
Optical instabilities in sodium vapor and
vertical cavity surface emitting lasers

Item Type text; Dissertation-Reproduction (electronic)

Authors Grantham, Jeffrey Wayne.

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 16/05/2023 14:32:17

Link to Item http://hdl.handle.net/10150/185609

http://hdl.handle.net/10150/185609


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 corner 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. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106·1346 USA 

313/761·4700 800/521·0600 





,. 

Order Number 9202080 

Optical instabilities in sodium vapor and vertical cavity surface 
emitting lasers 

Grantham, Jeffrey Wayne, Ph.D. 

The University of Arizona, 1991 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI48106 





OPTICAL INSTABILITIES IN SODIUM VAPOR 

AND 

VERTICAL CAVITY SURFACE EMITTING LASERS 

by 

Jeffrey Wayne Grantham 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENC~S (GRADUATE) 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1991 



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~e~f~fr~e_y~'~~a~y~n~e~G~r~a~n~th~a~m~ __________________ __ 

entitled OPTICAL INSTABILITIES IN S0l!IUH VAPOR AND VERTICAL CAVITY 

SURFACE EMITTING LASERS 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy ------------------------------------------------------

Date 

M' C!' ~,ho/9/ fa: j?tHH--
Date S/JO/q; c~-J.lu~~~+ 

Ewan H. wright Oat£' 

G~€r~~ KG;~/9 2(20/5/ 
Galina Khitrova 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. 

. L ;,'" 
~»z~ Di~rector Hyatt H. Gibbl:l Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirments 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 dissertations are allowable without special permission, 
provided that accurate acknowledgement 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 head of the major department or the Dean of the Graduate College 
when in his or her judgement the proposed use of the material is in the interests of 
scholarship. In all other instances, however, permission must be obtained from the 
author. 



4 

To Carrie and my mother 



I 

5 

ACKNOWLEDGEMENTS 

I wish to first thank almighty God for giving me the ability and the fortitude 
to pursue a higher education. I wish to thank my advisor Hyatt Gibbs for allowing me 
to explore such intriguing optical phenomena and providing me with such a complete 
lab. I thank Galina Khitrova for explaining such complicated theories as Doppler
broadened Raman gain and for spending the long hours growing VCSELs on the MBE 
machine. 

I would also like to thank my fellow students and the visiting scientists in our 
group starting with John Valley, who taught me the sodium ropes and set up such a 
great lab; Victor Esch, who first introduced me to the group and was my Air Force 
sponsor; Xu Jiajin, who ran all of those conical emission and kaleidoscope computer 
runs for me and introduced me to Chinese culture; Deepak Boggavarupu, with whom 
I've spent many long hours taking data, who has accompanied me on many lunches, and 
who is well spring of new ideas which he loves to discuss; Larisa Minasian, who helped 
with some theoretical interpretations and who makes me appreciate my freedom and life 
in America; and to Chih-Li Chuang, Ruxiang Jin, Francois De Colstoun, Katsuyuki 
Okada, Tae-Hoon Yoon, with whom I've shared lab hours and lunches and who have 
introduced me to new cultures, ideas and viewpoints. 

I thank the United States Air Force for providing for all of my college 
education. The Air Force has truly treated me well and it has been a great experience. 
I thank John Wharton, my Master's thesis advisor for his encouragement and for his 
help in getting me to the Optical Sciences Center. I also thank my family for their 
support and encouragement. I especially thank my wife Carrie for sacrificing so many 
hours while I was at school or studying and for being patient with me. You truly are 
special Carrie. 



TABLE OF CONTENTS 

page 

LIST OF ILLUSTRATIONS .................................... 8 

ABSTRACT ................................................ II 

INTRODUCTION ............................................ 13 

I. CW CONICAL EMISSION: THEORY AND EXPERIMENT . . . . . . . . .. 15 

Introduction .......................................... 15 
Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 
Numerical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19 
Theoretical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 20 

Self-Trapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 21 
Resonance Fluorescence Seed . . . . . . . . . . . . . . . . . . . . . . . . . .. 24 
Generation of the New Fields . . . . . . . . . . . . . . . . . . . . . .. 26 
Cone Formation and Index Profiles . . . . . . . . . . . . . . . . . . . .. 29 

Numerical-Experimental Comparison ....................... 36 
Comparison with Other Work . . . . . . . . . . . . . . . . . . . . . . . . . . .. 42 
Summary ............................................ 45 

2. KALEIDOSCOPIC SPATIAL INSTABILITY ..................... 47 

Introduction .......................................... 47 
Beam Breakup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 48 
Solitary Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49 

Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 I 
Numerical Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 52 
Astigmatic Bifurcation Sequence ........................... 52 
Focusing Bifurcation Sequence ............................ 58 
Solitary Waves . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . .. 62 
Temporal Development of the Filaments .•......... . . . . . . . . .. 63 
New Frequency Generation . . . . . . . . . . • . . . • . . . . . . . . . . . . . .. 68 
Summary ............................................ 72 

3. ASYMMETRIC GAIN MODIFICATION IN GaAs VERTICAL 
CAVITY SURFACE EMITTING LASERS ..................... 73 

Theory ....•....................•.................... 74 
VCSEL .......................................... 75 

Experimental Setup and Procedure . . . . . . . . . . . . . . . . . . . . . .. 80 
Setup ................................•........... 80 
Procdure .......................................... 84 

6 



7 

TABLE OF CONTENTS - continued 

Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 85 
Modified SEL Spectrum and Four-Wave Mixing ............ 85 
Intensity Dependent Sideband Frequencies . . . . . . . . . . .. 88 
Asymmetric Modification to the Local Gain Curve .......... 90 

Comparison with Other Experimental Work . . . . . . . . . . . . . . . .. 100 
Summary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 102 

CONCLUSIONS .............................................. 104 

LIST OF REFERENCES 106 



I 

LIST OF ILLUSTRATIONS 

Figure page 

1.1 Experimental setup .................................. . , 17 

1.2 Quasi-trapping of pump beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 23 

1.3 Computed resonance fluorescence seed under 
conical emission conditions . . . . . . . . • . . . . . . . . . . . . . . • . . . . . . . . . . .. 25 

1.4 Origin of the conical emission spectrum ....................... 27 

1.5 I"L and ISR spectra with the cone (a) 
unblocked and (b) blocked. (c) Photograph of 
conical cone. (d) Schematic of conical emission 
frequency distribution ........................................ 30 

1.6 Transverse Re(a1) profiles at various 
longitudinal positions (cm) in the sodium cell 
for Al . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 32 

1.7 Transverse Re(a,,) (z - 10 cm) and far-field 
spatial profiles for A." . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33 

1.8 Transverse Re(as) (z ::: 10 cm) and far-field 
spatial profiles for As . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .. 34 

1.9 Comparison of numerical and experimental 
conical emission observables for 2X "" 500 and 
P "" 360 mW ................................................ 39 

1.10 Comparison of numerical and experimental 
conical emission observables for 2X "" 580 and 
p :I 410 m W .................... t • • • • • • • • • • • • • • • • • • • • • • • • • •• 40 

1.11 Comparison of numerical and experimental 
conical emission observables for 2X = 680 and 
P = 430 mW ...........................•.................... 41 

1.12 Observed and computed cone angle 
dependence on pump power (power - X2) ....................... 44 

1.13 Observed conical emission spectrum for a low 
input pump power .......................................••... 46 

8 



I 

LIST OF ILLUSTRATIONS - continued 

2.1 Arrangement of cylindrical lenses to 
introduce controllable astigmatism . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 54 

2.2 Cell-exit profiles for a power bifurcation 
sequence with astigmatism applied to the input 
laser beam ...........................................•...... 55 

2.3 Cell-exit profiles for a pump-detuning 
bifurcation sequence with astigmatism applied to 
the input laser beam .......................................... 57 

2.4 Cell-exit profiles for a power bifurcation 
sequence with focus added to the input laser beam ............•...... 59 

2.5 Transverse profiles of 11 showing its evolution 
through the sodium cell from an elongated gaussian 
cell-entrance profile to the cell-exit profile of 
Fig. 2(d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . .. 64 

2.6 Transverse profiles of 11 showing its evolution 
through the sodium cell from a defocused gaussian 
cell-entrance profile to the cell-exit profile of 
Fig. 4(d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . .. 65 

2.7 Time evolution (sec) of a simple cell-exit 
profile after a momentary input 11 interruption 
and then turn-on ............................................ 66 

2.8 Time evolution (sec) of a more complex cell
exit profile after a momentary input 11 interruption 
and then turn-on ............................................ 67 

2.9 Evidence for two-peaked Raman-gain ....................... 70 

3.1 Schematic of the 3~ VCSEL structure. . . . . . . . . . . . • . . . . . . . . . . . . .. 76 

3.2 Design curve for the reflection properties of 
the 3~ VCSEL including absorption .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 77 

3.3 Sample spectrum taken of the 3~ SEL lasing ...............••.... 79 

3.4 Schematic of the experimental setup ................•.....•.... 81 

9 



I 

10 

LIST OF ILLUSTRATIONS - continued 

3.5 Unmodified and modified frequency spectra 
of the SEL lasing showing four-wave mixing ....................... 86 

3.6 Frequency spectra showing the dependence of 
the sideband frequencies on injected power . . . . . . . . . . . . . . . . . . . . . .. 89 

3.7 Sideband frequency (GHz) as a function of the 
square root of the injected power (mW)1/2 . . . . . . . . . . . . . . . . . . . . . .. 91 

3.8(a) Evidence for the asymmetric gain modification ................. 92 

3.8(b) Evidence for the asymmetric gain modification ... . . . . . . . . . . . . .. 93 

3.8(c) Evidence for the asymmetric gain modification ................. 94 

3.9 Additional evidence for the asymmetric gain 
modification ................................................ 96 



I 

11 

ABSTRACT 

This dissertation investigates three different optical instabilities: cw conical 

emission, bifurcations of optical transverse solitary waves, and asymmetric gain 

modification in a vertical cavity surface emitting laser (VCSEL). The first two 

instabilities occur in sodium vapor while the third occurs in a new type of 

semiconductor laser . 

. For the conical emission instability, the first comparison and agreement between 

theory and experiment is given. The conical emission process is modeled as a series of 

nonlinear effects including self-trapping of the pump beam, Doppler-broadened 

Raman -gain amplification of Doppler-broadened resonance fluorescence, propagational 

four-wave mixing, and diffraction and pump-induced refraction of the new 

frequencies. Each step of the emission process is thoroughly examined and explained. 

Detailed comparisons are made between experimental observables and numerical 

calculations including near-field and far-field spatial profiles, frequency spectra, and 

cone angles. All comparisons show good agreement. 

In a different but related experiment, bifurcations of optical transverse solitary 

waves are studied for one-way propagation through a sodium vapor cell. Two types of 

phase encoding seed transverse bifurcations which result in transverse cell-exit profiles 

with the beauty rivaling that of a kaleidoscope. The cell-exit profiles are stationary in 

time, reproduce completely when the power or frequency is scanned, and agree well 
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with one-way computations. Evidence is also presented for the first observation of a 

double-peaked Raman gain. 

In the third experiment, a temporal instability is examined in a GaAs VeSEL. 

Strong evidence is presented for an asymmetric gain modification induced when a 

strong optical signal is injected into the Fabry-Perot transmission peak of the VeSEL 

while it is lasing. This gain modification results in increased absorption on the high 

frequency side of the injected signal and increased gain on the low frequency side as 

manifested by the formation of an optical sideband. The frequency of the sideband 

depends on the intensity of the injected signal with frequencies (> SO GHz) well beyond 

the predicted relaxation oscillation frequency being observed. Very efficient 

nondegenerate four-wave mixing is also observed. 
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INTRODUCTION 

Nonlinear optics has mushroomed as a popular and highly studied discipline of 

optics since the first observation of second harmonic generation by Franken et al 

(1961). Basically, nonlinear optics concerns phenomena in which a medium's response 

to an incident optical field depends on the intensity of the field. The medium's 

response is described by the electric susceptibility and in return can nonlinearly modify 

the incident field. In this respect, such diverse nonlinear optical phenomena as 

harmonic generation, sum and difference generation, self-focusing, four-wave mixing, 

phase conjugation, optical bistability, and instabilities can occur. 

