Contents

1

Analysis and Calculation of Three-Wave Interaction
in Nonlinear Optical Crystal ...........................ccciiiiin. .. 1

1.1

1.2

1.3

1.4

Bibliografische Informationen digitalisiert durch E ;'Jg'fHLE
http://d-nb.info/1013145763 BLIOTHE

Tensors, Polarizability Tensors, and Electric

Polarization VECIOIS ..ottt e e eeeaeees i
1.1.1  Definitionof Tensors [1] ........ccooiviiiiiiiiiiiinnn.... 1
1.1.2  Tensor Algebraic Calculation .................ccooeiinatn. 2
1.1.3  Polarizability Tensors [2}.........ccooiiiiiiiiiiiieinennes 4
1.1.4  Classical Description of Polarizability .................... 5
1.1.5 Nonlinear Electric Polarization Vectors

in Three-Dimensional Spaces ...........cccooveiiieiien. 8
1.1.6  Macroscopic Qualities of Polarizability Tensor........... 9
Optical Characters of Nonlinear Crystals ..............coooeeinnin. 10
1.2.1  Optical Classification of Nonlinear Optical Crystals ..... 10
1.2.2  Propagation of Monochromatic Plane Wave

in Nonlinear Crystals ...........coceviveiiiiiiiieeneneenn. 11
Phase Matching and Nonlinear Coefficients
of Three-Wave Interaction in Uniaxial Crystals .................... 17
1.3.1  The Phase-Matching Conditions

and the Angular Phase Matching .......................... 18
132 Walk-off Angle .oovveneii e 23
1.3.3  Acceptance Angles of Angular Phase Matching........... 24
1.3.4  Noncritical Phase Matching.............c...coviiiint, 28
'1.3.5  Effective Nonlinear Coefficient

of Three-Wave Interaction ...........ccocceiiiiiniiininn. 31
Phase Matching and Nonlinear Coefficients
of the Three-Wave Interaction in Biaxial Crystals.................. 35
1.4.1  Phase Matching in Biaxial Crystals........................ 35
1.4.2  Calculation of the Effective Nonlinear

Coefficient in Biaxial Crystals ....................ll. 39

vii



http://d-nb.info/1013145763

viii

Contents

1.43  Calculation of the Phase-Matching Angle
and the Effective Nonlinear Coefficient
in Typical Biaxial Crystals ...,
1.5 Calculation of the Acceptance Parameters
of Three-Wave INteraction ...........ccoooeiviiiiniiiniririnnninnenns
1.5.1  Small Signal Approximation..................ccoeeiiin..
1.5.2  Efficiency and Acceptance Parameters
for Phase Mismatching ...,
1.6  Walk-Off Angle in Biaxial Crystal ..............oooviiiiniin. ..
1.6.1  Calculation of the Walk-Off Angle in Biaxial Crystal ....
1.6.2  Effect of the Walk-Off Angle in Biaxial Crystal ..........
1.7  Thermal Effects and Its Effect on the Three-Wave Interaction.....
1.7.1  Self-thermal Effects ...t
1.7.2  Temperature Distribution..............ocooiiiiiiiiiini .
1.7.3  Effect of the Temperature Distribution on Efficiency .....
1.8  Noncollinear Phase Matching ...
1.8.1  Noncollinear Phase Matching in Uniaxial
Crystals [23] oo
1.8.2  Noncollinear Phase Matching in Biaxial Crystals ........
1.9  Examples of Nonlinear Crystals.............ccooiiiiiiiiiiinnn...
191 B—BaByOsBBO)...ccoriiiiiiiiiiiiiiiiii
192  LiB3Os(LBO) cuniiiieiiiiiiiic i
1.9.3  KTiOPO4(KTP) c.uiiiiiiiiiiiiii i
1.94 CSLlB6 010 (CLBO) ........................................
1.95 KBBF .o
References........ooooiiiiiimii
Nonlinear Optical Frequency Mixing Theory...........................
2.1  Coupled Wave Equations [1-9]........ccoooiiiiiiiiiiiiiii,
2.1.1  Steady-State Coupled Wave Equations....................
2.1.2  Transient Coupled Wave Equations........................
2.1.3  Manley—-Rowe Relations ............oovvveiviiiiiiininn,
2.2 Steady-State Small-Signal Solution of Optical
Frequency Doubling and Mixing ...........ccooiiiiiiiiiiiinann,
2.3 General Solution to Steady-State Coupled Wave
Interaction EQUation..........c...ooooiiiiiiiiiiiiiiiiinn i
2.3.1  Frequency Doubling Solution of Type-I
Phase Matching .........coooiiiiiiiiiiiii i,
2.3.2  Frequency Doubling Solution of Type-II
Phase Matching .........oooiiiiiiiiiiiiiiii i,
2.4  Frequency Doubling Solution of 3-Dimensional
Coupled Wave Equation [3,5] ......cooiiiiiiiiiiiiiiiiins
2.5 Theory and Experiments of Extracavity Frequency Doubling .....

