
Novel devices and techniques in nonlinear optics.

Item Type text; Dissertation-Reproduction (electronic)

Authors Murray, James Thomas.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:55:43

Link to Item http://hdl.handle.net/10150/187519

http://hdl.handle.net/10150/187519


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had· to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) .are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor MI 48106·1346 USA 
313n61-4700 8001521-0600 





NOVEL DEVICES AND TECHNIQUES IN NONLINEAR OPTICS 

by 

James Thomas Murray 

Copyright © James Thomas Murray ] 996 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENCES (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1996 



OMI Number: 9626563 

Copyright 1996 by 
Murray, James Thomas 

All rights reserved. 

UMI Microform 9626563 
Copyright 1996, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by ____ ~J~arn~e~s~Th~o~m=a=s~M=ur~r~a~y~ ____________ __ 

entitled __ ~N~o~v~e~l~D~e~v~i~c~e~s~a~n~d~T~e~ch~n~ig~u:e~s~l~·n~N~o~n~l~i~n~e~a~r~O.p~t~i~c~s __________ _ 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of __ ~D~o~c~t~o~r~o_f __ P~h~i~l~o_s_o~ph_y~ _________________ ..... 

R.L. Shoemaker Date 
'fIla 11 { 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

DiS~~irector Date 
Nasser Peyghambarian 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 

3 



4 

ACKNOWLEDGMENTS 

The greatest gift an advisor can give a student is the freedom to be creative. Prof. Nasser 
Peyghambarian gave me the freedom to explore new frontiers in nonlinear optics. Thanks Nasser. 

I have learned a great deal more than just rudimentary physics in my tenure with Prof. 
Richard C. PoweJJ. I acquired a working knowledge of the politics of science from a bona fide 
master. Prof. PoweJJ is the quintessential mentor. That a mentor can be an altruist is a paradox. 
The solution is PoweJJ. 

In many ways experimental physics is like the arts. It is best taught by a great master. I 
am fortunate to have learned the art of laser design from William L. Austin. Most of the 
intracavity Raman laser design concepts were directly contributed by Mr. Austin. The 
macroscopic temporal dynamics model was also developed by Mr. Austin, and much of the 
equipment used in our experiments was contributed by Mr. Austin. 

Much of my time early on was spent with Dr. Duane Smith at Kaman Aerospace in 
Tucson, AZ. Together we made tremendous progress in the field of high-power optical 
parametric oscillators. Unfortunately, much of this work remains unfinished and is not part of 
this dissertation. Dr. Smith did, however, contribute a great deal to my education and I cannot 
begin to thank him enough. I learned an attitude from Dr. Smith -- there is a solution to every 
problem and someone will solve it ... It just better be us! It was a pleasure working with you, 
Duane. 

I wish to acknowledge many enjoyable discussions with George N. Lawrence on the 
subject of optical modeling. There may come a time when the laboratory is replaced by the 
computer, and the experimentalist by the user. When that time comes, I want to be the 
programmer! 

I had many enlightening conversations with Prof. Ewan Wright during the course of this 
work. Dr. Wright provided me with a refreshing new perspective of linear and nonlinear optics. 
Thank you for sharing these perspectives. 

Although Prof. B. Roy Frieden did not knowingly contribute to this work, he certainly 
made many significant indirect benefactions. I share Prof. Frieden's philosophy that the most 
fundamental path in theoretical physics is couched in probability and information. Might I 
remind you, "unrewarded genius is almost a proverb." 

The appearance of the second floor is nothing special. A hall extends the length of the 
floor with dirty yellow and green waJJs covered with posters displaying excerpts of work from 
those once remembered. Doors line the haJJ, and above each door there is a converted bicycle 
light, perpetually flashing red to warn those who enter of the potential risk of blindness by laser 
light. Behind each door, somewhere in the dark, among the whirring and popping sounds of dye
circulators and pulse-forming-networks, amid the mesmerizing beauty of multi-colored speckle 
patterns, is a friend of mine. J. P., Habib, Harald, Paulo, Sergey, Sundy, Georg, Koo-Kang, Sang
Goo, Borris, Jerome, Chris, Loonie,Tomoko, Sandra, Bernard, Ken, Brian M., Brian F., you are 
aJJ good people. 

My family is most deserving of my thanks. For me, to spend days and weeks consumed 
with a problem is not a chore, for that is my passion. For my wife and children, however, that 
time is a gift. Thanks for indulging me, Amy, Gabriel and Ellen. 

To give of ones resources is respectable. To give of oneself, however, is divine. Dad, 
Mom, Tim, Matt, Sarah and Joel, thanks for all the giving. 



5 

To 

Amy, Gabriel, and Ellen 



6 

TABLE OF CONTENTS 

LIST OF FIGURES ......................................................................................................... 8 

LIST OF TABLES ......................................................................................................... 14 

ABSTRACT .................................................................................................................... 15 

1. INTRODUCTION ..................................................................................................... 17 
2. IIIGH-A VERAGE-POWER RAMAN LASER DESIGN ..................................... 23 

2.1. La .. ~ica: Laser Design Code .................................................................................. 24 
2.1.1. First Order Cavity Design ......................................................................... 25 
2.1.2. Generalized Propagation Algorithm in Lasica .......................................... 28 

2.2. Astigmatisnl Compensation ................................................................................ 37 
2.2.1. Astigmatically Compensated Resonator Design: Example ....................... 39 
2.2.2. Mode-matching Techniques in Intracavity Raman Lasers ........................ 47 

2.3. Power Limiting Thennal Effects ......................................................................... 53 
2.3.1. Thennal Focusing Properties of Laser Rods ............................................. 57 

2.4. Cavity Mode Build-up Dynamics ........................................................................ 61 
3. MACROSCOPIC PULSE DYNAMICS OF INTRACA VITY 

RAMAN LASERS ..................................................................................................... 64 
3.1. Introduction ......................................................................................................... 64 

3.1.1. Nonlinear Cavity Dumping ...................................................................... 65 
3.1.2. Gain-Switcl1ing ......................................................................................... 67 

3.2. Macroscopic Pulse Dynamics Modeling ............................................................. 70 
3.2.1. Rate Eqllation Model ................................................................................ 71 
3.2.2. Initial Conditions ...................................................................................... 74 

3.2.2.1. Initial Inversion Density: CW Optical Pumping ........................ 75 
3.2.2.2. Initial Inversion Density: Pulsed Optical Pumping ..................... 78 
3.2.2.3. Initial Photon Densities ............................................................... 81 

3.2.3. Temporal Model Results .......................................................................... 88 
3.2.3.1. CW -Pumped Intracavity Raman Laser Modeling Results ......... 88 
3.2.3.2. Pulse-Pumped Intracavity Raman Laser Modeling Results ..... 107 

4. ROUNDTRIP PULSE DYNAMICS ...................................................................... 116 
4.1. Theoretical Model ............................................................................................. 117 

4.1.1. Plane-to-plane Intensity Transfonnation Primitives .............................. 122 
4.1.2. Roundtrip Intensity Mapping Function ............................................ ; ..... 127 
4.1.3. Initial Pulse Intensities: Photon Statistics ............................................. 131 

4.1.3.1. Statistical Model of Initial Pump Laser Intensity Fluctuations . 131 
4. I .3.2. Initial Axial Mode Intensity ...................................................... 134 
4.1.3.3. Initial Normalized Stokes Pulse Intensities ............................... 138 

4.1.4. Transition to a Final State ...................................................................... 138 
4.1.5. Topology of the Attractor ....................................................................... 149 



7 

TABLE OF CONTENTS •• Continlled 

4.1.6. Final-States Diagram of Raman Laser Iterator ....................................... 159 
4.1.7. Time Series ............................................................................................. 164 

4.2. Experimental Studies ........................................................................................ ] 68 
s. RAMAN BEAM CLEANUP .................................................................................. 176 

5.1. Theoretical Description of Raman Conversion and Raman Beam Cleanup ..... 177 
5.1.1. Factorized Paraxial Wave Equation ....................................................... 177 
5.1.2. Raman Beam Cleanllp ............................................................................ 180 
5.1.3. The role of four wave mixing .................. It ............................................. 182 
5.1.4. Computer Modeling of Intracavity Raman Beam Cleanup .................... 189 

5.2. Intracavity Raman Beam Cleanup: Experimental ............................................. 195 
6. SPECTRAL PROPERTIES OF INTRACA VITY RAMAN LASERS .............. 198 

6.1. Theory and Modeling ........................................................................................ 199 
6.2. Nd: Y AG pumped Ba(N03h Raman Laser ........................................................ 218 

7. PHASE·MATCHING TECHNIQUES AND FREQUENCY. 
CONVERSION EFFICIENCY IN OPTICALLY ACTIVE CRYSTALS ........... 220 
7.1. Introduction ........................................................................................................ 220 
7.2. Birefringent Phase Matching in Optically Active Crystals ................................ 221 
7.3. Birefringent Phase Matching Conversion Efficiency ......................................... 225 
7.4. Quasi Phase Matching Induced by Optical Activity ........................................... 235 
7.5. Summary and Conclllsions ................................................................................. 243 

8. DETERMINATION OF NONLINEAR SUSCEPTIBILITIES BY 
TRANSFORMING RANDOM VARIABLES ...................................................... 245 
8.1. Introduction ....................................................................................................... 245 
8.2. Theoretical Description ..................................................................................... 248 

8.2. I. General Sollltion ..................................................................................... 249 
8.2.2. Expression of X(m) in terms of central moments ..................................... 251 
8.2.3. Special Case of Normally Distributed Pump Pulse-Energies ................. 252 
8.2.4. Estimation Methods ............................................................................... 254 

8.3. Experimental ..................................................................................................... 256 
8.3.1. Data and Error Analysis ......................................................................... 257 
8.3.2. Results .................................................................................................... 259 

8.4. Sllnlmary ........................................................................................................... 261 
9. CONCLUSIONS ..................................................................................................... 262 
10. REFERENCES ........................................................................................................ 268 



8 

LIST OF FIGURES 

1 High-average-power, single-mode Master-Oscillator Power-Amplifier 
laser design .............................................................................................. 29 

2. Multimode pumped Single-mode Raman Laser (MSRL) ................................... 31 

3. High-average-power intracavity multiplexed waveguide Raman laser ............. 31 

4. Zig-zag slab geometry ........................................................................................ 38 

5. High-average-power intracavity Raman laser ..................................................... 38 

6. Astigmatically compensated laser cavity example .............................................. 39 

7. Astigmatically compensated laser cavity example: Unfolded resonators ........... 40 

8. Astigmatically compensated compensated Raman laser cavity .......................... 44 

9. Astigmatically compensated Pump laser resonator ............................................. 45 

10. Overlapping stability curves for asigmatically compensated intracavity 
Raman laser ... _ .......................................... '" ............................................. 46 

11. Mode-matched coupled pump and Raman laser eigenmodes ............................. 48 

12. High-power multimode-pump, single-mode Raman laser cavity design ............ 51 

13. Mode-matched multi-mode pump and single-mode Raman cavity 
eigenmode half-widths ............................................................................ 52 

14. Thermally loaded laser rod and equivalent thin lens-air space combination ...... 58 

15. Thermal focal length dependent Raman laser stability ....................................... 59 

16. Eigenmode variation with thermal focal length of laser rod ............................... 60 

17. Transient laser mode evolution ........................................................................... 63 

] 8. Basic intracavity Raman laser ............................................................................. 65 

19. Experimentally obtained nonlinear cavity dumped Raman laser 
output pulses ............................................................................................ 66 



9 

LIST OF FIGURES -- Continued 

20. Experimentally obtained gain-switched Raman laser output pulses ................... 68 

2 I. Initial inversion population for pulsed optical pumping ..................................... 79 

22. Schematic of basic cw-pumped intracavity Raman laser .................................... 89 

23. CW power output of pump laser as a function of output coupler 
reflectivity ............................................................................................... 94 

24. Initial and final inversion ratios as a function of the pulse repitition rate ........... 95 

25. Estimated intracavity pump energy as a function of the pulse repetiton rate ...... 97 

26. Estimated intracavity anverage power in the pump beam as a function of 
pulse repitition rate .................................................................................. 98 

27. Raman laser Q-switched pulse dynamics when fr -= I kHz ................................. 99 

28. Raman laser Q-switched pulse dynamics when fr = 5 kHz ............................... 101 

29. Raman laser Q-switched pulse dynamics when fr = 10kHz ............................. 102 

30. Closeup view of Raman laser Q-switched pulse dynamics when fr = 10kHz .. 103 

31. Raman laser Q-switched pulse dynamics when fr = 7 kHz ............................... 104 

32. Closeup view of Raman laser Q-switched pulse dynamics when fr = 7 kHz .... J 04 

33. Detailed view of the Stokes pulse for fr = 7 kHz .............................................. J 06 

34. Closeup view of the output Stokes pulse when the Raman cavity is 
sllortened ................................ It ••• II '" II •••••••• II ••••••••••••••••••••••••••••••••••• It •••• 106 

35. Schematic of basic pulsed-pumped intracavity Raman laser ............................ J 07 

36. Rigrod analysis for the pUlse-pumped Raman laser .......................................... 1 J I 

37. Temporal model output for pulse-pumped Raman laser ................................... I J I 

38. Output for pulse-pumped Raman laser when the multi-mode pump 
and single-mode Stokes diameter increases from J mm to J.5 mm ...... I J 2 



10 

LIST OF FIGURES •• ContillllCd 

39. Output for pulse-pumped (flash-lamp) when the multi-mode pump and 
single-mode Stokes diameter are 1.75 mm ........................................... I 13 

40. Output for pulse-pumped Raman laser when the multi-mode pump 
and single-mode Stokes diameter are 2.5 mm ....................................... I 13 

41. Output for pulse-pumped Raman laser (flash-lamp) when the multi-
mode pump and single-mode Stokes diameter are 2.9 mm ................... I 14 

42. Plane-to-plane intensity transformation operations ............................................ I 27 

43. Raman lasers cavity designs for studying chaos ............................................... 128 

44. Generalized roundtrip intensity operations for a linear resonator ..................... 129 

45. Dynamic eigenmode solutions of an intracavity Raman laser in a 
shared cavity configuration ................................................................... J 30 

46. Roundtrip pump intensity recursion relation for a fixed normalized Stokes 
intensity ................................................................................................. 139 

47. Transient state-orbit for a system below Raman threshold ............................... 141 

48. Transient state-orbit for a system just above Raman threshold ......................... 141 

49. Spiraling transient state-orbit for a system well above Raman threshold 
due to stable attractor ............................................................................ 143 

50. Graphical array of transient state-orbits showing the migration of the 
stable attractor ....................................................................................... 144 

5 I . Stair-step transient state-orbit of an unstable attractor ...................................... 145 

52. Detailed view of the stair-step transient state-orbit of the unstable 
attractor .................................................................................................. 146 

53. Birfurcated transient state-orbit for a period-2 stable attractor ......................... 147 

54. Detailed view of the birfurcated transient state-orbit for a period-2 
stable attractor .. II ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ] 48 



11 

LIST OF FIGURES -- Continued 

55. Transient state-orbit for a chaotic attractor ....................................................... 149 

56. Detailed view of the transient state-orbit for a chaotic attractor ....................... 150 

57. Transient evolution of a statistically distributed ensemble of system 
states for a stable attractor ..................................................................... 152 

58. Transient evolution of a statistically distributed ensemble of system 
states for a migrated stable attractor ...................................................... 153 

59. Transient evolution of a statistically distributed ensemble of system 
states attracted by a stable attractor and a weaker coexistent 
attractor ................................................................... II ••••••••••••••••••••••••••••• 154 

60. Transient evolution of a statistically distributed ensemble of system 
states attracted by a bifurcated period-2 attractor and a weaker 
coexistent attractor ................................................................................ 155 

61. Transient evolution of a statistically distributed ensemble of system 
states attracted by a period-4 stable attractor ........................................ 156 

62. Transient evolution of a statistically distributed ensemble of system 
states attracted by a period-8 stable attractor and a weaker 
coexistent attractor ................................................................................ 156 

63. Detailed view of the transient evolution of a statistically distributed 
ensemble of system states attracted by a period-8 stable attractor 
and a weaker coexistent attractor .......................................................... 157 

64. Transient evolution of a statistically distributed ensemble of system 
states attracted by chaotic "strange-attractor" ....................................... 158 

65. Final-state diagram showing the two-dimensional Feigenbaum tree 
of the normalized pump and Stokes intensties within an 
intracavity Raman laser ......................................................................... 160 

66. Closeup view of the period-doubling regime in the final-state diagram ........... 161 

67. Detailed view of the period-9 window appearing in the final-states 
diagram .................................................................................................. 163 



12 

LIST OF FIGURES -- Continlled 

68. Roundtrip pump and Stokes output pulses in the region of a stable 
attractor .................................................................................................. 164 

69. Roundtrip pump and Stokes output pulses in the region of a bifurcated 
period-2 stab1e attractor ......................................................................... 165 

70. Roundtrip pump and Stokes output pulses in the region of a bifurcated 
period-4 stable attractor ......................................................................... 166 

71. Roundtrip pump and Stokes output pulses in the region of a bifurcated 
period-8 stable attractor ......................................................................... 166 

72. Roundtrip pump and Stokes output pulses in the region of a chaotic 
"strange-attractor" .................................................................. II II ••••••••• II 167 

73. Oscillograms of the pump field circulating within a cw pumped 
Raman laser ..... II ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• II ••• II •••••••••••••• 170 

74. Oscillograms of the roundtrip pump and Raman pulses output from a 
Q-switclled Raman laser ........................................................................ 171 

75. Pump and Stokes macro-pulse anatomy ............................................................ 173 

76. Four-wave-mixing phase-matched vector sum ................................................. 185 

77. Simplified Raman ring resonator setup ............................................................. 191 

78. Seed distributions for the pump and Stokes fields ............................................ 192 

79. Transverse field distributions after one trip through the ring resonator ............ 192 

80. Transverse field distributions after the second roundtrip through the 
ring resonator ......................................................................................... ] 93 

81. Pump and Stokes transverse field distributions after three full roundtrip 
of tile ring resonator .............................................................................. 194 

82. Intracavity Raman laser optical layout used in the Raman beam cleanup 
experiments ........................................................................................... 196 



13 

LIST OF FIGURES -- COIltinlled 

83. Experimantally obtained pump and "cleaned-up" Stokes beam profiles 
from an intracavity Raman laser ............................................................ 196 

84. Pump photon probability distribution function for a typical multimode 
pump laser ............................................................................................. 207 

85. Characteristic functions of the pump and Stokes photon, and optical 
phonon probability distributions under non-critical filtering 
conditions .............................................................................................. 209 

86. Probability distribution function for the generated Stokes photon 
frequency under non-critical filtering conditions .................................. 210 

87. Characteristic functions of the pump and Stokes photon, and optical 
phonon probability distributions when the efficient-filtering 
condition is achieved ............................................................................. 211 

88. Probability distribution function for the generated Stokes photon 
frequency when the efficient-filtering condition is achieved ................ 212 

89. Spectral filtering efficiency ............................................................................... 217 

90. Gain reduction factors for type-I SGH, and type-II SHG in rotary 
dispersion less media .............................................................................. 234 

91. Gain reduction factors for optimum type-I and type-II BPM SHG in KTP ...... 235 

92. Modulation of the effective second-order nonlinearity ..................................... 242 

93. Prototypical nonlinear conversion efficiency curve as a function of 
pump power density .............................................................................. 247 

94. Third-harmonic generation in thin film samples experimental setup ................ 257 

95. Histograms and estimated PDFs of the pump and third-harmonic 
signals .................................................................................................... 259 



14 

LIST OF TABLES 

1. Typical electrical-to-optical efficiency breakdown for diode-
and Jamp-pllmped systems ............................................................................. 81 

2. Driving polarization and polarization modulation for the three 
types of phase-matching in second order nonlinear three wave 
interactions ................................................................................................... 231 

3. Unique OA induced QPM types ....................................................................... 238 

4. Conversion efficiencies for three-wave interactions in the bulk ......................... 239 



15 

ABSTRACT 

A novel nonlinear frequency conversion technique based on intracavity stimulated Raman 

scattering in solid-state media is discussed. Devices have been built which are based on 

this technique. Standard first-order resonator eigerimode routines as well as paraxial 

diffraction-propagation, laser gain and nonlinear conversion routines have been integrated 

into a generalized laser resonator design software package which can accurately model 

the 

growth and evolution of the transverse field distribution in arbitrary intra- or extra-cavity 

nonlinear frequency converted laser sources. This package has been implemented as a 

design tool and has been utilized to model intracavity Raman beam cleanup. The 

macroscopic and microscopic pulse dynamics are modeled by rate equation and roundtrip 

pulse intensity iterator routines, respectively. A host of dynamical features are predicted 

theoretically and confirmed by experiment; such as, nonlinear cavity dumping, gain 

switching, dynamical chaos, and self-mode-Iocking. A new theory based on probabilistic 

arguments is developed to describe the spectral properties of intracavity Raman lasers. It 

is shown that under normal conditions, the Raman gain profile which results from 

multimode pumping is inhomogeneously broadened. Questions of efficiency, cavity 

matching, injection seeding and locking are addressed. Phase-matching and conversion 

efficiency in optically active second-order nonlinear materials is treated theoretically. 

Also examined are the conditions under which optical activity significantly alters the 

nonlinear optical properties of a material and show how this mechanism might be used in 

designing a nonlinear optical device. Corrections to the standard theoretical expressions 
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for birefringent phase-matching angles and conversion efficiency are obtained for 

application to biaxial crystals with large natural birefringence. A generalized quasi-phase

matching scheme based on optical activity is formulated for three-wave interactions in 

second-order nonlinear crystals. A technique based on optical parametric generation and 

amplification is utilized to accurately determine the dispersion of the nonlinear 

susceptibilities in thin-film samples. Intrinsic pump-energy instabilities are taken into 

account in the data analysis. 



Chapter 1 
Introduction 
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Since the discovery of second harmonic generation by Peter Franken, et al. [I] in 1961, 

the field of nonlinear optics has evolved into a mature technology. Frequency agile laser 

sources, ultrashort optical pulse generation, optical switching, and nonlinear spectroscopy 

have all become standard technologies with application in science and commercial industry. 

Despite the maturity of this field, however, many new devices and theories are stilI being 

contributed which offer profound alternatives to the present state-of-the-art technology. 

The contents of this dissertation introduce a novel nonlinear optical device as well as 

several new theories and techniques. Presented here is the first demonstration of a intracav-

ity solid-state Raman laser. New theories are presented which describe: The roundtrip pulse 

characteristics of intracavity Raman lasers, intracavity Raman beam cleanup, the spectral 

characteristics of intracavity Raman lasers, effects of optical activity on the phase-matching 

and frequency conversion efficiency in second-order nonlinear processes, and the determi-

nation of nonlinear susceptibilities by random variable transformation. Computer models 

based on these theories are presented which predict the spatial, temporal and spectral char-

acteristics of intracavity Raman laser. Several intracavity solid-state Raman lasers have 

been built and characterized which confirm our theoretical predictions. Three areas of tech-

nology have been identified which directly benefit from the development of this new laser 

source: eye-safe laser radar, streak-tube imaging laser radar, and Na guides tar laser beacons. 

Prototype lasers have been developed for users in each of these applications. 
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Practical devices for long-range (5 to 10 km) eye-safe laser radar applications require 

efficient laser sources with high pulse energies (> 100 mJ/pulse) at a high average power 

(> 10 W). These sources must also output beams which are diffraction-limited at an eye

safe wavelength which is also transmitted through the atmosphere. Although much effort 

has gone into developing sources for long-range eye-safe laser radar, none have been real

ized which simultaneously satisfy all of these requirements. Sources based on Nd:YAG laser 

pumped KTA-optical parametric oscillators (OPOs) have been developed which can achieve 

high-pulse-energies at moderate average powers. However, the beam quality output from 

these systems are typically very poor (> 20 times diffraction limited). Also thermally in

duced phase mis-match issues limit the practicality of these devices for use as high-average

power sources. Externally pumped Nd:YAG laser pumped D2-Raman convertor-amplifier 

systems are capable of generating the requisite pulse-energy and beam quality necessary 

for eye-safe laser radar systems. However, thermally induced distortion and optical break

down limit their use to low average powers. High-flow gas cells have been developed which 

help mitigate these effects; however, these techniques are expensive and cumbersome. We 

have developed a compact and efficient intracavity solid-state Raman laser which uniquely 

satisfies all of these requirements. Our intracavity designs have been demonstrated to yield 

near-quantum-limited frequency conversion efficiency which is unrivaled by competitive 

technologies. Basic design considerations for high-power intracavity Raman lasers and 

computer modeling examples are discussed in eh. 2. The most unique feature displayed 

by these novel laser sources is their ability to convert a highly multi-spatial-mode pump 

beam into a near-diffraction-limited output beam. This is achieved automatically through 
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intracavity Raman beam cleanup. The application and theory of intracavity Raman beam 

cleanup has not been explored in the past. Chapter 5 discusses the development of intracav

ity Raman beam cleanup and present results from our computer models and experiments. 

Streak-tube imaging laser radar (STIL) is an emerging technology which can remotely 

generate three-dimensional images of an i11uminated object with a range resolution of less 

than a foot for ranges of several km. Practical systems require high-energy (> 100 mJ) short 

pulses « ns) at high pulse repetition rate (> 100 Hz). Standard electro-optic cavity-dumped 

systems can be buiJt to satisfy the pulse energy and repetition rate requirements. However 

they cannot currently provide pulse-widths less than a nanosecond. Standard pulse com

pression techniques, such as stimulated Brillouin scattering (SBS) pulse compression [2,3] 

, can achieve high-energy short-pulse radiation. SBS media are currently restricted to the 

liquid phase which cannot be scaled to high-average-powers due to poor thermal conduc

tivity. Intracavity solid-state Raman lasers can be designed to output short pulses through a 

process known as nonlinear cavity dumping. High-average power is achieved by properly 

designing the Raman crystal geometry to mitigate deleterious thermal effects. In the case 

of marine STIL application the frequency of the source must be agiJe enough to transmit 

through ocean water with varying optical quality. Three colors are required to match the 

transmission bands in various qualities of ocean water: blue, green and yellow. Frequency

doubled intracavity Raman lasers can be designed to output these three frequency bands si

multaneously. The subject of nonlinear cavity dumping is discussed and modeled in Ch. 3. 

Thermal management issues in solid-state Raman media are discussed in Ch. 2. 
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Adaptive optic systems rely on the ability to create artificial laser beacons in the mesosphere 

which is located above the aberrating atmospheric layers (Le. 95 km). The great abundance 

of atomic Na allows the creation of artificial guidestars by resonance laser excitation. How

ever, because of saturation, optical pumping, and radiation pressure effects in the Na res

onance transition, the laser requirements for Na beacons are prohibitive [4] . To simulta

neously create a bright star and avoid saturation effects requires that the laser source have 

a low-peak-power and high-average-power. Several laser sources have been proposed and 

built for use in military and astronomical sites. High-average-power (> lOOW) dye-lasers 

are the most commonly available sources to date [5] . Solid-state alternatives have also 

been developed which are based on frequency mixing of two independent Nd: YAG lasers 

running different lasing transitions [6] . These sources, however, do not adequately solve 

the saturation issues required to efficiently generate practical Na guidestars. We have de

veloped a frequency doubled intracavity Raman laser to solve these issues. light frequency 

control is required to keep the laser source in resonance with the mesospheric Na transition. 

The theory required to analyze the frequency characteristics of intracavity Raman lasers 

has not been examined in the past. Chapter 6 presents a novel theory predicting the Raman 

gain profile observed within an intracavity device. Our theory is based soley on the statis

ticl nature of light-matter interactions. The results of our model can be used to predict the 

characteristics of injection seeding and locking of intracavity Raman lasers. 

Many materials of potential interest for nonlinear optical applications exhibit optical ac

tivity. Previously this has not been taken into account in the theoretical treatments of non lin

ear optical effects. In Ch. 7 of this dissertation a new theory is presented which examines the 
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conditions under which optical activity significantly alters the nonlinear optical properties 

of a material and show how this mechanism might be used to design new nonlinear optical 

devices. An algorithm is developed to calculate the exact optimum phase-matching angles 

and conversion efficiency for three-wave interactions in optically active biaxial crystals. 

Corrections to the standard theoretical expressions for birefringent phase-matching angles 

and conversion efficiency are obtained for application to biaxial crystals with large natural 

birefringence. Also, a generalized quasi phase-matching scheme based on the presence of 

optical activity is formulated for three-wave interactions in second-order nonlinear crys

tals. It is shown that quasi phase-matching via optical activity can be achieved by way 

of an effective harmonic modulation of the second-order nonlinear coefficient de!!, in the 

propagation direction. For both these effects, it is found that optical activity makes a neg

ligible change in the nonlinear optical properties of a material such as KTIOP04 , but they 

may become important for liquid crystals or polymers with high optical rotation and small 

birefringence. 

Most applications in nonlinear optics require a precise knowledge of the nonlinear sus

ceptibility of a nonlinear material over a large range of pumping wavelengths. To date, the 

nonlinear susceptibilities of materials have only been measured at readily available laser 

wavelengths. We have developed a pumping source based on optical parametric genera

tion and amplification which provides tunable short pulse ( .... 40 ps) radiation over a very 

large range (0.4 to 2.5 II,m). Broadband measurements of the nonlinear susceptibility are 

useful in determining the position of virtual energy levels in nonlinear materials. The most 

widely used experimental technique in determining mth order electronic nonlinear suscep-
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tibiJity X(m) is through measurement of the m,th harmonic generation conversion efficiency 

in thin films or powders. 1Ypically the experimental setup utilizes a pulsed high-peak power 

laser as a pump source. The output pulse energy of these sources are intrinsically unstable. 

Therefore, to accurately determine the value of X(m), the data analysis procedure must ac

count for the probabilistic and statistical nature ofthe nonlinear conversion process. Chapter 

8 describes the development of a new theory and generalized algorithms necessary to ap

propriately treat the effects of pump instabilities in X(m) measurements. Experiments were 

performed and our results were analyzed and compared with standard theories. It is shown 

that our technique significantly improves the accuracy and efficiency of the data analysis 

procedure. 
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Several aspects of intracavity high-average power Raman lasers have not been fully de-

veloped until recently. The most economical, high-power Raman laser designs utilize a 

coupled cavity power oscillator configurations. In these configurations nearly all pump 

photons are converted to first Stokes photons, giving near-quantum-Iimited performance 

for the system. When properly optimized, these cavities can output high brightness, near-

diffraction-limited first Stokes radiation from highly multimode intracavity pumping fields. 

As a result, the overall efficiency (from inverted ions to first Stokes photons) can be very 

high, leading to wall-plug efficiencies of nearly 8% for diode pumped systems. The lasers 

discussed in this thesis were developed for two applications: (1) high-average-power eye-

safe lasers operating at 1.556 Itm, and (2) high-average-power sodium guidestar lasers op-

erating at 0.589 11m. 

Five main design topics of high average-power intracavity Raman lasers are consid-

ered: astigmatism correction, coupled-cavity mode-matching, dynamic cavity stability, cav-

ity buildup dynamics, and Raman output coupling. In this chapter the first four topics are 

discussed. The last topic, Raman output coupling, is treated in eh. 3. 

The overall appearance of the cavity design depends dramatically on the pulse format 

required from the system. Pulse formats for high-average-power lasers vary from tens of 

hertz to hundreds of megahertz. As a result, the optimum mode sizes in the Raman medium 

(beam diameter) and output coupling percentage vary depending on the requisite pulse for-

mat. For the sake of brevity, we will discuss the main high-power design considerations in 



24 

the context of one representative system, Although the overall appearance of the system 

may change, the concepts discussed remain valid for other systems. 

1 Lasica: Laser Design Code 

A laser design software package (Lasica) was written in Mathematica to aid in the design of 

these complex coupled-cavity Raman laser resonators and other nonlinear optical systems; 

such as Raman image amplifiers, optical parametric oscillators and frequency doubling sys

tems. This design code is based on GLAD (Generalized Laser Analysis and Design), which 

is a commercially available laser design code capable of full vector field physical optics 

modeling, which can propagate arbitrary paraxial optical field distributions through arbi

trary phase and amplitude objects. GLAD is a very powerful, dynamically correct program 

that treats diffraction, laser gain and nonlinear interactions. However, GLAD does not: (I) 

support first order cavity design (i.e., eigenmode solutions), (2) treat all nonlinear optical 

interaction adequately, and (3) requires the user to "program" a cavity through a series of 

directives and memory registers. GLAD is therefore congenial to experts with the facility 

and hardware to adequately support this code. 

By re-coding GLAD in Mathematica, we give the user a powerful, programmable inter

face for laser design. We have added essential first-order laser design routines that allow 

the user to fully explore the first-order design characteristics of a system before diffraction, 

gain, phase screens and temporal dynamics are considered. Lasica is designed to accept 

a simple list of optical elements and translations to invoke any level of modeling, making 

the code efficient and easy to use. Because Mathematica is an elegant, high-level, hy-
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brid (symbolic and numeric) programming language that supports procedural, functional 

and rule-based programming styles, modules can be added to simulate user specific design 

problems. The symbolic nature of this programming platform allows the user to replace 

parameters with variables or even functions, which otherwise would be fixed numerical 

values. In this way, "resonator space" can be explored and optimized by varying para

meters; such as input power-dependent laser rod focal lengths, cavity lengths and detuned 

telescopes. 

1.1 First Order Cavity Design 

Lasica translates the user-defined list of optical elements into a series of ABeD matrices [7-

9] . Therefore, any optical element with an ABeD matrix representation can, in principle, 

be included in the list of elements. The parameters of these elements, such as focal lengths, 

distances, index of refraction, etc., can be either fixed by a numerical value or replaced with 

a function. Standard procedures are then invoked to determine the eigenmodes of the cavity 

and the cavity stability [7] . These techniques entail forming an equivalent roundtrip ABeD 

matrix with respect to some arbitrary reference plane. We have selected the default reference 

plane to be located half way between the first cavity end mirror and the next optical element 

in the list. The roundtrip ABeD is established by unfolding the cavity into an equivalent 

unit cell [9] and cascade matrix-multiplying all elemental ABeD matrices, starting from the 

last element in the equivalent unit cell to the first [7-9] . The cavity lowest-order eigenmode 

is then determined by forming a self-consistent lowest-order gaussian solution. This can be 
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done by utilizing the formula [7-9] 

(1.1 ) 

which relates the complex gaussian beam parameter at some arbitrary plane 2, to the com-

plex gaussian beam parameter at plane I. This formula is equivalent to propagating a 

gaussian beam some distance Z12 = Z2 - Zl, with Fresnel (or near-field) diffraction theory. 

The complex gaussian beam parameter q, is given by [7-9] 

1 1 . A 
-=--~--
q - R 7rW2 ' 

(1.2) 

where R is the radius of curvature of the gaussian beam phase front; A is the wavelength of 

light; and w is the beam radius defined by the e-1 standard [7-9] . For a complete roundtrip 

of the cavity, plane 2 is equivalent to plane I, and the ABCD parameters A, B, C, and D 

in Eq. 1.1 are the roundtrip ABCD parameters. The self-consistent lowest-order gaussian 

solution is found by setting q2 = ql = qsc in Eq. 1.1, and solving for q.9C' to obtain 

J.. = D -A ± .!:.-J(A + D) 2 _ 1, 
qtc 2B B 2 

(1.3) 

where q;', represents the both possible solutions. The proper solution is chosen as being 

the solution which yields a negative imaginary component. This condition guarantees the 

wave to have a gaussian transverse field distribution; i.e., e-x2
/
w2

• Otherwise, the field 

would grow exponentially in the transverse field dimension. An exponentially growing 

solution is obviously not a stable solution, so this solution is the geometrically unstable 

solution. This condition can then be used to determine the stability of the cavity. 
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Before a laser cavity can be built, it is imperative to fully explore its stability to deter-

mine how sensitive the cavity is to variations in certain cavity parameters. Several issues 

can complicate the stability analysis of a generalized cavity. The stability analysis of un-

stable resonators and resonators with imaginary ABCD components (such as cavities con-

taining elements with transversely varying gain or loss) leads to stability relations differing 

from those found for geometrically stable resonators. Here we will only discuss the case of 

geometrically stable resonators with optical components which contain all real ABCD ele-

ments. A complete discussion of geometrically unstable resonators and transversely varying 

gain and loss elements can be found in A. Siegman [7] . 

For a geometrically stable resonator inspection of Eq. 1.3 leads to the condition 

0< s < 1, (1.4) 

where 

(1.5) 

This condition guarantees that both a real beam diameter is established in the resonator, 

and that there will be a confined self-consistent gaussian beam which can be fitted within 

the multi-element paraxial resonator. Equations 1.4 and 1.5 are implemented in Laska to 

determine the range of values for indicated cavity parameters which may render the cavity 

unstable (such as the thermal focal length of the laser rod or intracavity telescope detuning 

parameter). 

When a stable, self-consistent, lowest-order gaussian solution has been established, all 

the optical elements (including free space translations) are divided up into smaller steps. 
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That is, all optical elements with finite propagation dimension (such as crystals, mediums, 

and translations) are chopped up into some predetermined number of equivalent elements. 

The ABeD matrices for the new (segmented) cavity are determined, and Eq. 1.1 is utilized 

to calculate the complex gaussian beam parameter at each newly represented plane where 

the starting point is the stable, self-consistent lowest-order gaussian solution at the reference 

plane. In this way, the lowest order eigenmode q value is sampled at several intermediate 

planes within the resonator. The eigenmode phase radius of curvature R and beam half

width ware determined by application of Eq. 1.2 on the established sampled q values. A 

graphical representation of these eigenmode solutions are then obtained by graphing the 

resultant beam information against their corresponding axial cavity position. 

This routine allows the user to obtain graphical arrays of the eigenmode when one or 

more of the cavity parameters are varied. A typical example of a variable cavity parameter 

in high-average-power laser cavities is the input power dependent thermal focal length of a 

laser rod. Thermal focussing will be more fully discussed in Sec. 3. 

1.2 Generalized Propagation Algorithm in Lasica 

The eigenmode solutions discussed in Sec. 1.1 are useful to determine the first-order behav

ior of multi-element laser resonators. The first order solutions provided by Lasica are only 

realized in lasers operating in a single spatial mode (TEMoo). Single spatial mode operation 

is usually only possible when significant intracavity loss is imparted to higher-order spa

cial modes, which is typically accomplished by spacial filtering or gain guiding. Because 

the single spacial mode volume is typically very small, only a small fraction of the inverted 
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Figure ]. High-average-power, single-mode Master-OsciHator Power-Amplifier (MaPA) 
laser design. The smaJJ single-mode laser osciHator is injected into a double pass 
high-power amplifier. Isolation and beam ejection is accomplished by a double pass through 
a Farady optical isolator (FT). 1\vo large-volume zig-zag slab amplifier stages (Amp] and 
Amp 2) preserve, to an extent, the spacial and spectral properties of the injected beam. A 
phase conjugate mirror (PCM) is used to cancel aJJ phase aberrations induced in the ampli
fier stages. 

laser medium is accessed, which leads to low efficiencies. Large mode volume TEMoo 

laser oscillators can be designed; however, they are typically plagued by power limiting 

aberrations and instability. High-power, solid-state, low-order-mode laser sources, there-

fore, typically utilize a master oscillator power amplifier (MaPA) architecture; whereby, 

a small-scale efficient TEMoo laser is employed to seed high-power, multi-stage, double-

pass power-amplifiers [10] . Figure] illustrates a basic high-average-power MaPA design. 

Low-order-mode MOPAs have been successfuJJy scaled to the kilowatt average-power lev-

els [] I] . These systems, however, are very complex and expensive to develop and maintain. 