In this dissertation, nonlinear instabilities will be featured and in specific 

temporal and spatial instabilities. By temporal instability, it is meant that a new 

frequency is built up from noise in the nonlinear process which can be then be detected 

as a beat signal on the incident frequency. This new signal is an indication of the 

temporal instability occurring in the medium, having been created by the strong 

medium-field interaction. By direct analogy, a spatial instability is the generation of 

new propagation vectors caused by a strong input field. This instability is characterized 

by such phenomena as cones around the original beam, or filamentation where the 

filaments propagate in different directions from the initial beam. 

Three different instabilities are covered in this dissertation, cw conical emission, 

bifurcation of transverse solitary waves, and asymmetric gain modification. The first 
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two are observed in the classic nonlinear medium of sodium vapor and the last in a 

GaAs vertical cavity surface emitting laser (VeSEL). Sodium vapor allows the use of 

a two-level model and for operation in the visible spectrum (02 resonance). The GaAs 

VeSEL has more device applications but forces one to operate in the near infrared. 

In the first chapter, cw conical emission is examined. It is both a spatial and 

temporal instability in that both new frequencies and a cone are formed as a result of 

the nonlinear process. The physics of the conical emission process is studied in depth, 

with the process being viewed as the result of four nonlinear effects. A detailed 

comparison is made between experimental observations and numerical calculations. In 

the second chapter, a primarily spatial instability is studied which we call kaleidoscopic 

on account of the beautiful and complex patterns formed. Experimental and numerical 

bifurcation sequences of the cell-exit profiles are studied as well as their longitudinal 

and temporal development. Evidence is also given for a two-peaked Raman gain giving 

rise to a temporal instability as well. The final chapter covers a temporal instability 

occurring in a new type of a semiconductor laser structure, the vertical cavity surface 

emitting laser (VeSEL). An asymmetrical gain modification resulting from a strong 

injected signal is examined as well as the accompanying four-wave-mixing sideband 

frequencies. The dependence of these sideband frequencies on the injected power and 

de tuning is explored in depth. 
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CHAPTER ONE 

CW CONICAL EMISSION: THEORY AND EXPERIMENT 

Introduction 

When a strong near-resonance laser beam propagates single-pass through an 

atomic vapor many nonlinear effects can occur, one being that a cone of light can form 

around the incident laser beam in the far field at a shifted frequency from the incident 

beam. This pheonomenon is called conical emission and was first observed by 

Grischkowsky (1970) in potassiom vapor. Since this first discovery, there have been 

many theoretical speculations about the origin and physics of conical emission but no 

meaningful comparisons between observations and computations [Crenshaw and 

Cantrell (1988) and (1989); Shevy and Rosenbluh (1987) and (1988)]. The majority of 

the experiments have been pulsed, which makes the observation of conical emission 

easier over a wider range of input parameters (due to high peak powers) but makes 

numerical comparisons very computationally intensive. We, on the other hand, have 

chosen to utilize frequency-stable, narrow-line lasers to study cw conical emission in 

sodium vapor, thereby reducing the computational intensity and allowing us to perform 

a detailed comparison between experimental results and numerical computations. In 
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this manner, the validity of our theoretical model is tested by the agreement (or lack 

thereof) between our experimental observations and the numerical computations based 

on this model. 

Experimental Setup 

Figure 1.1 is a schematic of the experimental setup used to produce and obs~rve 

cw conical emission. An Ar+ -pumped ring dye laser is used to produce the input pump 

beam for the experiment. The laser beam is cw, tuned to the high-frequency side of 

the sodium 02 resonance, and frequency-locked with an rms line width of ~ I MHz. 

Utilizing a reference cavity and feedback electronics the laser can be stabily scanned 

+/- IS GHz about a set frequency. To accurately determine the laser detuning from the 

sodium 02 resonance, a small percentage of the laser beam is split off and sent into a 

Lamb-dip cell. Using this cell (see Fig. 1.1), the 1.8 GHz hyperfine lines of the 2Sl/2 

ground state (02 resonance) are resolved and the laser detuning from these lines can be 

determined with ~ 0.1 GHz accuracy. Zero detuning is defined as the strongest and 

lowest frequency hyperfine line. 

To prevent optical feedback from interfering with the stable operation of the 

dye laser, an acousto-optical modulator (AOM) is used which shifts the laser frequency 

by 40 MHz in the first order. Any light reflected back into the dye laser is thus shifted 

by 80 MHz and does not affect the operation of the laser. After passing through the 

AOM, the laser profile is spatially filtered and collimated using two lenses (both f .. 16 

mm) and a 25 I'm pinhole. The spatial filter gives the beam a "clean" single-mode, 
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TEMoo profile. A half-wave plate and a polarizing beam splitting cube are used to 

control the input laser pump power as well as to ensure that the input is vertically, 

linearly polarized. A 30 em focusing lens is used to focus the collimated beam onto the 

entrance window of a quartz sodium cell resulting in a waist wo ~ 75 I'm. At this point 

the power of the input beam is ~ 500 mW. 

The IO-cm-Iong (a 2-cm-long cell was also used) quartz cell is evacuated and 

heated to ~ 230°C resulting in a sodium density of ~ 1.22 X 1013 cm-s [Ioli et al. 

(1971 »). A thermocouple placed on the cell's "cold finger" is used to measure the cell 

temperature as well as to provide feedback to the heating control unit. With such an 

arrangement the cell's temperature could be controlled to ~ 0.5 °C. The cell is tilted at 

a slight angle to prevent any longitudinal feedback from occurring inside the sodium 

cell. 

The transverse spatial profile of the laser beam exiting the sodium cell (near

field) is imaged onto a charge-coupled-device (CCD) camera using a 9 em lens. The 

magnification of this imaging setup was determined using a transparent Air Force 

resolution chart. The far-field is recorded by another CCD camera ~ I m away. One 

dimensional profiles could be taken with an electronic line-grabber and displayed on 

an oscilloscope. The profile images could also be recorded onto videotape and then 

digitized into a 256 X 256 array of intensity values. 

The frequency spectrum of the output light from the sodium cell is analyzed 

with a planar scanning Fabry-Perot interferometer. The mirrors of the Fabry-Perot 

had a reflectivity of 0.98 giving a finesse of 100, and a 28 GHz free spectral range was 

used for all of the spectra. The input to the interferometer is recollimated after exiting 
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the sodium cell and a quarter-wave plate and polarizing beam splitter combination is 

used in conjunction with a neutral density filter to prevent feedback to the sodium cell. 

The light from the Fabry-Perot is focused onto a silicon photodiode and the resulting 

frequency spectrum displayed on an oscilloscope. The Fabry-Perot could be either 

electronically or manually scanned. Manual scanning allowed for correlation of the 

different parts of the tranverse profile (e.g., the cone) with frequency. 

Numerical Model 

All numerical calculations are produced by a program written by Valley, 

Khitrova, and Jiajin [Valley (1989)] that is run a Cray X/MP at Kirtland AFB, NM. 

This program models the sodium D2 resonance as a two-level system and utilizes the 

density matrix equations of motion to determine the effect of the incident field on the 

medium and the medium's effect back on the field (via the induced polarization) 

[Valley (1989)]. Tying the medium-field interaction into the propagation of all fields 

(incident and newly generated) through the sodium vapor are the transverse coupled

wave equations (one for each field). To solve these transverse coupled-wave equations, 

a split-step FFT technique is utilized in the paraxial-wave-equatiori approximation 

[Moloney et al. (1982); Feit and Fleck (1988); Weideman and Herbst (1986)]. This 

program includes the effects of Doppler broadening and can calculate the output 

frequency spectrum, near-field and far-field patterns, index/absorption profiles as well 

as transverse intensity profiles within the sodium cell (all to be discussed later). Input 

and output frequency parameters are in units of (2",T1r1 = 10 MHz where Tl is the 
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natural lifetime, 16 nsec, of the upper state of the sodium D2 resonance. All 

calculations are performed for zero dephasing collisions (no buffer gas) such that T2 = 

2TI where T2 is the dipole dephasing time and a single resonance Doppler half-width 

of ku = 105 (1.05 GHz in real units). Input field amplitudes are input in terms of the 

Rabi frequency 2X = 1J.'IEt/1i (normalized to 10 MHz again) where J.' is the atomic 

dipole-moment matrix element. 

Theoretical Model 

Our theoretical model is based on an interplay of several well known nonlinear 

effects known to occur in atomic vapors under various conditions. Our model is as 

follows. A strong cw pump beam E1(wl ), with Gaussian transverse profile, is focused 

onto the input of a sodium cell and is quasi-trapped during its propagation through the 

cell [Bjorkholm and Ashkin (1974); LeBerre et al. (1985)]. New frequencies, Es(ws) 

with wS>wI' are generated by a Raman gain [Horoche and Hartman (1972); Wu et al. 

(1977); Harter et al. (1981); Harter and Boyd (1984), (1982) and (1980); Boyd et al. 

(1981); Khitrova et al. (l988a); Khitrova et al. (l988b); Gruneisen et al. (1988)] that 

amplifies resonance fluorescence [Holm et al. (1985)]. Additional frequencies, E.(w.) 

with w. 1:1 2w1 - Ws < WI' are generated by propagational four-wave mixing [Harter et 

al. (1981); Harter and Boyd (1984), (1982) and (1980); Boyd et al. (1981)], and finally 

refracted into the emission cone. 
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Self - Trapping 

Although self-trapping is not required for conical emission to occur [Harter and 

Boyd (1984)], conical emission is more easily generated with self-trapping; quasi

trapping was always a prerequisite for our observation of cw conical emission. For 

small positive laser pump detunings from the D!l resonance in sodium vapor, the pump 

laser will self-focus. Under the right conditions with respect to de tuning, pump power, 

and sodium density the nonlinear self-focusing can balance the linear diffraction, and 

the beam can propagate self-trapped as observed by Bjorkholm and Ashkin (1974). 

Saturation of the medium is required to prevent the beam from catastrophically self

focusing and allow stable self-trapping. By increasing the sodium density and 

decreasing the laser-resonance detuning, one can obtain unstable propagation leading 

to beam breakup as will be described in the chapter on the kaleidoscope instability. 

Self-trapping is very important to the physical processes of conical emission. 

First, self-trapping allows E1 to maintain its strength throughout the cell so that new 

fields can be generated throughout the cell. Second, the quasi-trapped filament serves 

as a waveguide for the newly generated frequencies. Finally, but probably most 

important to the cone formation is the modification of the index of refraction of the 

sodium cell such that with the help of the AC Stark-shifted absorption (to be discussed 

later) some frequencies around E1 are trapped and some are refracted out of the 

filament and form the cone. 

One finds from the numerical calculations that during the conical emission 

process, the pump beam E1, is not actually perfectly self-trapped but has slow 

oscillations in its intensity and its radius (inversely related) during its propagation 
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through the sodium cell [L,eberre et al. (1985)]. Correct modeling of this quasi-trapping 

of EI is important since EI's magnitude determines the gain/absorption and coupling 

strength for the newly generated fields, Es and E4, and EI's phase determines the 

direction of energy transfer between Es and E4• With El(X.y.z.C&)l)=Al(x.y.z.C&)l)et(~'-CoIlt), 

self-trapping of AI(x,y,z) is described in the paraxial and slowly varying envelope 

approximations by 

(1.1) 

where kl = 21rwI/c, VT
2 ~ a2/ax2 + a2/ay2, and QI(x,y,z) is a function of AI(x,y,z) and 

includes both absorption and refraction leading to self-trapping of AI' To include the 

effects of Doppler broadening, which has a profound effect on the conical emission 

spectrum, WI is integrated over the Doppler-velocity distribution using a technique 

involving plasma dispersion functions [Khitrova et al. (1988a); Valley (1989)]. The 

quasi-trapping of the input field Al is computationally shown by the on-axis intensity 

and cell exit profile of Fig. 1.2(a) and 1.2(b) under the conical emission conditions of 

Fig. 1.1 1. The corresponding experimental cell-exit profile of Fig. 1.2(c) shows very 

good agreement with these numerical profiles and both Fig. 1.2(b) and 1.2(c) are to be 

contrasted with the computed and observed free-space-diffraction exit profiles of Fig. 