2.5.1  Extracavity Frequency Doubling with
Focused Gaussian Beams .............cooeiiiiiiiiinne,
2.5.2  Examples for Extracavity Frequency Doubling ...........



Contents ix

2.6 Theory of Gaussian-Like Distribution: Basis for

Multimode (Mixed Mode) Frequency Doubling.................... 160
2.6.1  Transverse Distribution of Multimode Beam ............. 160
2.6.2  Characteristics of Multimode Beam ....................... 167
2.6.3  Propagation and Transformation of
Gaussian-Like Beam In a Homogeneous Medium........ 168
2.64  Measurement of Multimode Coefficient M ............... 170
2.7  Frequency Doubling of Gaussian-Like Beams [1].................. 173
References.......oovii it s 177
3  Theory and Technology of Frequency Doubling
and Frequency Mixing Lasers............coooeeiiiiiiiiiiiiiiennnnnenanan. 179
3.1  Analysis of Rate Equations for Intracavity SHG Laser ............ 180
3.1.1  Derivation of Rate Equations ...................cooeinnee. 180
3.1.2  Solutions of Rate Equations and Result Analysis......... 183
3.2  Design and Experimental Study on
Fundamental Mode SHG YAG Laser .........ccoovviiviiiieianne. 185
3.2.1 Optimal Operation Conditions of SHG
Devices in Fundamental Mode SHG YAG Laser ......... 186

3.2.2  Optimal Operation Conditions of Acousto-
Optic Modulator in Fundamental Mode SHG

YAGLASer ..ot e 192
3.2.3  Parameters of the Resonant Cavity

in Fundamental Mode SHG YAG Laser................... 194
3.2.4  Optimal Output Coupling of Intracavity

Frequency Doubling Laser ..............ccoceiiiniinn... 197
3.2.5 Analysis of the Stability of the Fundamental

Mode SHG YAGLaser.........oooevviiiiciiiiiiinnnnn... 202
3.2.6  Designing the Water-Cooling System

of Fundamental Mode SHG YAG Laser................... 204

3.2.7 The Experimental Result and the Gross
Structure Design of Fundamental Mode SHG

D A CE 07 11 N 206
3.3  High Power Multimode Intracavity Frequency
Doubling YAG Laser......oouuuiiiiiiiii i 209