A less expensive, alternative method of obtaining high-power, low-order-mode laser output 

is to utilize a very high-order-mode laser source and convert the radiation through stim-

ulated Raman scattering (SRS) to a lower-order, "cleaned-up" Stokes radiation. Raman 

beam cleallup can be achieved in high-power Raman lasers and amplifiers. The subject 

of Raman beam cleanup will be discussed in Ch. 5. Figure 2 shows a basic "split-cavity" 
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multimode-pumped, single-mode Raman laser (MSRL). Other more exotic designs involv-

ing off-axis pumped Raman waveguides may be more successful since the, in a waveguide 

configuration, the Stokes field is allowed to interact with every component of the pump-

ing field; that is, every Stokes photon has access to all pump photons. Because the pump 

beam is not collinear to the Stokes beam, inhomogeneities in the pumping field profile are 

not transferred to the Stokes profile. In the waveguide the pump beam is in a zig-zag geom-

etry due to total internal reflection at the crystal-air boundaries. The increased thermal 

gradient induced across the confined direction allows intracavity Raman waveguide lasers 

to be scaled to much higher powers than in the standard designs. Raman waveguides can 

therefore be utilized to multiplex several pump laser sources together as shown in the con-

cept design in Fig. 3. In this design two high-power pump lasers are combined within the 

same Raman waveguide. With proper thermal management multiplexing design schemes 

can provide several factors increase in average power. 

Predicting the multimode behavior of lasers and the mechanism of nonlinear spacial 

mode conversion has practical importance and has, therefore, been included as one of the 

capabilities of Lasica. By implementing the physical optics diffraction-propagation capa-

bilities of Lasica, numerical "experiments" can be carried out before the laser is built. In 

this way the multi mode characteristics and transient field evolution can be accurately mod-

eled. 

A condition that is always obeyed in laser resonators and coherent optical beam prop-

agation is A < < am in I, where A is the wavelength of the optical radiation and amin is the 

1 This mny not be the cnse in nnnostruciurc oplo-electronic devices. which mny hnve some lransverse dimensions on the order of the 
wnvelenglh of light. 
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Figure 2. Multimode pumped Single-mode Raman Laser (MSRL). A highly-mutimode 
pump Jaser, which can be scaJled to high-average-power by utilizing diode-pumped zig-zag 
slabs, is coupled to a single mode Raman Jaser. The Raman gain medium is also cut in a 
zig-zag slab geometry to mitigate against first-order thermal lensing and thermaJly induced 
birefringence. When the multimode spot size of the pump laser is "mode-matched" to the 
single mode spot size of the Raman laser cavity, single-mode output of the Raman radiation 
is achievable through Raman beam cleanup. 

Single ~tocJ(' 
Output 

Rnmnn Waveguide 

Figure 3. High-average-power intracavity multiplexed waveguide Raman laser. 1\vo pump 
lasers are confined by total internal reflection within the Raman crystal waveguide. The 
single-mode spot size of the intracavity Raman laser is matched to the waveguide mode. 
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smallest aperturing structural dimension encountered by the propagating optical beam. In 

this case, the fringe fields created around the boundary of the aperture have little effect on 

the overall behavior of the propagating field and can therefore be ignored. In this limit, the 

fields can be treated wholly as transverse fields, which leads to the Rayleigh-Sommerfeld 

scalar diffraction theory of light [12, 13] . In the formalism of the scalar diffraction theory, 

the transverse field distribution in a future plane can be predicted from a known transverse 

field distribution in an earlier plane. For free space propagation between two planes located 

at Zt and Z2 in a direction Z, the field U2(X, y) at Z2 is related to the field 'l/.l (x, y) at z}, by 

the integral 

(1.6) 

where [((X2 - Xl, Y2 - yd is the Huygen's propagation kernel, which is functionally in the 

form of a spherical wavelet. A physical property of coherent optical beams, however, is 

that they obey the paraxial approximation [7] ,and are well described by the paraxial wave 

equation and Fresnel diffraction theory. In Fresnel diffraction theory the spherical wave 

Green's function is approximated by a parabolic wave Green's function [7, 12-14, 16] . In 

this approximation the Fresnel propagation kernel becomes 

where k = 21r / A is the free-space wave number, and Zl2 = Z2 - Zl is the perpendicular 

distance between the two planes. 

The Fresnel kernel can be generalized to reflect phase perturbations imposed by the 

optical elements. Because the ABeD matrix formalism is contained within the paraxial 
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approximation, optical system phase perturbations can be expressed in terms of the ABeD 

matrix elements composing the system. A simple exercise in applying Fermat's principle 

to a generalized paraxial optical system leads to the generalized Fresnel kernel [7,17-21] 

K(X2 - XI, Y2 - yt} = V Aoi B e[- ~~!fB [(A,: x~-2XP:2+D", x~)+(AII y~-2Y1Y2+DII y~)]], (1.8) 

where Ao is the vacuum wavelength of the optical beam and Ax,y, Band Dx,y are the partic

ular ABeD matrix elements describing the arbitrary optical system between the two prop

agation planes. The subscripts X and yare required when asymmetries (such as astigmatic 

elements) exist between the two orthogonal transverse planes. 

From Eqs. 1.6 and 1.8 the transverse field distribution of a propagating optical beam 

can be determined in any plane Z2 when both the field distribution in ZI and the ABeD 

matrix describing the optical system between ZI and Z2 are known. Further, by unfolding 

a laser resonator (in the same manner as was discussed in Sec. 1.1), ABeD matrices can 

be automatically constructed by Laska between user defined planes within the resonator. 

These matrices can be used in conjunction with Eq. 1.8 to propagate an optical beam from 

plane-to-plane within the resonator. When laser gain, nonlinear frequency conversion ele

ments, and limiting apertures are added to the list of optical elements composing the laser 

resonator, Laska can simulate the evolution of the transverse field distributions through 

many roundtrips of the laser resonator. 

Optimized numerical techniques have been developed to quickly and accurately evaluate 

the diffraction integrals. From Eq. 1.6, it is evident that the diffraction integral is mathemat

ically equivalent to a two-dimensional convolution, i.e. U2(X, y) = K(x, y) * * 1/.1 (:rl' Yl), 
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where "** " denotes a two-dimensional convolution. Application of the convolution the-

orem [14-16, p.196,p.75,p.74], allows Eq. 1.6 to be written in terms of two-dimensional 

Fourier transforms as 

1/.2 (x, y) = F F- 1 {F F {I«(x, y)} F F {1tl (x, y)}} , (J .9) 

where F F { ... } and F F-l { ... } denote the forward and inverse two-dimensional Fourier 

transforms, respectively. The two-dimensional Fourier transforms in Eq. 1.9 can be eval-

uated numerically by application of the fast-Fourier transform (FFT) computer algorithm 

[22] , allowing 1L2(X, y) to be determined quickly and accurately. This numerical technique 

for coherent optical beam propagation was first applied to high Fresnel number CO2 laser 

resonators by E. A. Sziklas and A. E. Siegman [23] • Since then several authors have ap-

plied this technique to a variety of other laser systems. The most notable generalization of 

this technique was developed by G. N. Lawrence [24] , which is embodied in the aforemen-

tioned GLAD code and Lasica. 

To avoid errors due to the finite array size and computer memory, the fields and ap-

plied phase functions must be sampled at or above the Nyquist sampling interval [14,22] 

. The Nyquist sampling interval2 is only lucidly defined for bandwidth limited functions3• 

Therefore, when the bandwidth of the spectrum of the transverse field distribution of a 

particular optical beam is not limited, interference between neighboring spectral orders 

leads to aliasing errors. The hallmark of undersampling is the presence of high spatial 

frequency "noise" in numerically evaluated field distributions. This is because the domain 

2 The Nyquist sampling interval (or rate) is the critical sampling rnte at which the overlap between neighboring spectral orders goes to 
zero. For a bandwidth limited function with bandwidth W,the Nyquist sampling interval is ~Nl' = W-I. 

3 A bandwidth-limited function is a function which Jlossesses a spectrum limited to a finite region in frequency space. 
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of "aliased" fields resides at large spatial frequencies. To avoid errors due to aliasing, adap-

tive sampling algorithms must be invoked. Adaptive sampling is particularly important in 

modeling resonators and other optical systems containing both near- and far-field diffrac-

tion propagation regimes. For, if the sampling grid were fixed to the near-field sampling 

interval, then natural divergence in the far-field would cause the field to walk off the grid 

[24] . To avoid under-sampling in the far-field, the sampling interval is increased linearly 

with the divergence angle after the field crosses the Rayliegh range. Several mles governing 

the propagation routines were developed by Lawrence [24] to avoid both aliasing errors 

and numerical errors associated with rapidly osciJJating phase fronts. By invoking these 

mles, the propagation routine becomes more robust and stable, and they are applicable to 

resonators with both near- and far-field characteristics (such as those implemented in high 

repetition rate intracavity Raman lasers). However, when these propagation directives are 

enforced, the simple application of the generalized Fresnel kernel in Eq. 1.8 are no longer 

strictly valid. A more general application of the phase perturbations due to the optical ele-

ments must be enforced. In this procedure, four basic phase perturbations are deduced from 

the ABCD matrix elements: (1) change in index of refraction; (2) transverse field magnifi-

cation; (3) optical power or change in field radius; and (4) effective propagation distance. 

The ABCD matrix can be expanded into a product of sub-matrices which represents these 

four operations as foHows [8,24] : 

(A B) (1 t) (1 0 ) (1 0 ) ( A! 
C D = 0 1 -cp 1 0 11.1/11.2 0 

(1.10) 
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where t is the effective translation; cp is the effective optical power; n1 and n2 are the index 

of refraction in the planes before and after the ABCD matrix is applied, respectively; and l\I 

is the field magnification. These four field operations can be solved in terms of the ABCD 

matrix elements to give the following set of relations [24] : 

t 
B 

-
D 

CD 
cp -

AD-BC (1.11) 

n1/n2 - AD-BC 

l\I 
AD-BC 

-
D 

In this way, a generalized propagation routine can be written which applies these phase 

perturbations in the most efficient manner. That is, numerical accuracy can be gained by 

applying these operations in an order which depends on where the field lies with respect 

to the apparent waist. The most accurate and efficient order is automatically determined 

by Lasica through a set of propagation directives contained within a propagation control 

algorithm which was adapted from GLAD [24]. 

As in the case of real lasers, Lasica initiates the spacial mode build-up in the resonator 

by "seeding" the transverse field distribution. This is done by either injecting a known 

field distribution to simultate injection seeding; or by seeding with a randomly-generated, 

noise-correlated, initial-field-distribution. The field amplitudes in the resonator are altered 

by gain or loss. Gain has origin in either inverted laser medium or nonlinear conversion. 

Loss processes result from diffractive clipping at limiting apertures, nonlinear conversion, 

absorption, scattering, out-coupling or Fresnel reflection. Amplitude gain in saturable laser 
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medium can be approximated by well-known nonlinear relations [7,24,25] . Transient gain 

and field amplitude fluctuation can be treated by utilizing standard rate equation models [7, 

9,26] . Rate equation modeling of the temporal evolution of the oscillating fields in laser 

resonators with nonlinear loss mechanisms will be discussed in more detail in Ch. 3. Laska 

treats the gain and loss in the standard way [7] . In most cases only the effective lasing cross 

section, pumping level, linear loss parameters (i.e. Fresnel reflection, absorption and clear 

aperture dimensions), seeding field and optical elements list are required to fully model the 

transient evolution of the transverse field distributions. 

An example diffraction-conversion calculation is performed in Ch. 5 on arbitrary pump 

and Stokes field distributions within a resonator. The results show the evolution of Raman 

beam cleanup in the intracavity Stokes beam profile. 

2 Astigmatism Compensation 

The geometry of the laser host material and Raman crystal material govern the ultimate 

power scalablity of a high-average-power Raman oscillators. Thermal loading of these 

materials is unavoidable due to intrinsic quantum defects in both the laser and Raman 

processes. As will be discussed in detail in Sec. 3, the deleterious effects of thermally in

duced focusing and birefringence are canceled to first order when zig-zag slab geometries 

are employed (see Fig. 4). Therefore, thermally-stationary, high-average-power intracav

ity Raman oscillators should employ zig-zag slab laser and Raman medium (see Fig. 5). 

However, a degree of aberration compensation is still necessary. Because Raman conver

sion is a nonlinear process, efficient conversion is only achieved in tightly focused resonator 
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Figure 4. Zig-zag slab geometry. Optical beams, polarized in the plane of incidence, enter an 
exit the trapazoidal slab at Brewster's angle, en. These beams are trapped by total internal 
reflection (TIR) within the medium. 

IIR 

Figure 5. High-average-power intracavity Raman laser. Thermally stationary Raman os
cillators employ zig-zag slab geometries for both the laser and Raman crystals to mitigate 
first-order thermally induced lensing and birefringence. HR, high reflector; OC, output 
coupler; AOM, acoustooptic modulator; L, lens. 
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HR 

Figure 6. Astigmatically compensated laser cavity example. The optical elements in the 
cavity are: HR, high reflector; oe, output coupler; eM, 100 mm roc curved mirror; DM, 
dichroic mirror; L, 500 mm focal length thin lens; AOM, acoustooptic modulator; and Re, 
10 x 10 x 47 mm:l Brewster cut Raman crystal. All distances reported are in mm. 

configurations. As a result, a large astigmatism is imparted on the oscillating beams due 

to the varying path lengths experienced between the focused tangential and sagittal com-

ponents4 in the zig-zag slab. In most cases the astigmatism incurred is large enough to 

render the cavity unstable. A technique must therefore be employed to compensate for an 

astigmatic aberration. In the following section we will address astigmatism compensation 

techniques in the context of a particular resonator design employed in our laboratory. How-

ever, Lasica employs a generalized astigmatism compensation algorithm. 

2.1 Astigmatically Compensated Resonator Design: Example 

Figure 6 shows the cavity layout of a particular intracavity coupled-cavity Raman laser, and 

figure 7 displays the corresponding unfolded pump and Raman cavities for this system. 

In the unfolded resonators, the curved mirrors are replaced with equivalent lenses that 

have nominal focal lengths equal to half the mirror radius of curvature (roc). However, be-

" Thc Inngenlinl plnnc is dcnned 10 lic in Ihc plnnc of incidencc. Wherens. lite sngiunl plane is rcrpendiculnr 10 Ihe plnne of incidencc. 
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Figure 7. Unfolded resonators: (a) Pump laser cavity, and (b) Raman laser cavity. All curved 
mirrors CM, are replaced by lenses L, in the unfolded resonators. The value of the focal 
length of each lens are dissimilar in the tangential and sagittal planes due to the asigmatism 
induced by the tilted curved mirrors. The thermally loaded laser rod has been replaced by 
a thick-lens with equivalent effective focal length Lrod and principle planes PI and P2• The 
reference plane in the Raman cavity is the plane in which the astigmatism is canceled. The 
stokes eigenmode will be stigmatic between the lens L, which is the unfolded version of the 
curved mirror CM, and the output coupler Oc. 
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cause the incident beams enter the curved mirrors at an angle, the effective focal length of 

the equivalent lenses in the tangential and sagittal planes will be dissimilar [27] , induc

ing an astigmatism. Fortuitously, the astigmatism incurred by the tilted curved mirrors is 

of opposite sign to that incurred in the Raman crystal. The overall astigmatism can, there

fore, be cancelled in one branch of the resonator by selecting the appropriate tilt angle on 

the mirrors. Astigmatic cavity modes are analyzed by treating the tangential and sagittal 

plane independently for each cavity. Therefore, a total of four coupled cavities (tangential 

and sagittal for both Raman and pump laser cavities) must be considered to fully model 

intracavity Raman laser systems. 

The particular cavity design described in this example was implemented for early high 

repetition rate (1 to 10kHz) eye-safe laser experiments performed in our laboratory. For this 

resonator, the pump and Raman resonator layouts are in the form of standard standing-wave 

z-cavity and linear cavities, respectively. A dichroic mirror (OM), which is highly reflective 

(HR) at 1.338 Jim and highly transmitting (HT) at the first Stokes wavelength of 1.556/lm, 

was used to couple the pump and Raman cavities. All other mirrors in the pump laser cavity 

were fiR's at both pump and first Stokes wavelengths. Anti-Stokes and higher-order Stokes 

components are suppressed from oscillating by designing the coatings of these mirrors to 

be transmissive at these spectral components. The Raman cavity shared the folded end 

of the pump laser cavity. A 96% reflector at 1.556 p.m was utilized as the output coupler 

(OC) of the Raman radiation. Hence, aside from small losses, the only mechanism to vent 

the energy build-up in the pump laser cavity is through Raman conversion. The output 
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coupling percentage of 4% was not optimized. Chapter 3 discusses how the optimized 

output coupling in Raman lasers can be predicted. 

The laser medium consisted of a 6 x 100 mm Nd:YLF rod, which was pumped by a 

cw pumped arcIamp. The average power delivered to the arcIamp is nominally 3 kW. At 

this power level the laser rod becomes thermally loaded, inducing an extended thermal 

focal length. As will be discussed in Sec. 3, the optical power associated with the thermal 

lensing can be treated by replacing the extended thermal lens with a thick-lens having an 

input power dependent effective focal length and principle plane separation [28] . The 

only other optical element in the laser system is a 45 mm long, fused silica standing-wave 

acousto-optic modulator (AOM), which was used as a Q-switch in the 1.338,1.m laser cavity. 

When these experiments were performed, the only available Raman crystal was a 10 x 

10 x 47 mm3 Brewster cut Ba(N03h crystal. Because the repetition rate was high (I to 10 

kHz), the mode size in the crystal had to be fV 300 II,m in diameter (i.e. 150 lim beam waist) 

to reach Raman threshold at the desired pumping levels and output coupling percentage. To 

achieve this focus concurrently with a large mode volume in the laser medium (for optimum 

energy extraction), the crystal was placed between two focusing mirrors with a radius of 

curvature of 100 mm which act in tandem as a unit magnification Keplarian telescope. 

Several researchers have studied astigmatism correction in very specific laser cavities 

[29,30,32-36] . The techniques employed by all these authors are based on the original 

correction technique first applied by H. W. Kogelnik [30] . In this technique, the stability 

ranges of the tangential and sagittal planes are set equal, and an analytical relationship is 

obtained. This relations can be solved for the specific values of an astigmatism inducing pa-
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rameters (e.g. mirror angles) to cancel the astigmatism. This technique is therefore limited 

to simple cavities, where analytic solutions for the stability ranges can be found. For our 

purpose a generalized technique in astigmatism correction is required to model generalized 

cavities. 

A novel astigmatism correction technique was developed and included in Lasica. In our 

technique a reference plane is selected where the astigmatism is to be canceled. This plane 

can be arbitrarily set anywhere within the cavity. In the example presented in this section, 

the reference plane is selected to lie in-between the dichroic mirror (OM) and the Raman 

laser output coupler (OC). This plane is chosen to assure that the Raman beam is stigmatic 

in the branch of the resonator containing the output coupler, i.e. to achieve a circularized 

output beam. An astigmatism wiIJ remain in the beam within the Raman crystal because the 

eigenmode can only be stigmatic in one branch of the resonator. The overa)) performance 

of the Raman laser is not compromised for astigmatic focus however. In fact, in some cases 

the performance can actua))y be enhanced [31] . 

Once the reference plane has been established, the stable, self-consistent, lowest-order 

gaussian complex values for both the tangential qt and sagittal q" planes are found from Eq. 

1.3 and are set equal; i.e., qt = q". In this way we assure that the beam waist and phase radius 

of curvature are equivalent at the defined plane, which renders the eigenmode stigmatic in 

the branch containing the reference plane. The free parameters are then established by 

numerically solving for the roots of the resulting relation. 

Utilizing this routine to solve for the curved mirror tilt angle in this example, we find 

Btiit = 26.8(}. This routine is completely general in the sense that any laser system with astig-
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Figure 8. AstigmaticaJly compensated Raman laser tangential (blue) and sagittal (red) 
eigenmodes. The vertical axis is the e-1 transverse beam radius (in mm), and the horizon
tal axis, the cavity dimension (in mm). \erticallines mark the position of optical elements. 
Elements are automatically named by Laska from left to right. Here MI is the Raman out
put coupler, and MXI (MYI) is the first curved mirror in the sagittal (tangential) plane. 
The Raman crystal has been replaced with two Brewster cut media B I X (B I Y) and B2X 
(B2Y), with a thermaJly induced lens LI, placed at the center (these labels get lost in the 
clutter). The beam waist position is marked by the label WOo MX2 (MY2) is the second 
curved mirror in the sagittal (tangential) plane. BX3 marks the position of the dichroic mir
ror, which acts as a tilted plate in the Raman laser cavity. M2 is the remaining end mirror. 
The eigenmodes are stigmatic only in the branch between the Raman output coupler (M I) 
and the first curved mirror (MX J ,MY I) because the reference plane was chosen to lie in 
this branch. 

matic elements can b~ rendered stigmatic by Laska in one arm of the resonator. Figure 8 

shows the resulting beam half-width of the lowest-order eigenmode for the astigmatically 

compensated Raman cavity in this example. The tangential and sagittal beam waists are 

equivalent throughout the branch containing the Raman output coupler (between M I and 

MXI in the figure). Figure 9 displays the lowest-order eigenmode beam half-width of the 

pump cavity when OWt = 26.80 is used for the curved mirror tilt angle. By careful inspec-

tion, it is evident that nowhere in the pump cavity is the beam stigmatic. This is due to 
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Figure 9. Thngential (blue) and sagittal (red) eigenmodes of the pump laser cavity when 
the Raman laser eigenmodes are astigmatically compensated. The vertical axis is the c-1 

transverse beam radius (in mm), and the horizontal axis, the cavity dimension (in mm). 
Here MI is the first end mirror, which is shared by the Raman cavity. MXI (MYI) is the 
first curved mirror in the sagittal (tangential) plane. The Raman crystal has been replaced 
with two Brewster cut media BX] (BYI) and BX2 (BY2), with a (thermally induced) lens 
L], placed at the center (these labels get lost in the clutter). Med] is the ADM. The laser 
rod has been replaced by media Med2 and Med3, with a thermally indued lens L2, at the 
center. L3 in the right-most lens and M2 the remaining end mirror. 

the difference in wavelength between the pump and Stokes beams, which translates into a 

difference in complex beam parameters q. 

Cavities with both large and small eigenmode beam diameters tend to be very sensitive 

to certain cavity parameters. In the cavity discussed here, the stability is most sensitive 

to the relative crystal-mirror separation. This parameter effectively changes the focusing 

characteristics of the x 1 telescope defined by the two toO mm radius of curvature tilted 

mirrors. Lasica can be utilized to find the stability ranges and tolerances of cavity variables 

such as the telescope defocusing parameters or thermally loaded rod focal length. Cou-

pled cavity designs such as the design considered in this example can vastly limit the range 
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Figure 10. Overlapping stabiJity curves for Raman cavity (upper two curves) and pump 
laser cavity (lower two curves). The sagittal (red) and tangential (blue) mode stabiJities 
are shown for both cavities. In this example the telescope defocusing parameter is varied, 
which is defined to be the symmetric distance between the Raman crystal and curved mirror 
(see Fig. 7). 

in parameter-space available to a geometrically stable resonator. In the example presented 

here, the challenge is to find a crystal-mirror separation x, which will render both the sag it-

tal and tangential eigenmodes of /Joth the pump and Raman cavities stable. In effect, the 

stability condition given by Eq. 1.4 must be simultaneously satisfied by all four resonators 

for a particular value of the free parameter x. As is shown in Fig. 10 it is not always pos-

sible to overlap the stability regions of all four cavities. In the case of Fig. 10, the varied 

parameter is the telescope defocusing parameter (i.e. the curved mirror-crystal separation). 

As is shown, no values of defocus simultaneollsly yield stability in all fOllr resonators de-

scribed in Fig. 6. It is shown that for 75 mm, the sagittal eigenmode of the pump laser cavity 

and the tangential eigenmode of the Raman laser cavity are both unstable, and nowhere else 
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do they overlap. To achieve the simultaneous stability condition parameters such as the rod 

focal length can be varied along with the telescope defocus. 

2.2 Mode-matching 'Thchniques in Intracavity Raman Lasers 

Quantum limited optical-to-optical conversion efficiencies can only be achieved when the 

effective pump and Raman spatial modes are ideally overlapped. When the pump laser 

cavity is designed to operate in a single spatial mode (which can be accomplished by spatial 

filtering with a limiting intracavity aperture), the optimum conversion efficiency is achieved 

when the spacial mode of the pump exactly overlaps the lowest-order eigenmode of the 

Raman cavity within the Raman medium. When this condition is satisfied, the cavities are 

said to be "mode-matched". 

In the case of the intracavity Raman laser discussed in the previous section, mode

matching can be achieved by varying either (or both) the radius of curvature (roc) of the 

Raman cavity output coupler (OC) or the distance between the OC and the dichroic mir

ror (DM). Usually the choice of roc for a particular mirror is limited to the optics available. 

As will be discussed in Sec. 3, the temporal pulse width of the Raman laser is strongly 

dependent on the Raman cavity length. Therefore, it is prudent to select a roc-mirror sepa

ration combination to tune the cavity length for the desired output pulse width. For the case 

discussed here, a roc of 00 was selected, and the mirror spacing between the OC and DM 

was varied. The optimum solution for the mode-matching parameter can be solved by set

ting the complex beam parameters of the Raman and pump laser cavity equal in a selected 

reference plane, and solving for the varying parameter. In this case, the reference plane is 



48 

0.5 

--~ 0.4 

.j.J 
III 

• .-1 

~ 
~ 
Q) 
III 

0 
50 100 150 200 250 300 350 400 

Cavity Axis (mm) 

Figure 11. Mode-matched coupled pump and Raman laser eigenmodes. The pump cav
ity sagittal (red) and tangential (blue) eigenmodes are shown along with the Raman cavity 
sagittal (orange) and tangential (aqua) eigenmodes. Mode-matching was achieved by vary
ing the dichroic mirror (B2) - output coupler (M2) separation. Only the p0l1ion of the pump 
laser eigenmode is shown to better show the eigenmode overlap. The vertical axis in the 
eigenmode beam transverse beam radius (in mm) and the horizontal axis is the cavity axis 
(in mm). All optical componants are shared by both pump and Raman lasers accept the 
Raman output coupler (M2). 

selected to be in the Raman crystal. Because the pump laser parameters are fix, the value 

of q in the pump laser is known. As with the case of asigmatism compensation, the roots 

of the resulting expression can be numerically solved to obtain the parameter value that op-

timizes mode-matching. Figure 11 shows the overlapped cavity eigenmodes of both the 

pump and Raman cavities when the mode-matching routine is performed. Only a portion 

of the pump laser eigenmode is displayed in the figure to better show the region of overlap. 

Lasica has been programmed with a mode-matching algorithm to automate this procedure 

for arbitrary cavity designs. 
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Contrary to other nonlinear frequency conversion processes, in the case of Raman fre

quency conversion, the stimulated Stokes radiation is driven by a nonlinear polarization 

field that depends on the irradiance distribution of the pumping field. Hence, no phase in

formation in the pumping field is transferred to the Stokes field. Rather, the phase of the 

seeding Stokes field is replicated in the stimulated Stokes field. In view of this phenom

ena, the mode-matching criteria for Raman lasers can be relaxed to include the case where 

the single mode Stokes field is matched to the 11l1litimode beam diameter of the pump field. 

As will be discussed in more detail in Sec. 5, highly multimode intracavity pump radiation 

can be converted through the process of Raman beam cleanup to a single-order intracavity 

Stokes spatial mode. As a result, the most efficient use of the pump radiation is accom

plished when the muItimode pump beam diameter is matched to the single spacial mode 

Stokes beam diameter in the Raman crystal.· Because multimode lasers can be designed to 

have access to nearly all the inverted population in the laser medium, the Stokes photon per 

inversion center ratio can be much larger in the case of multi mode pump operation, hence 

increasing the overall efficiency and brightness of the laser source. Therefore, the combi

nation of a relaxed mode-matching condition and Raman beam cleanup phenomena leads to 

a very profound increase in the overall efficiency and brightness potential of Raman lasers. 

Detailed spatial mode evolution modeling must be implemented to effectivity predict 

the mode-matching condition of a single-mode Stokes-cavity to a multi mode pump-cavity. 

These calculations can be performed by utilizing the diffraction-propagation routines and 

laser and Raman gain modeling routines available in Lasica. These routines utilize the 

same resonator information required to obtain the solutions to the first-order designs and 
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are therefore easily invoked. As a guide, however, basic multimode scaling laws can be 

implemented to approximate the multimode spot size in high-gain, low-loss pump laser 

cavities. 

An arbitrary field generated in a laser cavity can always be decomposed into a set of 

complete orthonormal functions. The most commonly used basis functions for cavity eigen-

mode decomposition are the Hermite-Gaussian functions. The higher-order eigenmode 

beam half-widths can be approximated for a particular optical beam which is decomposed 

into a series of Hermite-Gaussian functions, by the scaling law 

Wn(Z) ~ Vn x wo(z), (2.12) 

where wo(z) is lowest-order eigenmode half-width; z is the cavity axis parameter; and n is 

the mode order number [7] . The higher order modes will suffer the greatest diffraction loss 

at limiting apertures, thus limiting the maximum order eigenmode supported by the cavity. 

In the steady-state (i.e. after several tens of roundtrips) the mode structure will be self-

consistent and settle down into a structure which supports only those modes which "fit" 

within the limiting apertures of the cavity. The order number of the highest-order mode that 

survives can be determined by solving Eq. 2.12 when Wn(Zlu) = d1u/2/1J, where Z'u is the 

position of the limiting aperture, and dla is the diameter of the limiting aperture. This can 

be done because for a sufficiently high order mode, nearly all of the energy is contained 

within the half-width5• Utilizing this criteria, we find a maximum order eigenmode value 

r. Becnuse the lowest orner mode is n Gunssinn. c- i ~ 0.80 of its energy eontnined within its hnlfwidth • However, ns the order increnses 
TIle Hermite-Gnussain functions heeome more more sharply delined functions along the edge of the lield. As a result, more nnd more 
of the mode energy is contained within the delined mode hnlf-width. 
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Figure 12. High-power multi mode-pump, single-mode Raman laser cavity. All labeled 
values are in mm. HR, high reflector; PC, Pockel's cell; P, polarizer; LR, laser rod; DM, 
dichroic mirror; RC, Raman crystal; CM, curved mirror; ~C, output coupler. 

to be given by 

[ 
dla ]2 

nmnx = 2 ( ) , 
Wo Zla 

(2.13) 

which is valid for high-Fresnel number steady-state resonators. Using this value along with 

Eq. 2.12, the steady-state, multi mode beam half-width can be approximated throughout 

the pump laser cavity. This procedure has proven to be a very accurate estimator of the 

multimode behavior of power-oscillators. Lasica utilizes this technique to estimate the 

multimode beam size in the pump laser cavity. 

First-order estimates of the single mode Stokes, multimode pump mode-matching con-

dition is then carried out in a similar manner as before: Only for this case, the known q 

value reflects the multi mode characteristic of the pump laser. Figure 12 shows the cavity 

layout for a high-pulse energy, high-average power 1.556 Itm eye-safe Raman lase): The 

pump cavity design is in the form of a standard telescopic resonator, which is folded by the 

dichroic mirror (DM) [45] . The telescope defocusing parameter (127 mm) is tuned such 

that the cavity is in the middle of its stability range when the laser rod has an effective focal 
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Figure 13. Pump (blue) and Raman (red) cavity eigenmode half-widths, along with the 
pump multi mode beam half-width (blue dashed curve) for the Raman laser shown in Fig. 12. 
Here it can be seen that the lowest-order mode of the Raman cavity overlaps the multimode 
pump beam half-width. The vertical axis units are mm. 

length of 600 mm. The Raman laser cavity is in the form of a linear hemispherical con fig-

uration. The limiting aperture in the cavity is defined by the laser rod (LR) bore diameter, 

which is 6 mm in this case. 

The Raman output coupler (OC) - dichroic mirror separation is the variable parameter 

in this Raman laser configuration. This separation can be varied such that the single-mode 

Raman beam half-width overlap the multi mode beam half-width of the pump laser, as dis-

cussed previously. The value of this parameter achieves the effective mode-matching con-

dition and is found by Laska to be rv 890 mm. Figure 13 displays the lowest order mode 

pump and first Stokes beam half-widths and the pump muJtimode half-widths when the 

effective mode-matching condition has been satisfied. 
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This "effective" mode-matching technique has been enormously successful in efficiently 

generating single-mode first Stokes radiation in our laboratory demonstrations. In practice, 

it is more efficient for the lowest-order transverse mode beam half-width in the Raman 

resonator to be slightly smaller than the muItimode pump beam half-width, thus "tmder

filling the mode volume". This is due mainly to non-uniformities present in the multimode 

transverse structure in the pump laser, which can be attributed to non-uniformities of the 

incoherent pump radiation in the laser rod. Diffuse pump cavity designs have been shown 

to improve the performance of multi mode-pumped single-mode Raman lasers significantly. 

3 Power Limiting Thermal Effects 

Thermal loading effects of intracavity optical elements can severely limit a laser's average

power capability. Under strongly-pumped operating conditions, the laser host and Raman 

media can exhibit optical distortions which include: thermally induced focusing, stress in

duced biaxial focusing, and stress induced birefringence [37-40] . In this section we will 

discuss these limitations as they relate to high-average-power Raman power-oscillators. Ex

amples of the dynamic cavity response to thermally induced rod and Raman crystal focal 

length will also be presented. 

Thermal lensing is a direct consequence of a thermally induced index of refraction dis

tribution imparted across the transverse dimension of an optical beam passing through a 

thermally loaded medium. Likewise, thermally induced birefringence is a consequence of 

a temperature gradient induced stress-distribution. Thermal lensing not only leads to in

put power cavity instabilities, but also to diffraction loss which is caused by the asymmetry 
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of the induced lens. In applications where the polarization of the pumping laser is im

portant (e.g. electro-optic Q-switching, birefringent phase-matched nonlinear conversion, 

etc.), thermally induced birefringence restricts the laser output power to a level well below 

the average power set by biaxial-focusing and stress-fracture. 

In laser and Raman media, thermal distributions result from absorption of pumping ra

diation due to a non-zero quantum defect. In flash- or arc-lamp pumped laser media, sev

eral upper level manifolds are optically pumped by quasi-continuum radiation field. The 

quantum defect, which is responsible for heating the laser medium, is defined by the en

ergy difference between the upper level pumping manifold and the upper lasing level. The 

quantum defect can be minimized by directly pumping low lying pumping manifolds with 

high-power single frequency sources, such as laser diodes. 

As with laser media, Raman media also heats significantly when the Stokes radiation is 

oscillating, which is due to the finite quantum defect between the pumping radiation and 

the Stokes radiation. In solid-state Raman media, the quantum defect is on the order of 

1000 cm-1 as opposed to f'V 3400 cm-1 in gaseous media. Therefore, less heat is deposited 

per photon in solid-state Raman medium, making them more suitable for power scaling 

applications. 

Geometry can playa significant role in mitigating the thermal lensing in gain medium. 

For rods, the boundary conditions for the heat transport diffusion relation are clearly defined 

along cylindrical walls of the rod. Consequently, the solution to the diffusion equation, with 

azimuthally symmetric boundary conditions, will yield azimuthally symmetric temperatUl'e 

distributions which vary quadratically in the radial dimension. Consequently, a thermally 
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induced index of refraction variation will also have a quadratically varying distribution, 

given by [41] 

(3.14) 

Likewise, quadratically varying radial, azimuthal, and longitudinal stress-distributions wiIJ 

arise and induce an azimuthal index of refraction distribution in the form [41] 

(3.15) 

Hence, the combined effect of the geometrically varying temperature and stress fields in

duce quadratically varying radial and azimuthal eigen-indices. 

Because a thermally loaded rod possesses both radial and azimuthal focusing character

istics they act as a biaxial lenses, which is due to the thermally induced index of refraction 

distributions. It is well known that laser resonators with strong biaxial lens elements suffer 

from severely degraded optical beam quality and additional cavity loss due to asymmetric 

diffraction [37-40] . The additional cavity loss is due primarily to the nonsingular imag

ing characteristics of a biaxial lens. That is, because a biaxial lens does not have a unique 

image plane, optical beams which pass through limiting apertures on one pass will not be 

re-imaged though the aperture on the next pass, thus inducing loss in the cavity. 

Alternative rectilinear slab laser host geometries, which eliminate stress induced biaxial 

focusing and birefringence, were first proposed by Martin and Chernoch [42] . It was found 

also that if a zig-zag optical path were employed, thermal and stress induced cylindrical 

lensing could also be eliminated to first order. In the zig-zag slab geometry, intracavity 

optical beams are incident a trapezoidal slab, cut for Brewster angle of incidence. The 
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incident optical beam bounces between the upper and lower slab boundaries in a zig-zag 

type pattern as shown in Fig. 4. These beams are contained within the slab boundaries as a 

result of total internal reflection (TIR). 

Stress induced biaxial focus and depolarization is eliminated to first order in the slab 

geometry due to symmetry alone [41] . That is, the stress tensor component that otherwise 

would lead to biaxial focus and birefringence either cancel or are identically zero in the slab 

geometry. It is important to note that this is only strictly true for infinite slabs; however, 

quasi-symmetric cancellation of these stress components in finite media lead to very low 

level perturbations [43] . 

A temperature gradient is induced across the zig-zag plane by cooling the slab along 

the two opposing boundaries. Solution to the diffusion equation with slab boundary con

ditions yield quadratic temperature distributions [4 I] . As the optical beams pass through 

the induced index of refraction distribution, the applied optical power will cancel between 

counter-opposing bounces. Only second-order thermally induced distortion will be left as a 

lensing effect. As a result of the geometry, however, this lensing will add a cylindrical com

ponent to the phase front. Because the beams enter and exit the slab at Brewster's angle, this 

component will add an astigmatism which is pm1ially cancelled by the Brewster geometry. 

Hence, thermally induced distortion lensing in the slab geometry is a small effect and can 

be cancelled by implementing the corrective techniques outlined in Sec. 2. Diode-pumped 

slab geometries are the preferred laser gain element for high-average-power lasers. Like

wise, solid state Raman medium can be fabricated in zig-zag slab geometries to take full 

advantage of its atoning nature. 
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Because low- or high-order optical beams provide azimuthally symmetric power distrib-

utions, azimuthally symmetric thermal source distribution can be induced at high-average-

powers in intracavity elements that may have a residual absorption at the pump or first 

Stokes wavelength. In a careful resonator design, thernlally induced lensing must there-

fore be considered for all lossy intracavity elements as well. Selecting optically transparent 

materials can be very difficult at some wavelengths. A major concern in the Raman lasers 

built in our laboratory was the residual water absorption at 1.338 /1m in normal fused sil-

ica. To mitigate loss and thermal effects in our resonators we selected "water-free" fused 

silica (Infrasil) for all intracavity elements. 

3.1 Thermal Focusing Properties of Laser Rods 

Due to the expense of high-power quasi-cw diode lasers, the power scaling experiments 

performed in our laboratory were all performed using flash- or arc-lamp pumped laser rods 

rather than diode-pumped slabs. The effective action of the thermally loaded laser rod is 

therefore approximately equivalent to a lens-like graded index medium, which have well 

known ABeD ray matrices given by [44] 

T cos non2 Sill • 

[ 
f3 ()-1/2 • f3] 

L = _ (11,011,2) 1/2 sin f3 cos fJ (3.16) 

The dimensionless parameter f3 in Eq. 3.16 is given by 

where L is the physical length of the laser rod; no, and 11,2 are the index of refraction para-

meters given in Eq. 3.14. The ray matrix in Eq. 3.16 is equivalent to a "thick-lens" with 
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Figure 14. Thermally loaded laser rod and equivalent thin lens-air space combination. In 
the top figure the laser rod acts as a graded-index lens, and, therefore, the path of the rays are 
guided in cosinusoidal paths. The eqiuvalent optical system, shown on bottom, is composed 
of a thin lens and equivalent air-space. 

optical power P and principal plane distance h. As such, T[, can be written as 

where 

and 

r_[1 h][ 10][1 h] 
L - 0 1 -P 1 0 1 ' 

P nof3. r:l 
= -SlllfJ 

L 

h = .-£ tan(f3/2) . 
2no (f3/2) 

(3.17) 

(3.18) 

(3.19) 

In most high power solid-state laser applications the thermally induced focal length satisfies 

the condition P L < < 1. When the condition holds, the thermally induced optical power 

can be approximated by P ~ f32 no/Land the principle plane distance by h ~ L /2 no. This 

is equivalent to replacing the thermally loaded rod with a thin lens of focal length f = 1/ P 

between two equivalent air thicknesses h, as shown in Fig. 14. 

