiunienienennnnes 45

2.4 NEDEHCAl MEINOUS ..ocosoucsoisavmmsssessissvsmamsasmmsmsssssssmsnssinowisss 47

2.4.1 Split-Step Fourier Method ..........cccccovvveveeineennerecnesennns 47

2.4.2 Finite-Difference Methods..........cccuevveeiirciineniinieeeeeene 51

PRODICIIS s:s5s05500emsissrconasansmions s vovag oo Tans s rosaa¥ A A0 579 55 vESHos eraimsa IS saUsT e paes 52

RRETCICTICES suusvruomossusmonsonipsnosssssnss i3858 850 by s VS8 NS AR A S AR 53

ix



X

Contents

CHAPTER 3 Group-Velocity Dispersion......................coocooovevevconeneane. 57
3.1 Different Propagation RegimMes.. usussimissusisssssssssosssssasssisasssass 57
3.2 Dispersion-Induced Pulse Broadening ..............ccccooevervriereeruennnns 59

3.2.1 Gaussian PulSes ........ccccueieiiiiineniiiirerece e 60
3.2.2 Chirped Gaussian PulSes...........ccccevuereinenicnnencneenecrie e 62
3.2.3 Hyperbolic-Secant PUlSEs ..........cccoeeeuereecrencrecucrsereservenennes 64
3.2.4 Super-Gaussian PulSes ...c.ziisssmimiimissosssimismmsaimmin 65
3.2.5 Experimental Results.........cccocveriivcnieniiniieneneieeee e 67
3.3 Third-Order DiSPersion ..........cceeeeueeeeeeieeeeereeneeeseeaeeeeeseereeseesenns 68
3.3.1 Evolution of Chirped Gaussian Pulses............c..cccccevvirnnnenne. 69
3.3.2 Broadening Factor  csssssssssasmissmssisamsiisissssississsmssasns 71
3:.3.3 Arbitrary=Shape PUISES «::s.ccsussrconssmssivssamsssisssissesnssssxsmmasnssss 74
3.3.4 Ultrashort-Pulse Measurements............coococeeeruereruereeranuaennns 76
3.4 Dispersion Management ...........cccceuerverveesuensensessensaesseesseesaesssessanes 78
3.4.1 GVD-Induced Limitations........cecceververerienssecnenenseennnseneranes 78
3.4.2 Dispersion COmMPENSation.........cccueveveriersurssesseesesssessnesrseenns 80
3.4.3 Compensation of Third-Order Dispersion...............cccccueuc.... 81
ProbIems ...t s 83
REFEIENCES ...ttt e e e e 84

CHAPTER 4 Self-Phase Modulation...................ccoocnnnciinnenns 87

4.1 SPM-Induced Spectral Changes .............coccuvuereerecrreeriuererarenisnenis 87
4.1.1 Nonlinear Phase Shift ........ccvismssassmsmssnnsnassssssissnansisasss 88
4.1.2 Changes in Pulse Spectra...........ccccoueiniiiiicciinnicnccinieeenn 90
4.1.3 Effect of Pulse Shape and Initial Chirp .........cccceeeeinuinnens 93
4.1.4 Effect of Partial Coherence..........ccccceerunuininneccrinninceneeneeeens 96

4.2 Effect of Group-Velocity DiSpersion..........c.c.ccveveeiuerermererusserennns 98
4.2.1 Pulse EVOIUHON :...ccccamsssssmserssimassnasvassassossssossasssssmssssssmassssss 98
4.2.2 Broadening Factor........ccoiuiiiiiieniiiiie e 100
4.2.3 Optical Wave Breaking ..........ccoceveeueerieeireneneecnecereeeeneene 102
4.2.4 Experimental Results..........c.cccoouvemiimniicincninniiniiieeennne 105
4.2.5 Effect of Third-Order DiSpersion.........cc.oeesssssosnsssussssssssssse 106
4.2.6 SPM Effects in Fiber Amplifiers........c..coccccvviincrnnininene 108

4.3 Semianalytic TeChDIQUES ........ccoovvevereeeerecnieneeicrecnre e 111
4.3.1 Moment Method ...ussssosessssssssnsssssssasessmsassanssmsinsssasssess 111
4.3.2 Variational Method..........ccocoviiiiiiiiiiniiicneieecrceeceee 112
4.3.3 Specific Analytic SOIUtIONS......cccoeoiiiiiiiiiceicieeeeeiceaee 114