3.3.1  The Principle of Improvement in Frequency

Doubling Efficiency with Quasi-Continuous-

Wave Operation.........ooovviiiiiciiiiiiiiiiiiiian... 210
3.3.2  Analysis of Thermal Effects

under Quasi-Continuous-Wave Operation

and Related Experiments [10].............cooiiiiiiiinit, 213

3.4  Frequency Mixing of Ultrashort Pulse ......................... 217

3.4.1  Group Velocity Characteristic in a Dispersive

Medium [28,29] ...ccoiiiii 218



Contents

3.4.2  Phase Matching Conditions for Ultrashort
Pulses and Effects of Group-Velocity

Mismatching and Dispersion..........c..oooeeeviiiiieie. 222
34.3 Harmonic Wave Generation of Ultrashort
PUlsSes [20] .o e eeea 225
3.4.4 Four-Wave Mixing of Ultrashort Pulses................... 241
ReferenCes ... oot 243
Optical Parametric Oscillator.............................l. 245
4.1  Analysis on the Characteristics of the Pulsed OPO................. 247
4.1.1  The OPO Model and Its Coupled Wave Equation ........ 247
4.1.2  Characteristic Analysis of the Long Pulse
Pumped OPO ... 251
4.2 Synchronously Pumped Optical Parametric Oscillator ............. 257
4.2.1 The Model and the Coupled Wave Equations
of Singly Resonant Synchronously Pumped
Optical Parametric Oscillator [19] ...................oall. 258
4.2.2  The Solution Ignoring Walk-Off Effect
and Group Velocity Dispersion ...........ccoooeeiuennn... 260
4.2.3 Influence of Walk-Off Effect.....................coooile 262
4.2.4  Influence of Group Velocity and the Final Expression.... 263
4.2.5  Characteristic Analysis of Synchronously
Pumped Optical Parametric Oscillator .................... 265
4.3  Conversion Efficiency and Linewidth Characteristics
Of OPO .. e 267
4.3.1  The Effect of the Relative Phase and the
Detuning of Three Waves on Conversion Efficiency...... 267
432 Linewidthof OPO ...t 274
4.4 Examples of OPOs Based on Typical Crystals ..................... 281
4.4.1 Barium-Beta-Borate OPO [20,22-37]......ccovvvvvinn.... 281
442  Lithium-Triborate OPO [21,38—46] ...........cceeennne. 283
4.43  Silver-Gallium-Selenide (AgGaSe,) OPO
[47-51] . e 284
4.4.4 Kalium-Titan-Phosphate Crystal and
KTP-OPO [52-61] ..ot e 284
4.4.5 Magnesium-Oxide:LiNbQ; (MgQO) OPO [64-60] ........ 289
4.4.6 Experimental Results in Temperature
Tuning Singly and Doubly Resonant
Oscillators Based on MgO : LiNbO;5 .................lL 300
4.5  Terahertz-Wave Parametric Oscillator and Generator .............. 308
4.5.1 Introduction of Terahertz Wave ................cooouee.. 308
4.5.2  The Theory of TPG Using Polaritons...................... 310
453 The Typical Experiments.............ccceiviviieniiinnnn.. 313
4.6 FutureTendency.......coooeiiiiiiiiiiiiiiii i 315