Because the rod thermal focal length depends of the average input power to the lamps, 

the cavity eigenmode will be dynamically dependent on the input power. Hence, the in-
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Figure 15. Stability of the sagittal (red) and tangential (blue) eigenmodes as a function of 
thermally induced laser rod focal length for the Raman laser cavity shown in Fig. 6. 

put power dynamically affects both the cavity stability and eigenmode structure. Figure 15 

below shows the dynamic cavity stability as a function of rod focal length for a laser in a 

configuration similar to that shown in Fig. 6. In the example shown in Fig. 15, the laser 

rod host material was replaced with Nd:YAG, which has a stronger input power dependent 

thermally induced focal length than Nd: YLR Also the lens has been removed between the 

laser rod and the cavity end mirror. Figure 16 displays the dynamic response of the cav-

ity eigenmodes as a function of rod focal length. In Fig. 16, it is evident that the focusing 

characteristics of the pumping field in the Raman medium is largely dependent of the in-

put power. Dynamic focusing will therefore affect both the Raman conversion efficiency 

and the cavity mode-matching. By adding intracavity focal elements (lenses or mirrors) 

with focusing powers that are much greater than the maximum focusing power of the rod, 

cavities can be designed which are relatively insensitive to the dynamic focal length of the 
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Figure 16. Eigenmode variation with thermal focal length of laser rod. Here it is shown how 
the sagittal eigenmodes migrate as the power delivered to the laser medium increases and 
hence, the thermally induced effective rod focal length decreases. The effective rod focal 
length decreases from 650 mm (blue) to 450 mm (red) as the input power varies from 3 kW 
to 5 kW, respectively. The vertical axis is the beam half-width (in mm), and the horizontal 
is the cavity axis (in mm). \ertical lines mark the various intracavity optical elements as 
before. 
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rod. However, it is difficult to simultaneously achieve both good extraction efficiency and 

dynamic cavity stability in this manner. 

The cavity response is relatively insensitive to thermally induced lensing in the Raman 

crystal because the Raman crystal is centered at the focus of the pump cavity. And it is well 

known that the power of an optical system is unaffected by lenses placed at internal foci 

(e.g. field lenses) [27] . 

4 Cavity Mode Build-up Dynamics 

Power-oscillators are attractive because they can provide high-average-power optical radi

ation at a fraction of the cost of an equivalent master oscillator power amplifier (MOPA). 

In the case of intracavity Raman lasers, our power oscillator designs have yielded near 

diffraction-limited optical beams with pulse energies of 0.5 J/pulse at 1.556 Jim at 5 Hz. 

Modeling cavity mode buildup dynamics can be a very valuable tool in the design of power

oscillators. 1\vo main effects surface in the model: (I) itinerant foci, and (2) diffraction loss. 

When the cavity modes build up from noise, the amplified radiation can be focused in 

locations not predicted by the eigenmode solution of the cavity. This is because the eigen

mode is achieved only in the steady state, i.e. after several of roundtrips. When the transient 

behavior of the mode buildup is examined, itinerant foci can be observed. If these itinerant 

foci coincide with intracavity optical elements, damage can ensue. These considerations 

are equally valid in the study of laser pumped lasers or OPO's. 

Equally as important in the design of power-oscillators, are the effects of diffraction 

losses for higher-order modes. In the case of efficient, near-diffraction-limited, high-power 
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Raman lasers, it is advantageous to design the pump power-oscillator to operate in a high

order multimode when operating at low repetition rates, and low-order multimode when 

operating at high repetition rates. The multimode estimation methods adopted in Sec. 2.2 

provide accurate estimations for the steady-state behavior of power-oscillators. However, 

in the case of intracavity Raman lasers this method can only be used as an approximation 

because the Raman gain is strongly dependent on the transient pumping field amplitude and 

distribution. What matters in an intracavity Raman laser is the mode structure when Raman 

threshold is achieved, not in steady-state. 

The diffraction propagation code described earlier can be used to model the cavity buildup 

dynamics. Figure 17 provides an example of the transient cavity mode buildup when the 

cavity is seeded with a noisy, high-order field distribution. It is important to note that 

we normally seed the cavity with a noise field and watch the full transverse field buildup 

through many roundtrips of the cavity. Figure 17 shows the multimode beam half-width 

evolve over the first five roundtrips of the pump laser cavity. The itinerant foci are clearly 

evident in the figure as local minimums in the muItimode beam half-width. Transient 

diffraction loss is manifest by the obvious growth of the multi mode beam radius in later 

roundtrips of the cavity. 
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Figure 17. Transient sagittal mode evolution of the example Raman laser described by Fig. 
6. Five passes of the pump laser resonator are shown. The first pass is red and the last 
blue. Note the formation of itinerate foeii at f'V 75 mm and", 300 mm along the cavity axis. 
Transverse mode control can be implemented to reduce itinerate foci. 



Chapter 3 
Macroscopic Pulse Dynamics of Intracavity 

Raman Lasers 

1 Introduction 
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Several interesting phenomena can be observed in the temporal dynamics of intl'acavity 

solid-state Raman lasers, including: Nonlinear cavity dumping, gain switching, self-mode-

locking, and dynamical chaos. The study of these dynamical phenomena has led to new 

understanding that is both pragmatic and esoteric in nature. Computer modeling routines 

have been successfully employed to characterize these various dynamical characteristics 

and have served as guides to the development of new and useful devices. 

There are two characteristic dynamical regimes to consider when studying the pulse dy-

namics of intracavity Raman lasers: maclVscopic and miclVscopic. Macroscopic pulse dy-

namics are characterized by variations in pulse "envelopes;" whereas, microscopic pulse 

dynamics are characterized more by roundtrip pulse intensity variations. Large scale varia-

tions in the pulse envelopes are attributed to energy transfer dynamics between the inverted 

laser media and the various interacting photon fields (Le. pump, first Stokes, second Stokes, 

etc.). In this case, therefore, the photon fluxes and inversion state are the dynamical vari-

abies which are coupled through a series of rate exchange relations. Hence, rate equation 

models are well suited to describe macroscopic pulse dynamics in Raman lasers. Roundtrip 

pulse intensity variations, on the other hand, are mainly attributed to collective mode dy-

namics and coupling mechanisms. Stable and unstable roundtrip pulse dynamics, such as 
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Figure 18. Basic intracavity Raman laser. The pumping field is trapped inside the cavity 
with highly reflecting mirrors. The Raman-shifted output is output coupled through a lossy 
mirror at the Raman shifted output wavelength. 

those observed in mode-locking and dynamical chaos, respectively, are most easily modeled 

using roundtrip intensity mapping techniques. In the sections that follow, theoretical mod-

els of macroscopic pulse dynamics are described in the context of standard rate-equation 

energy transfer techniques. Our treatment of microscopic pulse dynamics, however, is un-

related enough to warrant a separate chapter (c.f. Sec. 4). 

1.1 Nonlinear Cavity Dumping 

For reasons of efficiency, the most common designs for intracavity Raman lasers employ 

coupled cavities [45-47,86] . In the simplest of designs (c.f. Fig. 18), both the pump and Ra-

man media are contained within a shared cavity, which possesses a characteristically high-Q 

(low loss) at the pump wavelength and low-Q (high-loss) at the Raman-shifted wavelength. 

In this way the available energy in the inverted laser media can be stored in the form of an 

intense trapped optical pumping pulse. As the energy in the pump pulse builds up, the in-

tracavity Raman gain increases until it exceeds the losses at the Raman-shifted wavelength, 

and the Raman field begins to lase. Due to the high nonlinear gain, the pulse buildup time 

in the Raman-shifted field is extremely short ClO- lO sec) in comparison to the pumping 

field. Furthermore, since the Raman cavity Q is low, the fall-time (or ring-down time) of 

the optical pulse will, in general, be shorter than a cavity roundtrip time. The pump pulse 
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Figure 19. Experimentally obtained pump (blue) and first Stokes (red) temporal pulse pro
files from a nonlinear cavity dumped Raman laser in our laboratory. 

is therefore effectively "dumped" out of the cavity through nonlinear conversion to the 

Raman-shifted field. If the Raman-shifted wavelength is useful, nonlinear cavity dumping 

provides a practical and efficient means of generating high-energy sub-nanosecond coher-

ent optical pulses. The Raman-shifted output pulse duration is directly dependent on the 

Raman cavity lifetime. Therefore, judicious selection of the Raman output coupling per-

centage can provide a range of olltput pulse durations, which can be very useful in certain 

remote sensing technologies. 

Figure 19 shows an example of the intracavity pump and Raman-shifted (llll-Stokes) 

pulse profiles obtained from a nonlinear cavity dumped Raman laser built in our laboratory 

[45]. At the Raman threshold the pump pulse undergoes a rapid change in slope and is 

depleted down to its threshold value within the rise-time of the generated Stokes pulse. A 

maximum in the Stokes pulse is reached when all available pump photons in the cavity have 
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been converted (i.e. undergone a stimulated scattering event). This point is reached when 

the nonlinear loss suffered by the pump is equivalent to the transient gain, which occurs at 

the pump laser threshold. After reaching a maximum pulse height, the Stokes pulse decays 

according to the effective cavity photon lifetime or "ring-down." 

Situations can arise where the laser medium is left in a state of inversion after the pump

to-Raman conversion process occurs. If the leftover inversion level is over threshold, which 

is the threshold inversion for lasing, the pump field will build back up to form another 

pump pulse. In principle this can again be converted into another Stokes pulse. This deple

tion/repletion phenomena is known as gain-switching [7,48,49] . 

1.2 Gain-Switching 

The pump-Stokes pulse dynamics in nonlinear cavity dumping is very sensitive to the rel

ative gain and loss in both coupled fields. Multiple Stokes and pump pulses can develop 

within the Q-switched envelope when either the Raman gain is too high or the output cou

pling percentage is too low. In either case, the initial Raman pulse can form prematurely 

when the Raman conversion threshold is too low (i.e., before the initial pump pulse can 

develop fully). Because the intracavity Raman gain is so high C e40), the pump pulse is 

completely depleted in a single pass through the laser resonator. Consequently, the laser 

medium will be left in a state of inversion after the first Raman pulse is formed. If the re

maining inversion level is significantly over the threshold inversion, the pump field will 

slowly build back up, starting the cycle once more. 



- IY- - -
l-

I- - - -

. - -
-~ r::.---- - ......... .-,.,. 

- :..-.- - 1--- i--~ -

. (a) 

'-' .. 

--,-

- .-

(c) 

.~='~.:"."'::.':':::':" .. :::'.=.::':.:.. ••• =: •.•.•. ::= .... =:-~' •. : •..••• : 

--- -y ...._-,._.- : 
- --1--·---·1-: 

- -~I-t---j- --t-~--t (b) 

p 
~ ~ 

r --f-- ~ 
I- ~ ~ '- --I-

I- -
_., 

I- (d) f--
-1_ 

68 

Figure 20. Experimentally obtained temporal profiles of the pump (blue) and first Stokes 
(red) fields within the intracavity Raman laser depicted in Fig. 22. In each oscillogram, the 
scale is 500 ns/div. The average power delivered to the laser medium (via a cw pumped arc 
lamp) was successively increased between each measurement. 

In Figure 20, a series of oscillograms are presented that show the temporal profiles output 

from a Q-switched, cw pumped intracavity Raman laser based on the design depicted in 

Fig. 43(b). The coupled pump laser consisted of a G x Imrmm Nd:YI\G laser rod, which 

was made to oscillating on the 1.338 1,m line by selecting proper end-mirror reflectivities. 

The Raman media was a 10 x 10 x 50 mm:t Ba(NOah crystal, which was placed at the 

center of an intracavity focus (c.f. Fig. 43(b». The power delivered to the laser medium 

(via an arc-lamp) was increased between each successive measurement. This was the only 



69 

parameter varied over these measurements. Hence, the relative scale between oscillograms 

is invariant. 

As is shown in Fig. 20(a), a single pump and Stokes pulse evolve at low pumping pow

ers. The leading edge of the pump pulse is just visible in the figure. At this power level 

the total inversion is exhausted by a single pump pulse which is entirely converted into a 

single Stokes pulse. When the pumping power and hence initial population inversion are in

creased, two well-defined pump and Raman pulses are generated as shown in Fig. 20(b). In 

this case the buildup time of the first pump pulse has decreased as a result of the higher gain. 

When the Raman laser reaches threshold, the pump field is rapidly depleted and a sharp, 

well-defined Raman pulse is formed. Because the Raman laser reached threshold before 

the pump laser pulse fully developed, a partial inversion is left in the laser medium, and a 

second pump laser pulse evolves. However, as a result of the lower gain, the second pump 

pulse evolves at a slower rate, causing the second Raman threshold to occur after a longer 

interval. As a result of the lower gain, both the second pump and Raman pulse-widths are 

broadened. After the second Raman pulse rings down, the pump field recovers to a level 

below the Raman threshold and rings down without conversion. A further increase of the 

pumping power leads to a set of three pump and Raman pulses, as shown in Fig. 20(c). As 

expected, the ensuant pulse-widths and relative pulse spacing of the evolving pump and Ra

man fields follow the trend of the previous case. Beyond this pumping level, an anomaly 

in the pulse evolution arises as shown in Fig. 20(d). Under normal, stable energy transfer 

conditions, the height of each successive pump and Stokes pulse series should decrease as 

a power law. However, as shown in the figure, the second Raman pulse is less energetic 
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than the third, marking a bifurcation in the evolutionary dynamics of the intracavity Raman 

field. As will be discussed in Ch. 4, bifurcation anomalies mark a clearly defined phase 

transition in roundtrip pulse dynamics. Beyond this transition, the dynamics becomes un

stable and even chaotic as is evident in the pump pulse distribution. When the bifurcation 

anomaly appears, a clearly defined "non-conversion" regime appears at the trailing edge of 

the third Raman pulse. At this point the pump field persists at a level well above the nor

mal Raman threshold without conversion. These large, nonregular variations in the pump 

field amplitude of intracavity Raman lasers have been observed by others as well [59,66] . 

Period doubling, intermittency and the route to chaos in our Raman lasers will be discussed 

in more detail in Sec. 4. As shown in Fig. 20(d), increasing the pumping level further has 

no affect on macroscopic pulse dynamics. All excess energy available in the laser inversion 

is transferred to the pump field in the chaotic, non-conversion regime and is therefore not 

transferred to the Raman field. 

2 Macroscopic Pulse Dynamics Modeling 

The dynamical features observed in both nonlinear cavity dumping and gain switching occur 

on a time scale which is considerably greater than the polarization dephasing time 1"2 of the 

Raman interaction (T2 rv 20 ps for solid-state Raman medium). Although these features are 

by no means independent of the oscillating fields, they can be adequately modeled without 

considering the fields directly. Rather, they depend almost entirely on the relative buildup 

and decay of the laser inversion as well as the interacting photon densities. Hence, standard 
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rate equation models can be employed to describe the dynamics of nonlinear cavity dumping 

and gain switching [46,50] . 

2.1 Rate Equation Model 

The Raman lasers we are most interested in modeling oscillate on the first Stokes shifted line 

of the pump laser. Higher-order S tokes generation is easily controlled in intracavity Raman 

lasers by selecting optics with high transmission at each higher order Stokes wavelength. 

However, in some cases feedback is unavoidable, so it is prudent to retain at least the 

second order Stokes shifted field in the rate equation model. Therefore, a set of four coupled 

nonlinear differential equations constitute our rate equation model. These equations relate 

the relative growth and decay of the pump laser inversion density, along with the pump, first 

Stokes and second Stokes photon densities. 

Our model is based on a similar model developed by Stewart and Kung [50] . In this 

model the initial inversion density is predetermined by the optical pumping process in

voked, i.e. pulses or cw pumped laser medium. Also, the upper state radiative lifetime of 

the lasing transition Tr , is assumed to be much larger than the time scale of dynamical fea

tures observed (for Nd:YAG, Tr = 230 ItS). When this assumption is true, the set of four 

equations that describe the laser inversion density, pump, first Stokes and second Stokes 
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respectively. In Eq. 2.20 the laser inversion density is 11" and the pump, first Stokes and 

second Stokes photon densities are q)p, 1>s and CPss, respectively. The definitions for the 

remaining parameters follow: 1'X = eax, are the stimulated emission rates, where ax are 

the various scattering cross-sections; TX = txI8x(t), are the cavity photon lifetimes or 

• 
cavity decay rates, where 8x (t) contain all steady-state losses, as well as dynamics losses 

due to finite Q-switching times; tx = 2Lx Ie signify the cavity round trip times; lx denote 

the various gain medium lengths; Lx are the cavity lengths for the various wavelengths; dx 

are the beam diameters in the respective gain media; and WXo denote the various beam waists 

in the Raman medium. The loss factors are written in terms of the "delta notation" [7] , 

i.e. the passive cavity losses for the X -field due to mirror reflectivities, material absorption 

and transmission losses can be expressed by a single 8-factor as 

8x = ~ HXo .' LXi -In [RXI RX2 If T,Yi] , 
f 

(2.21) 
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where aXo,1 are the absorption coefficients of the ith intracavity element; LXI are the lengths 

of the it'" intracavity element; RXI and RX2 are the cavity end-mirror power reflectivities 

(other mirrors can be included in the product); and TXi are the power transmission factors 

of each intracavity element. Dynamic cavity losses can be modeled by including time de

pendent transmission, reflection or absorptions to the total loss factor as 8x {t). In this way, 

the dynamic response of the system due to finite Q-switching times as well as recoverable 

gain can be properly modeled. 

Because the nonlinear gain in the Raman process is high, rapid fluctuations (even dis

continuities) in the photon and inversion densities will occur over a very large dynamic 

range in photon densities (IV 10-:11 to 1018 photons/cm!l). Standard numerical integration 

techniques are therefore impractical. Researchers in the past have developed alternate nu

merical solution techniques to deal with these difficulties. In the approach of Band, et al. 

[46] , a model was employed based on a unidirectional ring resonator to describe experi

mental results they obtained for standing wave resonators. While this adaptation is not exact 

in practice, the dominant physics important to describing the complex dynamics of stand

ing wave intracavity Raman lasers are preserved. A set of well-known analytic functions 

for both the Raman interaction [5 I] and the pump-inversion interaction [25] , along with 

a set of integral relationships for both the pump f1uence and integrated population density, 

were solved numerically to obtain the dynamical solutions for the system. The solutions of 

Band, et al. agreed well with their experimental results. 

However, we have chosen to solve the set of equations in Eq. 2.20 directly by invoking 

an adaptively sampled Runge-Kutta routine. In adaptive sampling, the step size taken is 
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reduced in regions where the solutions appear to be rapidly varying and is increased in 

regions where the solutions appear to be in a quasi-steady-state. By utilizing this adaptive 

procedure, the solutions are both accurate and efficient. As we will show, our model is very 

successful in predicting the macroscopic dynamics of intracavity solid-state Raman lasers. 

Before our models can be invoked, however, a host of numerical parameters must be 

determined. As these parameters are specific to the particular lasers being modeled, gener

alized relationships which link the parameters to known or measurable quantities must be 

determined in order for the model to be practical. In the sections that follow, such relations 

will be developed. 

2.2 Initial Conditions 

To invoke the procedure, the initial inversion and photon densities must be specified. These 

quantities depend intimately on the pumping format used to create the laser inversion. 

1\vo basic optical pumping formats are implemented in two Q-switched solid-state lasers: 

pulsed, and CIV optical pumping. Whether the optical pumping field is produced from a 

lamp or a laser diode is immaterial to the calculation. Only the ultimate electrical-to-optical 

efficiency (Le. "wall-plug" efficiency) of the system is dependent on the optical pumping 

source used. 

The pulsed format is typically employed in lasers which operated at pulse repetition rates 

(prr) in the range of I Hz to I kHz. On the contrary, the Cit' format is typically employed 

for pIT'S in the range of I to 10kHz. As we will show, the initial inversion is always larger 

when pulsed optical pumping is utilized. A larger initial inversion leads to larger laser gains, 
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which is beneficial in overcoming passive cavity losses. In almost all cases, it is desirable 

to utilize pulsed pumping for this reason. Consequently, researchers have taken measures 

to modulate the electrical current supplied to cw arc-lamps and cw diodes to increase the 

gain in high repetition rate systems. 

The initial laser inversion density is directly related to the optical pumping process im-

plemented. The following two sections will outline the procedure for determining the initial 

laser inversion density for pulsed and cw pumped systems. Following these sections, a pro-

cedure is developed to determine the initial photon densities from the initial inversion. 1\vo 

typical laser systems pumped with both formats are then modeled. 

2.2.1 Initial Inversion Density: CW Optical Pumping 

When a repetitively Q-switched laser is cw pumped, the inversion recovers much more 

slowly than in the case of pulse pumping. The initial inversion achieved during the charging 

cycle is therefore much smaller, leading to a diminished roundtrip gain. As a result of the 

reduced gain, significant inversion can remain after the Q-switched pulse is formed, which 

is dependent on the pulse repetition rate or repetition frequency fro When fr is increased 

past l/Tr , the final inversion increases further until the initial and final inversion merge 

at the cw limit. The initial inversion can be easily predicted by examining the inversion 

dynamics over one complete charge and dump cycle [7,52] . 

During the charging cycle, the inversion ratio obeys the relation [7] 

(2.22) 
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where Tx = Nx/Nth = nx/nth are the normalized inversion parameters. The threshold 

inversion density ntlu is given by [7] 

Op 
nth = 2 i (J'p P 

(2.23) 

where op= DO -In [RIR2 ili Til is the total passive roundtrip loss parameter; (J'p is the laser 

transition scattering cross section; and ip is the laser media gain interaction length. In Eq. 

2.22, the initial and final inversion parameters Ti and TI, respectively, are unknown. The 

cw inversion parameter 1'cw , however, can be found by solving the steady-state laser rate 

equations in terms of the cw output power [7] , which gives 

() ) 
he 

Pcw Roc = (Tcw -1 nth Vmv~' 
Air 

(2.24) 

In Eq. 2.24, we have allowed the cw output power Pcw(Roc) to be a function of the output 

coupler reflectivity Roc, which, in general, has to be determined. A standard Rigrod analy-

sis [7,53] can be used to determine the optimum output coupling percentage which max-

imizes the cw output power, and ultimately the repetitively Q-switched output power. We 

will therefore replace Pcw ( Roc) with P opt, which denotes the optimized cw output power. 

Solving Eq. 2.24 in favor of 1'cw we obtain 

1 
Popt Ir A 

Tcw = + . 
, nth Vmvhc 

(2.25) 

Similarly, a relationship can be found during the dumping cycle, which is lucidly defined 

as the interval of time between the opening of the Q-switch and the formation of the optical 

pulse (Le. the inversion has been "dumped" into the optical field). The characteristic time 
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interval of the dumping cycle is very short in comparison to other inversion dynamics (Le. 

< 500 ns). Hence, the effects of pumping or decay during this cycle are negligible. When 

these conditions are satisfied, approximations can be applied to the relevant rate equations 

and when solved yield the relation [7] 

(2.26) 

Equations 2.34, 2.25 and 2.26 can now be numerically solved simultaneously in favor of Ti 

and 7'f. With the solutions for Ti and Tf known, the initial and final inversion densities can 

be found from 

(2.27) 

and 

(2.28) 

respectively. The resultant initial inversion density in Eq. 2.27 is used as one of the initial 

conditions in the Runge-Kutta solution of Eq. 2.20. 

It is presumed that all the inversion atoms represented by the difference t:::.no = nfo -nim 

are converted into optical photons. Hence, the resultant values nio and nfo given in Eqs. 

2.27 and 2.28 can be used to obtain a value for the total energy dumped into the optical 

pulse, i.e. 

( ) 
he 

Ep = nio - nfo "V;",v Ap' (2.29) 

where AI' is the wavelength of the laser field (the" pOI subscript denotes "pump," since it is 

this pulse which acts as a pumping field for the Raman laser). Likewise, the average laser 
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power available is given by 

(2.30) 

where Ir is the pulse repetition frequency. 

2.2.2 Initial Inversion Density: Pulsed Optical Pumping 

Durring the charging cycle (i.e. inversion generation cycle) in a Q-switched laser, the res-

onator is held in a high-loss (Iow-Q) state so that lasing is prohibited. Therefore, in the 

charging cycle the only contributive rates are the optical pumping rate and spontaneous 

emission decay rate. If we assume that the pumping pulse is in the form of a square wave 

with fixed total energy Ea, but variable pulse width T11111 , then a simple solution to the rate 

equation describing this process yields the time dependent inversion [7] 

where 

Rp = PavA. 
he 

(2.31 ) 

(2.32) 

is the pll111p;ng rate. In Eq. 2.32, A. is the wavelength of the laser transition (which we will 

call A.p in the future to denote the pump wavelength for the Raman conversion); 11. is Plank's 

constant; e is the vacuum speed of light; and Pav is the available optical pumping power, 

which is related to the fixed total optical pumping pulse energy by Eav = PolITplI," Figure 21 

shows a plot of the initial population as a function of the normalized pumping time TpUI/Tr • 

Here it can be seen that the initial population builds up linearly until, at Tplll/Tr = 1, the 

initial population begins to roll off. This "roll off" is where the effects of spontaneous 

emission become most atTesting. The optimum use of the pumping radiation is therefore 
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Figure 21. Initial inversion population generated in the laser host as a function of the nor
malized time T = TplII/Tr • 
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accomplished when TpllI/Tr = 1. For Nd:YAG, optimum pumping is consummated when 

the optical pumping pulse width is set to the radiative lifetime of the lasing transition, i.e. 

Tplll = 230 Its. When this condition is met, we find from Eq. 2.31, the initial inversion 

(2.33) 

The initial inversion density accounts for only those active lasing ions within the mode 

volume of the laser host, and is therefore given by 

(2.34) 

where Vmv , is the mode vO/lime. Extremely accurate estimates of the mode volume can be 

obtained from the generalized laser design code Lasica, which is described eh. 2. Initial 

estimates of the mode volume, however, can be made by assuming that the mode throughout 

the laser medium of length lp, is a gaussian beam diameter of dmv, which yields a mode 

The power available for optical pumping is directly proportional to the delivered electri-

cal power PD , i.e. 
N 

Pav = PD II 1Ji 
i=l 

(2.35) 

where 1Ji are the various efficiency factors. A typical set of efficiencies to consider are: 

1Jps is the power supply and cooling system efficiency; and 1Jeo is the electrical-to-optical 

efficiency of the optical pumping source; 1Ja is the fraction of pump photons absorbed per 

incident photon; 1Jmv is the ratio of mode volume to pumped volume; 1J.,p is the number of 

fluorescent photons spontaneously emitted per number of absorbed pumping photons when 
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the laser is below threshold; and "Iq = Apdl A is the pumping quantum efficiency which 

accounts for the energy difference between the pumping bands and the upper lasing-level 

state. Thble I gives typical values for lamp pumped and diode laser pumped systems used in 

our experiments. These parameters can be easily estimated for diode pumped systems. For 

lamp pumping, however, most of these parameters have to be adjusted to empirical data. 

The results of Thble I show how the net electrical-to-optical efficiency obtained by diode-

pumping can be significantly greater than for lamp-pumping. As is discussed in eh. 2, in the 

context of high-average-power solid-state lasers, diode-pumping is also far more attractive 

than lamp-pumping from a thermal loading point of view because in diode-pumping the 

quantum defect is lower. Hence, less power is deposited in the form of heat which can lead 

to performance limiting aberrations. 
'-1 E=f=fj=-c-:"""ie-nc-y-'-I '::::D":""io--:d;-e--=P=-u-m-p-ed-:-ll ";"'"L-am-p--;;P=-u-m-p-ed-:-11 

lIps 0.90 0.80 
lleo 0.40 0.14 

"In 0.90 0.75 
llmv 0.44 0.25 
11.~p 0.98 0.75 
llq 0.61 0.37 

I I} lli 1 0.085 10.006 

Thble I. 'lYpical electrical-to-optical efficiency break down for diode- and lamp-pumped 
systems. 

2.2.3 Initial Photon Densities 

The initial photon densities contained in both the pump and Raman resonators are related 

to spontaneous rather than stimulated events. The strength of these events can only be 

estimated by applying the proper probabilistic model. Several factors must therefore be 
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considered in order to accurately estimate the size of these initial photon densities. Here we 

develop the arguments necessary to estimate the size of these densities. 

The initial pump photon density will depend directly on the initial inversion density since 

spontaneous emission is due to a probabilistic decay of the inversion. However, because the 

cavity occupies only a small region of the possible state-space available to a spontaneously 

emitted photon, a geometrical factor relating this reduction of states must be applied. This 

factor is given by the ratio between the solid angle subtended by the laser mode volume 

with a reference at the cavity end mirrors Op, and the total solid angle defining the state-

space of 47r. An excellent approximation for Up is found by assuming the laser medium is 

symmetrically located in the cavity with a mode volume diameter of d pm1) , which gives 

n '" (7rdpmv )2 
ap - Lp , (2.36) 

where Lp is the cavity length. Likewise, since the laser medium occupies only a fraction of 

the total cavity length, the reduction factor 1 p / L p must be applied, where 1 p is the laser gain 

length for the pump laser medium. The last factor to be applied accounts for the reduction 

of spontaneously emitted photons into the various cavity modes due to finite cavity losses. 

The photon decay time, or cavity lifetime can be expressed as Tp = tp/Dp, where Dp is the 

net passive cavity loss factor introduced in Eq. 2.21. To account for finite cavity losses, 

therefore, a reduction factor given by the ratio of the cavity lifetime to radiative lifetime is 

applied. Combining these factors, the initial pump photon density in the pump lasing mode 

is found to be 

(2.37) 
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The initial Stokes photon density is a product of spontaneous Raman scattering of in-

cident spontaneously emitted pump photons. The most direct way to calculate the effect 

of spontaneous Raman scattering is by employing the differential Raman scattering cross 

section aa / an, which by definition, is the scattering probability of an incident pump pho-

ton into a first Stokes photon per unit solid angle [54-56] . With aa / Dn known, the initial 

Stokes photon density is therefore given by 

drrnv aa ( )2() <Pso = <PPo 2wpo an {In ls ns , (2.38) 

where 

(2.39) 

is the approximate solid angle of the Raman cavity mode; {In is the density of Raman scat-

tering centers; ls is the length of the Raman gain medium; dl'mv is the diameter of the pump 

mode volume in the laser medium; and Wpo is the pump beam waist in the Raman medium. 

We have applied the "focusing factor" (dpmv/2 WT'o) 
2 

, which accounts for the increased 

pump photon density within the Raman medium as a result of intracavity focusing. 

In practice, determining a numerical value for <Pso is not always straight forward because 

{)(j / an is not always known. Although the differential Raman cross section is a directly 

measurable quantity, the measurements are nontrivial. Therefore one must rely on scarcely 

published data. A more easily measured parameter, however, is the so-called "nmning 

gain", g (cmlW). This parameter can be measured directly from the SRS single-pass con-

version efficiency which, in the steady-state (i.e. for pulse widths> > T2), can be found 
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from the relation [56] 

(2.40) 

where 

(2.41) 

is the conserved field intensity; L is the medium interaction length; and II'~~ (0) and I.,~~ (0) 

are the initial pump and Stokes steady-state field intensities, respectively. Near threshold, 

the pumping field is not significantly depleted and Eq. 2.40 is approximated by the expo-

nential gain formula 

1 (L) -I efl/p/J 
8~~ J - S~po .. (2.42) 

where IS~pr'" is the spontaneous Stokes field intensity. Experimentally the easiest method of 

estimating the gain parameter 9 is to measure the SRS threshold. The standard definition 

for the threshold is the point at which a I % conversion of the pump-to-Stokes intensity is 

obtained [57] . This occurs when the gain exponent obeys 9 /r',th L = 25, where 1 P,t.h is the 

pump intensity when SRS threshold is obtained. More accurate results are obtained when 

the conversion efficiency is measured over several input pump intensities, and Eqs. 2.40 

and 2.41 are fit to the results with 9 as a free parameter. 

A relationship between 9 and aa / an can be found by relating the statistics of spon-

taneous and stimulated scattering events through Bose-Einstein statistics. For a Raman 

medium with a Lorentzian phonon lineshape, the following relation holds [56] 

2Pn>'~ (aa) 
9 = hC7r 6.vv an ' (2.43) 
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where Pn is the density of scattering centers; As is the first Stokes wavelength; tlvv is the 

phonon linewidth. Hence, Eq. 2.43 can be used to determine 8u / 8n from 9 or vice versa. 

Often the value of either 9 or 8u / 8n is measured at a specific wavelength. Due to 

inevitable dispersion in the differential scattering cross-section, the measl1l'ed quantities are 

of no value unless the dispersion relations are known. Fortunately a dispersion relation can 

be found for 8u/On by examining some very fundamental relations. Fermi's Golden Rule 

can be used to calculate the Raman transition probability per unit time, per unit volume, per 

unit energy in the electric-dipole approximation to yield [55] 

(2.44) 

where 11\/lil is the second-order perturbation dipole matrix elements; s(!i.tlw) is the Raman 

Iineshape function; tlw = Wp-Ws and a~ and Oop are the creation and annihilation operators 

for the Stokes and pump fields, respectively. By definition the differential Raman cross 

section {)2(1/8(Tiws)On is the scattering probability of an incoming pump photon at WI' per 

unit area into a Raman photon of a certain polarization at W,c; per unit solid angle around 

n and unit energy interval around Tiws. Multiplying Eq. 2.44 by the density of radiation 

modes per unit solid angle at frequency Ws, 

_ k~ (dks ) 
gE - 8 3 dw ' IT S 

(2.45) 
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the population density of the material initial state (Ji, and dividing the effective material 

excitation density (In 1 (Ct.! 1a.~a.pl Ct.i) 12 c, we find 

(2.46) 

Because (8a/8n) s(!i~w) = 82a/8(/iws)8n, the differential cross section per unit solid-

angle is given by 

(2.47) 

This result can be used to obtain the differential cross section at a new pump wavelength 

AP2 by the scaling law 

(8a/8nh,P2 APIA~I 
-....,.-~~ = 3 • (2.48) 
(8a/8nh,Pl AP2AS2 

Likewise, when Eq. 2.47 is substituted into Eq. 2.43 the scaling law for the gain parameter 

g is given by 

g(AP2) API 

g(Apt} = A/,2' 
(2.49) 

In a similar way, the initial photon densities for the second Stokes field can be found. 

The only difference being that the pumping field for the second Stokes field is the first 

Stokes field. As anticipated the initial first and Stokes photon densities are very small. 

However, irrespective of these seemingly minuscule densities, photon densities rivaling or 

even equalling the pump will eventually be achieved as a result of the exceedingly large 

nonlinear gains observed when stimulated Raman scattering begins. As mentioned previ-

ously cascaded conversion of the first Stokes to second Stokes field is nommlly considered 

to be a parasitic effect. That is, if the desired output is at the first Stokes wavelength, then 

cascaded conversion of the first Stokes to second Stokes represents a privation in the ulti-
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mate performance of the system. Therefore, when designing efficient systems, care must 

be taken to assure that feedback of the second Stokes wavelength is as low as possible. 

There is an important difference between modeling an anti-Stokes as opposed to a Stokes 

Raman laser. The anti-Stokes stimulated Raman gain cross section is identical to that of the 

Stokes [55] . However, in the case of the spo1lfaneous Raman scattering cross section, they 

differ by a the Boltzmann factor. This is due to the fact that for spontaneous anti-Stokes 

scattering, an optical phonon is annihi1ated. Whereas for spontaneous Stokes scattering, 

an optical phonon is created. Hence, for an anti-Stoke spontaneous scattering events to 

take place, an optical phonon must first be present which is only possible if the vibronic 

state has been thermally populated. In terms of the known Raman active mode frequency 

VI (measured in cm- I ), the difference in initial anti-Stoke versus Stoke photon densities is 

therefore 

rPASo -hvlc/kn7' --=e , 
rPso 

(2.50) 

where h~B is Boltzmann's constant, and T is the temperature (in K). If we take Ba(NO:Jh 

at room temperature (i.e. III = 1047 cm- I and T = 300 K) as an example, then the factor 

comes out to be ¢ ASo/ ¢so = O.OOG5 which is a significant difference. A major consideration 

to take into account in designing anti-Stokes lasers, therefore, is the parasitic effects off the 

Stokes radiation since it has a higher probability of growing from noise than does the anti-

Stokes radiation. One way to avoid these difficulties is to seed the anti-Stokes field with an 

external coherent source, giving it a much higher initial photon population than the Stokes 

field. 
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2.3 'Thmporal Model Results 

1\vo basic Raman laser systems will be modeled in the following sections: cw-pumped, 

and pulse-pumped intracavity Raman lasers. The "pumping" formats refer to the method 

in which the pump-laser is pumped. The output of both systems results from intracavity 

pumping from a Q-switched pump laser. In both cases the Raman output is optimized for 

first Stokes output, and the pulses are formed by nonlinear cavity dumping. 

2.3.1 CW-Pumped Intracavity Raman Laser Modeling Results 

In this section results are provided from a model of a cw arc-lamp pumped intracavity Ra

man laser. A schematic optical layout of the laser system is shown in Fig. 22. The pump 

laser media is aNd: YAG laser rod with diameter Drod = 6.0 mm and length Lrod = 100.0 

mm, and the Raman media is a 10 x 10 x 40 mm Ba(N03h crystal. The pump laser is con

figured to operate on the 1.338 Ilm line, and the Raman laser is configured to operate on 

the first Stokes shifted radiation at 1.556 It m. The parameters specific to the pump, first 

Stokes, and second Stokes cavities are given below. 

The total length of the pump cavity is assumed to be Lpc = 800.0 mm. The mode 

diameter of the pump beam in the laser rod is assumed to be drod = 2wpo = 3.0 mm. The 

reflectivity of the end mirrors and turning mirror at the pump wavelength are assumed to be 

99.8% and 99.5%, respectively. The transmission of the laser rod, intracavity lens, Raman 

crystal, and acousto-optic Q-switch are assumed to be 99.85%, 99.5%, 99.8%, and 99.8%, 

respectively. An absorption-scattering loss of air = 1.0 x 10-4 cm-1 is assumed for the 
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HR --- PI/mp 
--- Stokes 

LR AOM IIR 

Figure 22. Schematic of basic cw-pumped intracavity Raman laser: HR, high reflec
tor; DM, dichroic mirror; Re, Raman crystal; OC, output coupler; LR, laser rod; AOM, 
acousto-optic modulator. 
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laser rod. Hence, the total Joss coefficient is (c.f. Eq. 2.21) lip = 0.0761, and the pump 

cavity photon lifetime is Tp = 70.08 ns. 

For the Raman cavity the total cavity length is Ls = 600.0 mm. The mode diameter 

of the pump, first Stokes and second Stokes beams in the Raman crystal is assumed to 

be dp = ds = dss = 300 p.m. The reflectivity of the end mirrors at the first Stokes 

wavelength are assumed to be 50.0% and 99.5%. The transmission of the Ba(N03h crystal 

and dichroic mirror are 99.0% and 95.0%, respectively. The absorption and scattering loss 

in the Ba(N03 h crystal is assumed to be aso = 1.25 x 10-3 cm-l . Hence, the total loss 

coefficient at the first Stokes wavelength is lis = 0.8509. The first Stokes cavity lifetime is 

therefore TS = 4.7 ns. Utilizing the measured running gain parameter for Ba(N03h, which 

was measured at I.064/1.m to be 11 cm/OW [69] , we can determine the running gain at the 

pump wavelength of 1.338 11m from Eq. 2.49 to be gl.33R/lm = 8.75 cm/OW. The stimulated 

Raman cross section is therefore given by 

CTs = 
ghc2 

Ap (2.51) 

The spo1l1a1leolls differential scattering cross section aCT/an, can be found from gl.33R/lm 

using Eq. 2.43. However, before this can be done the scattering density Pn and Raman 

Iinewidth 6.vv must be determined. In Ba(N03h the strongest isolated Raman active mode 

is associated with the VI (A~) breathing mode of the nitrate ion NOil [93] . Therefore, Pn is 

simply the density NOil in Ba(N03h, which can be found from the density of Ba(NOah, 

dna(N03h = 3.230 glmol [58] , by comparing the molecular weight of NOil (FfVNCJ3 = 
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124.0 g/mol) to that of Ba(N03h (FIVBa(NOah = 124.0 g/mol). That is, 

( 3.230 mO.!I) (6.02 X 1023 molecules) (!~4.~Or:) 
(In - 261.35 em' mol 2b1..1u 

(2.52) 
3 !;3 X 1021 scallcrers 

-.v cm3 • 

The room temperature Raman linewidth for Ba(N03h has been measured [71] and is given 

by Avv = 0.3 cm- I , which when converted to Hz is Al111 = (3 x lOtoc:)(0.3 cm- I ) = D 

GHz. From these results, we find the differential scattering cross section for Ba(N03h at 

1.338 /1m to be 
ghC7rAllv 

2pn>.1 

_ 1 85 X 10-31 cm
2 

. sr . 