1.2(d) and 1.2(e). Thus, both the computations and observations show that self-trapping 

is occurring under conical emission conditions. 
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Resonance Fluorescence Seed 

The generation of the new field, As, at Ws begins we believe with a resonance 

fluorescence seed created by the strong pump field AI' Resonance fluorescence is a 

modification to the spontaneous emission of a resonance by an intense, near-resonant 

laser field resulting (for large fields) in a three-peaked spectrum with side components 

separated by the generalized Rabi frequency Q' /t=VA2+4X'Z where A is the pump

resonance de tuning and 2X is the on-resonance Rabi frequency [Mollow (1969) and 

(1972)]. Resonance fluorescence has been observed in sodium vapor by many people 

starting with Schuda et al. (1974) [Hartig et al. (1976); Grove et al. (1977)], and its 

credence for a seed is strengthened by the fact that its high freqency side lobe occurs 

at the same frequency (one generalized Rabi frequency from the pump) as the Raman 

gain (discussed in the next section). In addition, the resonance fluorescence side lobes 

are Doppler-broadened from their narrow width (3/2 times the natural Iinewidith) 

without Doppler broadening, see Fig. 1.3. Thus, there is a range of seed frequencies 

around the generalized Rabi frequency from which the Doppler-broadened Raman gain 

can build. If a white seed is used instead of a resonance fluorescence ,seed most of the 

conical emission spectral feautures are retained, but the seed comes through at all 

frequencies. Since the conical emission spectrum is only 10 to 100 times more intense 

than the uniform seed, the seed is quite apparent in the computation, but not in the 

experiment. The resonance fluorescence seed eliminates this problem. All 

computations are thus seeded with Doppler-broadened resonance fluorescence and is 

recalulated at each longitudinal step throughout the sodium cell to further seed new 

possible frequencies. 
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Generation of the New Fields 

The new field As is formed by amplification of the resonance fluorescence seed, 

described above, via Doppler-broadened Raman gain [Horoche and Hartman (1972); Wu 

et al. (1977); Harter et al. (1981); Harter and Boyd (1984), (1982) and (1980); Boyd et 

al. (1981)). Like spontaneous emission processes, both absorption and stimulated 

processes can be modified by an intense, near-resonant laser field. Wu and Ezekiel 

(1977) have observed in sodium atomic beams gain at one Rabi sideband (Raman gain) 

and absorption at the other (AC Stark-shifted absorption) both of which play essential 

roles in the conical emission process. A physically appealing model of this phenomenon 

is the dressed-atom model or three-photon model [Boyd and Sargent (1988); Cohen

Tannoudji and Reynaud (1977)]. In this model both the upper and lower levels of the 

resonance are split by the the generalized Rabi frequency such that absorption of two 

photons at WI results in emission at WI + OR' (for positive pump-resonance detunings) 

and absorption at W - OR'. This Doppler-broadened Raman gain along with the 

corresponding AC-Stark-shifted absorption is graphically displayed in Fig. 1.4(a) for 

the initial on-axis pump intensity and conditions necessary to produce conical emission 

(Fig. 1.11). Because of Doppler broadening, the Raman gain begins approximately at 

the input pump frequency. WI' plus the on-resonance Rabi frequency, OR' and is 

broadened over that of the single-atom Raman gain. The AC Stark-shifted absorption 

on the other hand begins at WI - OR and is also broadened. The Doppler-broadened 

Raman gain is responsible for the spectral breadth of As and A" observed in the conical 

emission spectrum by us and other researchers [Harter et al. (1981)]. A,,(w4 = 2wI - ws) 

is generated by four-wave-mixing of As with Al as the two fields propagate along the 
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sodium cell. The equations describing the interaction between the weak fields As and 

A" and for copropagational four-wave mixing are 

(1.2) 

(1.3) 

where kl = 27rwl/c, VT
2 = a2/ax2 + a2/ay2, QI(x,y,z) and "I(x,y,z) are functions of 

A1(x,y,z), and wi has been again integrated over the Doppler-velocity distribution. Qi 

includes both absorption/gain and refraction leading to the longitudinal and transverse 

evolution of As and A4. "I describes the four-wave mixing that couples As(ws) and 

A 4(w4} as they propagate together through the cell. The transverse dependence [through 

A1(x,y,z)] of the resonance fluorescence PI from moving atoms is calculated for each 

frequency and each x, y, z using plasma-dispersion functions [Khitrova et al.]. Its 

phase is chosen arbitrarily between 0 and 2", by a random-number generator at each x, 

y, z. Equations (1)-(3) are computed on a Cray using fast-Fourier-transform 

techniques [Valley, (l989);Moloney et al. (1982); Feit and Fleck (1988); Weideman and 

Herbst (1986)], with a typical spectrum requiring ~ 2 CPU hours. 

Fig. 1.4(b) shows the four-wave-mixing coupling parameter corresponding to 

Fig. 1.4(a) which links A4 with As. ComparinH Fig. 1.4(a) and 1.4(b), one sees that the 

AC Stark-shifted absorption lies almost directly -O~l top of the generated field A4 

resulting in a splitting of A4 into A4L and A4R. This splitting of A4 is coupled into As 

via the coupling parameter of Fig. 1.4(b), forming ASL and ASR even though no actual 
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absorption occurs at these frequencies. Fig. 1.4(c) and (d) depict the resulting computed 

and observed spectrum (including transverse calculations) showing the nearly 

symmetrical splitting of As and A". 

Cone Formation and Index Profiles 

Previously, Valley et al. (1989) modeled conical emission on a personal computer 

and by assuming plane waves and perfect phase matching were able to obtain an 

emission spectrum very close to that observed experimentally. But the Question 

remained,"Is a cone being formed?". Numerically, it would be convenient to avoid 

transverse calculations which are numerically intensive and say that since A"L and A"R 

are on the defocusing side of the sodium resonance these are the frequencies that will 

give rise to the cone. We feel that this is not justified even though the cone does 

originate from A". Experimentally, we find that the four-wave mixing spectra that we 

now associate with conical emission (including A,,) is produced over a much wider 

range of input parameters than that over which conical emission is produced. Thus just 

because one obtains a numerical spectrum with frequencies on the defocusing side of 

the resonance doesn't mean that conical emission is necessarily occurring or that one 

has modeled conical emission correctly. 

Experimental observations confirm that indeed the cone does arise from A". In 

particular, observations through a Fabry-Perot show that the cone of light originates 

from the refraction of A"L (with a small amount of the shoulder of A"R) from the Al 

induced guiding channel; As, on the other hand, is guided. Fig. 1.S depicts Fabry-Perot 

traces where part (a) shows I"L (I - IAla) and ISR spectral peaks when both the cone 
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Fig. 1.5 I4L and ISR spectra with the cone (a) unblocked and (b) blocked, showing that 
almost all of I4L goes into the cone. (c) Photograph of cone with ~ 100X more intense 
center overexposed. (d) Schematic of conical emission frequency distribution. 
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and center are unblocked while part (b) shows the spectral peaks with only the cone 

blocked. One sees that blocking the cone largely eliminates I4L while hardly affecting 

ISR confirming that I4L is producing the cone. 

Physically, the refraction of the light into the cone is due to the change in index 

caused by the Stark-shifted absorption. The reason only part of A4R goes into the cone 

is that outside of the saturated filament formed by AI' the frequencies corresponding 

to A4R are being absorbed by the "normal" resonance (not AC Stark-shifted) of atoms 

not excited by AI' With a large pump field, one can increase the generalized Rabi 

frequency so that the A4R frequencies wiII be shifted below the normal resonance and 

not be absorbed outside the filament. In this case, which we could only reach with 

fresh laser dye, two cones are observed with the A4R cone having the larger angle. Fig. 

I .S(c) depicts a typical observed cone (single) and Fig. I .S(d) is a schematic of the cone 

and the location of all the different frequencies. 

If one cannot predict the cone formation from just the appearance of A4, can 

one predict the cone appearance from the index profiles for the different frequencies? 

To answer this question we calculated the transverse index profiles for frequencies 

making up AI' All' and A4 and tried to see if they correlated with the appearance of the 

cone. These transverse profiles are respectively plotted in Figs. 1.6, 1.7, and 1.8 with 

Figs. 1.7 and 1.8 also including the transverse far-field patterns of All and A4. For AI' 

the index profiles [Re(al)-(index -1)] are plotted for different longitudinal positions 

in the sodium cell and indicate a focusing nature. A focusing profile is one in which 

the index of refraction is higher in the center (x = 0) than at larger radial values such 

that an incident plane wave would begin to focus towards the axis. A defocusing 
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profile would have regions where the index is higher at larger x values than at lower 

x values. Thus from the smooth and focusing nature of its profiles, it is easy to 

understand why Al will not form a cone. The lack of change in the index profiles 

indicate that the self-focusing is maintained throughout the cell. The index profiles 

of As and A. however are not so easy to interpret; it is not readily apparent from their 

profiles why A. forms a cone while As does not. 

Examining the profiles of Re(as) and Re(a.) and their corresponding far-field 

patterns for different frequencies, one sees that in Fig. 1.7(a-d) Re(a.) has an overall 

defocusing profile while Re(as) in Fig. 1.8(a-c), excluding Fig. 1.8(d), has an overall 

focusing profile. This is in agreement with the nonlinear focusing effect of the D2 

resonance for frequencies higher than the resonance and the defocusing effect for 

frequencies below the resonance [Bjorkholm and Ashkin (1974)). From Fig. 1.7 the 

cone seems to arise from the outer small peak shown in Fig. 1.7(b-d) rather than from 

the overall defocusing profile. Fig. 1.8, on the other hand, also shows similar fine 

structure in its profiles but no cone is produced from Re(as)' In fact, Fig. 1.8(d) 

showing Re[as(1000)) is remarkably similar to the profile Re[a.(-IOOO)] shown in Fig. 

1.7(d), but Re[as(1000)] doesn't produce a cone while Re[a.( -1000)) does. In summary, 

these index profiles are difficult to interpret, one can say that a profile has a general 

defocusing or focusing nature but one cannot decisively say apriori that a cone will or 

will not be formed. One must perform the transverse calculations, which we have done, 

to indubitably determine when a cone is going to be formed and which frequencies are 

going to form it. 
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Numerlcal-Experimental Comparison 

As mentioned earlier, a two-level atom theory is used to model the sodium D2 

resonance, but as any good atomic physicist knows the D2 resonance actually has more 

than two levels. The most serious perturbation to the two-level approximation comes 

from the 1.8 GHz hyperfine splitting of the 2S1/2 ground state and the optical pumping 

that occurs between the levels when a strong, near-resonant laser field is incident on 

the system [Wu et al. (1977); Schieder and Walther (1974); Bernheim (1965». Because 

of the already high numerical intensity of the calculations, it was decided not to include 

the above effects in the calculations and see if good agreement between calculations and 

experimental observations could still be obtained. As a result, one cannot expect exact 

quantitative agreement between the numerical and experimental observations, but if the 

model is correct one should still obtain reasonable agreement. An additional 

consequence of these approximations is the numerical and experimental input 

parameters such as detuning and absorption will not have an exact one-to-one 

correspondance. As an example, if optical pumping is occurring, from which level does 

one measure the detuning; the low-frequency or the high-frequency hyperfine level? 

Depending on one's choice, a 1.8 GHz detuning change in the program can drastically 

change the program's results and in fact move one outside of the conical emission 

regime entirely. One must therefore be quantitatively flexible in comparing the 

numerical and experimental results. 

Because of the above approximations, our procedure of comparison was an 

interative one. To begin with, we first experimentally obtained the input parameter 
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regime over which conical emission occurred. Next, we varied the numerical input 

values within this regime until a cone was produced. Once a cone was produced, the 

input Rabi frequency was varied and the resulting near-field and far-field patterns 

were recorded along with the frequency spectra. To "fine-tune" the experiment to the 

numerical parameter regime (remember the lack of one-to-one parameter 

correspondance), we utilized the phenomenon of amplitude and phase encoding on the 

far-field main lobe pattern. 