R ereNCES ..ot 317



Contents Xi
5  Quasi-Phase-Matching Technology.......................oooiiinenn, 319
5.1 INtroduction........ooceviiiiiiiiiiii il 319
5.1.1  Development of QPM Technology ............c.cccvvueenn. 319
5.1.2  QPMMaterialS..oouvveiiiieiiiiiiiiiiiiiiiiiiieeeann, 323
5.1.3  Applications of Quasi-Phase Matching.................... 328
52 Principles of QPM. .. .ot 332
5.2.1  TReOTY ..ot e 332
5.2.2  Three-Wave Coupled Equation for QPM .................. 333
5.2.3  Optical Pulse Compression Using QPM SHG
Devices [76] ..ot e 336
5.3  QPM-OPO Tuning Technology .........c...ccoiiiiiiiiiiiiiiinn, 340
5.3.1 Temperature Tuning .........cocoovieeiiiiiiienieennnnnne 340
532 AngleTuning .....ooovviiiiiiiiiiiiiiii 343
5.3.3  Grating Period Tuning [56] ........ccoooiiii ., 355
5.4  Typical Experiments with Periodically Poled Crystals ............. 357
5.4.1 MultiWavelength Conversionby QPM .................... 357
5.4.2  Efficient, CW OPO Experiments [60,95] ................. 361
5.4.3  Efficient, High Power, or High Energy OPO
and OPG Experiments.........coovvvvierneiiinennnnnnnnn. 363
5.4.4  Broadband Light Sources Using QPM Devices........... 365
5.4.5 Two-dimensional QPM Gratings [22]} ..................... 368
5.4.6  Terahertz Generation with PPLN [85,86] ................. 370
5.4.7  Optical Pulse Compression [76,77] ..........c.ccevvnine. 375
5.4.8 Actively Electro-Optic Q-Switching Using
PPLN [98]. it 377
5.49  Totally Internal Reflecting (TIR)-PPLN-OPG ............ 378
R OreNCeS .o it e 380
6  Principle, Device, and Technology
of Diode-Pumped Solid-State Laser .......................ooien, 383
6.1 Introduction of Diode-Pumped Solid-State Laser .................. 383
6.1.1 Early Stage: The 1960s.......c..ooieeiiiiiiiiiiiainn, 383
6.1.2  Slow Development Stage: The 1970s...................... 384
6.1.3  Vigorous Development Stage: the 1980s.................. 384
6.1.4  Rapid Development Stage: From the 1990s................ 385
6.2 Fundamental Principles of DPL ........ ..., 386
6.2.1  Optical Pumping System .............ocevviiiiiiiiannnnnn. 386
6.2.2 Designof Resonator..........oooovvviiiiiiiiiiiiiiiiinnn, 387
6.3 Thermal Effect of DPL.......... ..., 396
6.3.1 Thermal Effect of Diode Side-Pumped
Solid-State Laser.........ccooviiieiiiiiiiiiiiiiiiinnnn. 396

6.3.2  Thermal Effect of Diode End-Pumped
Solid-State Laser.........coeiiiiiiiiiiiiiiiiiiiiees 404



xii

Contents

6.4 Continuous-Wave DPL............ooiiiiiiiiiiii 410
6.4.1  The Characteristic Analysis of Diode
End-Pumped Nd:YAG Laser Operating at
Quasi-Three-Level System [35]...........ooooiii 410
6.4.2  Diode End-Pumped CW Solid-State Laser................ 412
6.4.3 Diode Side-Pumped CW Solid-State Laser ............... 414
6.4.4 Diode-Pumped CW Multiwavelength Laser .............. 415
6.5  All-Solid-State Pulse Laser ........coiiiiiiiriiiiiiiiiiiiiiiiinnn, 416
6.5.1 Q-Switched DPL........coiiiiiiiiiiiii i 416
6.5.2 Mode-LockedDPL ... 419
6.6  Generation of Terahertz Radiation via Difference
Frequency Generation...........coceeeeeeneniiiiiiiiiiiiiinnnnen... 421
6.6.1  Collinear Phase-Matched THz-Wave
Radiation by DFG in Gap Crystal Using a
Dual-Wavelength OPO [77] ..., 422
6.6.2  THz-Wave Surface-Emitted DFG in PPLN
Waveguide [80] .........oooeviiiiiiii 424
6.6.3  The Development of THz-Wave Radiation by DFG....... 427
| NS () (31 1 PP 430
RGB-DPL and HighPower DPL. ..., 433
7.1 RGB-DPL ... e 433
731 RedDPL ..o e 433
T.12  GreenDPL ..ooeviiii e 439
703 BlueDPL ..o 447
7.1.4  Laser Display with RGB-DPL............................. 453
72 HighPowerDPL ..o v e e enas 455
7.2.1 HighPower RodDPL ..........oooiiiiiiiiiiiiiiiiiee. 455
7.22 HighPowerSlabDPL ..., 458
7.23 HighPowerDisk DPL..........o.ooooiiiiiiiiiiii.e, 461
7.3  Fiber DPL and Photonic Crystal Fiber (Laser) ..................... 464
7.3.1  Fiber DPLLaser .....coovviiiuiiiiiiiiiiii i, 464
732  PCFLASer ..ciiii i 476
References.......ooueiii i e 483
Solid Tunable Laser Technology ........................cocciiiiiiil, 489
8.1  Overview of Solid Laser Materials Doped
with ParamagneticIons ...t 489
8.1.1  Solid Materials Doped with Cr** and V2% ............... 489
8.1.2  Solid Materials Doped with Ni**, Co** [4-32] .......... 491
8.1.3  Solid Materials Doped with Ce** ......................... 492
8.2  Tunable Alexandrite Laser............ccvviiiiiiiiiiiiiiiiiiiannn.n. 494
8.2.1  Physical Properties of Cr:BeAl; Oy ..oovvvviinninnnnnn.n. 495
8.2.2  Optical Properties of Cr:BeAl;Oyg ..covvnvviiiininnnn, 495