(2.53) 

Likewise, for the second Stokes wavelength (>'S8 = 1.8G8/lm), the reflectivity of both 

end mirrors are assumed to be 10.0%. The transmission of the Ba(N03h crystal and 

dichroic mirror are 99.0% and 95.0%, respectively. The absorption and scattering loss in 

the Ba(NOah crystal is assumed to be asso = 1.25 x 10-3 cm-I • Hence, the total loss co-

efficient at the first Stokes wavelength is fJss = 4.901. The second Stokes cavity lifetime 

is therefore TSS = 0.82 ns. 

The time dependent losses of the acousto-optic modulator (AOM), which acts as the Q-

switch, can be modeled by approximating the time dependent loss with a ramp function. 

That is, the time dependent loss can be incorporated into a time dependent "reflectivity" 

of the AOM, which starts at a high state of reflectivity Ron = O.D and falls off linearly to 

a passive reflectivity of Roll = 0.004. The finite switching time t.,tIJ = 200 ns determines 

the slope of the ramp function, i.e. 

RQs(t) = Ron [1 - _t ] + Roll' 
tsw 

(2.54) 
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The time dependent loss is therefore given by 

OQs(t) = -In [TQs(t)] , (2.55) 

where 

TQs(t) = [1 - RQS(t)]2 , (2.56) 

is the effective double pass Q-switch transmission. 

The only conditions left to determine are the inversion rntios rem, 1'i and 7',. As was 

discussed in Sec. 1, the initial and final inversion ratios ri and r, can be determined by 

simultaneously solving Eqs. 2.22 and 2.26, when the cw inversion ratio 7'clII is known. To 

find r CtlH however, we must first know the optimized cw output power for the pump laser, 

Popf.' The optimization output power can be found through a standard Rigrod analysis [7, 

53] . In a Rigrod analysis the cw output power is detemlined as a function of the output 

coupler reflectivity Roc, which gives the relation 

(2.57) 

where Isat is the saturntion intensity; Amv is the cross sectional area of the mode volume 

within the laser media; Rr is the effect;\·e total intracavity reflectivity (i.e. includes trans-

mission and absorption losses); and Gu is the roundtrip unsaturated gain. The saturation 

intensity is given by [7] 

(2.58) 

- 5.38 kW, 
where a = 1.2 x 10-10 cm2 is the stimulated gain cross section of Nd:YAG; Tr = 230 ItS is 

the radiative lifetime; and Ap = 1.338 Jlm is the laser wavelength. The cross sectional area 



of the gain mode volume is 
2 

- 'TrWPo 

- 0.0707 cm2. 
The effective total intracavity reflectivity is given by 

- 0.9267, 
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(2.59) 

(2.60) 

where RlIn = (0.998)(0.995)2(0.998), Trt = [(0.9985)2(0.995)2(0.998)2(0.998)2]2, and 

Ei aoiLi = (0.0001) x 100. 

The roundtrip unsaturated gain Gu is given by [7] 

(2.61) 

where au is the unsaturated gain coefficient given by [7] 

(2.62) 

where Pav is the optical power available to create the inversion in the laser media. This 

power is directly related to the electrical input power to the system and can be estimated by 

the efficiency product given in Eq. 2.35. We assume that for a net electrical input power of 

3 kW, the available optical power used to produce the inverted population is Pm. ~ 119.3 

W. This gives an unsaturated gain coefficient of (~tt = 0.0157 cm- I and an unsaturated gain 

coefficient of Gu = 1.3G83. Utilizing the results of Eqs. 2.58 through 2.62 in Eq. 2.57, we 

find the cw output power as a function of the output coupler reflectivity Roc as shown in 

Fig. 23. The optimum output coupler reflectivity is therefore Roc ~ 0.87, which yields an 

output power of Popt = Pollt (C).87) ~ 58 lV. It is important to note that in the case of an 
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Figure 23. CW power output of pump laser as a function of output coupler reflectivity, Roc. 
A power output of 58 W is obtained when Rnc = 0.87. 
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Figure 24. Initial (red) and final (blue) inversion ratios as a function of the pulse repitition 
rate fr' for the laser parameters given in this section. 

intracavity Raman laser, the "output coupling" is done through nonlinear conversion and 

not through a partially reflecting mirror. Recall that all the pump mirrors are high reflectors. 

The results of this Rigrod analysis shows that the optimized nonlinear impedance will be 

0.87. 

Substituting Popi. into Eq. 2.25 gives a cw inversion ratio of l'rw = 2.653. Equations 2.22 

and 2.26 can now be solved simultaneously to determine the initial and final inversion ratios 

1'i and 1'/0 respectively. These inversion ratios depend on the Q-switchcd pulse repetition 

frequency fr and are shown in Fig. 24. The initial inversion ratio (red) is shown to decrease 

as the pulse repetition rate increases. This is due to a decreased time interval given in 

the charging cycle of the laser media. That is, due to the finite optical pumping rate, the 

inversion takes time to form. Therefore, the charging cycle is intemlpted before a maximum 

inversion is achieved. The final inversion, however, increases with fro This is due to the 
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lower gain achieved as a result of the smaller initial inversion. A smaller gain leads to 

lower field f1uences in the cavity which "bum up" less inversion atoms. Hence, the final 

inversion ratio is increased. It can be clearly seen that at fr ;S 7r-
1, the inversion ratios 

are independent of the pulse repetition rate. From the arguments provided it would seem as 

though as fr --+ 0, ri --+ 00, and r f --+ O. That is, the charging cycle window will increase 

boundlessly as fr goes to zero, which would give the laser media all the time required to 

become completely inverted. However, this idealistic view is not so, however, because of 

spontaneous emission which will limit the ultimate achievable inversion. 

The estimated laser pulse energy is directly related to the difference between the initial 

and final inversion ratios; i.e., 

where 

nth -

is the threshold inversion, and 

Op 
2uLzr 

- 0.7069 cma 

(2.63) 

(2.64) 

(2.65) 

is the mode volume. From the inversion values in Fig. 24 we show in Fig. 25 the depen-

dence of the pulse energy as a function of fro The pulse energy has a similar dependence 

on fro For fr ;S 7;1 the pulse energy is constant, and as fr increases past 7;1, the energy 

per pulse decreases. This dependence affords us a much needed degree of freedom as we 

will show. Since the Raman gain is dependent on the intracavity pump pulse energy and 
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Figure 25. Estimated intracavity pump energy as a function of the pulse repetiton rate fro 
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Figure 26. Estimated intracavity anverage power in the pump beam as a function of Ir' 

the pump pulse energy depends on Ir' we can tUlle the Raman gain by varying the pulse 

repetition rate. As was mentioned previously, the ability to tune the Raman gain is exceed-

ingly important in order to achieve impedance matching. That is, to achieve the highest 

efficiency, the nonlinear impedance, which is related to the Raman gain, can be tuned to the 

optimized value of 0.97. 

Although the intracavity pulse energy decreases with Ir' the average power does not. 

This can be demonstrated by plotting the estimated average power output as Pall(fr) = 

IrEp(fr) as shown in Fig. 26. As anticipated the average power approaches Popt = 58 W 

as Ir --+ 00. 

As an initial example we will choose to solve the dynamical equation in Eq. 2.20 when 

Ir = 1 kHz, when the pulse energy is a maximum. For example, at this repetition rate the 

initial inversion density can be found by Eq. 2.27 to be nio = 2.03 x 1017 em-3• From Eqs. 

2.37 and 2.38 we find the initial pump and Stokes photon densities (and second Stokes) to 

be: ¢Po = 1.43 X 107 em-a, ¢so = 2.94 x 10-0 em-3, and ¢sso = 1.01 X 10-20 cm-3• 
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Figure 27. Raman laser Q-switched pulse dynamics when fr = 1 kHz. The inversion is 
shown as black and is reduced by a factor of ] 00. The pump pulses are blue and the first 
Stokes are red. Second Stokes pulses cannot be seen. 

The numerical solution for the macroscopic pulse dynamics for these parameters is shown 

in Fig. 27. A total of four sets of optical pulses are formed over this time interval which is 

then repeated at a repetition frequency of fr = 1 kHz. This is a classic example of an under 

coupled system, where the nonlinear gain is much too large compared to the losses in the 

Raman cavity. Multiple pulses arise as a direct result of gain-switching as was discussed in 

Sec. ] .2. The inversion shown in black starts at the initial value nio and then stair-steps at 

each set of optical pulses until it reaches a point below the threshold inversion nth. More 

than one set of optical pulses evolve because the Raman threshold is too low. That is, the 

first pump pulse (blue) does not have enough time to "bum up" the available inversion 

before the Raman threshold is reached. When the Raman threshold is reached, the pump 

pulse is in effect dumped into Raman cavity in the form of a Stokes pulse (red), which is 

then ejected within a single roundtrip of the Raman cavity. Because the inversion is left 

in a state above the threshold gain, the pump field will build up and form another pulse, 
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which again reaches the Raman threshold and is dumped into another Stokes pulse. As the 

inversion stair-steps down, however, the laser gain decreases which has two effects on the 

pump laser pulses. First the pulse requires more time to form (Le. the pulse buildup time 

increases). Secondly, the rise-time of the pulse decreases (Le., the slope of the leading edge 

decreases). In terms of the coupled dynamics of the intracavity Raman laser system, the 

first effect causes the pulse separation interval to increase after each set of pulses is formed. 

The second effect will lead to smaller nonlinear gains for later pulses. This is because the 

nonlinear gain depends on the peak power of the pump field, which is related to the slope of 

the pulse (Le. photons/sec). Therefore, eventually a pump pulse can form without reaching 

Raman threshold. 

In designing an intracavity Raman laser it is usually desirable for only one pulse pair 

to form per Q-switch cycle. To achieve the single pulse condition we therefore require an 

ability to tune the Raman gain. There are several system parameters which directly affect 

the Raman gain for a cw pumped system, such as: (I) pulse repetition rate; (2) electrical 

input power; (3) focusing parameter; (4) Raman crystal length; and (5) Raman cavity output 

coupling. Anyone of these system parameters can, in principle, be varied. However, (I) 

and (2) are most easily varied. It is important to note that not all of these parameter are 

independent of each other. For example, as we have already shown in eh. 2, when the 

laser media is in the geometrical shape of a rod, input power dependent thermal focusing 

can change the focusing parameter. Hence, (2) and (3) are not independent in this case. It 

is therefore prudent to vary parameters (2) through (5) as a course adjustment, and vary 

(1) as a fine adjustment. Therefore, we increased the pulse repetition rate to Ir = 5 kHz. 
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Figure 28. Temporal model output for fr = 5 kHz. The laser inversion is shown as black; 
pump field is blue; and Stokes field is red. 

The resultant pulse series is shown in Fig. 28. Now only one set of pump-Stokes pulses 

appear. However, the final inversion is still greater than the threshold inversion leading to 

the formation of another pump pulse. The system is still not perfectly impedance matched, 

and is therefore inefficient. Increasing fr further to 10kHz, we find the series in Fig. 

29. The final inversion is now below the laser threshold; however, a significant "over-

shoot" of the pump pulse is now evident. That is, the pump pulse reaches a maximum and 

begins to ring-down before the Raman threshold is reached. The energy contained in the 

pump pulse between the maximum and where the Raman threshold is achieved is therefore 

wasted, going into passive losses in the pump cavity. A low Raman gain is to blame for 

this behavior. As with any laser, the Raman laser needs time to buildup. This buildup 

time depends strongly on the Raman gain. In other words, the buildup time decreases with 

increased Raman gain. In the case shown in Fig. 29, the buildup time in the Raman laser 

is slow enough that the pump actually starts to decay before the Stokes forms. Figure 30 
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Figure 30. Closeup view of the pulses for fr = 10 kHz. The laser inversion is black; pump 
laser is blue; and Stokes pulse is red. 

shows a close-up of the pump-Stokes pulse pair in Fig. 29. In this case, the system is said 

to be over coupled; i.e., the nonlinear impedance is too high for this particular set of system 

parameters. To properly match the system impedance with the nonlinear impedance, we 

must therefore decrease fro Figure 31 shows the results for fr = 7 kHz. Again, only one 

pump-Stokes pulse set is formed. However, now no pump over-shoot is obserVed. This 

can be seen more clearly in the close-up view shown in Fig. 32. The system is perfectly 

impedance matched for these set of operating parameters. 

One very interesting characteristic of the temporal profiles shown in Fig. 32 is the effec-

tive compression of the output pulse from the laser. This is due to nonlinear cavity dump-

ing. As was mentioned in Sec. 1.1, many laser applications require high-energy (E > 50 

mJ/pulse), high-average-power (Pav > 10 W), short-pulse (rplII ;S 1 ns) coherent radiation 

(e.g. high-resolution laser imaging radar). Currently, there are no laser techniques which 

can satisfy both the requirements of high-average-power and short-pulses. Examples of 

laser systems which provide high-energy, high-average-power are diode-pumped slab, Q-
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Figure 31. Temporal model output for Ir = 7 kHz. The laser inversion is black; pump laser 
is blue; and Stokes pulse is red. 
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Figure 32. Closeup view of the pulses for Ir = 7 kHz. The laser inversion is black; pump 
laser is blue; and Stokes pulse is red. 
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switched lasers. The Q-switched pulse-width, however, is limited to a minimum of about 

Tpw ~ 8 ns. Pulse compression techniques do exist (e.g. by utilizing stimulated Brillouin 

scattering (SBS) [2,3]). However, this process is not currently suitable for power scal

ing because only liquids have been demonstrated to work as SBS media. Other systems, 

such as mode-locked, Q-switched, cavity-dumped Nd:YAG lasers do provide high-energy 

(E > 100 mJ/pulse), short pulses (Tpw ;S 40 ps), but they cannot be power scaled either. 

Therefore, iritracavity solid-state Raman lasers are unique in that they automatically satisfy 

these conditions as well as the conditions of good beam quality (c.f. eh. 5). 

As was discussed in Sec. 1.1, the output pulse-width of an intracavity Raman laser can 

be lUlled by varying the Stokes cavity lifetime TS, which depends on both the roundtrip time 

Trt = 2Ls/c and the output coupler reflectivity Rs,oc. Since the pump and Raman laser 

cavity lengths can be independently varied, the output Stokes pulse-width is most easily 

tuned by varying the Raman cavity length Ls. In the examples we have provided in this 

section the Raman cavity length was fixed at Ls = 600 mm. A more detailed view of 

the output pulses for ir = 7 kHz is displayed in Fig. 33. From the figure we see that the 

output Stokes pulse-width is TS = 5 ns when Ls = 600 mm. Reducing the cavity length to 

Ls = 100 mm and reduce ir to I kHz to get over threshold, since the threshold increases 

when the cavity length decreases, we obtain the un-optimized Stoke pulse shown in Fig. 

34. Here we see the Stokes pulse-width decreased to TS = 1 ns. Reoptimization is still 

necessary, however, since the system parameters have changed. 
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Figure 33. Detailed view of the Stokes pulse for Ir = 7 kHz. The laser inversion is black; 
pump laser is blue; and Stokes pulse is red. The Stokes pulse width is TS = 5 ns for 
Ls = 600mm. 
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Figure 35. Schematic of basic pulsed-pumped intracavity Raman laser: HR, high reflector; 
DM, dichroic mirror; To telescope; RC, Raman crystal; OC, output coupler; LR, laser rod; 
P, polarizer; PC, pockel's cell. 

2.3.2 Pulse-Pumped Intracavity Raman Laser Modeling Results 

In this section results are provided from a model of a pulsed flash-lamp pumped intracavity 

Raman laser. A schematic optical layout of the laser system is shown in Fig. 35. As with the 

cw-pumped laser modeled in the previous section, the pump laser media is aNd: YAG laser 

rod with diameter Drod = 6.0 mm, and the Raman media is a 10 x 10 x 40 mm Ba(N03h 

crystal; however, in this case the rod length is L rod = 76.0 mm. Again, the pump laser is 

configured to operate on the 1.338 p.m line, and the Raman laser is configured to operate 

on the first Stokes shifted radiation at 1.556/l m. The parameters specific to the pump, first 

Stokes, and second Stokes cavities follow. 

The total length of the pump cavity is assumed to be LpG = 800.0 mm. As in the 

previous section, the mode diameter of the pump beam in the laser rod is assumed to be 

droll = 2wl'o = 3.0 mm. The reflectivity of the end mirrors and turning milTor at the pump 

wavelength are assumed to be 99.5% and 99.7%, respectively. The transmission of the laser 
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rod, intracavity lens, Raman crystal, and electro-optic Q-switch, are assumed to be 99.8%, 

99.8%, 98.0%, and 99.6%, respectively. An absorption-scattering loss of air = 6.6 X 10-5 

cm- l is assumed for the laser rod. Hence, the total loss coefficient is (c.f. Eq. 2.21) 6p = 

0.145, and the pump cavity photon Jifetime is Tp = 32.21 ns. 

For the Raman cavity, the total cavity length is Ls = 600.0 mm. The mode diameter 

of the pump, first Stokes and second Stokes beams in the Raman crystal is assumed to 

be dp = ds = dss = 1.0 mm. The reflectivity of the end mirrors at the first Stokes 

wavelength are assumed to be 50.0% and 99.5%. The transmission of the Ba(NOah crystal 

and dichroic mirror are 99.0% and 95.0%, respectively. The absorption and scattering loss 

in the Ba(NOah crystal is assumed to be aso = 6.25 x 10-4 cm- l • Hence, the total loss 

coefficient at the first Stokes wavelength is fls = 0.949. The first Stokes cavity Jifetime 

is therefore TS = 4.2 ns. The stimulated and spontaneous Raman scattering cross sections 

were determined for Ba(NOah at 1.338/tm in the previous section (c.f. Eqs. 2.51 and 2.53, 

respectively) and are given by as = 3.90 x 10-17 cm2 and (8(1/80,) = 1.85 X 1O-31cm
2

, 
sr 

respectively. 

Likewise, for the second Stokes wavelength (Ass = 1.858 /tm), the reflectivity of both 

end mirrors are assumed to be 10.0%. The transmission of the Ba(NOah crystal and 

dichroic mirror are 99.0% and 95.0%, respectively. The absorption and scattering loss in 

the Ba(NOah crystal is assumed to be asso = 6.25 x lO-a cm- I • Hence, the total loss co-

efficient at the first Stokes wavelength is 6ss = 4.901. The second Stokes cavity Jifetime 

is therefore TSS = 0.82 ns. 
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As in the previous section, the time dependent losses of the Pockel's cell-polarizer com

bination can be modeled by approximating the time dependent loss with a ramp function. 

Here we use the functions derived in the previous section for the time dependent loss; i.e. 

Eqs. 2.54 through 2.56, where in this case Ron = 0.999 and Rof/ = 0.004. 

The maximum pulse repetition rate depends on several factors associated with the driving 

electronics of the flash-lamp (or pulsed diode) driving circuitry. Unless special measures 

are taken the ultimate pulse repetition rate is less than I kHz. Hence, the condition fr < T;l 

is assumed. The initial and final inversion will therefore be independent of Jr, as was shown 

in Fig. 24. The basic physics of pulsed optical pumping was discussed in Sec. 2, where it 

was determined that the most efficient pumping pulse-width was given by Tpw = Tr • When 

this condition is satisfied the initial inversion is given by Eq. 2.33. The only unknown 

parameter in this relation is Pav which is the available optical pumping power to create 

the inversion in the laser media. Again, this power is directly related to the electrical input 

power to the system and can be estimated by the efficiency product given in Eq. 2.35. 

We estimate that for a net electrical input power of 3.2 kW, the available optical power is 

used to produce the inverted population when Jr = 300 Hz is Pav ~ 280 W. The optimum 

initial inversion density can be found from Eq. 2.34 to be nio = 4.97 x 1017 cm:). When 

related to the threshold inversion, which is given by Eq. 2.23 to be nih = 7.95 x lOHi 

cm:), the inversion ratio is found to be 7'i = 6.25. The final inversion ration can now be 

found by solving Eq. 2.26, which yields a value 7'1 = 0.012, and is much smaller than 

in the case of cw pumping due to the higher gain. The difference between the initial and 

final inversion ratios is 2.6 times larger than the inversion ratio obtained in the cw case. 
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The gain is increased by a factor approximated by EXp[(1" - 7'i)pp - (1" - 1'i)r.tII] ~ 46. 

Since the laser gain is much greater, a smaller nonlinear impedance is required from the 

coupled Raman laser. This can be shown by performing a Rigrod analysis to determine 

the optimized output coupling reflectivity R()c, which is related to the optimum nonlinear 

impedance by the following relationship: 

ONL = -2111[1- R()c], (2.66) 

To find the optimized value for R()c we again utilized the expression given in Eq. 2.57. 

The saturation intensity Isat and mode volume cross sectional Amv are identical to those 

calculated in the previous section in Eqs. 2.58 and 2.59. From Eq. 2.62 we find the unsat

urated gain coefficient of au = 0.0484 cm-I, which from Eq. 2.61 yields an unsaturated 

gain coefficient of Gu = 2.086. From Eq. 2.60 we find the effective roundtrip reflectiv

ity to be given by Rr = 0.856. Figure 36 shows a plot of the output power as a function 

of the effective output coupler reflectivity. The optimum effective output coupler reflec

tivity is therefore R()c = 0.73. Utilizing the relation in Eq. 2.66, we find the optimum 

nonlinear impedance to be OND = 2.62. When we compare this to the cw pumped case, 

we find OND,cl/J = 4.08 which means the nonlinear gain must be reduced by a factor of 

EXP[OND,v - ONIJ,r.w] = 0.232. 

Figure 37 shows the initial results of the dynamical model for the parameters chosen. 

Again, multiple pulses arise because the system is under-coupled. In Sec. I we showed 

that the gain could be tuned by varying the pulse repetition rate fro In this case, however, 

varying fr will have no effect on the nonlinear gain since fr is limited to values below r; 1 • 
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Figure 36. Rigrod analysis for the pUlse-pumped Raman laser. A maximum pulse output 
power of Popt ~ 130 W is obtained when Roc ~ 0.73. 
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Figure 37. Temporal model output for pUlse-pumped (flash-lamp) Raman laser for the initial 
parameters chosen. The displayed inversion is shown as black and is reduced by a factor of 
0.06. The pump pulses are blue, and the first Stokes is red. Second Stokes pulses cannot 
be seen. 
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Figure 38. Temporal model output for pulse-pumped Raman laser (flash-lamp) when the 
multi-mode pump and single-mode Stokes diameter increases from I mm to 1.5 mm. The 
displayed inversion is shown as black and is reduced by a factor of 0.06. The pump pulses 
are blue, and the first Stokes is red. Second Stokes pulses cannot be seen. 

We must therefore choose a different parameter to vary. In the case of pulse-pumped lasers, 

the easiest parameter to control (aside from the input power) is the focusing parameter (c.f. 

2). The results shown in Fig. 37 were obtained when the multi-mode pump and s;ngle-

mode Stokes beam diameters were d = 1 mOl. When the diameter is increased to 1.5 mm 

the results shown in Fig. 38 are obtained. A single set of pulses is obtained; however, 

the inversion after the nonlinear cavity dumping event is still above threshold resulting in 

an extra pump pulse. When we increase the beam diameters further to 1.75 mm the extra 

pump pulse vanishes, and the pulse profiles shown in Fig. 39 are formed. For the parameters 

chosen the beam diameter of 1.75 mm yields near-perfect impedance matching. A further 

increase in the beam diameter will decrease the Raman gain, leading to the conditions of 

over-coupling. Figure 40 and 41 show the results of increasing the beam diameters to 2.5 

and 2.9 mm, respectively. In these cases the Raman laser threshold is not achieved until 

after the pump pulse has decayed significantly. The long buildup time of the Raman pulse is 
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Figure 40. Temporal model output for pulse-pumped Raman laser (flash-lamp) when the 
multi-mode pump and single-mode Stokes diameter are 2.5 mm. The displayed inversion 
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a direct result of the reduced Raman gain. Because this system is causal, only the remaining 

portion of the pump pulse is converted to the Stokes pulse. The conversion efficiency is 

therefore reduced dramatically when the system is not impedance matched. 



Chapter 4 
Roundtrip Pulse Dynamics 
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Optically pumped single mode mid-infrared Raman lasers have played a key role in 

both theoretical [59-61] and experimental investigations of dynamical instability in ho-

mogeneously broadened lasers [62-64] . Much of this work was inspired by Haken's [65] 

original insight into the isomorphism between the famous Lorenz equations describing ther-

mal convection in the atmosphere and Maxwell-Bloch equations describing homogeneously 

broadened three-level lasers. 

Experimental studies performed on intracavity Raman lasers utilizing gaseous Raman 

medium [46,66] have likewise shown that period doubling routes to chaos and fully de-

veloped chaos were observed in both the pump and Stokes intensity spectrum. To obtain 

chaotic pulse dynamics, however, long interaction lengths in the Raman medium were re-

quired. Recent investigations have shown that solid-state Raman medium have the poten-

tial of delivering much higher gain per unit length than standard gaseous and liquid Raman 

media [67] . In par1icular Ba(N03h bears a record room temperature nmning gain of 47 

cm/OW at 532 nm [68] (II cm/OW at 1.064 Jim [69] ). Therefore, intracavity solid-state 

Raman lasers are well suited candidates for studying chaos in lasers. 

Theoretically, intracavity Raman lasers are much more complex to treat than optically 

pumped extra-cavity Raman lasers. The development of a practical model based on the 

Lorenz-Haken equations is a potentially formidable task due to the two-dimensional nature 

of the co-existent attractors and the presence of other competing nonlinearities. However, 

when certain simplifying assumptions are invoked, the complex coupled field dynamics 
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of intracavity Raman lasers may be treated by applying a naive model based on an Ikeda 

intensity map [70] . When certain conditions are met this model is adequate to characterize 

the topological structure of the two-dimensional co-existent attractors (which derive the 

coupled pulse dynamics) for a range of nonlinear coupling parameters. 

In this section we will develop a simple, generalized procedure for determining a roundtrip 

pulse-intensity mapping functions for cw pumped laser cavities containing intracavity non

linear elements. Specifically we will derive the roundtrip mapping function for a linear 

laser resonator coupled to an intracavity Raman laser. The topological structure of the 

two-dimensional attractor is revealed by nesting initial values of the normalized pump and 

Stokes pulse intensities untilthey attain a final state. The initial values can be seeded by a 

random number generator which is properly transformed to model initial laser spike intensi

ties. In this way both the transient and steady-state behaviors ofthe system are characterized 

for a given set of coupling parameters. The parametric location of the solitary fixed-point, 

period doubling bifurcations and optical turbulence can be determined using this simple 

technique. 

1 Theoretical Model 

It is well known that in the absence of optical nonlinearities (other than the laser transi

tion itself), the temporal structure of a multi-axial mode laser, which has built up from an 

initial noise field, will exhibit strong fluctuations. These originate from the interference 

of longitudinal laser modes with random phase relations which are made to oscillate by 

spectral and/or spacial hole burning in the laser medium. These random fluctuations can 
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be transformed into a powerful, well-defined single pulse circulating in the laser cavity by 

the introduction of a suitable nonlinear element in the cavity, such as a Raman medium. 

The nonlinear element must create an amplitude instability such that an intensive fluctua

tion experiences an increased net overall gain with respect to less intensive portions of the 

circulating field. As a result of this discriminatory positive feedback mechanism, a circum

stance favoring the buildup of an intense single pulse in the resonator can exist, and mode 

locking may ensue. For preferential buildup of a single ultra-short pulse to persist in lasers 

having long relaxation times (e.g. most solid-state lasers), the response time of the nonlin

ear loss must be nearly instantaneous « 10 fs) to assure that the effective gain window is 

short enough to prohibit the buildup of neighboring fluctuations. In the case of intracav

ity solid-state Raman lasers, two nonlinear mechanisms coexist which fulfill this criteria 

simultaneously: SRS gain and self-focusing. 

For the pumping field, self-amplitude modulation can be accomplished through the Kerr

lens effect. The spatial intensity variation of the focused pumping field induces a spacial 

refractive index profile (self-focusing) in the Raman crystal (7)] . Because the magnitude 

of the focusing is dependent on the instantaneous power of the pumping field, it is possible 

to induce an instantaneous amplitude modulation of the pumping field when the transmis

sion through a suitable limiting aperture is increased by the transient focus. The Kerr-lens 

aperture combination acts as a nonlinear intensity filter, allowing only the largest pump in

tensity spikes to survive. These intense pulses buildup regeneratively over each roundtrip 

of the oscillator by experiencing gain in the laser medium. If the buildup is completed 

within the lifetime of the mode-beating fluctuations Tc, the field may become mode-locked 
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[72, 73]. Several deleterious factors can lead to shortened values of Te, making stable 

self-mode-Iocking of the pumping field in Raman lasers a challenge; such as l1ncorrelated 

perturbations to the amplitude and/or phases of the oscillating modes [72] , random cou

pling between oscillator modes [73] ,intracavity dispersion [74] and feedback mechanisms 

(e.g. spurious reflections from within or from outside the cavity [75] ). 

The Stokes field is likewise amplitude modulated through Raman gain. When intense 

pump pulses buildup, a small percentage of the pump photons contained within a pulse 

undergo spontaneous Raman scattering into the anti-Stokes and Stokes sidebands. A small 

fraction of this scattered radiation is captured by the coupled Stokes cavity, seeding the 

buildup of a Stokes eigenmodes through stimulated Raman scattering (SRS). When the 

Raman gain exceeds the intracavity losses, the threshold for lasing in the Stoked cavity 

is achieved, and the Raman laser acts as a passive cavity dump for the pump pulses. The 

intense pulses stored in the primary pump laser cavity are therefore transformed into intense 

Stokes pulses. This effective energy transfer between the pump and Stokes field serves as a 

periodic nonlinear loss mechanism for the pumping field and a periodic gain modulation for 

the Stokes field. For the relative loss and gain modulation periods of the pump and Stokes 

fields to be commensurate, the cavity roundtrip times for the pump and Stokes fields must 

obviously be matched. Throughout our treatment we will consider only the case where both 

cavities are perfectly matched. 

The dynamical buildup of pulsating pump and Stokes fields in Raman lasers is poten

tially a very complex problem. Competing nonlinear gain and loss mechanisms affect the 

buildup of potentially stable self-mode-Iocked pump and Stokes fields. Situations can arise, 
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however, when the nonlinear SRS conversion loss suffered by a pump pulse, in favor of a 

Stokes pulse, is exactly compensated by the regenerative gain in the pump lasing medium. 

For these special cases a stable attractive limit cycle will coexist for both the circulating 

pump and Stokes fields. If the proper phasing conditions exist (Le. in the absence of non

linear frequency pulling effects), such that the longitudinal modes in each cavity couple, 

both the pump and Raman lasers may spontaneously mode lock. 

As the nonlinear gain is increased, the stationary pulse dynamics succumb to intensity 

instabilities because the nonlinear loss due to SRS conversion of the pumping field is not 

fully compensated by the roundtrip gain in the lasing medium. When the attractor becomes 

unstable, a bifurcation in the roundtrip pump and Stokes pulse intensities appear (Le. period 

doubling bifurcation grows out of the instability in the attractor), which is the hallmark to 

the route to chaos. Further increase of the nonlinear gain leads to cascaded bifurcations 

until the topological structure of the attractor is turbulent and chaos is imminent. 

To predict the stable and unstable pulse dynamics of the pump and Raman fields, we will 

assume that initially the pump pulses arise from preferentially amplified noise spikes and 

that as these pulses travel through many roundtrips of the cavity, their intensities are modi

fied by three basic intensity transformation operations: linear loss, saturable laser gain, and 

nonlinear loss or gain due to SRS conversion in the Raman crystal. Each of these three 

primitive intensity transformation operations can be represented by a nonlinear transfor

mation operator 0, operating on the set of normalized pump and Stokes pulse intensities 

{Pi s}. A single roundtrip nonlinear transformation operator can then be formed for any 

resonator (linear or ring) by nesting the appropriate set of nonlinear transformation prim-
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itives. In this way, a roundtrip pulse intensity mapping function is defined. The transient 

and final state of the system (i.e. steady-state pump- and Stokes-pulse intensities) is deter

mined by iteration of the roundtrip mapping function. This approach was originally taken 

by Yu. N. Yashkir and O. V. Yashkir [76] to investigate the nonlinear dynamics of intra

cavity Raman ring lasers. However, their treatment of the saturable laser gain and Raman 

conversion was erroneous, and their intensity mapping function is only applicable to very 

specific Raman ring resonator configurations. 

In the original work of Yashkir, et al. four approximations were taken. We have adopted 

the first two: (I) the pump and Stoke temporal pulse profiles, along with the cavity roundtrip 

time Trh remains constant; and (2) the pulse-widths obey the relation T2 < rp1l1 < Trh where 

T2 is the polarization dephasing time of the Raman medium, and rpw represents the pump 

pulse-widths. The remaining two assumptions of Yashkir appeal to the less general nature 

of their treatment and are unnecessary in our model. 

Of the two approximations adopted, the first is applied because there is no straight

forward method to account for the variation in the pulse profiles as the system starts from 

noise to its limit cycle. This is a valid assumption as long as pulse shortening or stretching 

mechanisms (i.e. self phase modulation) do not become essential. The second approxima

tion is applied to avoid using the application of the transient SRS gain relations [77,78] , 

which are valid for high gain solid-state stimulated Raman scattering (SSRS) medium since 

T2 :::::: 20 ps. Only when SSRS materials are utilized in tandem with large bandwidth lasing 

medium (such as 1i:sapphire or Cr'H:LiSAF), where transform limited mode-locked pulse 

widths are much shorter than T2, does this approximation break down. Hence, the second 
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approximation is valid when small bandwidth lasing medium such as Nd:YAG, which was 

utilized in our experiments, are employed. 

1.1 Plane-to-plane Intensity 'ftansformation Primitives 

In the case of intracavity Raman lasers three basic intensity transformation primitives can be 

defined which transform the intensity of the pump and Stokes pulses from one intracavity 

plane to the next. In general, any system containing lasing media, nonlinear media, and 

linear loss elements can be treated using this method (e.g. second harmonic generation 

(SHG), intracavity sum or difference frequency mixing (SFMlDFM), and intracavity optical 

parametric generation or oscillation (OPG/OPO». 

The intensity transformation primitives all have the same basic form: 

(1.67) 

where Pi,j and Si,j are the normalized pump and Stokes pulse intensities on the i'''' roundtrip 

at the lh plane in the unfolded resonator. It is convenient, in the case of SRS, to normalize 

both intensities with respect to the laser medium saturation intensity, I.9at = liwp / (J 1"" where 

wp is the lasing frequency; (J is the lasing cross-section; and 1", is the fluorescence lifetime 

of the lasing transition. Therefore, in terms of Isat. the normalized intensities are defined 

by Pi,j = Ip(i,j)/Isat and Si,j = Is(i,j)/Isat for the pump and Stokes field intensities, 

respectively. 

In defining the loss operator Dij, it is convenient to use the so-called "delta-notation" 

[7] , which has become the standard notation in defining loss for other laser modeling pro

cedures. In this notation all power loss (or gain) is defined in terms of the 8-exponent. In 
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this way absorption and scattering loss is accounted for by the tenn Do = 20'.0L, where 0'.0 is 

the absorption or scattering coefficient and L is the interaction length of the lossy element. 

Likewise, for power loss upon reflection can be treated by defining Dj = -In(Rj ), where 

Rj is the power reflection value. If the region between two planes contain more that one 

lossy element, the D values are added. Hence, the loss operator Dij is defined by 

o (' ') 6 (' ') D .. {p, " ~, ,} - {e- P l" p' "e- S l,' ~, ,} l, l,,' . ,,, - Z,,' . l,' , (1.68) 

where Dp(i,j) and Ds(i,j) represent the total (summed) loss coefficient between the lh 

and j + 1 th planes in the resonator on the ith roundtrip for the pump and Stokes fields, 

respectively. By preserving the roundtrip index i, time dependent losses, such as Q-switch 

or cavity dump losses, can be applied. 

In a similar manner the saturable laser gain nonlinear operator L;j is defined. For a 

saturable laser medium it is well known that for a single pass of an inverted medium of 

length LI71H a transcendental relation exists between the input and output pump intensities, 

[I'(i,j) and [p(i,j+1), respectively. This relationship is given by [7] 

[r(i,j+l) _ G. [[I'(i,j+1) - [['(i,j)] 
[ (

' ') - 0 exp [ , 
p ~,J Rnt 

(1.69) 

where Go is the unsaturate small-signal power gain coefficient, which is related to the lasing 

level inversion tlNo by [7] 

(1.70) 

Because Eq. 1.69 is transcendental, exact solutions are only obtained by numerical solution. 

When necessary standard numerical techniques can be implemented to solve Eq. 1.69. The 
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most efficient programmatic procedure is accomplished by creating a interpolating function 

from a set of numerically determined solutions of Eq. 1.69. By adaptively sampling the 

solutions (i.e. more points are sampled in regions where the function rapidly changes and 

less points where the function becomes linear) over a known range of input intensity values, 

a very efficient and accurate interpolating function I p( i, j + 1) [I p( i, j)] can be obtained. 

Alternatively if the single pass gain is small, then 

Ip(i,j+l) - Ip(i,j) 1 
I 

« , 
snt 

(1.71) 

and Eq. 1.69 can be approximated by expanding the exponent in a Thylor series. Preserving 

only the linear term, the resultant expression yields the normalized relationship 

GoPi,j [1 + 1Ji,i] 
Pi,i+l ~ 1 + G .. . 

OP'" 
(1.72) 

The approximation for Pi,i+l given in Eq. 1.72 is valid in the case of cw pumped lasers. 

Here we assume that either the cavity configuration is such that the Stokes field is de-

coupled from the branch of the pump cavity containing the laser medium [45] , or (as in the 

case of the experiments to be discussed) the Stokes field traverses the laser medium but is 

not within the gain bandwidth of the lasing transition. Therefore, over the laser medium the 

Stokes field only experiences loss. The plane-to-plane laser operator for the Stokes field is 

therefore represented by a loss operator, such that 

L .. {p . . ' s .. } - {Go Pi,j [1 + Pi,j] . e-lis(i,j) 8' .} 
J1, 1

"
,' ," - 1 + G .. " . ," . OP,." 

(1.73) 
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The final nonlinear plane-to-plane operator to be defined for intracavity Raman lasers is 

that which describes the Raman conversion operation. Making the assumption that Tpw > > 

T2 , so that the material excitation in the Raman medium can be considered to be station-

ary (i.e. the "adiabatic following" approximation holds), the coupled nonlinear equations 

describing Raman conversion take on a familiar form [79] ; i.e., 

1 ( . .) Is( i, j) [f 1 (' ') L 1 
o 't,J I (' ') exp N'Y 0 't,J 1'm 

I ( ' '+1) p 't,] s 't, J = --A-:--I~(~' ~'):---------

1 + \ s IS(~'J,) exp [IN 'Y Io(i,j) Lrml 
AP p't,J 

(1.74) 

and 

I ( ' , 1) Io( i, j) 
P 't, J+ = A I (' ') 

1 + \ S / tJ,) exp [IN 'Y Io(i,j) Lrml 
Ap p't,J 

(1.75) 

for the Stokes and pump intensity, respectively, In Eqs. 1.74 and 1.75, Io(i,j) is the com-

bined intensity given by 

Io(i,j) = Ip(i,j) + ~; Is(i,j), (1.76) 

which is invariant, i.e. 

(1.77) 

Equation 1.77 is simply the Manley-Rowe [80] relationship for the Raman conversion 

process, which is a restatement of the photon conservation law. Absorption and linear scat-

tering loss of pump or Stokes photons are therefore not accounted for in this formulation. 