Nonlinear amplitude and phase encoding superimposes a series of concentric 

rings on the main lobe's intensity profile (not to be confused with the conical emission 

cone) which come up in the center and progress radially outward as a function of 

increasing pump power. These rings are very sensitive to the sodium density, pump 

de tuning and power [Tai (1984)] and is what we used to bring the experimental 

conditions to that of the program. We found that this ring pattern changes much more 

rapidly than the the other conical emission observables with a change in one of the 

input parameters. Using these spatial rings we "fine-tuned" the parameters until we 

experimentally duplicated the sequential development (with input pump power) of the 

numerical rings. The conical emission spectra and near-field profiles were then found 

to be in good agreement. Using this procedure we found our best agreement when we 

treated the D2 resonance as being optically-pumped into the stronger short-frequency 

hyperfine line and when we used an on-resonance absorption, Qo' equal to 2300 em-I. 

This absorption corresponds to an off -resonance absorption of 7% while experimentally 

the off resonance absorption was 15%. 
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As an example of an input power sequence with which we have obtained good 

numerical and experimental agreement, consider Figs. 1.9-1.11. These figures show a 

side-by-side comparison of the near-field patterns, the far-field main lobe patterns, 

the far-field cones and the integrated cell output spectra as the input pump power was 

increased while all other parameters were held constant. Experimentally, the pump

resonance detuning, ~, was +4.3 GHz, the sodium density was 1.22 X 102S cm-s, and 

the input waist was 76 JAm. Correspondingly, the numerical de tuning was +430, eto was 

2300 cm-1 and the input waist Wo was 72 JAm. One sees from the figures that both 

experimentally and numerically the far-field main lobe patterns (a transverse slice was 

taken utilizing a line grabber from a CCD camera) change rapidly with the change in 

pump power, but the cone and the spectra change very little. The figures also show that 

the numerical and experimental near and far-field patterns for the series agree well and 

that the emission spectra show excellent qualitatively agreement. Quantitatively though, 

one finds that in the computed spectra the separation between the peaks 14L and ISR 

exceed those of the experiment by 30% - 40%. In addition, the measured cone angles 

usually exceed the computed angles by the same approximate amount (the frequency 

position of A4 and the cone angle are related). 

We attribute the above discrepancies to our two-level model and optical 

pumping although Crenshaw and Bowden believe the discrepancy in the spectra comes 

from using rate equations and coupled-wave theory to model the process in a extended 

medium [Crenshaw and Bowden (1991)]. They state that for an extended and highly 

nonlinear medium like sodium vapor near resonance, the pump field and weak probe 

don't remain in steady state but the pump field begins to be depleted and the probe 
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becomes relatively strong (we treat the probe only to first order). Crenshaw and 

Bowden believe that one must numerically integrate the Maxwell-Bloch equations to 

account for the possible pump depletion and probe amplification. With their treatment, 

they numerically calculate the probe gain to be well within the generalized Rabi 

frequency thus accounting for, as they state, our 30% - 40% smaller sideband 

frequencies observed in experiment over our numerical results. 

We do not think that we are significantly violating the nondepleted pump or the 

weak probe limits for the runs presented here in that experimentally we typically 

measure Is/II to be ~ S% (as measured in the output spectrum through a Fabry-Perot) 

and leone/II to be ~ 0.4%. We purposely kept the sodium density sufficiently Jow 

enough to avoid pump depletion, strong As and A4 fields, and higher order mixing 

effects although we certainly were able to observe these. Although Crenshaw and 

Bowden's numerical procedure is more exact it would significantly change our 

propagation program and lengthen our already 2 CPU hour runs on a Cray computer. 

We believe the excellent qualitative agreement and reasonably good quantitative 

agreement between numerical and experimental observations suffices in showing that 

our model of the conical emission process is correct and contains all of the major 

features. 

Comparison with Other Work 

In comparing with some of the experimental results obtained in other conical 

emission observations, we find many of the same features but also a couple of new 
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features. An instance of. this concerns phase matching. For some types of conical 

emission phase matching determines the cone angle (Krasinski et al. (1985)], but this is 

not the case for our cone. We find that some of the cone frequencies also appear in the 

center of the far-field profile as computed in Fig. 1.7(b' and c') and observed in the 

laboratory by examining the spatial profile of the light through a Fabry-Perot 

interferometer. Simple plane-wave phase matching is thus ruled out as the determinant 

of the cone angle. Also the fact that A 1 may be focusing and diffracting as it 

propagates [see Fig. 1.2(a)] implies that kl depends on x, y, and z. Unlike plane-wave 

treatments, phase matching does not need to be imposed externally because the 

interference between the fields is taken care of automatically in Eqs. (2) and (3), and 

the transverse degrees of freedom allow phase matching to occur naturally. If one 

calculates the plane-wave spectrum (without VT
2), one must arbitrarily impose nearly 

zero-phase mismatch to obtain a similar spectrum (Valley (1989)]. 

Concerning the cone angle, we find that the angle depends on the input beam 

waist roughly as 8eone - (waistr2 (of course one must balance the input waist size with 

the sodium density, pump detuning, and cell length to obtain conical emission). We also 

find, like Tam (1979), that for a given input pump power and sodium density the cone 

angle is relatively insensitive to the pump detuning. It is, however, difficult to be very 

conclusive about the de tuning dependence of the cone angle. This is due to the limited 

de tuning range (-1 GHz) over which conical emission is obtained for a given pump 

power and sodium density. 

One major difference that we find from previous investigations is a cone angle 

dependence on input pump power for low values of the pump. This dependence is 
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depicted in Fig. 1.12 where after the first appearance of the cone, the cone angle 

decreases sharply for a small increase in power and after P ~ 370 mW (between 90 mW 

and 370 mW no conical emission is produced for the set of input parameters used to 

generate this figure) the cone angle is approximately constant. The computed cone also 

shows a dependence on pump power (for low powers) although not as dramatic as 

observed experimentally. This low power cone has a well defined spatial edge and a 
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moderately different spectrum (no ISR peak and a much weaker I4L peak) from the 

higher power cone [see Fig. I.4(d)] as shown in Fig. 1.13. We believe the physics is the 

same for both cones, the generated frequencies are just smaller in magnitude for the 

low power cone. 

Summary 

In conclusion, we have obtained very good agreement between numerical 

calculations and experimental observations of cw conical emission, thus confirming our 

model of the process. This complicated process was divided into a series of simple steps 

with each step being thorourghly explained and examined. Previous treatments have 

speculated about the physics of cone generations, but here we have the first 

computations in excellent agreement with extensive measurements of the frequency 

spectra and spatial profiles. 
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Fig. 1.13 Observed conical emission spectrum for a low input pump power. Input 
parameters are the same as for Fig. 1.11 except P = 160 mW. 
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CHAPTER TWO 

KALEIDOSCOPIC SPATIAL INSTABILITY 

By decreasing the pump-resonance detuning. keeping all other experimental 

parameters the same for that of conical emission. one can go from a single self-trapped 

filament producing conical emission to beam breakup resulting in two to three stable 

filaments. In this chapter we examine the process of this beam breakup and subsequent 

propagation. showing the nonlinear bifurcation process as a function of both power and 

pump de tuning. The experimental arrangement used. one-way propagation free from 

longitudinal feedback. reduces spatial instabilities to the bare essentials permitting the 

first comparison between experimental solitary-wave bifurcations and theoretical 

calculations. 

Introductlog 

This beam breakup phenomenon can be divided into two parts: the actual 

breakup of the initial beam by a transverse instability and second the subsequent 

propagation of solitary waves in the form of self-trapped filaments. 
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Beam Breakup 

Beam breakup due to self-focusing and the resulting multi-filaments was first 

studied in detail by Garmire et al. [Garmire et al. (1966); Chiao et al. (1966)] using 

pulsed lasers. They soon dicovered that the breakup was due to the multiple modes 

of the laser used in the experiment and that any kind of beam inhomogeneity, whether 

multi-laser modes of the laser, dust particles, etc., could cause a beam to breakup. A 

theory embodying this discovery is that initially large-scale self-focusing causes the 

beam to contract uniformly toward some well-defined point. Near this point small

scale focusing occurs where any perturbation (be it random or systematic) in the beam 

or medium is amplified to what is ultimately catastrophic proportions resulting in beam 

breakup [Marburger and Dawes (1968); Campillo et al. (1973); Bjorkholm and Ashkin 

(1974)]. This phenomenon can thus be interpreted as a transverse spatial instability 

caused not by longitudinal feedback but transverse feedback from the self-focusing and 

the free-space diffraction [Campillo et al. (1973); Bespalov and Talanov (1966)]. 

Previously, researchers have examined some of the transverse patterns formed 

by the filamentation process initiating them with such input biases as Fresnel patterns 

at the input [Campillo et al. (1973)]. These studies were more concerned with the 

number of filaments formed and the power required to form each filament. We, on the 

other hand, make a comparison of the actual bifurcation sequence of filaments both 

numerically and experimentally as a function of both input pump power and detuning 

from resonance. 



I 

49 

Solitary Waves 

Once formed, the filaments originating from the breakup of the intitial beam 

can stably propagate in a self-trapped manner. In the 1960's, there was an extended 

controversy concerning whether these filaments were actually self-trapped or were 

merely due to moving foci. Since most of the experiments were pulsed, it was proposed 

that instead of self-trapping occurring, different temporal slices of the pulse profile 

were focusing to different longitudinal points in the medium (focusing distance depends 

on the power) forming moving foci [Lugovoi and Prokhorov (1968)]. Since these foci 

can move faster than the speed of light they appear to an ordinary camera to be self

trapped filaments. Loy and Shen (1969) were the first to experimentally confirm this 

phenomenon and show that most pulsed filaments in prior experiments were actually 

due to moving foci. Bjorkholm and Ashkin (1974), however, have subsequently shown 

unambiguously with a cw experiment in sodium vapor, that the filaments they observed 

were indeed due to self-trapping not moving foci. 

Such stable filaments are called solitary waves [Grantham et al. (1991)]. 

Generally, solitary waves are solutions to nonlinear wave propagation problems, ranging 

from such diverse areas as plasma physics to fluid dynamics, whose properties are 

invariant under propagation [Infeld and Rowlands (1990)]. For optical applications 

solitary waves are solutions of nonlinear Schrodinger-type equations. Unfortunately, 

in Kerr media with two transverse dimensions, these solitary waves are not stable in the 

sense that any small perturbation to the wave (e.g.,from noise) will cause its properties 

to change dramatically upon further propagation. A Kerr self -focusing medium has 
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the property that its nonUnear change in refractive index is proportional to the input 

optical intensity. 

Solitary waves can, however, be stable in Kerr media with only a single 

transverse dimension such as that approximated by a slab waveguide. These stable 

solitary waves are called spatial solitons and are completely analogous to temporal 

solitons used for long pulse propagation in optical fibers [Aitchison et al. (1990)]. Such 

stability was observed by Maneuf et al. (1988) in a planar CS2 waveguide. 

In contrast to a Kerr medium, a solitary wave with two transverse dimensions 

does not exhibit the same instability when propagating in a medium with a saturable 

index of refraction. In such a saturable material (like sodium vapor), solitary waves 

(filaments) can propagate long distances in a self or quasi self-trapped mode as reported 

by Bjorkholm and Ashkin (1974) and LeBerre et al (1985). Such waves are not called 

solitons however but solitary waves since their stability is not guaranteed. Optically, 

Zakharov and Shabat (1972) were the first to show the connection between self

trapping and solitary waves. 

We show later that the filaments formed in our sodium cell are indeed optical 

transverse solitary waves in the sense that after beam breakup the waves do not change 

their form or transverse pattern. Similar optical transverse solitary waves have 

appeared numerically in a bistable self-focusing ring cavity [Moloney and Gibbs (1982); 

McLaughlin et al. (1983); Moloney (1984) and (1986)] and in one-way propagation in 

linear waveguides with self-focusing claddings [Heatley et al. (1990) and (1991)]. In 

those cases and here, the physics of the formation of the solitary waves is the 

competition between self-focusing and diffraction leading to the eigenmodes of 
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propagation, i.e., to the solitary-wave solutions of nonlinear Schrodinger-type 

equations. 