8.2.3 CriBeAlyOg Laser «ocuuviinniineiieiiie e iiiaeeeananns 496



Contents xiii
8.3 Tunable Forsterite Laser ...........ccooeiiiiiieeeeiiiieaeenn, 498
8.3.1  Structure and Luminescent Mechanism
Of CrMEZ,SiOs e 500
8.3.2  Theoretical Analysis of Pulse-Pumped
Cr:Mg,Si04 Laser ......oovveiiiiii 508
8.3.3  Output Characteristics Analysis .
of CriMg,Si0g Laser......ooovvviiiiii i, 511
8.3.4  Experimental Results of Cr:Mg,SiO4 Laser .............. 517
84 Tunable CriLiSAF Laser.......oovviiieiiiiiiciiii i e 520
8.4.1 Properties of Cr:LiSAF......coooiiiiiiiiiiiiiii i, 521
842 Tunable Cr:LiSAFLaser ........cooeviiiiiiiiiiienannn.., 522
8.5 Color-Center Laser .........vvvunneeeeniiiieeeaiiaraiiaeaeaineanns 524
8.5.1 Basic Properties of Color-Center Crystal.................. 524
8.5.2  The Energy Level Structure and Optical
Properties of Color Center ........... s 528
8.5.3  Several F Centers Used as Laser Active Medium ........ 530
8.5.4  Some Important Color Center Lasers...................... 532
8.5.5  Characteristics and Experimental Study of
Lif:F,, Lif:F; , and Lif:F5” Color-Center Laser ........... 532
Ref@ICNCES .. et 542
9  Tunable Titanium Doped Sapphire (Ti:Sapphire) Laser............... 545
9.1  Physical-Chemical and Spectral Properties of
Ti:Sapphire Crystal..... ..o i i 547
9.1.1  Crystal Structure of Ti:Sapphire .................ocoinit. 547
9.1.2  Energy Level of Ti:Sapphire Crystal ...................... 547
9.1.3  Absorption Spectrum of Ti:Sapphire Crystal.............. 549
9.1.4  Fluorescent Spectrum of Ti:Sapphire Crystal ............. 551
9.1.5  Growth Method of Ti:Sapphire Crystal.................... 552
9.2  Continuous-Wave Ti:Sapphire Lasers ... 554
9.2.1  Output Characteristics of End-Pumped CW
Ti:Sapphire Laser..........cooccoiiiiiiniiiiiiiiiiiin. 555
9.2.2  Cavity Design of CW Ti:Sapphire Laser .................. 566
9.2.3  Experiment of CW Ti:Sapphire Laser ..................... 573
9.3  Quasi-Continuous-Wave Ti:Sapphire Laser......................... 571
9.3.1  Temporal Characteristics of Ti:Sapphire Laser ........... 578
9.3.2  Output Power of Ti:Sapphtre Laser........................ 590
9.3.3  Experiment of QCW Ti:Sapphire Laser ................... 594
9.3.4  Ti:Sapphire Laser Pumped by Copper Vapor Laser....... 600
9.4  Pulsed Ti:Sapphire Laser ..........ccvvieiieiiiiiiiiniiiiaiiiiaen. 601
9.4.1 Types of Pulsed Ti:Sapphire Laser......................... 601
9.4.2  Dynamics of Pulsed Ti:Sapphire Laser [58]............... 604
9.5  Ultrashort Pulsed Ti:Sapphire Laser...................ooooo 620
9.5.1  Active Mode-Locked Ti:Sapphire Laser................... 620