Loss in the Raman media can be accounted for, however, by applying the proper loss oper-

ator before and after the Raman media. 
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In Eqs. 1.74 and 1.75, IN is a unitless factor which represents a gain enhancement due 

to focusing of the pump beam within the Raman media, and, is the "running" gain of 

the Raman media (usually given in units of cm/GW). The gain enhancement factor due to 

focusing IN has been discussed by many authors [81-86] . We adopt the formulation of 

Botha et al. [86] , where our IN is equivalent to their definition of (; i.e., 

1 l Lrrn 
w

2 

iN = -L ~(I )dz, 
rm 0 W Z 

(1.78) 

where WI is pump beam waist at the reference plane .1= 1; w(z) is the variable focused 

pump beam waist within the Raman crystal; and L rm is the length of the Raman crystal. 

Here and throughout our treatment we will assume the reference plane to be located within 

the lasing medium, and we will assume WI to be equivalent to the average pump beam 

waist within the laser medium. Good cavity design normally dictates that the pump beam 

waist be large and constant throughout the lasing medium in order to maximize extraction 

and minimize abelTation. Because of the higher scattering density in solid-state Raman 

medium (in comparison to gaseous medium sllch as 1-12 or O2), tight focusing « 1 00 1,m) 

is possible, and gain enhancement factors of several orders of magnitude are achievable. 

Normalizing the plane-to-plane pump and Stokes intensities in Eqs. 1.74 and 1.75 yields 

the Raman nonlinear conversion operator 

I 
' (' ') io( i, .1) l~i,j oxp [g io( i, .1)] I 

{} 
~o ~,J Pi,j 

R-ij Pi,j; Si,j = A S'. ; A s, , ' 
1 + \ S ~ exp [gio(i,j)] 1 + \ S .2!:Z. cxp Lqio(i,.i)] 

Ap Pi'; Ap Pi,j 

(1.79) 

where io( i, .1) = /o( i, .1) /l"at = IJ;,j + ~Si,j is the normalized intensity invariant, and 

9 = iN, /8at Lrm is the unitless Raman gain coefficient. 
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Figure 42. Basic plane-to-plane transformation operations used to model intracavity Raman 
lasers. These transformations entail: (a) scattering and absorption loss; (b) saturable laser 
gain; and (c) nonlinear SRS conversion. 

Figure 42 below summarizes the operation of each of the three basic plane-to-plane inten-

sity transformation primitives defined in this section. These three transformation primitives 

adequately describe the pump and Stokes pulse intensity variation within an intracavity Ra-

man laser. In the next section we will cascade these operators to formulate a roundtrip 

intensity mapping function. 

1.2 Roundtrip Intensity Mapping Function 

As pump and Stokes pulses travel through many roundtrips of an optical resonator, they 

experience loss, laser gain and Raman conversion in the manner described by the nonlinear 

transformation primitives defined in the previous section. In the current section we will 

formulate a roundtrip intensity mapping function by arranging the transformation primitives 

in an order which represents the tme nature of the resonator to be modeled. Specifical1y 
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Figure 43. Raman lasers cavity designs: HR, high reflector; OC, output coupler; OM, 
dichroic mirror; L, lens; LR, laser rod; RM, Raman medium; AOM, acoustooptic modulator. 
(a) Dual wavelength resonator and (b) Split-cavity Raman laser designs. 

we are concerned with modeling the pulse dynamics of an intracavity Raman laser in the 

form of a linear, standing wave resonator. Other resonator architectures, such as Raman 

ring resonators, can be modeled in much the same manner; the only real difference being 

the parameters and order used in building the cascaded roundtrip operator. 

Figure 43 shows two basic designs utilized throughout our experimental investigations. 

The order of cascaded plane-to-plane nonlinear operators used to determine the roundtrip 

intensity mapping iterators for both cavities depicted in Fig. 43 are functionally identical; 

only the loss and gain parameters vary. A schematic representation of the generalized linear 

cavity-matched standing wave resonator is shown in Figure 44. Here we have defined 
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Figure 44. Generalized linear resonator. All comon linear-cavity Raman laser designs can 
be modeled in the configuration shown. The normalized pump and Stokes intensities for 
the ith roundtrip are {PI, Si}. The shaded regions represent loss operations. 

the plane preceding the laser medium to be the reference plane, i.e. it is the j= 1 plane. 

Refering to Fig. 44 we find the roundtrip iterator to have the form 

{Pi+lj8i+l} - D2RD3RD2LDI L{Pi,Si} 
- '1jJ{Pi,Si}, 

(J .80) 

where '1/) = D2 R D3 R D2 L Dl L is defined to be the roundtrip iterator. In Eq. ] .80, we 

have distinguished the three independent loss operators by denoting each with a unique 

subscript. 

If focusing is important (as it is in the case of Raman conversion), the normalized inten-

sities in each plane can be scaled with respect to the intensity in the reference plane of the 

cavity. Standard ABeD paraxial models can be implemented to determine the relative scal-

ing parameters in each plane (c.f. Sec. 2). The fundamental eigenmode beam half-widths 

for a specific laser design having the configuration of Fig. 43(a) are shown in Fig. 45. The 
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Figure 45. Fundamental eigenmode half-widths of a specific laser resonator having a layout 
similar to that shown in Fig. 43(a). Here the beam half-width (mm) is plotted against the 
cavity axis parameter (mm). \ertical lines represent the placement of various intracavity 
elements. The first and last elements represent the end mirrors of the cavity, and the Raman 
crystal is located near the focus of the cavity (Iefthand side between 0 and 100 mm). Each 
trace represents a different fundamantal eigenmode of the cavity when the input power the 
arc-lamp is varied, causing a power dependent thermal focal length in the laser rod. 

traces shown represent the eigenmodes for various operating power levels. Because ther-

mal loading of laser medium in the rod geometry give rise to power dependent focusing, the 

eigenmode solutions vary with the input power as shown in the figure. The fundamental 

eigenmodes for the cavity shown in Fig. 43(b) are similar to those obtained for the cav-

ity in Fig. 43(a). In the lasers discussed here afocal intracavity telescopes are employed to 

achieve focus in the Raman crystal. As is shown in Fig. 45, the beam half-width is nearly 

constant within the laser rod located on the right-hand side of the cavity (between 300 and 

400 mm). In these cases, only the relative beam waist between the reference plane and 

Raman crystal are important. 
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1.3 Initial Pulse Intensities: Photon Statistics 

The goal of this section is to establish the initial conditions for the pump and Stokes pulse 

intensities, i.e. we seek to find {Po, so}. In the beginning stages of noise pulse forma-

tion, it is assumed that fluctuations in the initial field intensity arise due to interference of 

a great number of longitudinal modes with independent, random phase distributions. It is 

statistically feasible that over some time intervals, a large number of these fields may be 

in phase. Through constructive interference a short, intense fluctuation, which may persist 

over many trips through the resonator, appears in the initial intensity spectrum. When these 

intense pulses interact nonlinearly with the Raman medium (i.e. through the Kerr-lens ef-

fect), they may become compressed and preferentially amplified, similar to the way short 

pulses are formed when a fast saturable absorbing medium is introduced into the cavity. 

1.3.1 Statistical Model of Initial Pump Laser Intensity Fluctuations 

To properly model the statistics governing the initial pump laser intensity fluctuations we 

examine the expression for the initial field, which is given as the superposition of all oscil-

lating cavity modes, i.e. 

E(z,t) = Lcmei(kmz+Wmt+,pm), 

m 

(1.81 ) 

where cm are the mode amplitudes; km and Wm are the mode wave numbers and cavity 

frequencies, respectively; and ¢m are the random phases associated with a given mode. If 

we consider the field in any given plane, say z = 0 for convenience, and factor out the 

carrier frequency Wo = 27r AliT, where Al is on the order of 10°, and T = 2L leis the 
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cavity roundtrip, we obtain the stochastic expression for the random variable E(tj Tn), 

(N-l)/2 

E(tj Tn) = eiwotco L eiLlw(nt+Tn), (1.82) 
-(N-l)/2 

where llw = 27r/T is the axial mode spacing; Tn = T¢n/27r are the arrival time random 

variables; and N is the number of oscillating axial modes (N rv 102). In Eq. 1.82 we have 

made the simplifying assumption that all axial mode amplitudes are identical, i.e. Cm. = Cn. 

Of course, this assumption is not strictly true since the gain profile of an inhomogeneously 

broadened laser is gaussian (or voigt), and certain random processes apply to these ampli-

tudes as well. By far the dominant process responsible for large random fluctuations in the 

field amplitude spectrum is the interference of randomly spaced axial modes. Hence, by 

ignoring amplitude variations, our approximations are quite valid. 

We now establish the probability law governing the random arrival times of the individual 

axial mode, Prn (t). It is worth remarking that initially, before the fields interact nonlinearly 

with the Raman (or other nonlinear elements), no coupling processes exist that may correlate 

one mode with another. Hence, the probability laws governing each axial mode must be 

statistically independent. Further, because the environment established during the buildup 

of each mode is identical, the probability laws Prn (t) will be identically distributed. Thus, 

if we assume maximum ignorance, the probability for arrival should be uniform over the 

interval 0 ::; t < T. That is, 

1 
PTu (t) = T rcct(r), ( 1.83) 



where we have defined the "rectangle" function, rcct(T) as 

_ {I; 0:::; t < T } 
rcct(T) = 0; t < 0, t > T . 
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(1.84) 

Equation 1.82 can be decomposed into real and imaginary components, each of which is 

represented by a sum of N weighted, identically distributed random variables. Because N 

is large (i.e. N rv 102), the central limit theorem is satisfied by both the real and imaginary 

components of E [15] . That is, the central limit theorem guarantees that both Ene and Elm 

be normally distributed random variables. 

Given the probability law established for PTn (t) in Eq. 1.83, it is easy to show that 

{Ene} = {Elm} = {EneElm} = 0, {Ehe} = {E~II1} = a2 = N 10, where 10 = Icol2. 

Because ERe and Elm are uncorrelated, their joint probability law PEncErm is given by the 

product of the two marginal laws, i.e. 

(1.85) 

We can now establish a relationship between the joint probability law governing the 

field intensity and phase random variables I and ~,respectively, and PEnnErm(Enc, Elm)' 

To accomplish this task we appeal to the conservation of probability principle [15] , which 

for this case, is satisfied by the Jacobian transformation: 

(1.86) 

where J { En;::rm } is the Jacobian of the transformation given by 

(1.87) 
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Utilizing the well known transfonnation laws between {ERe, Erm } and {I, <I>}, i.e. ERe (I , <I» = 

11/ 2 cos (<I» and Erm(I, <I» = 11/ 2 sin (<I», we find from Eq. 1.87, J { ER;:!lm } = 1/2, 

which when substituted into Eq. 1.86 yields the joint law 

(1.88) 

The marginal laws governing the distributions for I and ~ are found by integration to be 

(1.89) 

and 

p~ (<I» = 2~ rect (!) , (1.90) 

respectively. Hence, the probability law governing the initial pump pulse distribution fol-

lows a negative exponential law with average intensity (I) = a2 = N lOt where 10 is the 

initial intensity per mode, and N is the number of osciJJating modes. Upon normalization 

with respect to the saturation intensity of the laser medium fRat, we find the probability law 

for the random variable Po to be 

(1.91 ) 

where (Po) is the average normalized initial pump pulse intensity, given by (Po) = (I) / I.~nt. 

1.3.2 Initial Axial Mode Intensity 

The initial mode intensity 10 originates from the noise source created by the inverted laser 

medium in the form of spontaneous emission. Here we seek to determine what fraction of 

spontaneously emitted photons (which are emitted into 41T' seradians and into a large band 
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of frequencies in proportion to the laser lineshape g(11) dv) are allocated to a given mode 

in the high-Q laser resonator. To determine this fraction we note that the rate of generating 

spontaneously emitted photons into all frequencies within the mode volume of the resonator 

is A21 N2 V; where A21 is the spontaneous emission rate; N2 is the population of the upper 

lasing transition level; and Vm is the mode volume. The fraction of these photons which 

emit into the frequency band ofa given axial mode of width 6.v = 2L/c is simply g(11)6.11. 

However, a further reduction factor must be applied because presumably only one of the 

(87r1126.V/C3 ) Vm oscillation modes available within the frequency range 6.11 is resonant 

with the transmission band of the high-Q resonator. Combining these factors yields the 

spontaneous emission rate within a single axial cavity mode: 

(d¢p) 
dt Bp 

- [A21 N2V,n] [g(v)6.v] [(87rV26.11/C3
) Vmrl 

- N2c [A21~:9(v)l (1.92) 

- N2ca, 

where a is the stimulated emission cross section. The spontaneous photon emission rate 

given in Eq. 1.92 can easily be converted into the desired mode intensity by multiplying 

through by the photon-to-energy conversion factor hc/ A, and dividing by the area of the 

mode in the reference plane Am. That is, 10 is given by 

(1.93) 

Equation 1.93 can be further simplified in terms of known laser parameters by applying the 

approximation N2 ~ rcw 6.Nuu where 6.Nth is the threshold inversion, and 1'cw is the factor 

over threshold inversion. In terms of the standard cavity loss parameter, Dc = 2 Ei aoi Li -



In (TIi Ri TIi Ii), the threshold inversion is given by 

De 
6.Nth = 2 L ' 

(J' 1m 
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(1.94) 

where Lim is the length of the laser medium. An expression for the factor above the cw 

threshold r ew can be obtained from the standard expression for the cw output power PC1/! 

which is presumably known or can be calculated [7] . The expression follows: 

p. _ (rew - 1) 6.NthVm he 
ew - AT/ ' 

(1.95) 

where T/ is the fluorescence lifetime of the upper level of the lasing transition. Combining 

Eqs. 1.93 through 1.95, we obtain 

(1.96) 

The following parameters represent typical Nd:YAG pump laser parameters used in our 

experiments: TIi Ri = 0.868, TIi Ti = 0.9, 0'0 f'V 10-", Lim = 7.3 cm, dim = 0.6 cm, 

A = 1.338 I'.m, (1 = 1.2 X 10-11>, T/ = 230 ItS, and Pew = 26 W for optimized output 

coupling. Using these parameters we find a typical initial mode intensity to be If) = 0.6 

nW/cm2• We can estimate the number of oscil1ating modes N to be given by the ratio 

between the lasing transition bandwidth (120 GHz) and the free-spectral range of the cavity 

6.v = c/2L ~ 150 MHz, which yields N ~ 800. Hence, typical values used for the 

average intensity in Eq. 1.89 are (J'2 = (/) = N 10 ~ 0.5 11.w' Normalizing this result to the 

saturation intensity I/ln/., given by 

he 
//lllt = --" 

(J'T/ A 
(1.97) 
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which for the] .338 Jim line of Nd: YAG is fsat = 5.4 kW/cm2, we find for the average value 

of Po, (Po) = (f) / f"at ~ 1 X 10-10• This value for (Po) can be used in Eq. 1.9] which 

defines the initial normalized pump pulse intensity probability distribution function. 

Random values for Po can now be generated from an available uniform random num-

ber generator by applying standard distribution sampling techniques [15] . The technique 

requires solving of the following equation: 

( 1.98) 

where Fpo(Xi) is the cumulative probability distribution function of the random variable Po 

given by 

-00 (1.99) 
_ 1 - e-x/(Pn) , 

where Po,i is the sampled random variable (normalized initial pump intensity); and 1'i is a 

uniformly distributed random number generated a quasi-random number generator. Quasi-

random number generators, which generate uniformly random numbers between 0 and I, 

are available in most computer programing languages. The solution for the sampled random 

variable is found by substituting Eq. 1.99 into Eq. 1.98 and solving for ]1o,i; i.e., 

Po,i = - (Po) In (1 - Rnlldom[]) , (1.100) 

where we have replaced 1"i by Ralldom[] to signify that ri is the computer generated quasi-

random number. 



138 

1.3.3 Initial Normalized Stokes I'ulse Intensities 

To obtain the initial value for the Stokes-pulse intensity we again apply the proper probabil-

ity law, which for Raman scattering is the spontaneous differential cross-section, 0(1/ on. 

By definition, au/an is the probability of scattering an incident pump photon per solid an-

gle. Hence, the spontaneously scattered power into the Stokes side-band accepted by the 

laser resonator is given by 

Pap,S = Pap,p (;~) ns , (1.101) 

where ns is the solid angle subtended by the Raman laser resonator. The initial normalized 

Stokes intensity So,i can therefore be determined directly from the sampled initial normal-

ized pump pulse intensity Po,i, i.e. 

So,i = Po,i (~~) ns. (1.102) 

1.4 1ransition to a Final State 

Insight into the dynamics of pump and Stokes pulse formation can be drawn by examining 

the migration (or path) of the Raman laser system state from its initial noise state {Po; 8o} to 

its final state {Pf; sf} (if it exists). These transitions to the final state, or "transients," can 

be studied numerically by plotting the evolution of the intracavity Raman laser state {Pi; Si} 

for a given set of laser parameters (i.e. laser gain, linear loss and Raman coupling). In all the 

following numerical studies, loss parameters were chosen to match those achieved experi-

mentally (c.f. Fig. 43 (a». Namely, the loss parameters utilized for these calculations are 

{Op} , 01'2, opa} = {0.0335, 0.0302, 0.0425} and {oso, OS}, OS2, Osa} = {0.0203, 5.0, 0.0302, 0.0425}, 
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Figure 46. Roundtrip pump recursion relation obtained for a fixed normalized Stokes in
tensity. The individual traces correspond to varying values of g, the nonlinear coupling 
parameter, which ranges from 0 (red) to 20 (blue). 

where the subscripts match the operator subscripts given in Eq. 1.80; with the exception of 

8so which is the loss coefficient utilized in the laser operator for the Stokes pulses. 

In the calculations that follow, the laser small-signal gain parameter utilized was unre-

alistically set to Go = 10 in order to exaggerate the dynamical features of this system. A 

more realistic, experimentally achievable small-signal gain is Go = 1.3. Calculations were 

performed using Go = 1.3, and all the characteristic dynamical features found in the current 

examples are present; however, they are much more subtle. 

Using these parameters, the functional form of the roundtrip pump intensity recursion 

relation for the iterator given in Eq. 1.80 is shown in Fig. 46. In this figure several recursion 

plots are shown as the value of g, the coupling nonlinearity. Initially, when the value of 9 

is set to zero (red curve), the effects of laser gain saturation are prominent. That is, for 

small ]J"" large gains are achieved. Fr larger values of ]In, the laser gain is saturated and 

loss dominates. As 9 is increased, a point is reached where the nonlinear loss due to Raman 
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conversion becomes prominent at large Pn values. For large 9 (blue curve), the iterator 

structure begins to look more like the famous logistic quadratic iterator, which is well

known to bifurcate into a Feigenbaum tree which eventually evolves into chaos [92] . In 

the following sections we will show how a host of chaotic nonlinear dynamics emerges in 

the limit of large g. 

Initally we consider the state-orbit when Raman oscillation is below threshold for these 

parameters. That is, for significantly small nonlinear coupling parameters, the Raman gain 

never overcomes the loss at the Stokes wavelength, and a buildup of only the pump radiation 

is observed in the transient. This is apparent in Fig. 47 where the initial state (red) dies 

out in favor of the buildup of the pump intensity, which reaches a final state (blue) near 

{12.0j O.O}. The final state will persist indefinitely as long as all parameters remain fixed. 

The nonlinear coupling parameter (c.f. Eq. 1.79) used to generate Fig. 47, was 9 = 2.0, 

which is just below the threshold for Raman conversion. 

When 9 is increased slightly, the threshold for Raman conversion is reached after the 

pump intensity has had a chance to reach a suitable level, which in this case is near the fi

nal state of the 9 = 2.0 orbit. The state-orbit for 9 = 2.01 is shown in Fig. 48. Here it 

is evident that after threshold the Stokes intensity overshoots its final state by a small mar

gin, and then the system rapidly recovers to the new final state which is near {12.0j 0.034}. 

Further increase in 9 causes the final state to migrate toward higher Stokes and lower pump 

pulse intensities, since more efficient conversion occurs for larger nonlinear coupling para

meters. Figure 49 displays a typical transient for a system operating in this regime. Here 

it is evident that when the Raman threshold is attained, a significant overshoot of the final 
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Figure 47. Transient state-orbit below Raman threshold. The progression of the Raman 
laser state is shown as starting at red and migrating to a final state, which is marked with 
a blue dot. The horizontal and vertical axes are the normalized pump and Stokes pulse 
intensities, repectively. 
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Figure 48. Transient state-orbit for 9 = 2.01. Here the system is just above the Raman 
threshold, which is reached when Pn ~ 12.4. A slight overshoot in the Stoke pulse intensity 
is observed in the orbit before reaching a final state near {12.0; 0.034}. 
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state is observed in the following few passes through the resonator. This overshoot is char

acterized by a large conversion of the pump in favor of Stokes field. After the overshoot 

occurs, the pump pulse intensity must bui1dup again before further conversion to the Stokes 

field is possible. These depletion-repletion cycles repeat over several roundtrips in a spi

ral pattern which is terminated at the final state. This is known as a stable attractive orbit. 

We will show that no matter what initial value (which is randomly generated) all states will 

be drawn in by the attractor to the terminal final state, {Pf, ,qll. This is likewise true of 

perturbations to the system. That is, all perturbations are damped by the attractor. The po

sition of the final state {Pf, Sf}, however, is not always common to all randomly generated 

initial values [87] . In general, for multi-dimensional systems (such as the one presented 

here), more than one attractor with unique basins of attraction may exist over a range of 

coupling parameters. Evidence of these so-called "coexistent attractors" will be provided 

in following sections. 

In future sections it will become important to find an expression for the final state. To do 

this we recognize that the final state is nothing more than a fixed point. That is, when the 

final state has been reached, further iteration simply gives the final state. Hence, to predict 

the value of the final state, we set 

(1.103) 

where we have used the definition given in Eq. 1.80 for the roundtrip iterator, ¢. The 

solution to Eq. 1.103 will be in the form {Pf(9),sf(9)}, since the only free parameter in 

Eq. 1.103 is g, the nonlinear coupling parameter. Due to the complexity of the nonlinear 
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Figure 49. Stable attractive orbit at 9 = 4.0. The spiral pattern is common to all nonlinear 
systems in the presence of a stable attractor, which in this case is located at the final state 
near {5.6, D.B}. 

operators used to form Eq. 1.80, however, analytic solutions are not possible. Equation 

1.103 can be solved numerically for a range of values of g, and an interpolating polynomial 

can be fit to the solutions to find the functions {PJ(g), sJ(.q)}. 

For the parameters selected, stable attractors are present over a large dynamic range of g. 

In Fig. 50 we show several examples of state orbits ranging from 9 = 2.5 to 26.0. A clear 

migration of the attractor {PJ, sJ} is evident in this figure. For small 9 the attractor has a 

large P J and small 8 J, and as g increases, the value of 8 J reaches a peak. Further increase 

in g leads to a surprising result; the attractor continues to take on smaller values of PJ and 

8J. In this region the nonlinear loss suffered by the pump begins to be too great for the 

laser gain to recover. When the migration of the final state reaches an apex, the system is 

perfectly impedance matched. Beyond the apex, catastrophe is imminent. 

Intuition dictates that any further increase in g will cause the final state migration to be 

driven to the point {D, D}. However, as we shall see, intuition fails us. Increasing 9 further 
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Figure 50. Graphical array of transient state-orbits for 
g = {2.5, 3.0, 3.5, 4.0, 6.0,12.0,20.0, 26.0}. The attractor {PI, '<;/} migrates monotonically 
from right to left as g increases. 
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Figure 51. Transient state-orbit for 9 = 28.5. Slow, spiriling, attractive progression has 
decayed into a rapidly converging (almost super-attractive) orbit that stair-steps to the at
tractor. 

does lead to catastrophe. However, the attractor does not gracefully settle at the origin; it 

bifurcates. That is, the attractor becomes unstable and splits, giving rise to a doubly valued 

final state. To demonstrate the nature of this catastrophe we have plotted the transient for 

9 = 28.5 in Fig. 51. For this value of g, the topology of the transient resembles a stair-step 

migration toward the attractor, rather than the canonical spiraling topology of the stable 

attractor. Figure 52 shows the region near the attractor in more detail. In the figure it is 

evident that the region in the vicinity of the attractor (blue) has become delocalized in the 

shape of a line. This linear delocalization implies that at 9 = 28.5, the attractor becomes 

unstable, and a clear bifurcation in the final state begins to emerge. Our insight is confirmed 

in Fig. 53 where we have increased 9 to 30.0. In this case two distinct values in the attractive 

limit cycles have emerged, so that the final state of the system will now oscillate indefinitely 

between two well-defined states. In the region between 9 = 28.5 and 30.0 a bifurcation in 
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Figure 52. Detailed view of the attractor at 9 = 28.5. Here it is evident that the attractor is 
at the threshold of instability, and a bifurcation in the attractor is beginning to emerge. 
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Figure 53. Bifurcated state-orbit for 9 = 30.0. 1\vo distinct, stable limit cycles persist 
indefinately in the final state. In the steady-state of the system, the system state will repeat 
every other roundtrip, giving rise to a period-2 limit cycle. 

the orbits was formed giving rise to a new form of steady-state dynamics. Figure 54 shows 

a detailed close-up of the region in {Pnl sn} - space containing the bifurcation. 

Equation 1.103 is no longer a valid relationship for the final state of the system since 

the final state is no longer uniquely defined by a single value. A relationship can be found, 

however, for the final state since now the final state is characterized by two uniquely defined 

values which repeat indefinitely every other iteration. That is, 

(1.104) 

where 'l/p = '1/)'1/) represent a two-fold cascade of the operator 'l/J. In general, therefore, the 

relation for the final state of the nth order bifurcation is 

(1.105) 
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Figure 54. Detailed view of the region containing the bifurcation in the attractive limit cycle 
for 9 = 30.0. The two final states are marked by blue dots. 
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Figure 55. Transient state-orbit for the chaotic attractor at 9 = 44.0. Here the attrac
tor no longer has a definite final-state period. Rather the attractor is spread out within a 
well-defined basin. 

The appearance of period doubling bifurcations clearly marks a very familiar transition in 

nonlinear systems; namely, the transition to chaos. Period doubling characterizes a universal 

route to chaos which was first recognized by Feigenbaum [88] . In the context of transients, 

chaos emerges when the locality of final states no longer exist at well-defined bifurcated 

orbits. Rather, a scatter of unique final states, which never repeat, emerge as shown in Fig. 

55 for 9 = 44.0. These states settle in a region which defines the basin of the attractor. 

Figure 56 gives a more detailed view of this basin. 

1.5 1bpology of the Attractor 

As discussed in Sec. 1.3, the initial state of the laser system {POI so} is statistically distrib-

uted according to the probability laws given in Eqs. 1.91 and 1.102. At any given time 

during the transient, a multitude of independent states (Le. pulses) may exist. Intuitively 

we might anticipate that because each of the initial states are all statistically distributed to 
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Figure 56. Close-up of the basin containing the chaotic attractor for,q = 44.0. The final 
state will never settle down into a clearly defined set of states in this basin. 
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within 10-10 normalized units of each other, no discernible difference in the transient or fi

nal states intensity will be evident. Again intuition fails us; tremendous variations in the 

transient orbits are easily discernible. Likewise, radically varying final states values may 

appear when coexistent attractive basins occupy the initial state-space, which may only 

compose an area of 10-20• 

To demonstrate how a set of statistically distributed initial states evolve, we simulta

neously plot a set of transients in a similar manner as was done in the previous section. 

However, rather than indicating the path with a color-coded line, we represent each tran

sient state with a color-coded dot; i.e., red dots indicate the initial state; blue dots indicate 

the final-state; and all states in-between are indicated by a color-state between red and blue, 

where green is the halfway point. In this way we can trace the trajectory of several ini

tial states simultaneously on the same diagram. Again each initial state is sampled from 

the proper probability distribution functions utilizing the distribution sampling technique 

outlined in Sec. 2. 

Figure 57 reveals the topological structure of the transient orbits for g = 5.0. As shown 

previously (c.f. Fig. 50), all transient orbits exhibit a spiraling topology toward the at

tractive limit-cycle (indicated by the blue dot). As the states converge, their distributions 

transform into a series of cusp-like manifolds. Three common characteristics of chaos are 

beginning to form in this stable system: (I) sensitive dependence to initial conditions; (2) 

state mixing; and (3) dense periodic points [89]. The first characteristic is most clearly 

evident after the Raman threshold, where it can be seen that the dispersion of states in each 

manifold spans several units, even though the initial dispersion of states was on the or-
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Figure 57. Transient evolution of a statistically distributed ensemble of system states for the 
stable attractor at 9 = 5.0. The initial state of each transient was randomly sampled from 
the distributions given in Eqs. 3.9] and 3.102. Initial states are color coded red and final 
states blue. Every other state in-between is represented by a color-state which is in-between 
red and blue. 
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Figure 58. Transient evolution of a statistically distributed ensemble of system states for 
the stable attractor at 9 = 15.0. Increased dispersion and folding is displayed in the 
cusp-manifolds near the final state. Also, evidence of the emerging instability in the at
tractor is observed by the dispersion of near-final states. 

der of 10-10• Evidence of mixing and dense periodic points is illustrated by the increased 

folding of each cusp near the final state. The characteristics will obviously become more 

exaggerated as the value of 9 increases. 

When g is increased, the cusp-manifolds begin to collapse, exhibiting a high degree of 

folding. This behavior displayed in transient state-orbits is shown in Fig. 58, where g has 

been set to 15.0. Here it can be seen that the final state has migrated toward lower values 

of p and smaller values of s as before. However, the stntcture of the attractor is much more 

evident in this plot, where it can be seen that the attractor is beginning to show evidence 

of an emerging instability. This instability becomes more evident when the value of 9 is 

set to 25.0 which is near the first bifurcation of the attractor (c.f. Fig. 59). In Fig. 59 

several interesting topological features are beginning to emerge. As anticipated the cusp-

manifolds have almost completely collapsed into a single mixed manifold which contains 
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Figure 59. Transient evolution of a statistically distributed ensemble of system states at
tracted by a stable attractor and a weaker coexistent attractor at 9 = 25.0. The distinguish
ing features evident in figure are: the collapse of the cusp-manifolds into a mixed manifold, 
emergent instability of the attractor, and the appearence of a second (bifurcated) coexistent 
attractor. 
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Figure 60. Transient evolution of a statistically distributed ensemble of system states at
tracted by a bifurcated coexistent stable attractor and a weaker attractor at 9 = 30.0. The 
main attractor is slit into two stable orbits in the final-state; i.e. it has bifurcated. Conver
gence to the final states is slow as can be seen by the high concentration of near-fin aI-states 
about the orbits. 

the final state. Likewise, as predicted, the near-final states have become more disperse 

due to the emerging instability, and more than one final state is present. The appearance 

of multiple final states indicates that a second coexistent attractor has emerged which has 

already undergone one bifurcation. 

Further increase of 9 to 30.0 reveals the first bifurcation in the main attractor as well 

as a distribution of final states belonging to the coexistent attractor (c.f. Fig. 60). All 

three characteristics of chaos are now clearly evident in Fig. 60. Cascaded bifurcations 

of the main attractor appear when 9 is set to 39.0 and again at 40.1 as shown in Figs. 61 

and 62. A more detailed view of the attractor is shown in Fig. 63, where only the 

region of the final stated is displayed. A period eight bifurcation in the main attractor and a 

high-order bifurcation in the main and coexistent attractor are clearly visible in the figure. 

A tremendous degree of mixing is also evident in this figure. Color-states ranging from 
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Figure 61. Period-4limit-cycIe for 9 = 39.0. 
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Figure 62. Transient evolution of a statistically distributed ensemble of system states at
tracted by a period-8 stable attractor and a weaker coexistent attractor at 9 = 3D.n. 
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Figure 63. Detailed view of the transient evolution of a statistically distributed ensemble 
of system states attracted by a period-8 stable attractor and a weaker coexistent attractor at 
,q = 40.1. An 8-period bifurcation of the main attractor and high-order bifurcation of the 
coexistent attractor are marked by blue dots. 
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Figure 64. Transient evolution of a statistically distributed ensemble of system states at
tracted by chaotic "strange-attractor" at 9 = 44.0. 

red (near-initial state) to blue (near-final states) all are represented in the mixed manifold. 

Likewise, near-final states are also represented near the origin. Increasing 9 further to 44.0 

reveals the fully developed chaotic "strange attractor" for this laser system (c.f. Fig. 64). 

Here it can be seen that the final states for this system are spread throughout the region 

containing the mixed cusp-manifolds. 

In studying statistically distributed transients we were able to gain insight into how a 

strange attractor is formed by tracking the evolution of the system from a singular stable 

attractive fixed point at 9 = 5.0 to a chaotic strange attractor at 9 = 44.0. Throughout our 

development, evidence of sensitivity to initial condition, mixing, and dense periodic orbits 

were displayed. 

Although the study of transients is useful to draw insight into how the strange attractor 

forms, it is cumbersome to predict what values of 9 lead to specific final state dynamics 

(i.e. where the ]ocality of the bifurcations lie, etc.). In the following section we will present 
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a well-known technique, introduced by Feigenbaum [88] , to map the locality of the final 

states against g. 

1.6 Final-States Diagram of Raman Laser Iterator 

The final state of a whole range of 9 parameters can be cleverly represented on a single 

diagram as follows: The roundtrip intensity iterator, given by Eq. 1.80, is iterated until 

the long-term dynamics are fixed. These values are the final states, which are then plotted 

against the 9 value used in the iterator. The 9 value is then incremented until a new final 

state is obtained. Because the locality of the coexistent attractive basins are different [87, 

90] , the range of initial values used to generate the final state must span the space of both 

attractors. For our case the initial values are randomly sampled from the probability dis

tributions given by Eqs. 1.91 and 1.102, which do span the basins of both attractors. The 

mechanics of programing a computer to generate the final-states diagram are unimportant 

to our development of the physics of Raman laser dynamics, and will therefore, not be pre

sented. Excellent articles have been written, however, that outline good programing tactics 

[91] . 

Figure 65 shows the final-states diagram for the system we have been studying. All the 

previously predicted behavior of the system is simultaneously displayed here in the dia

gram. It can be seen that for .9 < 2.0, the threshold for Raman conversion has not been 

reached, and the final state of the system contains only non-zero values for the roundtrip 

pump intensity, which settles at a value just above 12 times the saturation intensity. In this 

region the roundtrip laser saturable gain equals the linear loss (due to mirrors and intracavity 
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Figure 65. Final-state diagram (Feigenbaum diagram) for the roundtrip pulse intensity it
erator given in Eq. 3.80 for coupling parameters ranging from ,q = 0 to 44.0. The blue and 
red series represent the pump and Stokes normalized final state intensities, repectively. 
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Figure 66. Closeup view of the period-doubling regime in the final-state diagram (Feigen
baum diagram). The blue and red series represents the pump and Stokes normalized final 
state intensities, respectively. The Feigenbaum trees of the coexistent attractor are clearly 
visible in this view. 

optics). Beyond 9 = 2.0, but before 9 ~ 28.4, a singly valued stable attractor exists for both 

circulating fields. This region is characterized by stable conversion of the circulating pump 

pulse to the Stokes. As shown in Fig. 50, the roundtrip Stokes intensity achieves a maxi-

mum for g ~ 15. For this value of g the system is perfectly impedance matched, i.e. the 

net linear and nonlinear loss suffered by the pump is ideally compensated by the roundtrip 

saturable laser gain. When g ~ 28.4 the attractive stmcture becomes much more complex 

because at this point the laser becomes unstable and the attractor bifurcates. The topology 

of the attractor near the first bifurcation is much more complex than those normally encoun-

tered in the mathematical literature [89,91,92] , because more than one Feigenbaum tree 

appears in the final-states diagram. These extra bifurcation series are due to the presence 

of coexistent attractors, which appear only in multi-dimensional systems [87] . 
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A detailed view of the period doubling regime is shown in Fig. 66. A well-known 

universal law, which is obeyed by an systems that undergo a period doubling route to chaos 

(from dripping faucets to gypsy moth populations), is the Feigenbaum law of universality. 

This law states that the ratio of successive differences of the bifurcation points converge 

to a universal constant known as the Feigenbaum constant 0 = 4.66D2 .... To test whether 

our laser system obeys this constant we have numerically estimated the positions of the 

bifurcations to be 9n ~ {28.750, 37.741, 39.818, 40.287, 40.388}. Thking the successive 

ration of the differences, i.e. 

1.: _ 9nH - 9n 
(In - , (1.106) 

9n+2 - 9nH 

we find On ~ {4.328, 4.429, 4.644, ... }, which is converging toward O. 

A much more efficient and accurate technique for determining On involves finding the 

values of the super atlractors. Super attractors are characterized by particular values of g, 

say 9: for which the fastest convergence to the n"l
. bifurcation-order final-state occurs. A 

relation can be found for 9:' by finding the maximum change in the final state with respect 

to g, i.e. 

(1.107) 

The solution to Eq. 1.106 can be efficiently found numerically by using Newton iteration 

[91,92] . 

Once the values for the sllper attractors are determined, the ratio of successive differences 

yields on, i.e. 

(1.108) 
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Figure 67. Period nine window appearing in the region between 9 = 41.16 and 41.21. 
Periodic windows are regions where chaos is temporarily intemlpted by stable periodic 
cycles. There are an infinite number of windows appearing in this region. 

Using this technique we found for n = 9, 09 ~ 4.66920150 ... , which is a good estimate for 

Feigenbaum's o. 

Other characteristic features of chaos are present in the final-states diagram as we)). In 

the region between 9 = 41.16 and 41.22 a distinct periodic window appears. In these 

windows the chaotic topology of the attractor is interrupted, and short term order in rein-

stated. Figure 67 shows a detailed view of the window as it appears in the Stokes limit 

cycle. Furthermore, each branch contained within the window eventually bifurcates into its 

own Feigenbaum series, and within these series other periodic windows appear. One can 

correctly conclude that the basic topology of the attractor is independent of scale or magni-

fication, and it is therefore fractal in nature. Indeed this degree of self-similarity is observed 

in all systems that undergo a period doubling route to chaos [92] . 
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Figure 68. Time series output for the pump (blue) and Stokes (red) fields when ,q = 10.0. 
The vertical and the horizontal axes are normalized with respect to the laser saturation in
tensity [sat and cavity roundtrip time of the cavity T = 2L / c, respectively 

1.7 Time Series 

The time series is the actual temporal structure of the laser output in certain operating 

regimes. The actual micro-structure of the roundtrip pulses depends on many factors, such 

as: (I) the number of inphase modes collectively generating the initial noise pulse, (2) cav-

ity lifetime, (3) cavity mismatch, (4) dispersion, and (5) group velocity dispersion. We 

will not consider these effects in detail, rather we will assume a basic pulse stmcture and 

schematically show how the output pulse train would appear if measured by a finite band-

width detection system. 

From the final-state diagram (c.f. Fig. 65) a singly valued limit cycle is anticipated for 

,q = 10.0. The observed time series will therefore consist of a train of stable output pulses 

as shown in Fig. 68, where the pump and Stokes output pulses are shown as blue and red, 

respectively. Beyond the first bifurcation at gl, a period-2 limit cycle appears as shown 
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Figure 69. Time series plot for 9 = 29.0. The period of each set of pulses repeat every other 
cavity roundtrip in accordance with the period-2 bifurcation predicted in the final-states 
diagram. 

in Fig. 69, where 9 = 29.0. In the figure the Stokes pulse intensities are larger than the 

pump in this region because the reference plane was chosen to be located just before the 

laser medium. Hence, in this plane the pump is smaller than the Stokes because it has been 

depleted by both linear and nonlinear gain. Higher-order bifurcations in the limit cycle 

are observed for 9 = 39.0 and 40.2, as shown in Figs. 70 and 7 J, respectively. Logical 

energy transfer dynamics appear between the interacting fields in these dynamical regimes. 

However, as anticipated, order succumbs to chaos - as is evident in the highly nonregular 

times series shown in Fig. 72 for 9 = 42.6. Highly nonregular time series are likewise 

observed experimentally as will be discussed in the proceeding section. 
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Figure 70. Time series plot for 9 = 39.0. The period of each set of pulses repeat every fOl1l'th 
cavity roundtrip in accordance with the period-4 bifurcation predicted in the final-states 
diagram. 
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Figure 71. Time series plot for 9 = 40.2. The period of each set of pulses repeat every eighth 
cavity roundtrip in accordance with the period-8 bifurcation predicted in the final-states 
diagram. 
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Figure 72. Chaotic time series observed for g = 42.6. No long-term order will ever be 
observed in the time series for this value of g. 
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2 Experimental Studies 

1\\'0 laser systems were built to verify the predicted roundtrip pulse instabilities occurring 

in intracavity Raman lasers. Schematic diagrams of the laser cavities implemented for these 

studies were shown previously in Fig. 43. In this section we will refer to the design labeled 

as (a) as the "linear" cavity, and that labeled (b) as the "split-cavity" design. The input 

power dependent eigenmode structure for the linear resonator design was given in Fig. 45. 