Experimental Setup 

The kaleidoscope instability regime can be reached from the conical emission 

regime simply by increasing the sodium temperature from 230°C to !!:! 265°C (sodium 

density of 5.7 X lOIS cm-S), by decreasing the pump-resonance detuning, and by 

introducing an input aberration or focus shift. Similarly, one can model this instability 

with the same basic program used to model conical emission; the program is only 

streamlined, with all calculations concerning As and A4 being omitted (greatly reducing 

CPU time). Thus, the close relationship between the two instabilities is clear even 

though their observables are quite different. 

The only modifications to the experimental setup of conical emission is in the 

input optics. To create an input-beam convergence, the collimating lens of the spatial 

filter was placed on a tmnslation stage so that the input focus could be shifted with 

respect to the sodium cell entrance window. To create an astigmatic wavefront, the 30 

cm input lens was simply replaced with a pair of cylindrical lenses. The collimating 

lens of the spatial filter gives one much more of an input focal shift for a given 

longitudinal tmnslation than the 30 cm focusing lens and is the reason for its use. 

Smaller longitudinal translations keep misalignment problems to a minimum. Because 

of the extreme sensitivity of the filamentation process to any aberration of the input 

beam, one must be very careful to properly align and clean all input optics and to 
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ensure that the entrance window of the sodium cell is clean, i.e., free from dust and 

sodium deposits. One disadvantage in using a Pryex glass cell is that over time the 

sodium interacts with the glass and discolors it, thereby reducing its usefulness for this 

bifurcation experiment. A cell with sapphire windows was not available. 

Numerical Program 

As was mentioned earlier the propagation and pattern formation of the input 

laser beam is modeled with only eq (I), equations for As and A4 not being necessary. 

Thus a reduced and much faster version of the conical emission program is used to 

numerically model the bifurcation sequences. Although reduced, the program still 

accounts for Doppler effects and of course still retains the essential transverse 

calculations. The only other major change in the program is the modification of the 

input wavefront to include the input aberrations and input-beam convergence. With 

these modifications, a typical bifurcation run takes approximately 3 CPU minutes on 

the Cray computer. 

Astigmatic Bifurcation Sequence 

Observations of the filamentation patterns formed inside the sodium cell are 

recorded at the cell exit of the sodium cell. These cell-exit spatial patterns are stable, 

even though they may jitter a little, and are highly reproducible as the input power is 

scanned up and down, showing that they are seeded by fixed-phase variations across 
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the input profile and not by random fluctuations. These inherent fixed-phase 

variations on the experimental input profile were made vary small by spatial filtering; 

much larger aberrations were then intentionally introduced that enhanced the 

complexity of the patterns and provided limited control. The input aberration or 

curvature introduces some wave-vector selectivity, just as cavity modes introduce 

frequency selectivity for temporal instabilities. 

The first intentionally-introduced aberration was astigmatism induced by using 

two cylindrical lenses of focal length of 21 cm. The y waist was at the input cell 

window, while the position of the x waist was varied inside the sodium cell; see Fig. 2.1. 

Figure 2.2 shows a simple solitary-wave bifurcation route, with the x waist 3 cm inside 

the sodium cell (in the absence of sodium). As one sees, the computational and 

experimental patterns are in excellent agreement. The asymmetry in the intensity of 

the two side spots of Fig. 2.2(d') is most likely due to some feature on the input cell 

window (dust or sodium discoloration). The experimental input parameters for Fig. 2.2 

were the same as in conical emission (still using the D2 resonance) with the exception 

that the sodium cell temperature was increased to ~ 26SoC. The new sodium density 

corresponded to an unsaturated transmission T .. 0.36 at +4.3 GHz. The numerical input 

parameters are also the same as in the conical emission model (everything in units of 

1/2l1'TI ) except the on-resonance absorption Qo is now 24000 cm- l • 

To model the intentionally-introduced astigmatism, a phase term was added to 

the input wavefront at the cell entrance such that the slowly varying input field 

envelope has the following form: 
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Fig. 2.1 Arrangement of cylindrical lenses to introduce controllable 
astigmatism: the origin of z is the input window, i.e., the beginning of 

S
the sodium vapor. For Fig. 2.2, d .. Af - 3 cm; For Fig. 2.3, d - Af = 

cm. 

(2.1) 
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where qx = -Afx + i1rwo
2/>., qy .. -Afy + i1fWo

2/>., A is the input wavelength, and 

AfX<Afy) is the distance between the x(y) focal point and the cell entrance window. 

Here, with Afx '" 3.0 cm and Afy '" 0, the phase difference between x :II 0 and x = w 0 

= 52 J,lm is ~ A/13. 

The astigmatic bifurcation sequence is more complicated as one gets closer to 

resonance and increases the astigmatism (increases the separation between the two 

orthogonal foci) for a given sodium density. In this case, the bifurcation sequence can 

be one spot - three spots - two spots - three spots and more complicated. Generally, 

as the laser pump power is increased, the number of spots and their spatial separation 

increases, but both the computer simulations and experiment show that spatial and 
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Fig. 2.2 Cell-exit profiles for a power bifurcation sequence with astigmatism applied 
to the input laser beam. Computational patterns: input Rabi frequency (2X) of (a) 400, 
(b) 738, (c) 760, (d) 770. Corresponding experimental patterns: input laser power 
P(mW) of (a') 130, (b') ~ 135, (c') ~ 390, and (d') 480. The contour lines range from 
34 W Icm2 to ISS W Icm2 in 11.3 W Icm2 increments. 
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number contraction can occur, most likely arising from the oscillations in beam 

diameter accompanying quasi-trapping of the pump beam [LeBerre et al. (1985)). 

Figure 2.3 shows the bifurcation sequence as the laser pump de tuning is 

increased from 0.2 to 7.9 GHz. The free-space x waist is now 8 cm inside the sodium 

cell (afx = 8.0 cm), the sodium density is the same as for Fig. 2.2, and the laser power 

is a constant 200 mW. The corresponding numerical parameters are 2X ... 540 and Qo 

= 24000 cm-!. The patterns in Fig. 2.3(a') and 2.3(b,) correspond to the two different 

line foci characteristic of astigmatism [Hect and Zajac (1979)]. As one de tunes away 

from the resonance the nonlinear self-focusing properties of the medium decrease such 

that at one particular de tuning one orthogona; focusing will dominate causing a 

filamentation while at another detuning the other orthogonal focusing will dominate. 

In fact, between the detunings represented by Fig. 2.3(a') and 2.3(b,) an annular ring 

appears which can be interpreted as a balance between the two foci. In geometric 

optics terminology this point is called the circle of least confusion [Hect and Zajac 

(1979)]. Numerically, an annular ring does not appear between the two orthogonal foci 

but a single circular spot larger than the individual spots shown in Fig. 2.3(b) does 

appear. This circular spot can also be interpreted as the circle of least confusion. When 

the detuning is larger than ~ 5 GHz, the bifurcation process begins what we call the 

kaleidoscope sequence where the patterns become quite complicated with little apparent 

symmetry, perhaps approaching spatial chaos [Firth (1988)]. 

As Figs. 2.2 and 2.3 show, the computational patterns are in good qualitative 

agreement with the experimental patterns. Quantitatively however, one can see that in 

Fig. 2.3 there is not an exact one-to-one correspondance in the appearance, with respect 
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Fig. 2.3 Cell-exit profiles for a pump-detuning bifurcation sequence with astigmatism 
applied to the input laser beam. Computational patterns: A ranging from +190 (a) to 
+1500 (d). Corresponding experimental pa~erns: 611 rangin(l from 0.2 GHz (a') tf 8.1 
GHz (d'). Contour threshold, 13.6 W/cm, and contour JDterval, 5.67 W/cm for 
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The contour lines in (a',c',d') range from 13.6 to 133 W/cm2; in (b'), 34 to 147 W/cmi. 
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to detuning, of experimental patterns with the corresponding numerical patterns. We 

again attribute this to the optical pumping occurring which was not included in our 

model. We model the D2 resonance as a two-level system with a detuning 

corresponding to complete optical pumping to the short-frequency hyperfine level. We 

measure the unsaturated transmission at +4.3 GHz and from this value calculate the 

absorption used in the computations. Of course if the atom is not completely optically 

pumped, as one detunes away from the resonance the effective absorption that one 

should use in the program changes. Since we decided to keep the absorption a constant, 

our quantitative agreement suffers. Considering our approximation the agreement is 

quite good. 

focusing Blrurcatlon Sequence 

The other perturbation used was an input-beam convergence (phase - r2), 

introduced experimentally by changing the collimation of the light reaching the 30 cm 

focusing lens and computationally by a focus phase term. Changing the collimation of 

the light was accomplished by longitudinally translating the collimating lens of the 

spatial filter. Figure 2.4(a' - d') shows the experimental bifurcation sequence. The 

input parameters for this figure are the same as for Fig. 2.2 except that the 

computational pump detuning has been changed to 11 .. +290 and the experimental 

pump detuning to +2.9 GHz. Comparing our experimental spatial patterns with known 

oPtical spot diagrams (common output of commercial lens-design programs), we 

concluded that the primary residual aberrations responsible for the slightly non-circular 
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Fig. 2.4 Cell-exit profiles for a power bifurcation sequence with focus added to the 
input laser beam. Computational patterns: 2X of (a) 200, (b) 240, (c) 280, (d) S80. 
Corresponding experimental patterns: P ranging from 30 m~ (a') to 220 mW (d'). 
Contouring same as in Fig. 2.2 except a maximum of 147 W /cm. R - -3.S cm and w 
- 76.3 J,lm (at z - 0) for both the experimental and computational patterns. 
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symmetry of the data are astigmatism and coma. Ring dye lasers are well known to 

have inherent astigmatism and coma on account of their use of off-axis spherical 

mirrors [Coherent (1982)]. Although the manufacturers try to correct these aberrations 

through use of compensation rhombs, small amounts persist even through the spatial 

filter. Even though for Figs. 2.2 and 2.3 these aberrations are very small and not 

apparent (the induced astigmatism dominates), they are significant enough to skew the 

circular symmetry of the input convergence patterns. 

Using a Smartt point-diffraction interferometer [Mallick (1978)], we could not 

measure any aberrations at the input to the sodium cell. Since the interferometer could 

measure aberrations up to ~ AI 10, we know that the residual aberrations were smaller 

than this value. Because we could not send out our dye laser and the entire input 

optical train to be characterized by a more sensitive interfermeter, we had to 

numerically fit (with the help of optical spot diagrams) the residual astigmatism and 

coma to the data. In this manner, the value of the input focus term was calculated 

from the knowledge of the position of the collimating lens and the values of the 

astigmatism were varied until the correct amount of the asymmetry was obtained. 

These values were then held constant for the entire bifurcation sequence. The input 

focus and the two asymmetric aberrations are modeled by the input phase term: 

(2.2) 
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where w is the beam radius at the cell entrance, .\ is the input field wavelength, R is the 

radius of curvature at the cell entrance, W 22 is the astigmatic coefficient, W 13 is the 

comatic coefficient, and r2 '" x2 + y2. W22 == WIll '" S X 10-4 were used in Fig. 2.4(a-d) 

to match the data of Fig. 2.4(a'-d'}. The phase difference between r'" 0 and r = w is 

!::! >';7 for the focus term, while it is only ,\/2000 for astigmatism and coma (accounting 

for our inability to measure them directly). Again, one sees excellent qualitative 

agreement between the computation and experimental patterns. 