4.4 Higher-Order Nonlinear Effects .......c..ccovivninininninnrnnccrenneenn. 115
44,1 Sel-StECPEIING . .ccuisusiussassnusismisimmissisonvsssusiosissssssssissssssassons 116
4.4.2 Effect of GVD on Optical Shocks .......ccooveeiiricrenneennnnne. 119

4.4.3 Intrapulse Raman Scattering..........c.ccccceeereeeeeccciennuenene 121



Contents

PrODIEIMIS ..ottt ettt s s e 124
RETEIENCES ..ot sttt e b e s et e 125
CHAPTER S Optical Solitons...................cccoooooorverveeeceee e 129
5.1 Modulation INStability ............cccovremieresrrensisiaerereriesesseseseesiacens 129
5.1.1 Linear Stability Analysis.........ccecererrmernersseesrenssnessnesasennns 130
5.1.2 Gain SPECLIUM ...ttt cae et e ae e 131
5.1.3 Experimental RESUILS .......coeoeeveereeecenreneeneeneneneieeeeee e 133
5.1.4 Ultrashort Pulse Generation.............cccccecuevereeeniesrensessaniaens 135
5.1.5 Impact on Lightwave SyStems...........cccocererierueierinccsinnuene 137

5.2 FIDEr SOLItONS ....ccoueveieieirrerersrierssanseesiesessssesaeesss e sssesaesesesassanes 139
5.2.1 Inverse Scattering Method ........ccccveerveineienenncnnnnniesenees 140
5.2.2 Fundamental SOLiON.........cocouremieirecericrmiiniinircieecieaens 142
5.2.3 Second and Higher-Order Solitons............cccceveereeucrunnees 144
5.2.4 Experimental Confirmation ............ccoeeecueeeicnsennssensunannennns 147
5.2.5 SoltOn Stability .........cceeevecrmrerurrciereneeiesaersenseeseeeesesseesseaens 148

5.3 Other Types of SOLLONS ..........ceevereveieerericrceeereinerereeeneseeseneanene 151
5.3.1 Dark SOHLONS .......ceueuueueieecreerieeeneeeseereesseeeseess e eeaessesnns 151
5.3.2 Bistable SOtONS ......c.covveeruemererceeeereeeeccesere e e seeeenenes 154
5.3.3 Dispersion-Managed Solitons...........c.coeeeerienecveniieieennenns 156
3.3:4 Optical SiMilaritons . uisissmsssessisessssssssesssvrississsivaasisss 156

5.4 Perturbation Of BOlEONS ...uissmmsmsssiissassssmommasssnssnssemassiosizens 159
5.4.1 Perturbation Methods........c.cccccecivirivnieninneniinrciicecnens 159
5.4.2 FIDET LOSSES ....ccutrureueirecieireeenrenesisesiesstssiessessseseesaesaasienes 161
5.4.3 Soliton AMPlifiCation.......coivvuenrerviinieiinssrissescseneneernenene 163
5.4.4 Soliton INtEraction ............cccceceermiiereesuessesnsssessansussssesnsennes 166

5.5 Higher-Order Effects ........cccoueieimrreimeeeieiiciaeeissseissecsessssensanens 170
5.5.1 Moment Equations for Pulse Parameters...............ccccenn.e. 170
5.5.2 Third-Order DiSpersion........cc.coueeeveeruerueeseesiesseesuesseeineenees 172
5.5.3 Self-Steepening........ccceeeveevueeuecerieirerseereeeereeeeeecreeeaeeeaeees 174
5.5.4 Intrapulse Raman Scattering...........cccocceeeeereeenveneeeerannenn 176
5.5.5 Propagation of Femtosecond Pulses..........cccccocceiiiinnnnene. 181
PLOBIETIS o cussunne somssssasnessosssssoss i simssressossiiass o AT Ao SRS A0S 183
REfEreNCeS ....cceivieiiiiiiiiiicccrcccsis st 184
CHAPTER 6 Polarization Effects.................cccoooooovoooerriiiee 193
6.1 Nonlinear BirefrinZence ........ccocevevevereerererereeresscarereeseseeseeeeeeeans 193
6.1.1 Origin of Nonlinear Birefringence...........cccocvreeervrerrernnnnn. 194
6.1.2 Coupled-Mode EQUAtions .........cccoueeereeeerirenserenresiesesennnenss 196