Cavity matching for the linear cavity was automatic since the Raman and pump lasers shared 

the same cavity. However, to achieve cavity matching in the split-cavity, the output coupling 

mirror for the Raman laser cavity was placed on a translation stage. An internal apeliure 

was selected to restrict the spacial mode of the pump laser to run in a single transverse 

mode, i.e. TEMoo. A single transverse mode was likewise achieved in the Raman cavity 

by selecting the Raman laser optics parameters to match the first fundamental mode of the 

pump laser cavity within the Raman crystal. 

The pump laser medium in both cavities was Nd:YAG, which was made to run on the 

] .338 {Lm line by careful selection of the resonator optics. A 10 x 10 x 50 mm:J Ba(NO:Jh 

crystal was utilized as the solid state Raman media in these experiments. Barium nitrate dis

plays a well-known isolated Raman-active breathing-mode with shift VI = 1047.3 cm-1 [93] 

, which produces a first Stokes shifted wavelength of ] .556 JIm when pumped by ] .338/tm. 

The crystal was housed in a water cooled mount to compensate for heat generated by the 

finite quantum defect between the pump and Stokes wavelengths, i.e. 1 - As/Ap = 0.14. 

Hence, for every watt generated optically, ] 40 m W must be dissipated by the compensation 

mount. 
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The roundtrip pulse intensity variations of the pump and Stokes fields were measured uti

lizing two identical small area (l mm) fast Ge-photodiodes (500 MHz) and a fast sampling 

digital oscilloscope (1 Gs/sec, 500 MHz bandwidth). Spectral purity of the measured out

put was guaranteed by filtering the output of the pump and Stokes radiation with dielectric 

and dispersive (grating monochromator) spectral filters elements. 

A host of nonlinear dynamical features were simultaneously observed in the pump and 

Raman intensity spectra, as will be shown. However, attributing all observable unstable fea

tures to the predicted roundtrip pulse intensity variations alone is impntdent because several 

other effects can cause similar instabilities. For instance, it is well known that feedback and 

frequency filtering from intra- or extra-cavity optics can lead to nonlinear longitudinal mode 

coupling which, likewise can produce chaotic dynamical features in the intensity spectrum 

[7, 72, 94] . We therefore stress that the data presented here cannot be wholly attributed to 

the roundtrip pulse dynamics modeled in the previous section. 

Examples of the pump intensity variation displayed in the linear cavity under cw pump

ing conditions are given in Fig. 73. Tho regions of oscillation are represented in these 

examples: (a) high-period limit-cycle, and (b) period-2 limit cycle. The fast-Fourier trans

form (FFf) of the time series is displayed along with each trace. The prominent frequency 

component displayed in the spectrum of Fig. 73(a) corresponds with the inverse of the 

cavity roundtrip time c/{2L) as anticipated. Whereas, the shifted peak in the spectrum of 

Fig. 73(b) corresponds with the inverse of the cavity roundtrip time c/{2L'), where L' is 

a foreshortened "effective" cavity length equivalent to the mirror crystal separation. This 

paradoxical result may be indicative of a feedback mechanism in the Raman crystal. Also 
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(a) (b) 

Figure 73. Oscillograms of the pump field circulating within a cw pumped Raman laser 
in the "linear configuration" shown in Fig. 43(a). 1\vo pulse dynamic regimes are shown: 
(a) high-period limit-cycle; and (b) 2-period limit-cycle. In both oscillograms the Fourier 
spectrum of the time series is given. 
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Figure 74. Oscillograms of the pump (top) and Raman (bottom) output from a Q-switched 
laser setup in the "split-cavity" configuration shown in Fig. 43(b). The Fourier spectmm 
of each time series is shown beneath each time series. (a) Cavities grossly mis-matched; 
(b) cavities matched; (c) slight cavity mis-match; and (d) detail of slight mis-match. 

the low frequency modulation evident in Fig. 73(b) may be due to frequency filtering by 

one of the cavity optics acting as an etalon [7] . 

More compelling evidence linking observed instabilities to the predicted roundtrip in-

tensity variations are apparent when the laser is Q-switched. As shown previously in Fig. 

20, chaotic roundtrip pump pulse dynamics were observed in what was defined as the 11011-

C011l'ersioll regime of the Q-switch envelope. Here we study these dynamics in more detail. 

The Raman laser configuration chosen for these measurements was the split-cavity design, 

which is represented schematically in Fig. 43(b). 
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Matching the cavity lengths of the coupled pump and Stokes resonators is a primary 

concern since it is assumed as a condition in the model. To detennine when the cavities are 

matched, a series of oscillograms are recorded along with the intensity spectrum (Le. FFT 

of the time trace) as the cavity length of the Stokes cavity is tuned. Example time traces 

and intensity spectrums are shown in Fig. 74. In each oscillogram, time traces and inten

sity spectrums of the Q-switched pump macro-pulse (blue and green) and Stokes (red and 

magenta) are shown. The roundtrip pulse intensities can be seen as individual spikes within 

the Q-switched macro-pulse envelope. Each of these micro-pulses are separated by a cavity 

roundtrip time 2L/c, as indicated by the prominent fundamental frequency component VI 

appearing in the intensity spectrum. Sub-figures (a)-(d) show how the micropulse dynamics 

change with cavity mismatch. In Figs. 74 (a)-(c): L8 < Lp, L8 = Lp, and L8 = Lp, respec

tively, where L8 and Lp are the Stokes and pump laser cavity length, respectively. "Holes" 

in the fundamental frequency component of the pump intensity spectrum are clearly visi

ble in the overlap region with the fundamental component of the Stokes intensity spectrum. 

When the cavity lengths are perfectly matched, sub-harmonics (Vl/3 and 21/1/3) appear in 

the intensity spectrum of the pump. 

We have identified four distinct intervals within the Q-switched envelope: (a) before 

Raman conversion, (b) conversion, (c) strong pump-Raman interaction, and (d) pump ring

down. These regions are indicated in Fig. 75 for a typical pump-Stokes pulse pair. The 

time series of the pump laser intensity for each region are also shown in Fig. 75 along 

with the intensity spectrum for each trace. Initially, in region (a), the intensity spectrum of 

the pump is dominated by a very large split-spectral component at the free-spectral range 
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Figure 75. Pulse anatomy for a typical set of Q-swiched pump and Stokes macro-pulse 
envelopes. Details of the pump micro-pulse time series and FFlS of each series are shown 
in (a)-(d). 
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(i.e. fundamental frequency Vt). The Raman laser reaches threshold in region (b), and 

the first (out of two) Stokes macro-pulse is formed. The pump spectntm in region (b) is 

characterized mainly by noise with a small subharmonic feature. Highly irregular chaotic 

temporal instabilities of the pump time series characterize regime (c). The randomly spaced 

spikes in the pump intensity spectrum have no correlation to any of the harmonics (or sub

harmonic) of the fundamental frequency in this regime. After this rather long interval, the 

pump settles down into a much more controlled dynamical pattern in the ring-down interval 

(d). In this interval, regular pulsating stntctures are observed along with a well-defined 

intensity spectntm. 

As mentioned previously the source for these temporal instabilities cannot be attributed 

solely to nonlinear interaction (i.e. dynamical chaos). Nonperiodicity in the intensity spec

tntm can also be due to field mode interactions induced by Raman conversion. That is, 

irrational mode frequencies generated through conversion can lead to apparent multiperi

odical nonregular dynamics as well. A strong argument supporting the existence of chaotic 

dynamics, however, is the presence of intermittency, which was shown in Fig. 67, and is a 

characteristic feature of chaotic systems. In the oscillograms, intermittency of the spectntm 

was displayed when the spectrum underwent a transition from regular behavior in (a) to ir

regular in (c) and back to regular in (d). However, the nonregular features in (c) can also be 

interpreted as multiperiodic nonregular movement of the axial modes. Transient movement 

of the axial mode spacing (Le. chipping) is possible due to an intensity dependent index of 

refraction change displayed in the Raman crystal (Le. Kerr nonlinearity), which is known 

to exist in Ba(N03h [71] . As a result of the transient index change, the effective trall-
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sient -cavity length of each axial mode can differ slightly due to dispersion, causing each 

mode to undergo a frequency chirp. 



Chapter 5 
Raman Beam Cleanup 
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Stimulated Raman scattering is a unique frequency conversion technique, in that the spa-

tial beam quality of the frequency shifted beam can be improved significantly over that of 

the pump beam. This process has been used extensively in the past as a means of "c1eaning-

up" highly aberrated lasers beams [95-]04] . Hence, the name Rama1l beam clea11up. For 

reasons of efficiency, cost and simplicity, Raman beam cleanup has proven to be an in-

valuable technique in high-power laser applications which require good beam quality (e.g. 

laser fusion [57] ). This body of work, however, has been almost exclusive to high-power 

gaseous Raman amplifiers (i.e. excimer-pumped H2, D2 or CH-1 Raman amplifiers). Re-

cently, however, we have demonstrated that Raman beam cleanup can also be observed 

in solid-state interactions as well as within the laser cavity itself [45]. By placing a Ra-

man crystal within the laser resonator, we have demonstrated that near diffraction-limited 

beam qualities and neal' quantum-limited conversion efficiencies can be obtained from a 

relatively simple integrated device. Also, because these lasers implement solid-state, rather 

than gaseous Raman converting media, the ultimate average-power handling capability of 

these devices has improved dramatically. As discussed in Ch. 2, Raman beam cleanup also 

aides in improving the net electrical-to-optical efficiency achievable in a near-diffraction 

limited laser. Improved efficiency results directly from the ability of the intracavity Raman 

element to convert the multi mode pump radiation into single mode Raman output. Since 

the transverse beam diameter of multi mode radiation within a laser resonator is larger than 
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that of the lowest-order mode, a multi mode laser has access to more inverted laser ions. 

Hence, the ultimate electrical-to-optical efficiency is improved with multimode pumping. 

In this chapter the theory of intracavity Raman conversion is developed. Computer mod-

eling results based on this theory are presented for a simple Raman resonator and are com-

pared to experimental results. A novel, qualitative description of Raman beam cleanup is 

also presented. 

1 Theoretical Description of Raman Conversion and Raman Beam 
Cleanup 

1.1 Factorized Paraxial Wave Equation 

Raman conversion is a direct consequence of a stimulated gain in a Raman active medium 

[105] . The interaction between the pumping radiation and stimulated first Stokes radiation 

is adequately described by the set of coupled nonlinear wave equations [55] , 

and 

2 

] 
WI' 2 ('I) 

\1 ® [\1 ® El'(x) - 2"fpEI'(X) = /loWI'P p (x) 
c 

2 

\1 ® [\1 ® Es(x)] - ~~ fsEs(x) = "'ow~p~I)(X), 

(1.109) 

(1.110) 

where EI'(x) and Es(x) are the pump and Stokes real-space fields, and where p~)(x) and 

p~I)(X) are the pump and Stokes third-order nonlinear driving polarizations, respectively. 

All other quantities in Eqs. 1.109 and 1.110 take on their standard representation in MKS 

units. The third-order nonlinear driving polarizations of the pump and Stokes field are given 
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by 

(1.111) 

and 

(1.11 2) 

where x~~ and x~~ are the third-order nonlinear Raman susceptibilities of the Raman active 

medium for the pump and Stokes fields, respectively. 

Assuming the medium is optically isotropic (i.e. "V . E = 0), and applying the slowly 

varying envelope approximation (SVEA), yields the set of paraxial wave equations 

8cp(rl., z) ___ z_' ,,2 C' ( ) _ ill'oW~p(3)( ) -ikp.z 
8z - 2kp v l.c,p rl., z 2kp prJ., z e (1.113) 

and 

8cs(rl., z) __ ~"2 C' ( ) _ ill'oW~p(3)( ) -iks'z 
8z - 2ks v l.c,s rl.,Z 2ks s rl.,Z e , (1.114) 

where cj(rl., z) and P?)(rl., z) represent the electric and polarization field envelopes; i.e., 

(1.115) 

and "Vi represents the transverse Laplacian differential operator. In Eq. 1.115, the trans-

verse and longitudinal field dimensions are represented by rl. and z, respectively. 

The first and second terms on the right-hand side of Eqs. 1.113 and 1.114 are the terms 

responsible for diffraction and Raman conversion, respectively. The effects of diffraction 

and Raman conversion can be isolated by factoring in the Fourier-domain [7] . Thking the 

Fourier transform of both sides of Eqs. 1.113 and 1.114, we find 

8cp(pl., z) . \ C' ( ) iJ1'oW~p(3)( ) 
8z = -z 7r Pl. € Ap c,p Pl., Z - 2k

p 
p Pl., z (1.116) 
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and 

(1.117) 

where p 1. = e ex +1J ey represents the transverse spatial frequency vector, and £ p (p 1., z) and 

'PV) (p 1., z) represent the spatial frequency spectrum of the electric and polarization fields, 

respectively. The transverse spatial frequency vector, P1. is related to the more commonly 

used wave vector, k by the relation k = 211" P 1.. We can isolate the diffractive behavior by 

viewing these equations in the absence of Raman conversion. That is, in setting 'P~) (p 1., z) 

and 'P~'l) (p 1., z) to zero in Eqs. 1.116 and 1.117, we find the evolution of the pump and 

Stokes fields to be given by 

(1.]]8) 

where j = P or S. Hence, the evolutionary effects of diffraction on the field spectrums is 

merely to add a phase factor. The rapidly oscillating phase attributed to diffraction can be 

factored Ollt, by making the ansatz 

(1.119) 

where Uj (p1., z) is spatially varying amplitude of the interacting fields due to Raman con-

version. Applying this ansatz to Eqs. 1.116 and 1.] 17 we obtain the factorized set of 

coupled equations, given by 

(1.] 20) 
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and 

aus(p.L, z) __ iltoW~p(:l)( ) i7Tpl>.sz 
8z - 2ks S P.L, z e . (1.121) 

Given a valid set of initial conditions, UAp.L, 0), this set of coupled nonlinear differential 

equations can be numerically solved to obtain Uj(P.L, L), which are!acforized field am-

plitudes at the end of a Raman medium of length L. Diffraction effects over the interaction 

length can then be imparted by simply multiplying by the phase factor as in Eq. J.] 19, to 

obtain Ej (P.L, L); i.e., 

(1.122) 

The cOllverted spatial distributions of the interacting fields (i.e. the field distributions after 

traversing the Raman medium) can then be found by taking the inverse Fourier transform 

of the results in Eq. 1.122. 

1.2 Raman Beam Cleanup 

The mechanism for Raman beam cleanup is most easily comprehended by examining the 

driving polarizations responsible for SRS directly. Substituting the slowly varying envelope 

fields from Eq. 1.1 J 5 into Eqs. 1.111 and 1. J J 2, we find 

(1.123) 

and 

(1.124) 

We immediately note that the relative phase in the Stokes and pump fields (apparently) 

cancel in Eqs. 1.123 and 1. J 24, respectively. This has led researchers in the past to refer 

to the Raman conversion process as a "phase-matchless" process. However, as we shall 



181 

show, this is a commonly portrayed misconception circulating in the open literature. It is 

true, however, by virtue of this apparent cancellation, that the stimulating fields in Eqs. 

] .123 and 1.124 coJlectively interact with only the intensity of the Stokes and pump fields, 

respectively. This fact, in and of itself, sets the Raman conversion process apart from other 

common phase-matched three- and four-wave interactions, such as SHG, OPO and FWM. 

Applying the convolution theorem [14] to Eqs. 1.121 and 1.123, we find that in terms 

of the pump and Stokes spectrums ep(k, z) and es(k, z), respectively, the driving polariza

tions become 

(1.125) 

and 

(1.126) 

where k is the wave vector (k = 2 7r P J.) and "**" represents the two-dimensional con

volution operation. In generating the stimulated Stokes field it is evident, therefore, that 

each plane wave component of the pump field mixes with every other pump component via 

the complex autoconvolution 'Yp(k) = ep(k, z) * * ej,(k, z), to form an apparent pump 

spectrum. This apparent pump spectrum is then combined with aJl possible plane wave 

components of the seeding Stokes field via the convolution 'Yp(k) * *es(k, z). Therefore, 

if the pump and Stokes spectrum are sufficiently well-behaved functions (a condition that is 

almost always obeyed in paraxial optics), then as a result of the convolution the stimulated 

Stokes field will be a smoothed version of the seeding Stokes spectrum. This smoothing 
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operation is performed twice per roundtrip in a linear intracavity Raman laser. It can be 

shown by application of the weH-known centra/limit theorem [] 4, ] 5] , that the distribu-

tion not only is smoothed, but it converges toward a gaussian distribution as the number 

of roundtrips through the cavity increases. The central limit theorem states that the dis-

tribution resulting from the convolution of n ~ 3 well-behaved6 arbitrary distributions is 

well-approximated by a gaussian distribution. Hence, when the multimode spot size in 

the pump cavity is matched to the single mode spot size of the Raman laser, a smoothed, 

mode-matched gaussian gain distribution will exist for the intracavity Raman beam. Un-

der these conditions a TEMoo diffraction limited Raman laser output can be achieved over 

a very large dynamic range without the use of intracavity apertures. In effect the Raman 

gain itself acts as an intracavity gain aperture, forcing the Raman laser to operate in a sin-

gle transverse mode when the cavity is properly mode-matched. Multimode to singlemode 

mode-matching techniques are discussed in more detail in Ch, 2. 

1.3 The role of four wave mixing 

Another, less intuitive, way to describe Raman beam cleanup is by examining explicit four-

wave mixing (FWM) interactions. The first comprehensive explanation of Raman beam 

cleanup employed this approach [95] . As we will show it is the FWM interactions that are 

responsible for Raman beam cleanup. These interactions are incorporated in the expressions 

of Eqs. ].] 25 and ] .126. However, the manifestation of FWM is lost in these terms due to 

the collective cancelation of the phase-matching terms within the convolution. 

6 \\ell.behaved diRtributionR are considered to be reoRonnblly limited in the transvcrse dimen~ion, and are free ofsingulnrities. By defini
tion, paraxial optical beamR are wcll·behaved. 
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To gain insight into how FWM interactions clean up a scattered distribution from a highly 

aberrated pump distribution, we examine the FWM terms arising from a pump spectrum that 

contains only two plane wave components. That is, we consider the two-component pump 

spectral distribution 

(1.127) 

where CPl and CP2 are component amplitudes, and kl'l and kp2 are the component wave 

vectors. The simplest interaction is with a stimulating Stokes spectrum containing only one 

spectral component, i.e. 

cs{k, z) = CSI b{k - kst}, (1.128) 

where CSI is the stimulating Stokes field amplitude, and direction kSI is its corresponding 

wavevector. The resultant spectral distribution of the stimulated Stokes spectrum can then 

be found by substituting cp{k, z) and cs{k, z) into driving polarization in Eq. 1.126, i.e. 

'PS{z) = X~~2 J dk {[Cpl b(k - kpt) + Cp2 b(k - kp2)] * * 
[cPI b(k + kpt} + cP2 b(k + k p2 )] * * 
CSI b(k - kst}}e-ik.z • 

Evaluating the integral yields 

'Ps{z) = X~~~2 {[lcl'l1 2 CSI + 1£1'212 £sd eiksl'Z 
+ C PI £. p2CSI ei(kl'l -kI'2+ksl ).z 

+ £p2C· PI CSI ei (kI'2-k I'1 +ksd·z}. 

(1.129) 

(1.130) 

The first two terms on the right-hand side of Eq. 1.130 are recognized as the standard 

SRS expressions obtained in the plane wave approximation [55] . These terms are "phase-

matchless" SRS interactions; i.e., each planewave component of the pump field generates a 

Stokes field in a direction centered about the stimulating Stokes field (81), As anticipated, 
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the strength of these SRS interactions scale as the intensity of the individual pumping com

ponent intensities. The stimulated Stokes components for these processes are called the 

primary Stokes components. 

The last two terms in Eq. ] .130, however, represent the phase-matched FWM compo

nents resulting from the interaction between the two pump components. The Stokes com

ponents generated in this interaction are not collinear with any of the original field com

ponents. These FWM corollary components are called the secondmy Stokes components 

because they constitute radiation which is secondary to the primary SRS interaction. The 

direction of the secondary Stokes components can be determined by momentum conser

vation which yields the phase-matching condition. As with any phase-matched multiwave 

interaction, a range of secondary Stokes directions can partially satisfy the phase-matching 

condition. We will call the function which modulates the strength transfered in a given in

teraction direction the nonlinear transfer functioll. This transfer function is a function of 

the phase mismatch, and will have a maximum when the phase mismatch is zero, i.e. when 

the phase-matching condition is satisfied. As with any transfer function, the width of the 

central peak defines the acceptance bandwidth for the phase-matched interaction. To de

termine the transfer functions associated with each primary and secondary interaction we 

examine the relative scattering strength of a particular Stokes component which travels in 

the direction defined by k S2 • Figure 76 shows an example vector sum where the phase

matching condition has been satisfied. Substituting the driving polarization for the Stokes 
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Figure 76. Four-wave-mixing phase-matched vector sum: kpl and k p2 are the two pump 
components; kSI is the stimulating Stokes component; kS2 is the resultant phase-matched 
Stokes component; and kA is the grating vector induced in the media. 

field (i.e. Eq. 1.130) into the paraxial wave equation (i.e. Eq. ].]] 4), we find 

(1.]31) 

where we have defined the phase mismatch for each interaction as 

(1.]32) 

Note that the diffraction term in Eq. ].]] 4 is zero in the case of plane waves. The differential 

equation in Eq. 1.] 3] can be solved by direct integration to yield 

+ CpIC* p2£Slei t:.k.,.L/2 sinc (t:.kt IJ ) 

+ £p2C* Pl£Slei t:.k-I,/2 sinc ( t:.k
2
_L)}, 

(1.133) 



186 

where L is the interaction length and where we have assumed the initial condition £S2(0) = 

O. Using the MKS definition of the intensity Ii = ni
:

O l£iI2
, we obtain 

II'owsL Xlis 

[ I (3) I] 2 

= Co {[/~lls1 + 1~21s1 + 2/pl1p2/sd Tp(~h~o) 

+ Ipl1p2/s1 [T8(~k+) + T8(~k_)] 
+ 2 (Ipi + Ip2 ) IS11p12 cos (!kPl-2kP2IL) Tp(~ko) [T8(~k+) + T8(~k_)] 
+ 2 IJ)12181 cos ([kp1 - kp2]L) T8(~k+)T8(~k_)}, 

(1.134) 

where Ip12 = np;:o [£;'I£P2] is the effective intensity of the cross-correlated pump compo

nents. The first term in Eq. 1.134 relates to the primary interaction which has an associated 

transfer function Tp(~ko), given by 

(1.135) 

Likewise, the second term in Eq. 1.134 is due to the secondary interaction, which has 

associated with it the transfer function 

(1.136) 

Whether the Stokes intensity in Eq. 1.134 is a result of a primary or secolldmy interaction 

depends on the relative values of ~ko and ~k±. For primary interactions ~ko rv 0, and 

~k± » 0, hence Tp(~h~o) rv 1 and T8(~k±) rv O. Therefore, the secondary interaction 

resulting from FWM are effectively filtered out by T8(~k±). Likewise, for secondary in-

teractions ~ko » 0, and ~k± rv 0, hence Tp(~ko) rv 0 and T8(~h~±) rv 1, and the primary 

interactions resulting from SRS are effectively filtered out by Tp(~ko). The last two terms 

relate to higher-order scattering off of an effective X~~~ grating written by the crossed pump 
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components. Since the overlap of the transfer functions Tp(~ko), T8(~k+) and T8(~k+) 

is always very sma]] (because ~koo ~ko, and ~ko are never simultaneously zero), these 

higher-order terms do not contribute significantly to the generation of Stokes radiation and 

can therefore be ignored. 

From this analysis we see that the primary Stokes components, in effect, replicate the 

pump field distribution because they are most efficiently generated along the direction of 

each pump component. Therefore, if this were the only interaction responsible for generat

ing Stokes radiation, no cleanup would be possible since the aberrated pump beam would 

simply be replicated by primary generation. Secondary Stokes interactions, however, scatter 

Stokes radiation in a direction which is phase-matched according to the interaction between 

two components in the pump spectrum. Cleanup is therefore possible since voids in the 

pump distribution can be "filled" by secondary Stokes radiation. 

When the entire pump field is considered, visualizing cleanup based on the FWM analy

sis is somewhat formidable [95] . The interaction between each possible combination of 

pump component pairs and stimulating Stokes components must be considered individu

a]]y to reconstruct the resultant Stokes field distribution. However, this operation is iden

tical to taking the three-way convolutions in Eqs. 1.125 and 1.126. The secondary Stokes 

FMW terms, which are responsible for Raman beam cleanup, are automatica]]y contained 

within the polarization driving terms discussed in the previous section. 

Another common nonlinear technique used to achieve high quality optical beams is self

phase-conjugation. From the results of the analysis in this section, a valuable coro]]ary can 

be made between Raman beam cleanup and self-phase-conjugation. We have shown how 



188 

secondary Stokes components are generated when pump components cross within the Ra

man medium. Another way of viewing this interaction is to consider how crossed pump 

components affect the Raman medium. When components of an intense field cross in the 

Raman media, a cosinusoidal index of refraction grating is formed (c.f. Fig. 76). Stimu

lating Stokes field components interact with this grating by diffracting off of this material 

grating into two distinct orders. The direction of these diffractive orders is determined by 

the phase-matching condition defined between the grating vector and the stimulating Stokes 

field. However, because the material grating is created by the crossed pump components, 

the direction of the diffractive orders will be identical to the FWM direction previously de

termined (i.e. there is no physical difference between FWM and material gratings). The 

strength, or modulation depth, of the induced material gratings will depend on the relative 

strength of the two pump components used to form the grating. Therefore, in the context 

of beam aberrations, a large grating modulation depth will exist for sections of the pump 

beam which are highly aberrated, and a zero modulation depth will be formed over sec

tions of the pump beam which are unaberrated. The incoming stimulating Stokes beam 

will, therefore, be scattered only in regions where the pump beam is highly aberrated. On 

the contrary, as a result of constructive interference, the intensity of the pumping field is 

greater in regions where the pump beam is highly aberrated. In these regions, more primary 

Stokes radiation will be generated due to the increased pump intensity. Combining the two 

effects, it is easy to see that the scattering loss due to the formation of the aberration grat

ing counteracts the increased gain due to constructive interference in the aberration. These 

counter-opposing effects tend to wash out the aberration of the pump beam in the generated 
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Stokes beam. In effect, the aberrations in the pump are transferred to the Raman medium 

rather than to the generated Stokes beam. This is not unlike self phase-conjugation, where 

aberrations in the pump are written in the medium as an aberration grating. In the case of 

self phase-conjugation, however, beam cleanup is not observed. Rather, an aberration in

duced in the pumping field can be cancelled by using the phase-conjugate medium as a 

phase-conjugate mirror (Le. stimulated Brioullin scattering media). In this way, the phase 

of the optical beam is reversed upon reflection, and the aberration is therefore canceled after 

a second pass through the aberrating media [55] . 

1.4 Computer Modeling of Intracavity Raman Beam Cleanup 

The transverse field evolution of the pump and Raman beams in intracavity Raman lasers 

can be modeled by utilizing the diffraction propagation techniques discussed in eh. 2 and 

the Raman conversion technique discussed in Sec. 1.1. The factorized wave equations 

given in Eqs. 1.120 and 1.121 can be easily solved by computer. The driving polarizations 

in Eqs. 1.120 and 1.121 are polarization fields in Fourier-space and can be found from Eqs. 

1.125 and 1.126 to be given by 

(1.137) 

and 

(1.138) 
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The three-way convolutions in Eqs. 1.137 and 1.138 are most efficiently calculated by using 

the cOllvolutioll theorem [14, 15] , which yield 

(I.] 39) 

and 

(1.140) 

which in practice is accomplished very efficiently with pm (c.f. eh. 2). Once these 

the polarizations are determined, the differential equations in Eqs. 1.120 and 1.] 21 are 

numerically solved for each element in the field arrays to generate the factorized field arrays 

Up(pl.,L) and Us(pl.,L), where L is the length of the Raman medium. The propagation 

factor is then applied to these field arrays to obtain ep(pl., z) and es(pl., z), which can then 

be converted to the real-space field distributions by applying another FFf. Propagation and 

laser conversion steps are then applied in the proper order to complete a trip through the 

cavity. In this way, both the pump and Raman field distributions can be monitored as they 

circulate through the laser cavity. This nonlinear conversion algorithm is integrated into the 

generalized laser design code Lasica. In principle this nonlinear conversion technique can 

be implemented for SHO, SFO and OPO's as well. It is important to note that the Raman 

beam cleanup is included when the polarization fields are calculated using Eqs. 1. 1 39 and 

1.140. 

As an initial example of intracavity Raman beam cleanup, we have modeled a simple 

traveling wave ring oscillator containing a Raman medium. In this way, only the effects of 

diffraction and Raman conversion contribute to modifying the shape of the transverse field 



191 

End Propagation Start Propagatioll 

Raman MediI/III 

f 

Figure 77. Simplified Raman ring resonator. A seeding pump (blue) and Stokes (red) field 
are injected into the ring resonator (to the right of the Raman media) and are allowed to 
propagate and interact over many trips through the ring resonator. 

distributions, i.e. spatial filtering of intracavity apertures and gain saturation effects do not 

obscure the results. The ring cavity used in this simulation is shown schematically in Fig. 

77. 

In this example, we chose "top-hat" field distributions to seed the pump and Stokes 

fields which are shown in Fig. 78. Top-hat field distributions were chosen because they ap-

proximate high-order multimode beams. The near- and far-field diffracted distributions are 

also well-known. Any arbitrary field distribution can in principle be used as a seed distrib-

ution, however. Figure 79(a) shows the near-field diffraction pattern of the injected seeding 

fields after propagating once around the ring cavity. The field is located in a plane just be-

fore the Raman medium. The pump and Stokes distributions in this plane are not identical, 

even though they have propagated the same distance, because the wavelength of the two 

fields are not identical. Figure 79(b) shows a plot of the pump and Stokes field distrib-

utions after interacting in the Raman media for the first time. As a result of Raman beam 
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Figure 78. Seed distributions for the pump (blue) and Stokes (red) fields. Both fields are 
arbitrarHy chosen to have a top-hat profile with a transverse field dimension of 1 mm. Field 
heights of 1.0 and 0.8 units were arbitrarHy chosen for the pump and Stokes distribution, 
respectively. 
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Figure 79. Transverse field distributions after one trip through the resonator: (a) Near-field 
distribution of the pump (blue) and Stokes (red) fields just before the Raman media; (b) 
field distributions of the pump (blue) and Stokes (red) after the first conversion step. 
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lifter Conversion 
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Figure 80. Transverse field distributions after the second roundtrip through the resonator: 
(a) Diffracted pump and Stokes fields distributions just before Raman conversion; (b) field 
distributions after the second roundtrip. 

cleanup the high spacial frequency components present in the in-going Stokes distribution 

are not present in the out-going distribution. Likewise, the high spacial frequency content 

of the pumping field is not transferred to the outgoing Stokes distribution. The out-going 

pump distribution shows evidence of pump depletion due to Raman conversion. Figure 80 

gives the resulting fields after a second roundtrip is taken through the resonator. Here it can 

be seen that the field distribution of the pump field is beginning to resemble a sinc2 distri-

bution which is the well-known far-field diffraction pattern resulting from a top-hat [14] . 

The Stokes distribution does not resemble a sinc2 distribution, however. Rather, the Stokes 

distribution resembles a gaussian profile. The large tails in the profile are due to diffrac-

tion of the high frequency Stokes components leftover after the first conversion step. After 

a second conversion step is taken (c.f. Fig. 80(b», the Stokes field distribution becomes 

much more gaussian in nature. That is, the pedestal present in Pig. 80(a) is reduced, and 

the high frequency components have again been filtered out, giving a smoother outgoing 
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Figure 81. Pump (blue) and Stokes (red) transverse field distributions after three full 
roundtrips of the resonator have been taken. Here it is evident that the Stokes beam has 
indeed been transformed into a gaussian distribution. 

profile. One more trip through the resonator leads to the distribution given in Fig. 81. Here 

we see that after three roundtrips, the Stokes field has almost completely transformed into 

a smooth gaussian profile. Whereas, the profile of the pump distribution has become mod-

ulated due to diffraction and depleted in the center due to Raman conversion. The spread in 

the pump profile is larger than it would normally be, if only diffraction effects are consid-

ered, because Raman conversion induces high frequency components in the pump spectrum 

which cause the pump profile to diverge at a greater rate. In the case of a real intracavity 

Raman laser, however, the pump would be regeneratively amplified by an intracavity laser 

gain element, and the pump cavity would be geometrically stable. 
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2 Intracavity Raman Beam Cleanup: Experimental 

We have built several intracavity Raman lasers which uti) ize intracavity Raman beam cleanup 

both to enhance the overall efficiency and to obtain diffraction limited output beam qual

ity [45,106, 107] . In our experiments we have shown that Raman beam cleanup is tolerant 

of both energy and power scaling. Figure 83 shows the beam profiles of the pump (left) 

and Raman (right) output from an "eye-safe" intracavity Raman laser developed on this 

principle [45] . In this laser a 10 x 10 x 50 mm3 Ba(N03h crystal is placed within the cav

ity of a Q-switched Nd: YAG laser pump. The pump laser operates simultaneously at 1.3 J 8 

and 1.338 pm wavelengths. The pump field is Stokes shifted by the Raman active isolated 

Vl (Ai) breathing mode which oscillates at 1047.3 cm-l. The Raman laser therefore pro

duced two output lines at 1.535 and 1.556 JIm. The optical layout of this laser is shown in 

Fig. 82. 

The beam profiles of the pump and Raman output were measured simultaneously with a 

PbD/PbS e-beam scanned JR vidicon coupled to a digitizing frame grabber and laser beam 

profiler. The profile of the pump was obtained from pump radiation leaking out of the high 

reflecting end mirror, and the profile of the Stokes was taken from the laser output (Le. at 

the Raman laser output coupler). Before measuring the profiles of the individual beams, 

the output was first filtered by dichroic mirrors to avoid contamination. 

As seen in Fig. 83, a nearly perfect Stokes output beam quality is obtained from this laser 

system. No intracavity apertures were used in the pump or Raman laser. The pump com

pletely fills the laser rod, giving the "system" access to all available inverted atoms. This 

configuration is therefore extremely efficient in terms of input power to high-brightness out-
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Figure 82. Intracavity Raman laser optical layout: HR, highly reflective mirrors at both 
pump and Stokes wavelengths; DM, dichroic mirror, which is a high reflector at the pump 
and is highly transmissive at the Stokes wavelength; LR, Nd:YAG laser rod; P, thin film 
polarizer; PC, Pockel's cell; OC, output coupler, which is 50% reflective at the Stokes 
wavelength and is highly reflective at the pump wavelength; and RC, Raman crystal, which 
is a 10 x 10 x 50 mm3 Ba(N03h crystal. All labeled measurements are in mm. 

(a) (b) 

Figure 83. Experimentally obtained pump and Stokes beam profiles from an intracavity 
Raman laser: (a) 1.31/.01 pump beam, and (b) ].511.01 Stokes beam. These profiles were 
measured simultaneously in the near-field (i.e. at a distance of 20 cm). 
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put power. This technology will have a profound effect in applications requiring efficient, 

diffraction-limited output. 
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Chapter 6 
Spectral Properties of Intracavity Raman Lasers 

Confusion has persisted in the literature regarding the spectral characteristics of intracav-

ity Raman lasers [108] . The confusion centers on the belief that efficient energy transfer is 

only possible when the longitudinal modes of the pump cavity exactly overlap that of the Ra-

man cavity. This situation is only possible when the cavity lengths are perfectly matched. 

Experiments were performed to confirm this belief [108]. It was found that indeed the 

threshold and ultimate efficiency were improved when the Raman laser was configured as 

a "shared" cavity, rather than a "split-cavity" design. We contend, however, that the reason 

for the improved efficiency was simply due to improved impedance matching. As discussed 

in Sec. 3, impedance matching is paramount to achieving high efficiency. Because the im-

pedance of the intracavity Raman conversion process is largely dependent on the relative 

buildup and decay times of the interacting fields, the ratio of the cavity lengths is a key pa-

rameter to consider when designing efficient intracavity Raman lasers. It is not imperative, 

however, to match the cavity lengths to achieve good impedance matching (c.f. Sec. 3) 

because other parameters, such as the output coupling and nonlinear gain, also affect the 

impedance. 

In this section we wi11 develop a novel theory describing the spectral characteristics of 

intracavity Raman lasers. It wi11 be shown that under normal conditions, where the longi-

tudinal mode spacing of the pump is smaller than the homogeneous linewidth of the Raman 

transition, the intracavity Raman field observes an inhomogeneously broadened gaussian 

(or in general, voight) gain profile. In this sense, the spectral characteristics of intracav-
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ity Raman lasers is no different than any other inhomogeneously broadened laser. That 

is, multi-longitudinal mode oscillation, spectral hole burning, frequency pulling, and mode 

locking (among others) are all physically possible phenomena observable in Raman lasers. 

1 Theory and Modeling 

Ideally the frequency of a Raman shifted photon follows a very simple additil'e relationship. 

i.e. 

(1.141) 

where V-n (v+n ), vp and Vv are the nth-order Stokes (anti-Stokes) pump and Raman fre

quencies, respectively. Equation 1.141 is no more than a statement of energy conservation. 

Within the context of a real laser, however, the energy of a particular pump photon and Ra

man active optical phonon are not precisely known. Uncertainties in these energies are a 

direct consequence of spontaneous emission. That is, due to spontaneous emission, the life

time of the photon and phonon energy states are finite. As a result of time-energy uncertainty 

relation, the energy levels are said to be lifetime broadened. Probabilistically, therefore, Eq. 

1.141 is a relationship among random variables (RV), i.e. 

(1.142) 

where bold faced characters represent random variables. 

A spread in the stimulated emission spectra of the nth order Stokes (or anti-Stokes) spec

trum is therefore induced by the incoherently added random fluctuation in both the pump 

and Raman modes due to spontaneous emission. To determine the distribution governing 
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this spread we have to establish the probability laws obeyed by the random variables vp 

and Vv and prove their independence. Because there is no correlation between the time 

at which a spontaneously emitted photon and phonon emerges from the laser and Raman 

medium, respectively, the events are clearly independent. It is likewise true for the sponta-

neously emitted particle energies because the laws governing the emission time and energy 

are linked through a Fourier transform. Hence the probability laws obeyed by vp and Vv 

are uncorrelated and independently distributed. 

The probability laws obeyed by vp and Vv are well-known to be lorentzian [9,26, 109-

Ill] . A simple heuristic proof follows: It is well-known in all areas of physics that the 

lower limit of physical uncertainty laws are achieved only when the functions governing 

the particular physical scenarios are Fourier transform pairs. Mathematically this follows 

by application of the Bessel-Parseval theorem [112, 113] . Therefore, if we assume the 

worst case scenario, vp and Vv will be lorentzian distributed because the laws governing the 

probability of decay from each energy state, which is due to spontaneous emission, follow 

negative exponential laws. Exponential laws are Fourier transform pairs of a lorentzians. 

Hence, 

(1.143) 

where v is the free variable, and 6.v is the FWHM. The probability distribution in Eq. 1.143 

is no more than the homogeneolls Iineshape function for the excited state to ground state 

transition. 

When taking Fourier transforms of PII(V), it is convenient to write PII(lJ) in terms of a 

function which obeys the transformation laws introduced by J. D. Gaskill [14] . Because 
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Gaskill has not formally defined a function in the form of a lorentzian, we will define it 

here as 

Lorentz m = 1 + (~r (1.144) 

As with all of Gaskill's functions, the Lorentz (x/b) function has an integrated area of 1"1. 

As pointed out earlier, the Fourier transform pair of a lorentzian is an exponential, i.e. 

Lorentz (~) ~ e-b1xl . (1.145) 

In terms of Lorentz (x/b), the probability distributions obeyed by vp and Vv are given by 

( ) 1 (v - l/PO) 
]Jv p v = ~ Lorentz !:l. 