It should be noted that other researchers have obtained similar circular patterns 

(with differing number of filaments) arising from the breakup of conical emission-type 

rings [Grynberg (1988); Pender and Hesselink (1990); Tan-no et a1. (1980)]. Their 

phenomenon is different from what we observe in that it is observed in the far field 

and usually requires counterpropagating pump fields. Our patterns on the other hand 

are observed in the near field and merge in the far field such that discrete spots are no 

longer discernible. We do though observe an annular ring in the near field at low input 

pump powers with a focusing input bias. Superimposed on this annular ring are two 

to four spots which azimuthally rotate on the ring as the input power is increased until 

finally the ring disappears and only the filaments remain. Also at large detunings two 

concentric rings appear surrounding the central filament upon which the filament spots 

are superimposed and with which the spots slowly merge upon further detuning. 

Even without an input focusing bias, Garmire et a1. (1966) also observed annular 

rings in their experiment in CS2• Numerically, Marburger and Dawes (1968) as well as 

Konno and Suzuki (1979) show that ring patterns naturally form during the self

focusing process. Konno and Suzuki go further and show breakup of the rings as the 
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input power is increased. Each ring though always broke up into four filaments 

indicating that it was initiated by their square grid. The beam breakup that we 

observed was determined by the externally applied focusing not noise such that the 

number of filaments formed could be controlled (we have observed from three to six 

spots in a single circular formation and up to a total of ten spots in two ring 

formations). 

As mentioned earlier, Campillo et al. (1973) also experimentally observed 

transverse spot profiles formed by biasing the input with Fresnel diffraction patterns. 

Their experiment utilized a pulsed ruby laser in CSa. By using circular Fresnel 

patterns, Campillo's group observed multiple concentric rings in the near field which 

subsequently filamented (one ring would filament then another) as the input power was 

increased. Their work though concentrated on the power required to form each 

filament and the cellular spatial zones from which they formed; they did not 

concentrate on the bifurcation sequence of the filaments nor did they observe patterns 

as rich in complexity as that of the kaleidoscope sequence. Numerical simulations of 

their observed filamentation sequence were not performed. 

Solitary Waves 

As was discussed earlier, the filaments formed within the sodium cell can be 

interpreted as solitary waves in that once formed their properties and transverse pattern 

do not change within the sodium cell. The development of the solitary wave 

corresponding to the input pump power and cell exit pattern of Fig. 2.2(d) is 
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numerically depicted in Fig. 2.5 which shows transverse profiles of 11 at different 

longitudinal positions in the cell. These computations show that the beam almost 

filaments in the y direction at z ~ 1.33 cm before the x focusing dominates, forcing the 

beam to horizontally filament into three independent beams by z .. 3 cm. The beam 

separation increases linearly by a factor of three between z .. 3 cm and z = 10 cm but 

the transverse pattern does not change, giving evidence that solitary waves have indeed 

been formed. One also sees from Fig. 2.5(e) and (f) that all spots are contained within 

the free-space-diffraction profile, indicating that the initial input range of wave 

vectors have biased which wave vectors are amplified and allowed to propagate through 

the cell. 

For the input focus bias, Figure 2.6(a-f) shows the longitudinal development of 

the input beam into a six-beam solitary wave. This solitary wave development 

corresponds to the input power and cell-exit pattern of Fig. 2.4(d). Computations show 

that the input focuses to a waist of 0.14 Wo at z". 0.67 cm before expanding to form 

six independent beams by z a 2 cm. Again, the transverse pattern does not change once 

the initial beam fully filaments by z = 2 cm. Figure 2.6(f) like Fig. 2.5(f) shows that 

all generated spots are within the free-space-diffraction profile. 

Temporal Development or the Filaments 

Shifting the focus inside the sodium cell produces reproducible steady-state 

patterns like Fig. 2.7(a) and Fig. 2.8(a), but the true instability nature of the 

phenomenon is not readily apparent until the temporal development of these patterns 
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Fig. 2.5 Transverse profiles of 11 showing its evolution through the sodium cell from 
an elongated gaussian cell-entrance profile to the cell-exit profile of Fig. 2.2(d). 
Longitudinal position (cm): (a) 0, (b) 1.33, (c) 3.0, (d) 7.0, and (e) 10.0. (f) Free-space
diffraction profile at the cell exit. 
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Fig. 2.7 Time evolution (sec) of a simple cell-exit profile after a momentary input 11 
interruption and then turn-on (t - 0): (a) steady-state profile (t < 0), (b) t - 1/30, (c) 
t = 2/30, (d) t ... 3/30, (e) t ... 7/30, (f) t ... 16/30, (g) t - 33/30, and (h) t ... 66/30. Same 
input parameters and contouring as in Fig. 2.4(a' - d') except P ... 280 mW, R ... -10.9 
em and w = 68.3 J.'m. 
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Fig, 2,8 Time evolution (sec) of a 'more complex cell-exit profile after a momentary 
input 11 interruption and then turn-on (t • 0): (a) steady-state profile (t < 0), (b) t -
1/30, (c) t. 2/30, (d) t - 4/30. (e) t. 6/30. and (f) t. 10/30. Same input parameters 
and contouring as in Fig. 2.4(a' - d') except p. 230 mW, R • -3.66 cm and w • 74.3 
I'm. 



68 

is examined. By momentarily interrupting the input beam by inserting a card in its 

path and then quickly removing it, the temporal development of the cell-exit profile 

was recorded onto video tape. Normally one would expect the system to return to 

steady-state within the characteristic time of the system (16 nsec) but instead it takes 

on the order of one second. Fig. 2.7(a-h) depicts the time evolution of a simple cell

exit pattern (introduced by a small input beam convergence, R =r -10.9 cm and w = 68.3 

pm) after a slow (~ milliseconds) and asymmetrical turn-on of 11 caused by the card 

removal. The sequence of Fig. 2.7 shows that the asymmetric turn-on prevents the 

filamentation from immediately returning to the steady-state pattern; the filamentation 

process must instead search, often locking onto more complex and different patterns 

(local basin of attraction) for significant amounts of time (tenths of seconds) before 

fluctuations allow the system to escape the local minima and reach the steady-state 

pattern (global minimum) from which it never escapes. Fig. 2.8 (a-f) shows the time 

evolution of a more complex pattern (produced by a larger input beam convergence, R 

= -3.66 cm and w - 74.3 pm). This time the filamentations seems to lock more quickly 

and directly onto the steady-state pattern (probably because of the stronger wave vector 

biasing of the input convergence term) but must still search for a significant time 

compared to the charactistic time of the system before reaching the steady-state pattern. 

New Frequency GeneratiOn 

This spatial instability, like cw conical emission, is accompanied by the 

generation of one or more new frequencies, resulting in temporal instabilities as well 
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spatial instabilities. The ,new frequencies arise from the Raman-gain portion of the 

intense-field, Doppler-broadened sodium absorption/gain profile [Haroche and 

Hartmann (1972); Khitrova (1986); Khitrova et al. (1988); Khitrova et al. (1988)]. This 

inseparability of spatial and temporal instabilities comes from the fact that the power 

required for filament formation is about the same as the threshold for Raman gain. The 

spectrum of each filament contains the input pump frequency and new Raman-gain 

frequencies, but the spatial pattern is determined by light at the pump frequency alone 

if the new frequencies contain little power. Such was the case for all of the data used 

here for comparisons with our single frequency computations. 

The major difference between the case of conical emission and that of the 

kaleidoscope instability is that under the experimental conditions of the kaleidoscope 

instability, filamentation keeps the Raman-gain frequencies small. As one increases the 

input power, the initial beam filaments into an increasing number of beams before the 

generated frequencies become too strong in the filaments. Under conical emission 

conditions, the initial beam could not use filamentation to prevent the continual build 

up of the Raman-gain frequencies with increasing pump power. This difference could 

be overcome with a large input pump power (> 400 mW) and a small input convergence 

(input focal plane near the cell-entrance window) resulting in conical emission being 

produced around each of the filaments formed (up to three filaments). For all 

experimental work reported here we avoided this parameter regime completely. 

In the spectrum of each filament, we also observed what we believe to be a 

unique phenomenon associated with the Doppler-broadened Raman-gain predicted by 

Khitrova et al (1986) and (1988). Figure 2.9 shows the computed and observed 
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Fig. 2.9 Evidence for two-peaked Raman-gain. (a) Experimental integrated Fabry
Perot spectrum of a single filament with the same parameters as Fig. 2.4(a' - d') but 
with P = 90 mW, R = 00, and w =wo = 72l-'m. (b) Computed probe absorption spectrum 
showing the two-peaked Raman gain for 2X .. 84, Il. ... +110, and ku - lOS. 
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integrated spectrum of a single filament (just below the power threshold for the 

generation of a new filament) where a splitting in the high frequency sideband is 

apparent. We believe this is the first observation of the double-peaked Raman gain 

predicted by Khitrova which occurs in Doppler-broadened systems for a narrow range 

of input powers and pump-resonance detunings that are within the Doppler width of 

the resonance (for conical emission we were outside the Doppler width). 

One can obtain a qualitative understanding of how this Raman-gain splitting 

could occur in the following manner. If the pump is detuned outside the Doppler width 

and is on the high frequency side of the resonance then, with respect to the resonances 

of all of the atoms in the Doppler distribution, the detuning of the pump has the same 

sign (positive). There is thus positive Raman-gain for all of the atoms occurring on the 

high frequency side of the pump. More specifically, the gain will occur at each atom's 

generalized Rabi frequency (la' and since there is a range of (la's the Raman gain will 

be Doppler broadened (this is the case of conical emission). If, however, the pump is 

inside the Doppler width of the resonance (still on the high frequency side of the 

distribution), the pump will have a positive de tuning with respect to some atoms and 

a negative de tuning with respect to others. Since the Raman gain follows the sign of 

the resonance-pump detuning (gain is on the positive side of the pump if the 

resonance-pump detuning is positive and vice versa), not all of the atoms will have gain 

but in fact AC Stark-shifted absorption on the positive side of the pump. Thus there 

is a competition between the Stark-shifted absorption and the Raman gain of all the 

atoms in the Doppler distribution which can result in a dip in the overall Raman gain. 

This dip occurs for a very narrow range of pump powers and detunings. This 
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phenomenon is covered in much more quantitative detail in Khitrova's PhD dissertation 

(1986) as well as in the article by Khitrova, Berman and Sargent (1988). 

Summary 

In conclusion, we have observed spatial bifurcation sequences as interesting and 

complicated as temporal bifurcation sequences observed in other optical systems. In 

addition we have obtained excellent qualitative agreement between our experimental 

observations and the numerical calculations. These bifurcation sequences are explained 

as spatial instabilities seeded by intentially-introduced aberrations. In temporal 

instabilities, the w gain curve determines which frequencies in the fluctuations will be 

amplified; selective feedback or an injected signal is used to encourage particular 

directions or frequencies. In spatial instabilities, the k gain curve determines which 

wave vectors in the fluctuations will be amplified; input-wavefront-phase encoding is 

used to accentuate particular wave vectors, resulting in complicated bifurcations as a 

function of intensity or detuning. In self-induced transparency [McCall and Hahn 

(1967); Gibbs and Slusher (1970)], the solitons of pulse propagation have areas of 2~, 

4~, ... in order that no energy be left in the highly-absorbing medium. The solitary 

waves here permit a cw beam to propagate through a highly-absorbing medium by 

forming transparent waveguides in which the absorption is bleached in the center of 

each filament. The input phase-encoding breaks the symmetry, stabilizes the spatial 

pattern, and makes it possible to study spatial-pattern bifurcations free of time 

dynamics. 
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In this chapter we examine an instability which produces a four-wave mixing 

spectrum very similar to that of conical emission. This time though the instability 

occurs in a vertical cavity surface emitting laser (VeSEL or SEL for short) with bulk 

GaAs for a gain medium. This instability is characterized by the generation of new 

frequencies when a strong signal is injected inside the Fabry-Perot transmission peak 

of the SEL while it is lasing. The first observation of this temporal instability occurred 

as a consequence of trying to injection lock a VeSEL to a frequency narrow dye laser. 