6.1.3 Elliptically Birefringent Fibers.........cccccveevuereereeneeciannene. 197



Xii

Contents

6.2 Nonlinear Phase Shift...........ccccoeiinriiiniieeeeeecceise s 199
6.2.1 Nondispersive XPM........cccocceireineririenieesesseesaeseeeeesee e 199
6.2.2 Optical Kerr Effect.......ccccvueieeneiiniecreneenieseecessesaesnenea 200
6.2.3 Pulse Shaping...uusnvusssssmmsioimssassssmissessavionies 204

6.3 Evolution of Polarization State..............ccceevueesereerrneiesesninennnen. 206
6.3.1 Analytic SOIUtION .....ccovvieiiiieeeieie et 207
6.3.2 Poincaré-Sphere Representation.........co.cecevvesiiviisninesenenne 209
6.3.3 Polarization Instability .............ccccomeeireniernenrenaenensenenennn 212
6:3.:4 Polarization Chaos ... ..cuussserisssssivsismmsmasvisssisssissassmmsiaiss 214

6.4 Vector Modulation InStability ..........c.coeuerenmiecncnicneniiieesicriennenenns 215
6.4.1 Low-Birefringence Fibers........ccovvivniinimverereriensneserenennnns 215
6.4.2 High-Birefringence Fibers ..........cccocevnineveicnccninnnccennee 218
6.4.3 IsOtropicC FIDErs ......cccveeiieiiiiieee e 220
6.4.4 Experimental Results ..........cccccovuiriiininiinicninicsinciciiicinnens 221

6.5 Birefiingence and SONONS «:usiussssssissssosnisssensssssssssasasasssassisssssss 224
6.5.1 Low-Birefringence FIbeIs s anssmssomisnssassssssmssvssss 225
6.5.2 High-Birefringence Fibers.............ccccovvcviniiiiiiicncencnes 226
6.5.3 Soliton-Dragging Logic Gates..........cccoeerverrereneiiresrerecsnenn 229
6.5.4 Vector SOILONS ........cccceuerrenriirenieiienieeeere e ene e 230

6.6 Random Birefringence...........cccevvierreerniurienuresinssininseneesessesenesenes 233
6.6.1 Polarization-Mode DiSpersion..........c..ccceeeeeeererevrueeereeneenn 233
6.6.2 Vector Form of the NLS Equation ..........ccccccecuvinencnacnnnes 234
6.6.3 Effects of PMD on Solitons............cooeivieiniieiiieineeeceieee 236

PrODIEIMS ...ttt et et ese s e saeeenn s 239

REFETCICES!: ovesciusisesss smmsmmersssioss s h s ¥ i vs ey S S s SRR TS ominsns 240

CHAPTER 7 Cross-Phase Modulation ....................cccooocccriiviccnncnen 245

7.1 XPM-Induced Nonlinear Coupling............c.cocrueeeriericuieuiececnnnn. 246
7.1.1 Nonlinear Refractive IndexX.........c.coocnierenccniicniiiinnnnnnn 246
7.1.2 Coupled NLS EqQUAtiONS .....cc.cooeuevimmeuinrninecieeeenereeaeenens 247

7.2 XPM-Induced Modulation Instability............cccceemrrereircrecunncnn 2438
7.2.1 Linear Stability Analysis......ccccceeeervieiieeeninieniiiiennieecnennne 249
7.2.2 Experimental Results..........ccccccveiiniiniiiinniciiicieiciceene 251

7.3 XPM-Paired SoLtONS wicic:msimiasissmiasisissasiessssssispsssmsisssess 252
7.3.1 Bright-Dark Soliton Pair.........cccccceeeieercemiccinecrieececcirnnes 252
7.3.2 Bright—Gray Soliton Pair ...........cccoceiviiiioinienecieieciee 254
7.3.3 Periodic SOIHONS. ... ..o e erecdiaomastystsssdosrviasmmisssnsssasss 255
7.3.4 Multiple Coupled NLS EQUations ..........ccceceeueevrineenceinnannns 256