7f Ll.1Jp 7f l/p 
(1.146) 

and 

1 (v =F nT/v) P±nvv(l/) = ~ Lorentz !:l. ' 
7f Ll.Vv 7f Vv 

(1.147) 

respectively. Because the free variable v is taken to be the absolute frequency, frequency 

shifts were included in the definitions of P,Jp(V) and 1J±IIV,,(1/) to center each distribution 

about their respective resonance. 

To find the probability law obeyed by V±n we make use of the transfer theorem for 

statistics [15] which states that when a RV is formed by the sum of independent RV's, the 

resulting distribution is given by the convolution of the constituent distributions. Hence, the 

probability law governing the frequency distribution of stimulated nth-order Stokes (anti-

Stokes) photons is given by 

PV±n (v) = Pvp(v) * P±nv\I(V). (1.148) 
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By applying the convolution theorem and utilizing Gaskill's transformation laws, we obtain 

1 [ v ± 1UJv ] 
PI/±n (v) = (~ ~) Lorentz (~ ~)' 

7r vp + Vv 7r vp + Vv 
(1.149) 

Qualitatively, the law in Eq. 1.149 implies that when the pumping field is derived from a 

singlefl'equency coherent source (e.g. from a laser operating in a single longitudinal mode), 

the spread in the frequency distribution of the SRS field will be at least as big as the sum 

of the individual homogeneously broadened frequency bandwidths of the pump and Stokes 

fields due to spontaneous emission, i.e. 

(1.150) 

The lower limit condition in Eq. 1.150 was included because other independent random 

processes (e.g. random fluctuation in the laser cavity length) can likewise contribute, via 

additional convolutions in Eq. 1.148, to increasing the bandwidth of the SRS photons. 

To extend this calculation to include the effects of mUlti-frequency sources we need only 

characterize the frequency distribution of the multi-frequency source. Specifically, we are 

interested in the scenario when the pumping field source is derived from a multi-longitudinal 

mode solid-state laser (e.g. Nd:YAG). Multi-longitudinal mode oscillation in solid-state 

lasers is possible when the inhomogeneously broadened linewidth of the laser transition is 

much larger than the free-spectral-range on the laser resonator. In the case of solid-state 

hosts for rare-earth active ions (e.g. Nd: YAG), a continuum of local environments exist due 

to random micro-strains in the lattice. These micro-strains induce random variations in the 

local crystal field resulting in an inhomogeneous broadened transition which is functionally 
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gaussian [109] , i.e. 

(1.151) 

where D..vinh is the inhomogeneous Iinewidth; and Vpo is the line center frequency. In terms 

of Gaskill's Gaus (x/b) function [14] ,g(v) has the form 

g(v) = Gaus po. 1 (V-I/,) 
-/2iiD..Villh V2iiD..Villh 

(1.152) 

The spacing of the individual longitudinal (axial) modes is nominally equal to the free-

spectral-range of the empty-cavity, i.e. D..llax = c/2L, where L is the cavity length of 

the pump laser. However, small differences in the mode separation can be induced by gain-

dispersion. Gain-dispersion tends to "pull" modes toward the gain center. This well-known 

effect is calledfrequcncy pulling [7,9,26] . The size of the effect can be estimated by 

(1.153) 

where 011q is the shift of the qth longitudinal mode; D..llax is the axial mode spacing of the 

empty cavity; grt is the power gain per roundtrip; llq is the q'h axial mode frequency; 11,m 

is the central frequency of the inhomogeneollsly broadened transition; and D..llillh is the 

inhomogeneous Iinewidth. For a typical Q-switched Nd:YAG laser the roundtrip gain is 

very high, inducing large pulling fractions. For example, a typical set of parameters for a 

Q-switched Nd:YAG laser are g,.,. rv 100, D..vax ~ 150 MHz and D..llillh ~ 120 GHz which 

causes the first adjacent mode to be pulled by OV1 ~ 3 MHz. In comparison with the axial 

mode spacing of 150 MHz, however, this is a small, but not negligible, shift. 
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The bandwidth of the individual longitudinal modes of an operating laser is likewise 

different from the empty-cavity bandwidth. This becomes apparent when we examine how 

the Fabry-Perot power transmission function changes when a gain element is introduced 

into a resonator. The power transmission through a Fabry-Perot interferometer obeys the 

Airy function [7,9, 13,26] 

(1.154) 

where Tmax is the peak transmission through the resonator, and F is thejil1esse of the in-

terferometer. The transmission Iinewidth of each resonance transmission peak of the inter-

ferometer is given by 

2.1,Jax • -1 ( 7r ) 
- 7r sIn 2F (1.155) 

.1,Jax 
'" F' 

where the second relation is valid for large F. When a gain element is introduced into the 

cavity, the finesse is modified to include the effects of gain, i.e. 

F 
7r.;g;t 

-
1 - grt 

(1.156) 
27r 

~ 

flc -lim 

where 

(1.157) 

_ e6m - 6c 

is the roundtrip gain written in terms of Ii-exponents introduced previously in Sec. 3. 

When the gain approaches the loss the finesse approaches infinity. Of course, an in-

finite finesse is never reached because the gain is clamped by saturation. However, the 
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finesse obtained in an active cavity is far greater than that of the empty cavity. Because 

the linewidth scales to the inverse of the finesse, the active cavity bandwidth approaches 

zero. The ultimate linewidth attainable in an active resonator, however, is still limited by 

quantum fluctuations caused by spontaneous emission. Equation 1. ] 55 can be rewritten in 

terms of the attainable cw output power Pout (c.f. Sec. 3) to yield one of the most famous 

relations in laser theory 

1:l.1I> 211" Iw (I:l.l/ )2 (1- 92Ni)-1 - P. ec N,B' 
Ollt. 92 2 

(1.158) 

where 1:l.1Iec is the empty cavity linewidth; 9i are the level degeneracies; and Nt are the level 

populations. This relation was first derived by A. L. Schawlow and C. H. Townes in ] 958 

in what is regarded as the seminal paper predicting laser action in the optical regime. 

Numerical examples generally yield quantum noise-limited frequency bandwidths of a 

few tens of a Hz. In practice, the lower limit is never achieved due to other noise sources 

such as mechanical noise. What is important, however, is that the frequency distribution 

within each longitudinal mode over threshold is far less than the empty cavity bandwidth. 

The lineshapes of the individual longitudinal modes in the pump fields can therefore be 

approximated by the homogeneous lineshape, or in the extreme, as delta functions. 

Due to saturation, the quasi-steady state gain attained by each mode over threshold will 

clamp at a value that just compensates for the loss. That is, for the above threshold mode 

q, 19rt(Iq --+ Isat )1 2 
--+ 1, which occurs when lim,q(Iq --+ Isat ) = lic. Due to selective 

saturation, the saturated gain spectrum will display a series of "holes" burned at each lon-

gitudinal mode. The power in each mode can loosely be associated with the area burned 
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away in each hole. Because the widths of each burned hole are approximately identical, the 

relative weighting factor associated with each mode can be considered to be proportional 

to the depth of the hole burned by the mode. For the qth mode the hole depth is equivalent 

to the unsaturated gain minus the Joss, or 

where g(vq) is the normalized unsaturated gain Iineshape for the laser transition. The maxi

mum unsaturated gain attained by qmll.X is exp[8m,q max ( Iqmnx = 0)] which is the mode near

est line center. For the purpose of obtaining an approximate expression for the longitudinal 

mode weighting function in a high gain laser, however, the extra factor of cxp[ -8c] is negli

gible in comparison to exp[8m,qmRx(Iqmnx = 0)]. A numerical example will suffice: For a Q

switched Nd:YAG laser the unsaturated gain can reach values of 8m,qmnx(Iqrnnx = 0) rv 100 

and passive losses 8c rv 0.7. Hence, to good approximation the longitudinal mode distribu

tion in a high gain solid state laser is proportional to the inhomogeneous lineshape function 

g(v) (c.f. Eq. 1.151). 

The probability distribution function governing the multi-longitudinal mode RV vp can 

therefore be expressed by a series of lorentzian Iineshapes distributed at the pulled axial 

mode spacings which are modulated by the inhomogeneously broadened lineshape. For 

our purpose it will be assumed that the nonlinear frequency shifts of the axial modes due 

to frequency pulling are negligib]e (i.e. 811q « ~llax)' In this approximation the multi

longitudinal mode distribution function for vp can be written as 

PVp (v) = a Gaus ( £:~;",,) [~~a", comb (~~a:r) * rrlvp Lorentz ( rr%'v,.)], (1.159) 



0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

o 

207 

Pump Laser Spectrum 

I 11 - ~ .... III 
-150 -100 -50 0 50 100 150 

Freq. (GHz) 

Figure 84. Pump photon probability distribution function for a typical multi mode pump 
laser. Here the condition !:l.vp < < !:l.1Jax < < !:l.vinh is obeyed. The axial mode spacing is 
larger than normal for the purpose of illustration. 

where we have used Gaskill's comb (x /b) function which is defined as a series of 8-functions 

spaced b units apart [14] ; Le., 

00 

comb (~) = L 8(x - mb). (1.160) 
m=-oo 

The factor a in Eq. 1.159 is a normalization factor which can be found by integration. Figure 

84 shows qualitatively how a typical (normalized) spectrum of a multimode Nd:YAG laser 

is distributed. The homogeneous linewidth of each mode is much smaller than the axial 

mode separation which is likewise small compared to the inhomogeneous linewidth (Le. 

!:l.vp < < !:l.1Jax < < !:l.,linh). In the figure we have chosen a larger-than-usual axial mode 

separation for illustrative purposes. 

By taking the convolution of the newly defined pump photon energy distribution PVp (v) 

with P±nv" (v) (c.f. Eq. 1.148), we can find the energy distribution obeyed by the nth-order 
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Stokes (anti-Stokes) photon RV's V±n. This convolution is most easily calculated by first 

taking the Fourier transform and applying the convolution theorem, i.e. 

(1.161) 

where cpp( t) and CP±'Wv (t) are the Fourier transforms (or characteristic junctio11s) of pp( 11) 

and P±nvJ11), respectively. Evaluating cPp(t) and CP±IIV" (t) individually we find 

and 

(1.163) 

From Eq. 1.162 we see that the pump characteristic is composed of a series of gaussians of 

width (J27r~1Jinh)-l, distributed at time intervals (~1Iax)-1, which are modulated by the 

negative exponential cxp( -7T~1Jp If/). The negative exponential functions associated with 

homogeneous linewidth ~11p :.tct as temporaljiiter-fimctiom; in the pump temporal distribu-

tion. Likewise, from Eq. 1.163 we see that the functional form of the phonon characteristic 

is simply a harmonic of radial frequency ±2mwv , modulated by a negative exponential 

filter-function of width (7T~1Jv)-l. Multiplying cPp(t) by CP±IIV,,(t) we find the generated 

nth-order Stokes (anti-Stokes) photon characteristic CPV±n (t), i.e. 

(1.164) 
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Figure 85. (a) Characteristic functions of the pump photon and optical phonon probability 
distributions, where cp",,(t) is blue, and cp",,(t) is red. (b) Resultant filtered characteristic 
CP±n",,(t) shown in green. These characteristic functions were generated using the pump 
photon probability distribution function given in Fig. 84, with !l.vinlr.!(!l.lJp + !l.vv ) = 6. 

In this form it is readily apparent that the optical phonon characteristic CP±n"" (t) acts to 

further narrow the effective temporal filter-function which now has the form exp[-1f(!l.lJp+ 

To gain a better understanding of how filtering affects the outcome, we have generated 

a few graphical examples. The characteristic functions of P"I'(V), p",,(lJ) and P±71",,(lJ) 

are shown in Fig. 85. The characteristic function for the pump cp",,(t) was generated us-

ing the distribution shown in Fig. 84 and is displayed as blue in Fig. 85(a). Likewise, the 

characteristic for the optical phonon CP±71"" (t) is shown as red in Fig. 85(a), where the rel-

ative parameter scaling is !l.lJinl,.!(!l.,Jp + !l.lJv ) = 6. Because the width of CP±71",,(t) is on 

the order of the temporal axial mode spacing (i.e. !l.ll;;l ~ !l.v;;xl), fractions of the first and 

second temporal modes are passed by the negative exponential filter-function. The resul-

tant characteristic CP±n"" (t) is therefore composed of more than just the central order as seen 

in Fig. 85(b). Thking the inverse Fourier transform of the resultant filtered-characteristic 
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Figure 86. Probability distribution function for the generated photon frequency P±nv,,(l/) 
when the characteristic CP±nv,,(t) is under-filtered. This Raman gain profile was obtained 
by numerically taking the inverse Fourier transform of the characteristic function shown in 
Fig. 85(b). 

CP±nv,,(t) yields the resultant probability distribution function obeyed by the generated pho-

ton PV±n (v) as shown in Fig. 86. The outcome PV±n (v) is the probability distribution gov

erning the frequency (or energy) distribution of the generated nth-order Stokes (anti-Stokes) 

photons. Hence, PV±n (v) is no more than the Raman spectral distribution which is propor-

tional to the Raman gain profile. In this example, it is apparent in Fig. 86 that both gaussian 

and lorentzian characteristics are observed in the resultant spectrum. Variations in the gain 

profile can have serious ramifications on the ultimate conversion efficiency of a multi mode 

pumped, multimode Raman laser. As pointed out in the introduction, it was these apparent 

variations in the Raman gain spectrum that lead researchers to employ "shared" cavity con-

figurations. The obvious benefit of the shared cavity configuration is that in the event that 

the Raman gain spectrum is highly modulated (as in Fig. 86), the Raman cavity Fabry-Perot 
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Figure 87. Efficient filtering regime:(a) Characteristic functions of the pump photon and 
optical phonon probability distributions, where <Pvp(t) is blue, and <Pv,,(t) is red. (b) Re
sultant filtered characteristic <P±nv,,(t), shown in green. Only the central temporal or
der passes by the negative exponential filter. These characteristic functions were gen
erated using the pump photon probability distribution function given in Fig. 84, with 
6.vinh/(6.vp + 6.vv ) = 1.5. 

resonances wiH exactly overlap the gain peaks. However, as we wiH show, the conditions 

responsible for generating the modulated distribution PV±n (11) in Fig. 86 are physically un-

realizable in most cases. 

From Fig. 85 it is easy to see that unmodulated, well-behaved Raman gain profiles 

will result when the higher-order temporal modes are adequately filtered by the negative 

exponential. It is therefore evident that efficient filtering is achieved when the width of 

the negative exponential filter-function is narrower than the temporal mode spacing, but 

not narrow enough to significantly filter the fundamental temporal mode. Continuing with 

the graphical example, we again use the pump photon distribution shown in Fig. 84, but 

now we choose the optical phonon linewidth such that the ratio 6.1Iillh/(6.1Ip + 6.1Iv ) = 1.5 

is obeyed. The resultant characteristic functions are shown in Fig. 87. Now the filter 

is more narrow than the temporal mode spacing, and only the central mode is passed as 
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Figure 88. Inhomogeneously broadened Stokes (anti-Stokes) photon energy distribution. 
Here the Raman gain spectrum is smooth with the same shape of the inhomogeneously 
broadened pump laser spectrum. 

shown in Fig. 87(b). The gain spectrum obtained for these set of parameters is shown 

in Fig. 88. From the figure it is evident that the resultant Raman gain spectrum is a 

copy of the inhomogeneously broadened pump laser gain profile. Therefore, when the 

conditions for efficient filtering are met, the conversion efficiency for multimode Raman 

lasers is unaffected by cavity matching. Furthermore, the multimode properties of a Raman 

laser can be implied directly from standard laser theory pertaining to inhomogeneously 

broadened gain media. 

In terms of the known quantities, efficient filtering is achieved when the following con-

ditions are met: 

(1.165) 

where the characteristic times have been defined by Tinh = [V21f.6Vinlt]-l, Tit = [7T"(.6vp + 

.6vv )]-l and Tax = .6v;xl. When these conditions are satisfied, only the central temporal 
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mode (i.e. gaussian centered at the origin) is passed by the effective negative exponential 

filter-function. Hence, all other modes are filtered out, and from Eq. ?? we find that the 

characteristic becomes 

( 1.166) 

Thking the inverse Fourier transform of this characteristic, we find the probability distribu-

tion for V±n to be given by 

GnllR * 6[/'-(Vpo±'1/I,.)] 
PV±n (v) = -->-,;----=.:.:=<-""';=";!!"":""""""""--:'':--'---:---:'-''------- (1.167) 

where the value of a was determined by performing the normalization integration which 

can be easily achieved by invoking the central ordinate theorem, i.e. J:OPV±n (v)dv = 

CPV±n (0). 

1\vo limiting forms ofPv±n(v) exist: (1) gaussian, when (~l/p + ~vv) «~l/inh; and 

(2) lorentzian, where ~Vinh « (~l/p + ~vv). For the first case, the combined photon-

phonon homogeneous Iineshape acts like a 6-function in comparison to the inhomogeneous 

Iineshape of the pump, i.e. 

(1.168) 

Hence, in this limit, the probability distribution obtained for V±n becomes purely gaussian 

in nature, i.e. 

(1.169) 



214 

This relation was verified in the example of Figs. 87 and 88, where it was found that 

the inhomogeneously broadened gain profile of the pump is reproduced to give a gaussian 

Raman gain profile. 

Likewise, in the second case where (~lJp + ~vv) » ~lJin'u the inhomogeneous line-

shape of the pump acts 1ike a 6-function in comparison to the combined photon-phonon 

homogeneous lineshape, i.e. 

(1.170) 

In this limit, therefore, the probability distribution obtained for V±n becomes purely lorentzian 

in nature, i.e. 

1· {( )} - 1 L t [v-(vpo±nVII)] 
1m PV±n V - n(Llv +LlVII) oren Z n(Av +LlvlI) • 

(Llvp+Llv,,»>Llv/n ,. p p 
(1.171) 

In general, however, the homogeneous and inhomogeneous linewidths are comparable in 

size, and neither of these limiting Iineshapes are achieved. Rather, the resultant convolved 

Iineshape has both lorentzian and gaussian qualities. 

To obtain the general solution for PV±n (v), we replace Galls and Lorent.z in Eq. 1.167 

with their full functional forms and obtain the integral relation 

(1.172) 



215 

By making a change of variables to y = x/( V2~IJinh)' Eq. ] .172 can be put into the form 

of 
00 2 

b J e-Y dy 
v'27r3 ~Villh b2 + (y + 0)2 

-00 

( 1.173) 

_ ~1 Re{w(o +ib)}. 
27r~'Jinh 

where w is the error junctions of complex argument which have tabulated numerical values 

[114] . In obtaining this result we have defined the unitless variables 

and 

o = (vpo ± nvv ) - IJ, 

V2~Vinh 

Tinh 
- 2V'ffTh' 

where ~IJh is the average homogeneous linel1'idth defined by 

(1.174) 

(1.175) 

(1.176) 

The probability distribution given for V±n in Eq. 1.173 is in the form of a lfJigt profile 

which is a commonly observed Iineshape function in Doppler broadened transition in gas 

gain media [7,9,26] . This profile has both gaussian and lorentzian characteristics and in 

general has a Iinewidth roughly equivalent to the sum of the constituent components, i.e. 

(1.177) 
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Therefore, when the conditions in Eq. 1.165 are satisfied, the generalized Iineshape obeyed 

by the Raman gain profile in a Raman laser is an inhomogeneously broadened ~bigt profile. 

As mentioned previously in defining the conditions in Eq. ].] 65, the temporal mode 

filtering "efficiency" decreases when the first condition given in Eq. ] .165 is not satis-

fied. That is, efficiency is lost when the combined photon-phonon homogeneous linewidth 

begins to be comparable to, or exceeds the inhomogeneous linewidth of the pump laser 

transition. In terms of the unitless parameter b this occurs when b ~ 1. To get a more qual-

itative picture of what is meant by "filter-efficiency" we examine the resulting distribution 

function exactly on resonance, i.e. when the frequency of the shifted photon is precisely 

vpo ± nvv • Setting 0 = 0 in Eq. ] .173, we find the distribution maximum to be given by 

(1.178) 

1 h2 ) -.j2; e crre (b , 
27r f}.,linh 

where crfe (.) is the complemel1fary error junction [114] . Figure 89 shows how the distri-

but ion maximum PV±u (0) varies with b. 

It is evident from Fig. 89 that the distribution maximum is strongly dependent on the 

ratio between the average photon-phonon homogeneous Iinewidth and the inhomogeneous 

linewidth of the pump laser transition. Large efficiencies are obtained when b < < 1. This 

occurs when the lineshape of the Stokes (anti-Stokes) photons is dominated by the ;n"o-

11l0geneous lineshape of the pump photons. The asymptotic limit obeyed by PV±u (0) when 
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Figure 89. Spectral filtering efficiency as a function of b. 
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b « 1 is given by 

(1.179) 

which is the normalization factor for a pure gaussian. Contrari Iy, as b increases the efficiency 

monotonically decreases until, in the limit of b > > 1, the Iineshape of the Stokes (anti-

Stokes) photons is dominated by the average photon-phonon homogeneous Iineshape. In 

this case the asymptotic limit obeyed by PV±n (0) is found to be 

lim PV±n (0) = 1 
b»l 7r t11Jh 

(1.180) 

which is the normalization factor for a pure lorentzian. Both of these limits were previously 

predicted by analysis leading up to Eqs. 1.169 and 1.171. 

2 Nd:YAG pumped Ba(N03h Raman Laser 

The essential result gained by the theoretical development in the previous section was the 

spectral efficiency condition given in Eq. 1.165. We are particularly interested in determin-

ing whether this condition is satisfied by intracavity solid-state Raman lasers. As an exam-

pie, we will consider the specific case of a Nd:YAG pumped intracavity Ba(N03h based 

Raman laser. For aIm long Nd: YAG laser, the inhomogeneous linewidth is t1,Jinh = 120 

GHz; the homogeneous linewidth is t1vp = Til = 4.4 kHz; and the axial mode spac-

ing is t1vax = 150 MHz. For Ba(N03h, the room temperature homogeneous linewidth is 

t11Jv = 0.25 cm- l = 7.5 GHz [71] . The characteristic times associated with the system 

are therefore: Tinlt = 3.3 ps, Tit = 42.4 ps, and Tax = 6.7 ns. Hence, the conditions given in 

Eq. 1.165 are c1earJy satisfied; therefore, the probability law given in Eq. ?? is valid. From 
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Eq. ].] 75 we find b = 0.022 which satisfies the condition b < < 1. Hence, the gain pro

file observed by the Raman laser is an inllOl1logeneously broadened gaussian profile. The 

inhomogeneously broadened linewidth is D.Viflh = 120 GHz. Therefore, the Raman gain 

profile is identical to the inhomogeneously broadened gain profile observed in the Nd:YAG 

pump laser. Because the probability distributions between the pump and nth-order Stokes 

(anti-Stokes) photons are independent, the gain observed by the Raman laser is completely 

decoupled from the pump. 



Chapter 7 
Phase-Matching 1echniques and 

Frequency-Conversion Efficiency in Optically 
Active Crystals 

1 Introduction 
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Phase-matching as well as the magnitude of the induced second-order nonlinear coupling 

coefficient /deJ// play essential roles in determining the frequency conversion efficiencies 

for the fonowing processes, which depend on the second-order susceptibility X(2): second 

harmonic generation (SI-IO), sum and difference frequency mixing (SFM, DFM), and op-

tical parametric oscillation (OPO). Phase-matching techniques and frequency conversion 

optimization were first analyzed and applied to uniaxial crystals by Midwinter and Warner 

[) ) 5] . Phase-matched SHO in biaxial crystals was later discussed by I-Iobden [) 16] and fur-

ther generalized to encompass al1 second-order three wave interactions by Ito, et al. [)) 7] 

. Several authors have since cOITected and applied Ito's formulation to KTP [) 18, ) ) 9] and 

LBO [) 19, 120] . Recently, Yao et al. [121] have further improved the accuracy of Ito's 

formulation by taking into consideration the possible difference between the polarization 

directions of the incident beams and the principle axes of the crystal. Phase-matching via 

optical activity (OA) was first proposed by Rabin and Bey [122, 123] and first applied by 

Patel and Van Than [) 24] to obtain far IR (rv 100/1m) radiation by DFM in n-InSb. The gen-

eralized theory of phase-matching and conversion efficiency was developed by J. T. Murray 

[125] and is the subject of this chapter. 
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In this chapter we reformulate the calculation of the birefringent phase matching (BFM) 

angles, ((), </»pm and Ideffl in OA, X(2) crystals. Our motivation is simple: out of 21 non-

centrosymmetric crystal classes 15 obey the symmetry necessary to display optical gyration 

[126] . As a result, the eigenindices net ((), </», ne2 
((), ¢) can no longer be calculated using 

the homogeneous form of Fresnel's equation [127] . Because these eigenindices are central 

to the calculation of the phase matching angles, these angles will inevitably differ from 

those predicted by the standard theory. Moreover, optical gyration serves to couple the 

eigenmodes propagating in anisotropic media, giving rise to a functional dependence of 

deff with the distance of propagation e (i.e. deff -+deff((), </>, e) ), hence reducing the 

conversion efficiency in BPM processes. In addition, we generalize the OA quasi phase 

matching (QPM) scheme proposed by Rabin and Bey [122, 123] to apply for all: (I) three-

wave interactions; (2) X(2) crystals; and (3) propagation directions. 

2 Birefringent Phase Matching in Optically Active Crystals 

For three waves with frequencies WI, W2 and W3 propagating in a crystal, the collinear phase 

matching condition t:1k = 0 is satisfied when energy and momentum are conserved along 

the pump wave propagation direction. These conditions lead to the set of relations 

(2.181) 

and 

(2.182) 
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where ni is the index of refraction for frequency Wi. Customarily, these conditions are 

realized by exploiting the birefringent and dispersion properties of anisotropic crystals. The 

birefringence can be tuned by applying stress, voltage, or by varying the temperature or 

angle of propagation. We will on ly be concerned with the latter of the four methods. 

The angular dependence of the index of refraction, 11" in anisotropic, OA crystals can be 

obtained from Fresnel's inhomogeneous equation, given by [126, 128] 

where n x , ny and n z are the principle refractive indices; sx, Sy and Sz are the direction 

cosines of the incident field wave vector; and G is the induced gyration. The induced 

gyration varies quadratically with the direction of the wave vector and is given by [126, 

128] , 

(2.184) 

where 8i (i = 1,2,3) are the direction cosines of the incident wave vector; and gij are the 

matrix elements of the gyration tensor g. 

Equation (2.183) is quadratic in 11,2 and can therefore be written in the form, 

3.;2 + Bx + C = 0 

by letting 

B - - [a(b + c)s; + b(a + c)s; + c(a + b)s; ] / [s;a + s;b + s;c] 

C - [abc] / [.9; a + .9; b + s; c] - G2 

(2.185) 

(2.186) 
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where a = n~, b = n~, and c = n~. Solving Eq. 2.185 for n gives the relevant roots, 

(2.187) 

and 

11,"(0, q" A) = J4 [-B - VB2 - 40]. (2.188) 

where n'(O, q" A) > n"(O, ¢, A) are the eigenindices observed by a beam of light of wave-

length A traveling at an angle 0 with respect to the z-axis and whose projection on the x-y 

plane is at an angle ¢, with respect to the x-axis. The expressions of Yao and Fahlen [118] 

can be recovered by setting G = 0 in Eq. 2.186. 

The possible combinations of n'(B, ¢, A) and n"(B, ¢, A) that satisfy the phase matching 

condition in Eq. 2.182 define three types of phase matching [129] . The equations for these 

types are shown below: 

'TYpe I: 

'TYpe II: 

'TYpe III: 
WI W2 

n~ - -ni - -n~ = 0 
W3 W3 

where n~ = n'(B, ¢, Ai) and n~' = n"(B, ¢, Ai)' 

Equation 2.183 can be written in terms of the gyration free eigenindices net and ne2 as 

[126] 

(2.189) 
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The roots of Eq. 2. I 89 are given by 

(2.190) 

and 
1 

n" = [4(n~1 + n~2) - 4J(n~1 + n~2) - 4(n~1 n~2 - G2)] "2 (2.1 91) 

Approximate expressions can be found for the new eigenindices in crystals with large bire-

approximation Eqs. 2.190 and 2.191 become 

(2.]92) 

and 

" [ G2] n ~ ne2 1 - 2 2 bt. . ne2 11. 
(2.193) 

Substituting of Eqs. 2. I 92 and 2.193 into the phase matching conditions yields the stan-

dard phase matching conditions [115-121] plus a small con-ection, i.e. 

lYpe I: 

lYpe II: 

lYpe III: 

where the con-ections are given by 

(2.194) 

(2.195) 
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and 

6 _ G~ (WI) G~ (W2) G~ 11 r - e2 + - C) - - e2 • 
2na 611.3 wa 211.1 611.1 W3 2n2 6n2 

(2.196) 

In the standard theory [115-121], /).1 = 6 11 = 6 111 = O. Therefore the relationships in 

Eqs. 2.194, 2.195 and 2.196 provide the stipulations for which the standard theory applies, 

i.e. 6 r , 6 11,611 r « 1. The reason for the success of the standard theory is obvious. 

The 6(T) ( T - denotes the type of phase-matching, i.e. I, I I, or I I I) are proportional 

to the ratio of the rotational and natural birefringence, which is almost always negligible 

in practical SFG, DFG, SHG and OPO materials since a large natural birefringence is a 

prerequisite for phase matching (e.g. G / 6n; tV to-4 , where 6ni = n~ - nf). 

Applying these corrections to the weJJ-known phase-matching conditions for SHG in 

KTP of a Nd:YAG laser (i.e. AI = 1.064 JLm and ASHG = 0.532 pm). Using the rotary 

dispersion reported by Thomas et aJ. [130] , we find for the optimum type I phase matching 

angles of ((h,¢I)opt = (44.22°,45°) [56] , 6:<7'P ~ 5.19 X to-8, and for the optimum 

type II phase matching angles of (011, ¢rr)opt = (90°,23.22°) [56] ,6fSTP ~ 9.03 X to-10• 

Hence the correction for KTP is insignificant. Other materials such as liquid crystals can 

display abnormally large natural rotations (e.g. 102 rad/mm) which may lead to significant 

corrections in the calculated BPM angles. 

3 Birefringent Phase Matching Conversion Efficiency 

Several mechanisms are known to reduce the conversion efficiencies for SFG, DFG, SHG 

and OPO. Among these are: walk-off of the extraordinary beam due to crystal anisotropy; 

diffusion spreading due to the diffraction of a spatiaJJy finite sized beam; group velocity 
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mismatch as a result of temporally finite pulse-widths; dispersion-spreading; and linear 

and nonlinear absorption losses [131] . We propose that another mechanism responsible 

for reducing the conversion efficiency in BPM nonlinear processes is optical gyration. The 

exact conversion efficiency calculation in the presence of all the aforementioned loss mech-

anisms is an enormously complex task. What is normally done, therefore, is to calculate the 

effect of each mechanism for the special case where each mechanism alone is responsible 

for the conversion losses. We will consider the special case where the effects of optical gy-

ration alone are responsible for the losses in the general three-wave second-order nonlinear 

interactions. 

In the presence of optical gyration the effective second-order nonlinear coupling coef-

ficient, dell(O, ¢), is no longer constant with propagation distance e. That is, dell can be 

written as 

(3.197) 

where in general, (((3, e) is a complex modulating function. The functional dependence on 

e wiIJ lead to an overa)) gain reduction factor proportional to the integral of 1 (((3, e) 12 over 

the interaction length of the crystal. 

To start we recall that the optical gyration can be treated as a perturbation to the dielectric 

tensor of the active media, i.e. 

(3.198) 

-where fl.f.ii are the matrix elements of the antisymmetric tensor fl.€ given by [126] , 

A _ ( 0 if.oG) 
u€ - . GO' -?Eo 

(3.199) 
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As a result of this perturbation, net and ne2 no longer represent the eigenindices of the 

two eigenmodes. Hence, an arbitrary electric field E is no longer resolved by el and e2, 

but rather by ~ and~. However, in the case of small perturbations &, the field E may be 

resolved by the old eigenbasis with the stipulation that the field amplitudes Al and A2 be 

functions of the propagation distance e, i.e. 

(3.200) 

Thee dependence of Al (e) and A2(e) can be determined by substituting the field ofEq. 3.200 

into the wave equation, modified for plane waves in anisotropic media, i.e. 

2 -+ a E 2 (- A -) E-+ 0 ae2 + W fI' € + u€: =. (3.201) 

Carrying out the substitution and invoking the slowly varying envelope approximation 

yields the set of coupled differential equations 

(3.202) 

and 

dA2 = W .£AIei~k'~. 
de c 211.2 

(3.203) 

The expression for /:::"k' in Eq. 3.203 is 

(3.204) 

where /:::"n = 7/.1 - 11.2 and ni are the unperturbed eigenindices. 
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The solutions to the set of coupled equations in Eqs. 3.202 and 3.203 are given by 

and 

where At(O) and A2(O) are the initial values of the eigenmode amplitudes and 

where 

tlk' 
s = -VI +f32 

2 

f3= G 
- tlnJnt7t2 

(3.205) 

(3.206) 

(3.207) 

(3.208) 

The factor f3 is a measure of the relative size of the optical gyration G and birefringence 

tln and is always much less than unity (i.e. f3 < < 1) for propagation directions far from 

an optic axis. For BPM processes, the propagation axis is almost always at a large angle to 

the optic axis to achieve phase-matching. Hence, the condition that f3 « 1 is in principle 

always true in the case of BPM processes. Hence, for most cases the factor f3 can be utilized 

as an expansion parameter (i .e. "smallness parameter") for the effect. The factor f3 is related 

to the measured optical rotation p ([p] = °/Jtm for [A] = Ilm) by 

f3=~. 
7rtln 
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To find the e dependence of del I we write the second-order nonlinear polarization which 

is induced by the two applied electric field component Ej(wd and Ek(W2) as 

(3.209) 

where ea, e(3, e'Y = el or e2. depending on the type of phase matching invoked. The 

field components Et(Wl, e) and EZf3(W2' e) can be written in terms of the field magnitudes 

Eea(Wl, e) and Eef3 (W2, e). respectively, as 

(3.210) 

and 

(3.211 ) 

where a.~en and a.~fJ are the scaled direction cosines of the electric field components with 

respect to the principal axes; i.e .• 

(3.212) 

and 

(3.213) 

The magnitude of the induced polarization can be expanded in the basis defined by the 

direction cosines of the electric field a.~('n as 

(3.214) 
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Substituting Eq. 3.209 into Eq. 3.214 we find 

(3.215) 

where for the sake of brevity we have written /3 =fh, /32, /33 and where (T) denotes the type 

of phase-matching invoked. The expression for d~}}(O, <p, /3, e) is separable; i.e., 

(3.216) 

where 

(3.217) 

carries all the /3 and e dependencies, and 

d(7') (0 ,/,.) e-y d f!a ef3 
'ell ,'fJ = ai ijk aj ak (3.218) 

carries all the angular dependencies. Equation 3.218 is the induced second-order nonlinear 

coupling coefficient in the absence of optical gyration which is most accurately calculated 

by Yao, et a!. [121] . 

Thble 2 gives the driving polarizations as well as the ((e) functions for type I , II and III 

BPM interactions. The polarization Pfn = P(Wj) represents the source terms for each of 

the three envelope-wave equations: 

(3.219) 

where Ej (e) represents E( Wj, e) for j = 1, 2, 3. The exact solution of these three coupled-

differential equations can only be determined numerically. However, in some limiting cir-

cumstances analytical solutions can be obtained. 



231 

PM type Driving Polarization Polarization Modulation 

1}'pe I pCI (wd = c4alW d~I/(O.tf» E"I·(W2) Er2(Wa) c4:11 W = Aj(W2.e)A2(wa.e)AI (WI. e) 

P"I (W2) = Cfa2W d~I/(O. tf» Erl·(WI) E r2 (W3) C[a2(e) = Aj(wl. e)A2(wa. e)Adw2. e) 

pr2 (Wa) = cf2aW d~If(O. tf» E"I (wd E"I (W2) C(2a(e) = AI (WI. e)AI (W2. e)A2(wa. e) 

1Ype II pr2(wd = c4~1 W d~}/(O. tf» E r l·(W2) E r2 (wa) c4:!1 W = Aj(W2. e)A2(w:I. e)A2(wl. e) 

prl (W2) = cg2w d~}/(O. tf» E"2·(W') E"2 (W:l) Cf~2(e) = A;(wl. e)A2(wa. e)AI (W2. e) 

pr2(wa) = ci4aw d~}/(O. tf» E r2 (W.) E"I (W2) ci4aw = A2(WI.e)AI (W2. e)A2(Wa.e) 

1}'pe III P"I (wd = cW (e) d!}}(O. tf» E r2·(W2) E r2(w:.) cW (e) = Ai(W2.e)A2(W:t.e)AI (WI.e) 

pr2(W2) = CWWd!}}(O.tf» E"·(w.) E r2(W.1) cWw = Aj(wl.e)A2(w:t.e)A2(W2.E) 

P"2(W:t) = cfJ,{ (e) d~}}(O. tf» Erl (wd E"2 (W2) cfJAw = AI (WI. e)A2(Wl. e)A2(Wa. e) 

Thble 2. Driving polarization and polarization modulation for the three types of 
phase-matching in second-order nonlinear three-wave interactions. 

One such limit is the case of steady state (BEj / at = 0) SHG in lossless media (aj = 0). 

The coupled equations for this process are given by 

(3.220) 

and 

(3.221) 

(7') (7') • • 
where "'1 = W del//2n(w)foc, and "'2 = W del//n(2w)€oc. We can further SImplify our 

analysis by assuming that the conditions for BPM are satisfied (Le. k2w - 2A:w) and by 

assuming we are in the region for which pump depletion can be ignored (Le. dEl (e)/de ~ 0 

). Hence, the SH field at z = L is found from Eq. 3.220 to be 

L 

E2(L) =i"'2E~(0) J drJ(e)d~, (3.222) 

o 



232 

where we have used E2(0) = 0 for the initial condition of the SH field. Utilizing the 

relation between the field magnitude and intensity /j = ~[n(Wj)cEo] IEjl2 and the defined 

SHG conversion efficiency TJ = /2(L)/ /1(0), we find 

where 

21r2Id~~}(0,¢)r /1(0)L2 

TJi7') (0, ¢) = n(2w) n2(w) CEo ;\~ 
is the conversion efficiency normally obtained in this limit [] 3 ]] and where 

L 2 

g(7') ({i, L) = ~2 J (gJ ({i, e) ~ 
o 

is the gain reduction factor for type (T) BPM SHG in the low conversion limit. 

From Thble 2 we find 

and 

(3.223) 

(3.224) 

(3.225) 

(3.226) 

(3.227) 

The modulation of the type I phase-matched fields can be found from Eqs. 3.205 and 3.206 

to be 

(3.228) 

and 

(3.229) 



233 

where we have used the initial conditions Af(w'{h, 0) = 1, A~(w, ,81,0) = 0, Af(2w, ,82,0) = 

o and A~(2w, ,82, 0) = 1. Likewise, for type II phase matching we find 

(3.230) 

(3.231) 

and 

(3.232) 

These field variations can be approximated by expanding in terms of the smallness para-

meters ,82 which is accomplished by making the foHowing approximations ( to order ,82 

): 

and 

( 1 b. ) b.kje 2 . ( 1 b. ) cos Sje ~ cos 2' kje - -4-,8j sm 2' h~je . 

Carrying out the necessary expansions we find (to order ,82) the d~}} variations 

and 

(i'2(P,{) '" 1 -1 {l- cos(l!.k,e) - i [l!.k,e - sin(l!.k,e)J} 

- ~2 {I - COS(b.k2e) + i [b.A:2e - i Sill(b./i:2e)]} 

(3.233) 

(3.234) 

(3.235) 

(3.236) 

(3.237) 
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Figure 90. Gain reduction factors for: (a) type-I SGH, and (b) type-II SHG in rotary dis
persionless media (i.e. (31 = (32 = (3). 