It was found that one had to make the injected signal as strong as or even stronger than 

the SEL lasing to have any effect. Even though it seemed that in some cases the 

injection signal (IlnJ) could make the SEL lasing as narrow as itself, most often new 

frequencies would form symmetrically spaced in frequency around IlnJ' It was soon 

realized that something besides simple injection locking was occurring with such a 

strong injected signal and the generation of the new sidebands. The SEL lasing was not 

"locking" onto the injected signal but was being totally eliminated. Obviously, the gain 
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curve of the SEL was being locally modified by the strong injected signal such that the 

SEL lasing was being suppressed and new frequencies formed. 

Theory 

It is well documented in atomic systems that a strong. near-resonant laser field 

can significantly modify the absorption profile of an atom [Mollow (1969); Wu et al. 

(1977); Haroche and Hartmann (1972)]. Such a modification created the Raman gain 

and the AC Stark-shifted absorption described in chapters one and two and is also 

responsible for Rayleigh gain (population pulsations) [Khitrova et al. (l988b)]. 

Absorption and gain modifications are not limited however to atomic systems. but can 

also occur in semiconductors as first predicted by Bogatov et al. (1975) and recently 

calculated by Agrawal (1987) and (1988) and Sargent et al. (1988). These calculations 

show that when a strong signal is input in a semiconductor material. the local gain or 

absorption curve is asymmetrically modified. As a result of this modification. new 

frequencies can be formed including nondegenerate four-wave mixing (NDFWM). 

Unfortunately. these calculations do not strictly apply to our experimental conditions 

(they model a traveling wave semiconductor amplifier) and the calculations of Sargent 

et aI. concentrate on modifications within a few gigahertz of the strong input signal 

instead of the larger range of 20 - 100 GHz where we observe gain modifications. A 

full theory which models our experimental conditions and will account for these high

frequency gain modifications is still in the process of being developed. 
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veSEL 

The VCSEL has attracted much attention in recent years due to its multiple 

attractive features [Passner et al (1980); Soda et at (1979); Jewell (1990); Mukherjee et 

at (1990); Corzine et al. (1989)]. Some of these features include a low divergence angle. 

a circular far-field profile. simple processing (no cleaving. wafer thinning or facet 

coating). single longitudinal mode operation. and the potential for high density two

dimensional array operation [Jewell et al. (1990)]. These attractive features originate 

from the VCSEL's unique construction including a vertical lasing cavity. high mirror 

reflectivites as well as a short laser cavity. Potential applications for VCSELs include 

photonic interchip connections. optical computing. addressable two-dimensional arrays. 

and high-power pumps for solid-state lasers [Jewell (1990)]. 

The integrated structure of the VCSEL that was used in this experiment is 

shown schematically in Fig. 3.1. It was grown on a computer controlled Riber 32P 

molecular beam epitaxy (MBE) system by Khitrova and Gibbs (1991) and designed by 

Chuang (1991). The structure is constructed in the following manner. First. there is 

a (100) GaAs substrate and a I IJm buffer layer of GaAs. Next comes the rear mirror 

consisting of 22.5 periods of alternating quarterwave layers of AlAs (732 A) and 

Alo.137GaO.87SAs (619 A). The GaAs gain medium is next. having an optical thickness 

of 3~ (780 nm). Finally. there is the top mirror consisting of 17 periods of alternating 

quarterwave layers of AlAs and AIGaAs. The top and bottom mirrors thus designed 

give reflectances greater than 0.99 [Chuang (1991)] and the resulting Fabry-Perot a 

finesse of greater than 100. The design curve showing the reflection properties of the 

VCSEL is shown in Fig. 3.2. The dip in the reflection at 870 nm corresponds to the 
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Fig. 3.2 Design curve for the reflection properties of the 3..\ 
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Fabry-Perot transmission peak (with absorption) and has been measured to be ~ S A in 

width. The lasing is output through the top mirror while the GaAs substrate absorbs 

the lasing exiting the bottom mirror. 

Because of growth nonuniformity, commonly observed in MBE growth, the 

VeSEL's lasing peak ranged from 873 nm to 881 nm across the wafer. This variation 

can be used to one's advantage in that one can tune the VeSEL to almost any 

wavelength within this range by moving around on the wafer. For cw lasing, the 

veSEL operated most efficiently when cooled to ~ 10 °e. This is just a matter of 
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temperature tuning the peak of the GaAs gain curve to the Fabry-Perot transmission 

peak. 

To excite the GaAs gain region in the VeSEL, optical instead of electrical 

pumping was used. This optical pumping was accomplished with a cw dye laser tuned 

to a minimum in the reflection curve (typically 825 - 830 nm) of the VeSEL, see Fig. 

3.2. The lowest cw threshold observed in this 3~ VeSEL was 65 mW. Theoretically, 

there should be no difference between optically pumping the VeSEL and electrically 

pumping it; one is just generating carriers. In practical terms however, there is a 

difference between the two methods. 

An electrically pumped VeSEL typically requires a few milliamps to lase. A 

ordinary commercial current driver can accomplish this with only nanoamp noise 

fluctuations giving an approximate I X 106 signal to noise ratio. All current 

fluctuations are directly translated into VeSEL carrier fluctuations and subsequently 

into power and wavelength variations (via the carrier induced change in refractive 

index) [Welford and Mooradian (1982); Vahala and Yariv (1983)]. Our dye laser 

intensity noise on the other hand is typically I - 3%, giving a much wider linewidth 

than what is observed with electrically pumped VeSEL's. The narrowest line width we 

have observed is 20 GHz while electrically pumped VeSEL's have achieved line widths 

in the MHz range [Tanobe et al. (1989)]. The difference between the two line widths, 

we believe, comes from the difference in the fluctuations of the pumping sources. Fig. 

3.3 depicts a typical VeSEL lasing spectrum. 

Using an instrument utilizing an electro-optical modulator with an electronic 

feedback loop, we were able to reduce the dye laser's intensity fluctuations by a factor 
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Fig. 3.3 Sample spectrum taken of the 3A SEL lasing. 

of five with a resulting reduction in the Iinewidth of ~ 2.5 as evidenced by an increase 

in the VeSEL's coherence length (from 3.5 cm to 9 cm). These reduced fluctuations 

though are still orders of magnitude larger than the fluctuations of commercial current 

drivers. There doesn't seem to be any other convenient and inexpensive way to reduce 

the optically pumped VeSEL Iinewidths further. On the bright side however, the 

relatively large Iinewidth of this 3A VeSEL proved beneficial to this instability 

experiment; if there were no need to reduce its width by injection locking, this 

instability might never have been discovered. 
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Another similar 3..\ VeSEL grown with a larger number of mirror layers 

possessed better lasing characteristics: greater stability both in power and wavelength, 

higher output power, and lower lasing threshold. For this instability experiment 

however, the new VeSEL's narrower Fabry-Perot peak (~3 A) made it more difficult 

to explore the full effect of the injected signal on the VeSEL's lasing. Thus the 

previous 3..\ VeSEL was primarily used. 

Experimental Setup and Procedure 

Setup 

The setup used to observe and analyze this temporal instability is complicated, 

utilizing two cw dye lasers, three instruments for wavelength and frequency analysis, 

and numerous mirrors and beam splitters. Figure 3.4 shows a schematic of the setup. 

As mentioned earlier, the VeSEL that was used in this experiment required optical 

pumping to lase and exhibit gain. To excite the GaAs gain medium inside the VeSEL, 

an Ar+ -pumped ring dye laser utilizing Stryl 9 dye was tuned to a reflection minimum 

in the VeSEL mirror. The typical operating wavelength of the laser for this experiment 

was ~ 830 nm though the dye allows one to tune the approximate range 810 nm ~ ..\ ~ 

880 nm. This laser was operated in the free-run mode (no cavity etalon nor frequency 

stabilization) with a linewidth of ~ 2 GHz. This laser is designated as the "pump" 

(Ip) laser. 

To prevent feedback from interfering with the pump laser, a 40 MHz acousto

optic modulator (AOM) was utilized which shifted any returning light by 80 MHz. 
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Fig. 3.4 Schematic of the experimental setup: 1mJ. injectd signal; ..,. input pump beam; PBS. 
polarizing beam splitter; AOM. accoustic-optical mOdulator; M. mirror; BS. beam splitter; DDS. 
dichroic beam splitter; L. lens; pc. Peltier cooler; MM. movable mirror; CAM. charge-coupled 
camera; l/4. quarter-wave plate; D. silicon photodiode detector; and PMT. photomultiplier tube. GO 



82 

After being folded by two mirrors the pump beam passes through a dichroic beam 

splitter which transmits (~ 85 %) the pump while reflecting (~ 94%) the SEL lasing. 

This prevents most of the pump light from reaching and saturating the analysis 

equipment. Finally the pump is focused onto the sample with an ~ 3.5 ~m spot and a 

typical maximum power of 270 mW. 

The injected laser signal was produced by another cw Ar+ -pumped ring dye 

laser, this time though, frequency stabilized to ~ I MHz RMS linewidth. Like the ring 

dye laser used in the conical emission and kaleidoscope experiments, this laser could be 

electronically scanned ± I 5 GHz (maintaining the I MHz line width) as well as manually 

tuned with an intracavity etalon within a range of ~ 3 A. It also operated over the 

approximate range of 810 nm ~ >. ~ 880 nm. 

The injected signal passes through a polarizing beam splitting cube to ensure 

that it is linearly, vertically polarized and then through a 40 MHz AOM. A variable 

neutral density (NO) wheel is used to control the power of the injected signal reaching 

the VeSEL. Twenty percent of the injected signal is reflected at the next beam splitter, 

folded, and then reflected off of the dichroic beam splitter where it is focused onto the 

VeSEL, again with a ~ 3.5 ~m spot. The maximum injected power reaching the 

veSEL was ~ 4 mW. 

The injected and the SEL signals leaving the SEL are carefully aligned for 

copropagation and pass back through the 80/20 beam splitter to the analysis equipment. 

A narrow-band interference filter centered at 875 nm (±5 nm) is used to block any 

residual pump light. It is very important to carefully align the SEL lasing and the 

injected signal to be copropagating, for this ensures that both beams properly enter the 
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analysis equipment and that the injected signal is exactly incident on the SEL lasing 

spot. This alignment must be checked daily for the Ar+ lasers tend to drift a small 

amount in their pointing which is carried through to the dye lasers' pointing. Variable 

apertures and the CCD camera are used to check this alignment. 

Both a Fabry-Perot etalon and a spectrometer were used to analyze the 

frequency and wavelength spectra of the SEL/injected signal combination. A spectrum 

analyzer was also occasionally used but did not play an important role in this 

experiment and is not shown in the schematic of Fig. 3.4. The Fabry-Perot was used 

for its high spectral resolution (~ 3 GHz) and its ability to produce a real time 

spectrum. This was the same Fabry-Perot used in the sodium experiments except that 

the mirrors were replaced with near infrared ones. At 875 nm the finesse was ~ 47 and 

the free spectral range was 157.5 GHz. A photodiode was used to detect the signal from 

the Fabry-Perot and display the resulting spectrum on an oscilloscope. To prevent 

feedback to the SEL, a quarter-wave plate was again used in conjunction with a 

polarizer, but because of the feedback sensitivity of the VCSEL the reflection from the 

Fabry-Perot was also tilted slightly with respect to the incoming signal. 

The spectrometer, in conjunction with a photon counting photomultiplier tube 

(PMT), was used for its sensitivity and its ability to cover large spectral ranges. It is 

a 1.269 m Spex spectrometer with a 1200 line ruled grating, blazed at 5000 A. It was 

typically used with 0.1 A wavelength resolution. A Hamamatsu model R-943 photon 

counting PMT was used to detect the spectrally resolved signal and was controlled by 

a photon counter unit in conjunction with a personal computer. The photon counter 

was triggered by an optical chopper in the path of the injected signal, operating at 
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50 Hz. Two 7 msec gates were used to collect data, one while the injected signal was 

passed and one while it was blocked. The data for each step was averaged for 10 

triggers of the optical chopper. In this manner, data for each 0.1 A step was acquired 

for both the IlnjlIsEL combination and for ISEL alone, all within 0.2 seconds. This 

provided for reliable and consistent determination of the effect of the injected signal 

on the SEL lasing. The spectrometer was synchronized with the photon counter and 

were run in the continous acquisition mode with a 20 A run taking 40 seconds. All data 

were acquired by and stored on a personal computer controlling both the photon 

counter and spectrometer. 