7.4 Spectral and Temporal Effects..........ccocviniiminicnivniiininccncnn 258
7.4.1 Asymmetric Spectral Broadening...........ccccoccvvvinecinneennene 259

7.4.2 Asymmetric Temporal Changes..........c.ccoceoeoerceciinrcecnnes 264



Contents Xiii

7.4.3 Higher-Order Nonlinear Effects ............cccoovivevinnncnnnnne. 267

2.5 Applicationsof XPM comesnacmwamabniiaionsmaramsmswomson 268
7.5.1 XPM-Induced Pulse Compression.........covveninieirnnieeseennnn 268
7.5.2 XPM-Induced Optical Switching .........ccccoviininicniiiiniinne. 270
7.5.3 XPM-Induced NonreciproCity .........c.ccoueeeresursieressaniecuenns 272

7.6 Polarization BffeCtS.......c.ccscsmmamsssmsimssissssssssansassasmsseisuns sisvsasess 274
7:6.1 Vector Theoty. Of XPM....sicssismsmeoserssmamuissusnosnpsassasvassasses 274
7.6.2 Polarization EVOIULION ...........ccccveveeeeeseniininiinccieicsiinc e 275
7.6.3 Polarization-Dependent Spectral Broadening.................... 278
7.6.4 Pulse Trapping and COmpression .............ccoeweercrnecrenaes 280
7.6.5 XPM-Induced Wave Breaking.........cccceeveiiviieiiiinnnnininnins 282

7.7 XPM Effects in Birefringent Fibers..........cocvviiininiiicncniniinnnn 284
7.7.1 Fibers with Low Birefringence............cccccccvencniinininnnnnne 284
7.7.2 Fibers with High Birefringence ........cc.cccovrviiiiciviicnnennnnn. 287
PROBICIS . cccvcindsmnnstiamsrmnmssamsiusrarbanssssdiossiomsmiditasa iomsssnsisairsasssssnesses 289
RELCTENCES «iviiisvisissisasnassisassssmsammssassssissistoiassmssssnssissisissiscvimpssisssisnassssss 290
CHAPTER 8 Stimulated Raman Scattering..................cccoccoooveumrrnnnnee. 295
8.1 BaSiC COMOEPLS.....cuvremeueriemererscreaerentntereeesesisseseesesesesssssanessnasse s 295
8.1.1 Raman-Gain SPECIIUML..........coceervesrerreeeenreciiasiomeieesneaseeans 296
8.1.2 Raman Threshold.....ccusssisssmivisinsssassssssmassnian 297
8.1.3 Coupled Amplitude EQuations.........cceeeererveeniecriniresiennns 300
8.1.4 Effect of Four-Wave MiXing........ccccoeiviinieinnniiniiiinicnennnns 303

8.2 Quasi-Continuous SRS .....cccuiiriiiireiceeriisesece st sssiessesesnens 305
8.2.1 Single-Pass Raman Generation.............cceceecueveenecenienenne 305
8.2.2 Raman Fiber Lasers...........cccceccuinicmnernesanssessssssssassssssonisnsss 307
8.2.3 Raman Fiber AMPLAiers. . csuassssisssasissasssasssasasssiosssssnses 310
8.2.4 Raman-Induced CrosstalK..........cccovreeriverienieinsinsrnsnnsiension: 315

8.3 SRS with Short PUump PulSes..........ccceceuerereiniesiencieeninsesnensennns 316
8.3.1 Pulse-Propagation Equations ...........cccccceeueviiiciicenicncnnn. 317
8.3.2 Nondispersive Case.........ccvurereereererireeneesiesieeeseeeneseeses 318
8.3.3 Effects of GVD....c.csississsessissusssasssossssisesmsssanssissismesiosss 320
8.3.4 Raman-Induced Index Changes..........ccoenviniininisiicniinsinnnns 323
8.3.5 Experimental ReSults..........ccceceeeuieeeniecienenenineereeeeeeennes 325
8.3.6 Synchronously Pumped Raman Lasers ..........cccccceevurennee. 328
8.3.7 Short-Pulse Raman Amplification ..........cccccocueevviniecnnennne. 330

8.4 SOliton EffeCtS.....ccveeeeeieeriireieceieeiereceie ettt e 331
8.4.1 Raman SOlItONS.......ccceueeiereeimriceeiceecneereeee e naes 331
8.4.2 Raman Soliton Lasers.........ccccoeeoeemeneciecncinieneneecceeeeneene 335