From Eqs. 3.225, 3.236 and 3.237 we find the gain reduction factor for type I and type II 

phase matching (to order (32), to be 

(3.238) 

and 

gl1 ((3, L) = 1 - (3i [1 - sinc(~klL)] - ~ [1 - SillC(~k2L)] . 
These gain reduction factors obey the proper limit when the optical rotation is zero; i.e., 

Figure 90 shows the gain reduction factors gl ((3, L) and gil ((3, L) assuming rotary dis-

persionless media. The gain reduction factors oscillate about the asymptotic values of 

and 

3(32 
lim [l((3,L)] ~ 1- -21 

D-+oo 

lim [gil ((3, L)] ~ 1 - (3i _ (3i. 
1'-'00 2 

(3.239) 
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Figure 91. Gain reduction factors for optimum type-I and type-II BPM SHG in KTP. 

For BPM processes the value of f32 is nonnally very small, and the gain is not signifi-

cantly reduced. Again, using KTP as an example we find for type I and type 11- BPM SHG 

of I.064Jl.m, f3f:TP ~ 3.8 x 10-4 , f3!f]'P ~ 1 x 10-3 and f3f:lt ~ 3.6 x 10-4
, f3flt ~ 

9 x 10-4, respectively. These values yield insignificant corrections to the gain as shown in 

Fig. 91. 

For QPM processes the restriction that f32 is small can be relaxed since a large birefrin-

gence is no longer requisite to achieve phase matching. 

4 Quasi Phase Matching Induced by Optical Activity 

QPM is achieved when one of the Fourier components of the hannonically modulated 

dcl/(e) has a phase which exactly cancels the phase mismatch of the particular three-wave 

interaction of interest [132] ; i.e., the mth Fourier component cancels the three-wave phase 
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mismatch when 

(4.240) 

7r 
- -Ze e, 

where le is the coherence length of the interaction. 

lYpicaIly del! is modulated by domain inversion techniques which was first proposed 

by Armstrong, et al. [133] . By inverting the domain structure with period A, a square wave 

modulation is applied to del! (e). The Fourier series decomposition of a square wave yields 

an infinite series of terms with oddly powered phase, 

(4.241) 

It is obvious, therefore, that QPM is achieved for this scheme when the inversion period is 

an odd multiple of two coherence lengths, i.e. A = (2m - 1) 2le• 

In the QPM scheme proposed here, dcl/(e) is intrinsically modulated through the pres-

ence of ~A. There are two obvious advantages for implementing this QPM scheme: (I) 

the material preparation is trivial (Le. there is no need for periodic poling); and (2) the 

modulation of dcf/(e) can be tuned to phase-match the desired three-wave process via an 

externally applied magnetic field. 

The harmonic modulation of dcf/(e) was shown to be given by 

(4.242) 

where A(l!(Wi, fii, e) is the mode coupling strength for an eo. - polarized wave of frequency 

Wi, given by Eqs. 3.205 and 3.206. The Fourier series decomposition of (fh(e) and (f~3(e) 



yields the finite series 

(fh(e) -
+ 
+ 
+ 
+ 

and 

(f~3(e) -
+ 
+ 
+ 
+ 

e-~[.1.kl +.1.k2+.1.k3] {a
c1 

(+ + +) ei (SI +.92+S3) e 
a Cl (+ - _) e i (SI-S2-S3) e + a CI (+ _ +) e i (SI- S2+.93) e 
a

CI 
(+ + - ) e i (SI +S2-S3) e + aet ( ___ ) e-i (.91 +'~2+.93) e 

a
CI 

(_ + +) e- i (St-S2-S3)e + a
el 

( __ +) e-i (.91 +S2-S3) E 

a CI ( - + - ) e-i (SI-S2+S3) e } 

e+~[.1.kl +.1.k2+.1.k3] {a
e2 

( ___ ) ei (S!"f-S2+S3) e 
a

C2 
(_ + +) ei (SI-S2-S3) e + a

C2 
( _ + _ ) e i (SI- S2+.93) E 

a C2 ( - - +) e i (SI+.92- S3)e + a C2 ( + + +) e-i (.9!"1-.92+.93)e 

a
C2 

(+ - _) e-i (SI-S2-S3) E + a
C2 

(+ + _) e- i (SI +82-.93) e 
a C2 (+ - +) e-i (SI -S2+S3) e } 

where the expansion coefficients are defined to be 

where 

n2(Wi) (3i 
nl (Wi) Jl + (31 

and 

nl (Wi) (3i 

n2(Wi) Jl + /)t' 
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(4.243) 

(4.244) 

(4.245) 

(4.246) 

(4.247) 

There are sixteen unique types of OA-QPM configurations at our disposal. These types 

are labeled and defined in Thble 3 where 8~ct and ilk:ct are found in Eqs. 3.207 and 3.204, 

respectively, and where 

lei _ 211" 
C - kCi kCi kej 

3 - 1 - 2 
(4.248) 

is the coherence length along the ei eigen-axis. 
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OA-QPMtype Condition 

Tea(+ + +): 
Tea(+ - -) : 

Tea(+ - +): 

Tca(+ + -) : 
Tea(- - -) : 

Tca(- + +) : 
Tcn(- + -) : 
Tea(- - +) : 

Thble 3. Unique OA induced QPM types. 

The desired OA-QPM configuration is governed by the relative size of the coherence 

lengths. 1Ypically the coherence lengths are on the order of a few tens of microns making the 

Ten( - - -) scheme more attractive from a phase matching point of view. However, from a 

conversion efficiency point of view the scheme rendering the largest relative magnitude for 

the expansion coefficients laen( ... )1 is the desired scheme. This can be seen by examining 

the expression for the conversion efficiency of these processes along each eigen-axis, i.e. 

(4.249) 

where 1]e.n,o(O, ¢) is the conversion efficiency for the bulk interactions summarized in Th-

ble 4. In Thble 4, the expression for d~i/(O, ¢), the effective nonlinear coupling coefficient 

along the ea eigen-axis, is given by 

Jell (0 "') end acn ell u.c/ / ,'I' = ai 'ijk 'j ak , (4.250) 

where a~n are the direction cosines as defined by Y.'lO, et a!. [121] . 



Nonlinear Process 
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DFM 

11eCt,o( (), ¢) 
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nl"2 fI;tf"f)..\a 

Thble 4. Conversion efficiencies for three-wave inteactions in the bulk. 
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Applying this theory to the case of sua where WI = W2 = wand W:l = 2w, there are 

two interesting limits of applicability: the limit of large birefringence (i.e. f3 « 1) and the 

limit of no birefringence (i.e. propagation along an optic axis). 

For the case of large birefringence, we expand Eqs. 4.246 and 4.247 in terms of the 

smallness parameter f3i to find 

bP;l '" A ( . 0) [1 _ f3l] + . A2(Wi, 0) f3i 
l+ - 1 W" 4 z 2 

17.2 (Wi) 
11.1 (Wi)' 

and 

bl!2 '" A ( . 0) f3l _ • Al (Wi, 0) f3i 
l- - 2 W" 4 z 2 

11.2 (Wi) 
11.1 (Wi) , 

11.1 (Wi) 
1l2(Wi) , 

nl(Wi) 
n2(wi) . 

(4.251) 

(4.252) 

(4.253) 

(4.254) 
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Using the initial conditions Al (Wi, 0) = 1, A2(wi, 0) = 0 we find (to order (32) the expansion 

coefficients 

ael (+ + +) '" 
1 _ {3f _ (3~ 

ael (+ - +) '" 
(3f 

2 4 ~' 
aCt (+ --) '" 0({34) aCt (+ +-) '" 

{32 

Jr' 
aCt (- --) '" 0({36) aCt (- + +) '" 4' 
aC1 (- - +) '" 0({34) aC1 (- +-) '" 0({3") 

(4.255) 

and 

aC2 (- - -), OC2 ( - + + ), ae2 ( - + - ), OC2 (- - +), 
aC2 (+ + +), aC2 (+ - +), aC2 (+ - -), ae2 (+ + -) - 0({3~). 

(4.256) 

Likewise, for the initial conditions Al (Wi, 0) = 0, A2(Wi, 0) = 1 

aC2 (+ + +) '" 
1 _ {3f _ (3~ aC2 (+ - +) '" 

(3f (4.257) 
2 4 ~' 

ae2 (+ --) '" 0({3") aC2 (+ +-) '" 
2 

Jr' 
aC2 (- - -) '" 0({3£i) aC2 (- + +) '" 4' 
aC2 (- - +) '" O({34) ae2 (- +-) '" 0((3") 

and 

ae1 (- - -), aC1 (- + +), aCt (- + -), aCt (- - +), 
(4.258) 

aCt (+ + +), aCt (+ - +), aCt (+ - -), aC't(+ +-) - 0((3~). 

Therefore the only practical phase matching scheme in this limit is TC'o( + + +), which 

yields the largest conversion efficiency of 

1 fJ2 
[ 

(32 (-l2] 2 

1!ca(+ + +) = 1-"2 - 4 11C'o,o(O,¢). (4.259) 
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For the case of propagation along an optic axis (or propagation in a crystal with no bire-

fringence) ~ki = O. Therefore, from Eq. 3.207 

(4.260) 

where Pi is the rotary power of Wi along an optic axis. The number of phase-matching 

schemes reduces to six; i.e., 

T±( +): ±(2pw + P2w) 

T±( -): ±(2pw - P2w) 

-

-

7r 

l' 1f 
l' 

T±(O) : ±pw - l' 
c 

1f 
(4.261) 

From this analysis we have recovered the two OA-QPM phase-matching schemes predicted 

by Rabin and Bey which are labeled as T±( +). From Eqs. 4.246 and 4.247 we find that the 

values of b~Z reduce to 

(4.262) 

and 

ba = ~ [A2(Wi' 0) ± AI (Wi, 0)] . 

Hence the expansion coefficients are given by 

(4.263) 

rendering the relative conversion efficiencies: 

TJP.a (+) TJCa (-) 
T/ecx,n( (J, ifJ) 

- -
64 

(4.264) 

TJCa (0) 
TJecx,o( (), ifJ) 

-
16 
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Figure 92. (1l2{e) and its Fourier components for P2W/PW = (a) 1, (b) 2, (c) 5, and (d) 10. 

The functional form of (112{e) along an optic axis is found to be 

(112{e) = ! cos{Pw e) + t COS{2P2W + Pw) + t COS{2P2w - Pw) 
= cos{pw) cos 2{P2J. 

(4.265) 

Figure 92 shows the dpf/{e) modulation for SHG ami its corresponding Fourier compo-

nents for QPM along an optic axis for values of (P2W/ Pw) = 1, 2,5 and 10, where P2w was 

arbitrarily chosen to be 30n /mm. Here it is evident the QPM is achieved when anyone of 

the three Fourier components has a period which matches the coherence length lc. 
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5 Summary and Conclusions 

In this chapter we have developed an algorithm to calculate the exact phase-matching angles 

for three-wave interactions in opticaJly active biaxial (or uniaxial) crystals. The parame

ters: 6.[, 6.11 and 6.111 are provided as a measure for which the standard BPM calculations 

apply, i.e. 6.(T) « 1. From our analysis we conclude that for crystals which posses large 

natural birefringence the effects of OA on the birefringent phase-matching angles and con

version efficiency can be ignored. As an example we have shown that both the type I and 

type II birefringent phase-matching angles and conversion efficiency for SHO in KTP are 

insignificantly perturbed by the presence of optical activity. 

We have also provided sixteen novel quasi phase-matching schemes induced by optical 

activity. The results presented are vaJid for aJl three-wave interactions in any symmetry 

crystal displaying a X(2) nonJinearity. Specific calculations were performed for SHO in a 

biaxial crystal with pump propagation directions: (J) at an angle to the optic axis, and (2) 

along an optic axis. Our results show for direction (I) significant conversion efficiency is 

yielded only when the Teo ( + + +) OA-QPM scheme is satisfied, and for direction (2) the 

two OA-QPM schemes proposed by Rabin and Bey [J 22, J 23] are recovered along with 

four additional schemes. 1\vo-of which yield conversion efficiencies four times that of the 

other four. We proved these schemes to be impractical for the case of SilO in nonJinear 

materials with large natural birefringence (specificaJly KTP); however, it was stressed that 

these schemes may be utilized in nonlinear processes which negate the use of materials with 

large natural birefringence and in materials with extraordinarily large rotary powers (e.g. 

some Jiquid crystals and polymers). The particular advantages of these QPM schemes over 



244 

the currently implemented QPM schemes (Le. those based on periodic poling or stacking of 

nonlinear media) are twofold: (1) material preparation is trivial, and (2) the phase-matching 

conditions can be tuned via an applied external magnetic field. 



Chapter 8 
Determination of Nonlinear Susceptibilities by 

1tansforming Random Variables 

1 Introduction 
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The most widely used experimental technique in determining mtlt order electronic non Iin-

ear susceptibility X(m) is through measurement of the mtlt harmonic generation conversion 

efficiency in thin films or powders. A typical experimental configurations utilizes a pulsed 

high-peak-power laser as a pump source. The intrinsic output pulse energy instability in 

these pump sources demand that the data analysis procedure account for the probabilistic 

and statistical nature of the nonlinear conversion process. If treated properly the dispersion 

in the pump energy spectrum can be utilized to improve the efficiency and accuracy of these 

measurements. 

Because X(m) is dependent on the pump intensity, one simple method of analysis is to 

select data points for which the pump energy per pulse is constant (assuming constant pulse 

width). The ratio of the average m'h harmonic output to the pump pulse energy is the value 

of the energy conversion efficiency at the specified pump energy. In this case, the dispersion 

in the m,th harmonic energy distribution is attributed to all other random processes, such as 

detector and data acquisition uncertainty. The resulting probability distribution can then 

be treated theoretically as the impulse response function of the data acquisition system. 

Because this method is selective to datum satisfying a given pump energy value, a large 
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percentage of the data are potentially unused. Therefore when there is significant pump 

energy dispersion, this procedure becomes inefficient. 

A second common method involves taking the ratio of the average mP' harmonic output 

intensity to the intensity of the pump. This procedure is val id in two cases: (I) when the 

pump energy spectrum is dispersionless, i.e. the pump energy probability distribution func

tion (PDF) is a delta function; and (2) the experiment is performed in the region where the 

conversion efficiency is linear. These two conditions are rarely satisfied in the experiments 

described. 

To accurately and efficiently determine X(m) experimentally, the pump and m'" harmonic 

pulse energy distributions and the nature of the conversion efficiency curve must be incor

porated into the data analysis algorithm. 

Figure 93 shows the typical behavior of a conversion efficiency curve. We have de

fined four characteristic regions of the conversion efficiency curve: region I is the small 

signal regime, region II the linear regime, region III the saturation regime, and region IV 

the back-conversion regime. The conversion efficiency curve effectively maps the pump 

energy distribution to a respective mtlt harmonic energy distribution. As an example, we 

consider the transformation of a well-behaved pump energy distribution in each region into 

the con"esponding milt harmonic output. In region I, the small signal regime, a symmet

ric pump energy distribution becomes skewed upon transformation with a bias toward the 

lower energies. Because the pump and mtlt harmonic distributions are no longer identi

cally distributed, the ratio of first moments cannot be used to determine XCm.). In the case 

where the input lies in region II, the linear regime, the transformed output will be symmet-
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Figure 93. Prototypical nonlinear conversion efficiency curve as a function of pump power 
density. In this figure, region I is the small signal regime; region II, the linear regime; region 
III, the saturation regime; and region IV, the back-conversion regime. Example input pump 
energy spectrum POFs are shown as Gaussian distributions in regions I-III. Schematics of 
the corresponding output energy spectrum POFs are shown along the vertical axis. Although 
greatly exaggerated, these diagrams show how well-behaved distributions become skewed 
upon transformation due to the intrinsic nonlinearity in the conversion process. 

ric. However, the uncertainty in the harmonic energy spectrum is increased with respect 

to the uncertainty of the pump energy spectrum. In the case where the pump lies in region 

III, the saturation region, the output is again skewed but only with a bias toward the higher 

energies. If the pump energies lie under the inflection of the conversion efficiency curve 

point in region III, the mtlt harmonic energy distribution will become sharply peaked and 

significantly narrowed with respect to the pump energy spectrum. This phenomenon leads 

to noise compression and has utility in many nonlinear and amplifier applications. 

We develop a theory based on random variable transformation techniques, which are gen-

eral enough to be applicable for experiments performed with unstable pump laser sources; 

that is, when the pump energy spectrum PDF is arbitrary. The subsequent derivations are 
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valid in the small signal regime (regime I); however, the general methodology presented is 

valid in all conversion regimes. Following the derivation, as an example, we apply the the

ory to determine the third-order susceptibility of two thin-film samples: fused silica and 

PtCI. 

2 Theoretical Description 

The energy of each pump pulse can be viewed as a random variable we denote as E p • These 

energy pulses are statistically distributed according to a PDF we call PRI'(Ep ). 

When the pump pulse is derived directly from the output of a laser, and when there 

are no preferential processes to skew the laser PDF, the energy per pulse will be nonnally 

distributed as predicted by the central limit theorem (CLT) [15] . The CLT predicts that 

a nonnal distribution will arise for a random variable that characterizes a system which 

contains four or more additive random processes which contribute to the uncertainty in 

the output. In the case of a high-peak-power laser pulse energy distribution, some of the 

additive random processes are: mechanical vibrations of the laser cavity optics, flash lamp 

pulse instability, saturable absorber inhomogeneity, and cavity dumping uncertainty. 

Often the pump pulses are generated through some higher-order frequency conversion 

process, such as: harmonic generation, frequency mixing, optical parametric generation, 

and amplification (OPG, OPA). These nonlinear processes skew the laser energy profile. As 

a result, the pump energy PDF will no longer be nonnally distributed, but will be arbitrary. 

Therefore, in the following treatment we treat the pump pulse energy PDF as arbitrary. 
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2.1 General Solution 

In this section we show that X(m) can be expressed as a ratio between a set of statistical mo-

ments from an mth harmonic signal PDF and arbitrary pump POE Our treatment considers 

only the small signal regime (regime I) because most nonlinear spectroscopy experiments 

are performed in this regime. However, given the appropriate transformation equation char-

acterizing the efficiency curve, the approach presented can be employed to derive the ap-

propriate relations in any of the four characteristic conversion regimes. 

In the small signal approximation, where pump depletion is negligible, a general expres-

sion can be written directly relating the mth harmonic output intensity to the mth power of 

the input pump intensity, i.e., 

I I (m)12 1m 
mll = '" X I' , (2.266) 

where Imll is the output intensity of the mth harmonic, II' is the input pump intensity, and 

'" incorporates both material and geometrical constants. The geometrical dependence of '" 

has roots in both phase-matching (Maker fringes) and anisotropic materials properties (e.g., 

when m = 2, X(2) -. dc//(fJ, cp). 

We can utilize Eq. 2.266 to determine the relationship between the pump intensity ran-

dom variable (RV), I p , and mth harmonic intensity RY, I mH• Because the pulse intensity is 

directly proportional to the pulse energy we can treat both POFs as being identically dis-

tributed. 

We are interested in how the statistical parameters such as the mean, variance, skew-

ness, and kurtosis transform. To determine these relationships we begin by applying the 
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conservation of probability and write 

(2.267) 

which can be solved in favor of PI",I1 (Imll) to yield 

() [ ( )] 
dIp (/m.TI ) 

Plm ll Imll = PIp Ip Imll dl 
, mIl 

(2.268) 

The relationships between the moments of the pump and mth harmonic PDPs can be 

immediately established. The standard definition for the nth moment, 111.11., of the PDF pAx) 

for the random variable x is given by [16] 

+00 

mn = E {XU} = J .7;U px(X) dx. (2.269) 

-00 

The relationship between pump and mth harmonic RVs is governed by Eq. 2.266. Hence, 

the nth moment of the m.th harmonic pulse intensity PDP can be found by direct substitution 

of the relationship ImH = Ill, X(m) 12 (Ip)m into Eq. 2.269, which yields 

(2.270) 

I 
(m) 12n 

- /l. X 1nuxm,ll" 

Hence, the nth moment of the mtll harmonic pulse-intensity PDF is directly related to the 

(m x n)th moment of the pump pulse-intensity PDE 

Because optical-to-electronic detectors (such as diode detectors, photomultiplier tubes, 

etc.) can be configured to respond linearly to irradiance, the relation in Eq. 2.270 is appJica-



251 

ble to the detected signal. We can account for the optical-to-electronic conversion factors by 

absorbing them into the overall constant ",'. Hence, we find for the mth order susceptibility 

the relation 

(2.271) 

Equation 2.271 is the central result of this section. 

Due to the overall unknown factor of ",', Ix(m) I cannot, of course, be determined ab-

solutely. Rather, the measurement can be compared by ratio to the measurement of a known 

standard (e.g. fused silica, or sapphire for m = 3; KDP or LiNbOa for 111. = 2), yielding a 

relative figure of merit. 

2.2 Expression of X(m) in terms of central moments 

Often it is more qualitatively revealing to express the statistical characteristics of a PDF in 

terms of the central moments rather than the moments themselves. The nth central moment 

of the RV x is defined as 

+00 

I'n,x = J (x - rnxt Px{x) &':, (2.272) 

-00 

where mx = 1nl,x is the statistical mean (first moment). Other standard definitions we use 

are: 0'; = It2,x for the variance, 11,x = 11'3,x/O'! for the skewness, and (32,x =')'2,x + 3 = 

"'1\,:1:/ O'~ for the excess or kurtosis [134] . 

The relationship between the central moments of ImH and Ip are obtained by applying 

the formula [16] , 

n ( ) n n-k 
m'n,x = L k It k,x1n l,x , 

k=O 

(2.273) 
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which relates the nth moment of the RV x to its lower order central moments, to Eq. 2.270. 

The resulting set of equations are solved simultaneously to determine the nth central mo-

ment of the RV I mH, to the central moments of Ip • Below is the solution for the first two 

central moments for the cases of second- and third-harmonic generation (SHO and THO, 

respectively), 

(2.274) 

(2.275) 

(2.276) 

and 

where the subscripts SH and TH denote second- and third-harmonic, respectively. 

2.3 Special Case of Normally Distributed Pump Pulse-Energies 

In the special case where the pump is the direct output of the laser, the pump RVs, Ip will 

be normally distributed. A property of the normal PDF law is that the central moments of 

order n > 2 are zero. As stich, the SII and TIl central moments reduce to 

/ 
' (2) /2 (2 2 ) 

1111s11 = It, X 111'1[. + all' ' (2.278) 

2 _/' (2) /4 2 ( 2 _ 2) alslI - It, X alp 4 mIl' all" (2.279) 

2/ ' (2) / (l 7 (2 r.. ) 
"/lslI = It, X all' (1ISI1 - u1nlsII , (2.280) 
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(2.281) 

(2.282) 

and 

_ I' (3) 16 
3 7 (2 2 ) "(h'lI - 27 '" X mIl' 0'11' 20'lp - 3mlp • (2.283) 

We have presented the statistical parameters up to the order 11. = 3 to demonstrate the 

symmetric-to-asymmetric nature of the statistical transformation. 

Anyone of these relations can be used to determine I"" X(2,3) I. In the case of THG, a 

commonly used expression implemented to find 1 ",' X(3) 1 is, 

1 
' (3) 1 tnlTII 

'" X = + -3-
s m.lp 

(2.284) 

where I"" x(3)ls denotes the standard expression for normally distributed Ip. The corrected 

expression is found by Eq. 2.281, and is given by 

(2.285) 

In the limiting case where mlp » 0'11" we find the above relation is approximated by 

(2.286) 

Therefore, even in the case where Ip is normally distributed, the standard form is in error 

by the factor € = 1 - ~(::e )2. Similar expressions can be easily found for the case of 
Ip 

second- harmonic generation. 
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2.4 Estimation Methods 

To verify the relations derived in the previous sections, PDFs of the pump and mth harmonic 

energy spectrums must be determined from experimental data. For well-behaved PDFs 

the most accurate method of estimation is Chenzov's orthogonal expansion method (OEM) 

[15,135,136] . This method yields a precision of order N-1/ 2, where N is the number of 

observations (data points), and is particularly suited for estimating PIp (Ip) and Plm ll (Inrll). 

The estimation is accomplished by expanding the arbitrary, well-behaved PDF Px (x) in 

the series 
00 

Px(x) = L Cic,oi(X), (2.287) 
i=O 

where {<Pi (X) } is a suitable orthonormal basis, i.e., 

(2.288) 

The coefficients Ci are detemlined by the projection 

(2.289) 

Because px(a:) is a PDF, Ci is simply the first moment of the i 'h eigenfunction, i.e., Ci = <Pi, 

which is unknown but can be estimated by the arithmetic mean 

N 
..:::::.. 1", ( ) ...... <Pi = N L...J <Pi Xn = Ci, 

n=l 

(2.290) 

where {xu} are the N independent experimentally observed outcomes, all obeying Px(x). 
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To estimate Px(x), we take 

III 

jjX(x) = L Ci lPi(X), (2.291) 
i=O 

where A1 represents the order for which the series is terminated and the error in the esti-

mati on of fiX (x) is minimized. Kosarev [136] proved the value of Af to con'espond to the 

order number at which the error in the coefficient Cii becomes larger than the value of the 

coefficient, i.e., 

(2.292) 

Because Ci is assumed to be an unbiased estimator and is a result of taking a sample mean, 

the error in Ci is given by [15] 

alP; a- ---
Cf - V!ii' (2.293) 

where 

(2.294) 

The arbitrary PDFs for RVs ImH and Ip resemble a norma) law. Therefore, a reasonable 

set of eigenfunctions is the Hermite-Guassian functions, 

(2.295) 

where 

(2.296) 

These eigenfunctions are centered at the origin and scaled to unit variance, whereas PI" (II') 

and Plmll (/11111) are centered about Ip and 111111 with variance a~" and a-l", respectively. We 

must therefore perform a RV transformation to utilize these eigenfunctions to estimate PI (I), 
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where I is either ImH or I p • Assuming the zeroili. order approximation of PI (J) is normally 

distributed; that is, 

(2.297) 

the appropriate RV transformation will be given by 

x = ~(I -7). (2.298) 

The estimated expansion coefficients Ci can be calculated using the transformed data, and 

the estimate of the pulse-intensity PDF; PI(J), is fOlmed by the transformation of Px{x) 

back to PI (I) to yield, 
M ...... 

P/{I) = f! Lei /{Ji[f!(1 - 7)]. (2.299) 
i=l 

3 Experimental 

The experimental setup is shown in Fig. 94. The pump beam was generated by directing the 

frequency-tripled output of a Nd:YAG laser (355 nm) with a pulse width of 35 picoseconds 

at a repetition rate of 10 liz through a 3: 1 telescope and a pair of OPG/OPA (,B-barium 

borate) crystals. In these experiments, the idler and signal pair were tuned to 1041 and 539 

nm, respectively. The pump, signal, and idler beams were dispersively separated by passing 

the collinear set through a pair of Pellin-Broca prisms. The angularly dispersed idler beam 

was then passed through a low-pass color glass filter (Schott OG 590) and focused by a 

microscope objective onto the test sample which is mounted on a motorized rotation stage. 

The third- harmonic generation of the sample was coupled into a monochromator and was 

detected by an S-I photomultiplier tube interfaced with a boxcar averager. The signal beam 
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Figure 94. Experimental setup: T, telescope 3: 1; PH, pin hole; OPG, optical parametric gen
erator; OPA, optical parametric amplifier; PB, Pellin-Broca prism pair; P, OPG/OPA signal 
(reference beam); F, IR low-pass filter; M, microscope objective; Sp, thin-film sample; PO, 
photodiode; PMT, photomultiplier tube. 

was utilized to monitor the output of the idler beam. Maker fringes were observed when 

the samples are rotated in a direction perpendicular to the pumping axis. Each sample was 

set at the smallest angle that corresponded to a fringe maximum so that Fresnel loss was 

minimized. In this way, a direct comparison can be made between samples of different 

thicknesses by taking a ratio between the known third-harmonic coherence lengths [137] . 

The third-harmonic signal from the sample and the idler monitor signal were simultaneously 

recorded by the boxcar for 4,096 pulses. The samples used in the results section were 1) 

fused silica and 2) platinum-chloride (PtC)) mixed-valence complex compound. 

3.1 Data and Error Analysis 

Data sets were taken simultaneously for the pump and third-harmonic pulse-intensities and 

were stored in file size of N = 4096. Long- term pump instabilities (and hence third-

hamlOnic instabilities) were observed with correlation lengths on the order of 50 to 100 data 

points. These fluctuations in the baseline were on the order of I % of the mean signal level. 
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A baseline subtraction was invoked to correct for long-term fluctuations. The baseline 

algorithm established a baseline function by fitting points resulting from a mean window (of 

width equal to the correlation length) to a third-order interpolating polynomial. The baseline 

of each data point was then corrected according to the value of the baseline function at the 

data point. Moments of the pump and third-harmonic pulse-intensity distributions were 

then computed from the baseline-corrected data sets. That is, for the nth moment of RVs 

x = Ip or I TII , the estimate 
N 

;-. 1 L n mil v = - x· 
",~ N t 

i=l 

(3.300) 

was formed, with corresponding error 

(3.301) 

where 

(3.302) 

;-. ;-.2 
- 7n2n,.'( - 1nn,.'(· 

Given these estimates we can establish the estimate in X(:J) from Eq. 2.271 as 

(3.303) 

along with the en'or in its estimate, 

1 
- 2nJ'Fj 

(3.304) 
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Figure 95. Histograms (dots) and estimated PDPs (solid lines) of the pump and 
third-harmonic signals: (a) fused silica pump spectntm; (b) fused silica third-harmonic 
spectntm; (c) PtCI pump spectntm; (d) PtCI third-harmonic spectntm. 

respectively. 

3.2 Results 

Figure 95 shows the estimates in the PDFs and histograms for the RVs V p and V TH, where 

V p and V TH represent the voltage RV s of the pump and third harmonic, respectively. V p 

and V TH are directly proportional to the intensity RVs Ip and ITH for these optical signal 

levels, in fused silica and PtCI, respectively. The points in the figures represent the his-

togram of the data taken. As is evident, the OEM estimates for the PDF's agree extremely 

well with the data. 
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Using both the correct and standard analysis techniques discussed in the previous sub-

section we find 

- -I~' x(3)IFS ± ~ I~' x(3)IFS = 0.1812 ± 0.0009 

and 

- -I ~' x(3)1 ± ~ I~' x(3)1 = 0 HJ55 ± 0 0013 FS,s FS,s' ., 

for the fused silica sample, and 

- -I~' x(3)lptel ± ~ I~' x(3)lptel = 0.2995 ± 0.0013 

and 

- -I~' x(3)lpt.CI,s ± ~ I~' x(3)lptCI,s = 0.3174 ± 0.0018, 

for the PtCI sample. It is evident that in both cases the standard analysis technique overesti-

-mates the third-order nonlinearity factor, I~' X(3) I. Thking into account the linear absorption 

[138] and varying interaction lengths of both samples (i.e. varying TH coherence lengths 

[137] ) and utilizing the known I X(3) I value for fused silica [137] , which is corrected for 

our wavelength using Miller's rule, we find for PtCI at 1041 nm, 

I X (3) I ± ~ I X(3) I = (1 367 ± 0 (69) x lO-llesu 
Ptel PtCI' • 

and 

-The correct and standard analysis techniques agree only because the estimates in I~' x(3)ls 

were shifted by nearly the same factor. In this way a partial cancellation in error results 
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when the ratio is taken. Also, the error associated with the final I X(3) I values is mostly 

dominated by the 5% error associated with the absolute IX(3) I value for fused silica [137] . 

4 Summary 

We have presented an analysis technique that efficiently provides accurate estimates in de

termining X(m.). The applied method utilizes standard probabilistic and statistical techniques 

to predict the energy distributions of the pumping and detected radiation. The established 

pump energy per pulse PDF is transformed to predict the output milt harmonic PDR A rela

tion is then established for X(m) in terms of the statistical parameters of the experimentally 

determined pump and milt harmonic PDFs. The errors in our estimators scale as N-1/ 2, 

where N is the number of data points analyzed. 
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Several novel concepts in nonlinear optics have been presented in this dissertation. New 

laser sources based on intracavity solid-state Raman lasers have been developed through the 

course of this work. These devices have found application in several areas of CUlTent need. 

Innovative high-power Raman lasers were designed and built explicitly for use in eye-safe 

laser radar, streak-tube imaging laser radar, and Na guidestar adaptive optics systems. 

A generalized laser design software package was developed to aid in the design of high-

power Raman lasers. This package contains several unique features. A generalized first-

order cavity design routine provides the user with a range of infonnation necessary to en-

gineer lasers. Aberration compensation, dynamic cavity response, transient mode buildup 

dynamics and itinerate foci of generalized optical cavities can be studied by invoking this 

routine. The mode evolution of real optical beams is modeled through an adaptation of stan-

dard Frensnel diffraction-propagation routines. Intracavity laser gain and nonlinear conver-

sion is calculated by numerically solving sets of coupled nonlinear differential equations. 

New theories and computer models have been presented which cover the scope of this 

technology. Where possible these theories were developed from first principles. Most of 

the theoretical models appeal to the probabilistic and statistical nature of light-matter in-

teractions. The temporal, spacial and spectral properties of intracavity Raman lasers were 

analyzed and compared to experimental results. 

A new theory was presented to describe the effects of optical activity on phase-matched 

nonlinear conversion processes. Corrections to standard phase-matching relations and non-
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linear conversion efficiency relations were presented. In addition a novel quasi-phase

matching scheme based on optical activity has been suggested. 

An experimental setup was devised to measure the nonlinear susceptibilities of nonlinear 

materials over a very large spectral region (0.4 to 2.5 II.m). A theory was developed to 

improve the data analysis techniques for these measurements. Pump instabilities and the 

nonlinear transformation of these instabilities were considered in detail. It was found that 

pump energy dispersion could be used to improve the precision and efficiency of these 

measurements. 

Intracavity solid-state Raman lasers have contributed to improving the state-of-the-art of 

nonlinear optics. Research in intracavity solid-state Raman lasers will undoubtedly expand 

and continue for years to come. Presently research in this area has been limited to a few 

groups in Russia and our group in the United States. Collectively our work should provide 

the basis for new work to continue. 

Perhaps the most important work to come will be in materials research. At present only 

a select few Raman active crystals have been studied extensively. Material properties such 

as the Raman gain, thermal conductivity, and thermal expansion coefficient are all parame

ters that must be measured before engineered devices can be built. Ideally materials will 

be identified which are easy to fabricate, are not demomorphic, and have a high Raman 

gain and a large thermal conductivity. Equally important is the search for materials with a 

transmission farther into the ultra-violet and infra-red spectral regions. These materials will 

provide high-power, diffraction-limited radiation in new spectral regions. 
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Many questions also remain in the theory and operation of intracavity Raman lasers. 

Limits have not been established on the dynamic range of intracavity Raman beam cleanup. 

Computer modeling and more fundamental experiments need to be performed which would 

define figures of merit for cleanup processes. New cavity designs proposed in this disserta

tion must also be tested experimentally to validate their applicability. Specifically, designs 

based on the concept of pump-multiplexed intracavity Raman wave-gu ide lasers need to be 

explored. These future designs would provide a mechanism to decouple the pump and Ra

man cavities completely, hence giving the extra degree-of-freedom necessary to efficiently 

design multi-to-single mode Raman converters with output powers in the class of 100 W or 

more. 

Careful engineering of optical coating and pump cavity designs must also be applied in 

future designs of short-pulse cavity-dumped intracavity Raman lasers. In the formation of 

short Stokes pulses, the intensity generated in the Stokes mode begins to approach the single 

pass gain necessary to start cascade-conversion of the first Stokes field to second Stokes. 

Also nonuniformities in the high multi mode pump field can cause early cascade-conversion 

to the second Stokes mode. Any feedback at the second, third or higher Stokes wavelengths 

from the cavity optics can provide the conditions necessary to start oscillations at these 

parasitic wavelengths. High transmission optical coatings must therefore be developed to 

mitigate against higher-order parasitics. These engineering issues will all need to be solved 

in future research. 

Injection locking of the Stokes field to a local oscillator is currently of interest in the 

development of eye-safe coherent laser radar sources and frequency-locked Na resonance 
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guidestar sources. To avoid optical damage of the seed source due to feedback, and avoid 

mode-hops due to spacial hole-burning, Raman ring-resonator configurations are currently 

being designed and studied by our group. Also issues pertaining to the optimum injection 

seeding configuration are still being fonnulated. 

An issue is raised when one considers seeding an intracavity Raman laser with a sin

gle frequency source at the pump wavelength rather than at the Stokes wavelength. When 

the cavity is tuned so that the seed is resonant with a particular longitudinal mode, the lon

gitudinal mode stmcture of the pump will collapse into a single longitudinal mode which 

is in resonance with the seeding radiation. The results of Ch. 6 predict that under these 

conditions the Raman gain profile will no longer be inhomogeneously broadened. Rather, 

the gain profile will be homogeneously broadened with a Iinewidth equivalent to the ho

mogeneous Iinewidth of the Raman phonon transition. Because the saturation intensity of 

homogeneously broadened transitions are lower than for inhomogeneously broadened tran

sitions, the longitudinal mode closest to the resonance will saturate the transition. Under 

these conditions, the Raman laser will prefer to oscillate in a single longitudinal mode. It 

is therefore predicted that a much more efficient single frequency Raman source my be ob

tained by seeding the pump field rather than the Stokes field. This conjecture remains to be 

proven. 

An additional issue raised in this area is the degree to which a nonlinear index of re

fraction change (e.g. self-focusing) may affect the success of injection locking. If there is 

a significant intensity dependent index of refraction change within the Raman crystal, the 

effective Raman optical cavity length will vary over the growth and decay of the oscillat-
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ing field. These dynamic cavity length changes will cause the position of the longitudinal 

mode structure in the Raman cavity to sweep through a range of frequencies. If the index 

change is large enough, the frequency chirp may be beyond an acceptable limit set by the 

application specifications. An even more serious condition may arise when the frequency 

chirp is great enough to induce a longitudinal mode-hop. Under these conditions the de

vice is clearly unsuitable for coherent laser radar applications. However, in the case of Na 

guidestar laser sources, a large frequency chirp can be beneficial to aid in reducing the ef

fects of saturation. A situation can arise where the frequency of the Na excitation pulse will 

sweep over the Doppler broadened mesospheric resonance. The probability of saturation 

is therefore greatly reduced since as the Na excitation pulse builds up and decays, different 

subsets of Na atoms are in resonance with the excitation pulse. Saturation can therefore be 

mitigated automatically through the addition of this extra nonlinearity. 

Although the theory of chaos in intracavity Raman lasers was well developed in this 

dissertation, the experimental confirmations were less than ideal. External noise sources 

such as the optical pumping stability and cavity length stability, must be more carefully 

controlled in future experiments. Feedback and etalon effects must also be eliminated in 

the future. It is well-known that optical feedback can cause the same symptoms as pre

dicted by the chaos model. Suggested improvements include using Brewster cut Raman 

media and optically pumping the laser host with ultra-low-noise sources such as cw diode 

or TI:sapphire lasers. The cavity length can also be controlled much more accurately by 

utilizing piezo-electric transducers and feedback control loops to cancel vibration noise. 



267 

Another novel application of solid-state Raman media proposed is Raman image am

plification. In these schemes an image is injected into the Raman crystal at the Stokes 

wavelength. Energy from the pumping field is then preferentially transferred to the image 

spectmm at the Stokes wavelength. The image quality can be predicted by the models pre

sented in Ch. 5. For ideal image amplification the pump field spectmm should be a delta 

function; i.e. the pump field is a plane-wave. For real systems the image will be degraded 

by the convolution of the pump spectral amplitude. Hence the pump spectral amplitude 

is nothing more than the point spread function of the optical system. Therefore, optically 

engineered systems can be built with these design limitations. Image amplification of sev

eral orders of magnitude are predicted by this scheme. There are many applications that 

can be dramatically improved by solid-state Raman image amplification. Currently, image 

gating is limited by electronic triggering circuitry to several tens of nanoseconds. Because 

Raman image amplification can be optically gated, switching times on the order of fem

toseconds are possible. Currently, image processing is performed by computers. Although 

these techniques are elegant, the processing time is usually prohibitive for real-time image 

reconstmction. We propose a novel scheme to perform image filtering optically by tailor

ing the pump spectrum. These filters can be applied in real or Fourier space depending on 

the optical geometry chosen. 

The future directions of solid-state Raman technology are endless. Further research in 

this area should provide as many surprises as expectations. 
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