9.5.2  Passive Mode-Locked Ti:Sapphire Laser with
Saturable Absorber ..........coooiiiiiiiiiii i 620



Xiv Contents
9.5.3  Synchronously Pumped Mode-Locking
Ti:Sapphire Laser [61,62].........cccoiiiiiiiiiiiiinin... 622
9.54  Auxiliary Cavity Mode-Locked Ti:Sapphire Laser ....... 623
9.5.5 Mode-Locked Ti:Sapphire Laser with
Microdot Mirror [67] «.covviie i iiie e 627
9.5.6  Self-Mode-Locked Ti:Sapphire Laser ..................... 628
9.5.7 The Amplification of the Femtosecond
Ti:Sapphire Laser.............ooiiiiiiii 637
9.6 Narrow Linewidth and Frequency Stabilized
Ti:Sapphire Laser.........oooiiiiiiiiiiiiii i 638
9.7  All-Solid-State Ti:Sapphire Laser ............cccevviiiieeenanan... 639
REFEIENCES .. ..ottt 641
10 Other Laser Tunable Technologies ........................cooooiia 643
10.1 Tunable Dye Laser ......... T 643
10.1.1 Physical-Chemical and Spectral Properties
of OrganicDye ......ooviiiiiiiii i 643
10.1.2 Continuous-Wave (CW) and Quasi-
Continuous-Wave (QCW) Dye Laser...................... 648
10.1.3 Pulsed and Flashlamp-pumped Dye Laser ................ 650
10.2 Stimulated Raman Laser..............oooviiiiiiiiiiieiiiiee., 653
10.2.1 Discontinuous Tuning Raman Laser....................... 654
10.2.2 Raman Laser Pumped by CW Tunable Laser ............. 654
10.2.3 Spin-FlipRaman Laser.............cccvvvvveieriannnennen. 655
10.3 FiberRaman Laser .........coooiiiiiiiiiiiiiiiiiniiiiiiieeineiaeenn. 657
10.3.1 Raman Spectrumof Fiber...............coooiiiivniineen. 657
10.3.2 Loss Characteristics of Fiber.............ccooovviinne.... 658
10.3.3 Raman Gain and Effective Interaction Length ............ 659
10.3.4 The Nonuniformity of Raman Gain ....................... 660
10.3.5 FiberChoice .....cocviiiiiiiii v, 660
10.3.6 Raman Effect and Group Velocity Dispersion
of Picosecond Pulses in Loong Fiber ....................... 661
10.3.7 FiberRaman Laser ...........cccevvviiiiiiiiiiiinnennnnnnn, 661
10.4 Tunable High-Pressure Infrared Laser ................cccovvvnnnns 664
10.4.1 Operating Principle of Tunable High-pressure
Infrared Laser............ooooiiiiiiii s 664
10.4.2 Experiment of Tunable High-Pressure Infrared Laser .... 671
10.5 Excimer Laser [69] .. ..uuuunniiiiiiiieee e 673
10.5.1 Characteristics and Operating Principle of
ExcimerLasers ....oooiiiiiiiiiiiiiii e 674
10.5.2 Some Kinds of Primary Excimer Lasers ......... e 680
RefeIeNCES ... o e 681
Index. ..o 685