8.4.3 Soliton-Effect Pulse Compression ...........ccccevcereircesienecnnen 338



Xiv

Contents

8.5 Polarization Effects........cccociviriiniiiiiicceeeeeee e 339
8.5.1 Vector Theory of Raman Amplification..........c..ccccecueeenee. 339

8.5.2 PMD Effects on Raman Amplification.............c.ccococu.e....... 343
PIODICING o.ocuiccssvisisssiassmmssnismassamsmssisasmminsssisssiinassss saessisnmen sunivassrimminns 346
REECTONTES o onssnssnsavivunsusotonss Diaiisissontoiodsbumossyssasnsans s on ses SHagsmarsaavansosis 347
CHAPTER 9 Stimulated Brillouin Scattering.............................. 353
9.1 Basic CONCEPLS......c.coiveresivsstsmnserermmssssnsssesssasssassessesnsssessessresassens 353
9,11 PhySiCal PrOCESS.«iusvisissnerismsivissiessssissmssspisssasisssssasanmmsssssnss 354

9.1.2 Brillouin-Gainl SPECHUM i .ivssesesssssssssimensivissessmnssases 354

9.2 QUAsi-CW SBS .......ccmurrrremmmmneresianensssesissssassssessssssssessssssessenss 358
9.2.1 Brillouin Threshold............coceeiiererinenieninineneceeeieen 358

9.2.2 Polarization BffECts.\s.cimn sivcsiniiininsssssssivnmsosissnssnsunssnsinss 359

9.2.3 Techniques for Controlling the SBS Threshold................. 360

9.2:4 Experimental ReSUMS ......ciusessvssveasisssssssamiasmsssmssssonsisss 363

9.3 Brillouin-Fiber AMPfiers .........cccocveueecrieninienieeesene s 366
9.3.1 Gain Saturation .........ccccceeeeereerirerieeineseeseeseesseeesaessresesees 366

9.3.2 Amplifier Design and Applications...........ccccoccvvceveruinunnnne 367

Q4 SBS DYDAIIICS wovssrsconssissusamssssssisenvorsshasisnsss sssschsst siessssssssmsanssnees 370
9.4.1 Coupled Amplitude Equations............cccceeceeeieereeeiieernnnne. 370

9.4.2 SBS with Q-Switched Pulses..........ccooverieninineiicces 372

9.4.3 SBS-Induced Index Changes.........cccceeeeerveeeeeiecereeseecnnenn 376

9.4.4 Relaxation Oscillations.........coc.eeereeeriiesieieneeeesreeeeeneene 380

9.4.5 Modulation Instability and Chaos.........c.cccceveeeveceeeeereenen. 382

9.5 Brillonin-Fiber LLaSers . .....usiivrmibsissnssnsssinsssssssmasassasisssssssnes 384
9.5.1 :CW ODCTAION 1s.000t50i55 1sscisbasssbahsisuonssssinssmssssanasssmeaiasssss 384

9.5.2 Pulsed Operation..........cccvuueiinininiiciniesscencnnseesiesseeseies 388
Problems....conmmameiinie bbb LR L S d sardmassces 391
RELEIENCRE ... covsrsrsemmmrmrrsssmibs simrst bioe mm et as e ass e Seriasds darmsaine 555 392
CHAPTER 10 Four-Wave MiXing..............cccccocomimmnrmionneieeone. 397
10.1 Origin of Four-Wave MiXing .........ccoivimaisiininianeni. 397
10.2 Theory of Four-Wave MiXing........ccoceeeereeieueiiesineeresnnieesensenens 399
10.2.1 Coupled Amplitude EqQuations.........c..ccceveevuevrernenierunenne 400
10.2.2 Approximate SOIUtion..........cccoeeeiieceiieniesnereicenseneieennes 401

10:2.3 Effect of Phase Matching...ccoovsusssesisssmsrisssssasscsiasissss 402
10.2.4 Ultrafast Four-Wave MiXing .........cccceccvveninincicnnecnnncnees 404

10.3 Phase-Matching TeChNIqQUES ..........cccovereemererereeeieie e 405

10.3.1 Physical MechaniSms.....c;.s.ccasimmsisssissinmossmmsossasssnisnonsossi 405