Procedure 

To be able to modify the lasing of the SEL with the injected signal, one has to 

first tune the injected signal spectrally within the Fabry-Perot peak of the SEL (of 

course the injected signal must also be copropagating with the SEL lasing). The 

procedure employed to perform this feat used both the spectrometer and the Fabry

Perot. Since the lasing wavelength of the SEL varied significantly across the wafer, the 

first step was to determine the wavelength of the lasing spot selected. The spectrometer 

was used for this task. It was also used to calibrate the birefringence plate used inside 

the injection dye laser for coarse wavelength determination. In this way, once the 

wavelength of the SEL lasing was determined, the wavelength of the dye laser could be 

quickly "dialed in" within 3 - 4 A of the SEL. The next step was to display the injected 

signal/SEL lasing combination onto the Fabry-Perot and tune the intracavity etalon of 

the injection dye laser until the SEL lasing was modified with sidebands or was reduced 
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significantly by the presence of the injected signal. Once accomplished, the injected 

signal could be fine-tuned around the SEL lasing with the etalon, and the electronic 

tuning and the data acquisition could commence. 

Experimental Results 

Modified SEL Spectrum and Four-wave MlxlnE 

When the injected signal's detuning (6" - "lnJ - "SEL) is in the range of 0 ~ 6" 

~ 40 GHz, strong sidebands are formed on the injected signal and the SEL lasing is 

completely eliminated. The resulting spectrum looks remarkably like the conical 

emission spectrum with the absence of the splitting of 13 and I". Fig. 3.S(b) and (c) is 

an example of such a spectrum taken with the Fabry-Perot interferometer with Fig. 

3.S(c) being a lOX enlargement of 3.S(b), and 3.S(a) a spectrum of the SEL lasing alone. 

For this figure, the SEL was lasing at 874.5 nm with an output power of 0.1 mW (well 

above threshold) and the injected signal was tuned approximately to the peak of the 

SEL lasing with a power of 1.2 mW. The SEL lasing was approximately linearly 

polarized with an ~ 48: I vertical to horizontal ratio with vertical defined by the 

polarization of the injected signal (the VeSEL was rotated until the strongest 

polarization direction was parallel to the injected signal's polarization). As one can see, 

the injected signal completely eliminates the SEL lasing, and the narrow, generated 

sidebands are outside the frequency range of the orignal SEL lasing. This leaves no 
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Fig. 3.5 Unmodified and modified frequency spectra of the SEL lasing showing four
wave mixing. (a) SEL lasing without injection, (b) SEL output with injection, and (c) 
lOX vertical enlargement of (b). (a) and (c) have the same vertical scaling. 
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doubt that the injected signal is completely modifying the local gain curve, not just 

competing with the SEL lasing for gain. 

The low frequency sideband in Fig. 3.5(b) and (c) (which we will define as Is 

at ws) is directly generated from the modification of the gain curve while the high 

frequency sideband (14 at w4 = 2wlnj - ws) is believed to be a result of four-wave mixing 

of Is and the injected signal. ThAs statement is supported by the fact that 14 is never 

observed without Is being present and is always weaker than Is. In addition Is is 

sometimes present without 14 ever appearing. The efficiency in generating Is and 14 is 

fairly high with Fig. 3.5(a) showing a typical conversion efficiency from the injected 

signal of 8.9% for Is and 2.2% for 14, This high efficiency is due to the use of a gain 

medium and the cavity geometry enhancement. The small frequency to the left of Is 

is a higher order mixing term. 

Is was the strongest when 611 ~ 0 and 14 appeared only with positive detuning. 

When 611 ... 0, a strong narrow Is appears along with a symmetrically detuned 14, As 611 

is increased, Is becomes wider in frequency with approximately the same strength. 

Upon further detuning (611) 30 GHz), the injected signal has trouble in converting the 

SEL lasing into Is and it seems that Is is composed of the low frequency remnants of 

the SEL lasing. For this detuning, 14 is no longer generated. For 611 > 60 GHz; the 

injected signal doesn't have an effect on the SEL lasing, since it is detuned too far from 

the Fabry-Perot transmission peak and most of it is reflected. For negative detunings, 

Is is generated with a much smaller magnitude and 14 is not generated at all. This 

asymmetry in the detuning will be discussed later. 
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Intensity Dependent Sideband Frequencies 

The next exciting discovery was that the frequency spacing of the sidebands was 

very dependent on the power of the injected signal; the larger the injected signal power 

the larger the sideband frequency spacing. Fig. 3.6 depicts a spectral sequence as the 

injected power is increased. Again the SEL was lasing at 874.5 nm with an output 

power of 0.1 mW and an ~ 48:1 vertical to horizontal polarization ratio (see Fig. 3.5(a) 

for the spectrum). This figure shows that both 13 and I" move symmetrically away from 

IlnJ with increasing injected intensity. With a small injected power, 13 is small and close 

to Iinj; I" is too weak to be detected. As the injected power is increased 13 grows in 

strength, I" appears, and both continue to progress outward. At about 2.S mW of 

injected power both Is and I" start to weaken until, if enough power is available, both 

gradually disappear as they progress outward (I" disappears first). 

This disappearance seems to be only partially due to a weakening of the 

generation mechanism. The primary reason for the disappearance of the sidebands 

seems to be their movement outside of the SEL's Fabry-Perot transmission peak. If IlnJ 

is de tuned positively so that it is no longer centered on the transmission peak of the 

Fabry-Perot, then I" disappears at lower power than with zero detuning and 13 persists 

to higher power. With a nonzero detuning, we have seen a sideband frequency spacing 

greater than 80 GHz while for zero detuning the largest spacing observed was ~ SO 

GHz. These sideband frequencies are about an order of magnitude larger than those 

commonly observed for probe amplification and NDFWM in laser diodes [Newkirk and 

Vahala (1988); Inoue et al. (1987); Nakajima and Frey (l986a) and (1986b»). These 

sideband frequencies are also much larger than the typical diode relaxation oscillation 
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Fig. 3.6 Frequency spectra showing the dependence of the sideband frequencies on 
injected power: (a) Iinj = 0.23 mW, (b) Iinj = 1.2 mW, and (c) Iinj = 2.5 mW. (b) and (c) 
have the same vertical scaling and (a) has been magnified by a factor of 2. 
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frequencies (commonly accepted as the frequency limit for semiconductor laser 

modulation) [Lau (1989)]. 

Fig. 3.7 quantitatively depicts the sidebands' frequency dependence on the 

injected intensity. In this figure the frequency spacing is plotted against the square root 

of the injected power resulting in a linear fit. This linear dependence on 110//
2 is the 

same as followed by relaxation oscillations [Newkirk and Vahala (1988)] and Raman 

gain (in the zero or nearly zero detuning limit). 

Asymmetric Modification to the Local Gain Curve 

As indicated earlier, there is definitely a detuning asymmetry with respect to 

the injected signal's effect on the SEL lasing. For 811 ~ 0, the SEL's gain and lasing are 

converted into the strong sideband frequency 13, For 611 < 0 the SEL lasing is strongly 

quenched but 13 is weak and I. is not observed. These asymmetric effects can all be 

explained by an asymmetric modification to the local gain curve centered on the 

injected signal. Evidence for the low-frequency (or long wavelength) gain has already 

been presented in the generation of 13, 13 never appears on the high-frequency (short 

wavelength) side of the injected signal. 

We also have evidence for the increased absorption on the short wavelength side 

of the injected signal. When 811 is negative such that the SEL lasing is on the short 

wavelength side of injected signal, the SEL lasing is quenched. The quenching starts 

with those SEL frequencies closest to IInJ and progresses outward with increased 

injection power until all of the SEL lasing is suppressed. This suppression of the SEL 

lasing is depicted in Fig. 3.8(b) and (c) in which a series of injected-SEL spectra are 
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plotted together for increasing injected power. Fig. 3.8(a) is a wavelength spectrum of 

the SEL lasing without the injected signal while Fig. 3.8(c) is an enlargement of 3.8(b). 

The spectrometer with its sensitive PMT was used to take these data, so that a 

wavelength scale instead of a frequency scale is used and one must interpret in reverse 

from that of the previous Fabry-Perot spectra. Each trace in Fig. 3.8(b) and (c) is 

shifted from the previous by 50000 counts with the lowest trace corresponding to IinJ 
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= 2.8 mW and highest trace Iinj = 0.25 mW. The SEL lasing had a power of 0.18 mW, 

a peak wavelength of 8743.9 A, and an ::! 58:1 vertical to horizontal polarization ratio. 

The injected signal's wavelength was 8744.9 A. 

From Fig. 3.8(b) one sees that with Iinj == 0.25 mW the SEL lasing is hardly 

affected, while with Iinj = 2.8 mW the SEL lasing is for all practical purposes quenched. 

One also sees that as the injected power is increased the SEL lasing is progressively 

reduced and its peak shifted away from the injected signal. The most convincing 

evidence however of the increased absorption is shown in the enlargement of Fig. 

3.8(c). Looking at the interval between the injected signal and the SEL lasing peak, one 

sees that a "hole" develops and spreads to shorter wavelengths with increasing injected 

power. This hole progressively consumes more of the SEL lasing as the injected power 

is increased. In addition one sees on the long wavelength side of Ilnj' the devlopment 

of III and its outward progression to increasing wavelengths with increasing injected 

power. Thus when an injected signal is input into the SEL, increased absorption 

develops on the short wavelength side of the injected signal and increased gain on the 

long wavelength side, both of which diametrically move away from the injected signal 

as its power is increased. This is firm evidence for an asymmetric modification to the 

gain curve. 

There is also additional evidence for the asymmetric modulation of the gain 

curve; Fig. 3.9(a) is a wavelength spectrum where the solid curve is a graph of the SEL 

lasing with injection and the dashed curve without injection. The injected signal had 

a power of 2.9 mW and a wavelength of 8728.9 A while the SEL lasing had a peak 

wavelength of 8728.6 A, a power of 0.48 mW and an ::! 26:1 vertical to horizontal 
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polarization ratio. As one ~an see, Is is generated but I" is not discernable. By dividing 

the injection-SEL curve by the SEL lasing curve (no injection) and then taking the 

logarithm of the ratio, one can determine how the local gain curve has been modified 

by the injected signal. This can be seen in the following manner. The division, as 

described above, is described mathematically as 

(3.1) 

where R stands for the division ratio, 10 is an arbitrary initial intensity, g(v) is the 

single-pass gain in the SEL, g'(v) is the modified (by the injected signal) single-pass 

gain, S{'v) is a function describing the effect of the Fabry-Perot, L is the gain length 

of the SEL, and I(v) is the injected signal (ideally a delta function). 

If the injected signal is subtracted from the injected signal/SEL lasing spectrum 

(which we do) and then the logarithm of the ratio taken, one obtains 

In (R) = [gl (v) -g(v) ].9'{v) L (3.2) 

Assuming the Fabry-Perot transmission peak is broad with respect to the local 

modification to the gain curve, the function 9's dependence on frequency can be 

dropped resulting in 

In(R) - [gl(V) -g(v)] L (3.3) 

Thus by taking the logarithm of the division ratio, one can graphically determine the 

effect of the injected signal on the gain curve. This has been performed in Fig. 3.9(b) 

using the modified and unmodified spectra of Fig. 3.9(a). In Fig. 3.9(b) the injected 

signal and its scatter have been subtracted as well as possible. The structure within ± 
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0.3A of the injected signal at 8728.9 A is due to unsubtracted scatter and is therefore 

invalid. The graph in Fig. 3.9(b) obviously possesses the asymmetric nature that was 

indicated by the curves in Figs. 3.8(b) and (c). The gain peak now appears on the long 

wavelength side of the injected signal, approximately at the wavelength of Is, instead 

of where the SEL lasing peak occurred. Increased absorption (or decreased gain) exists 

on both sides of the injected signal but is wider and stronger on the short wavelength 

side. The shape of the curve in Fig. 3.9(b), however, may not be totally due to the gain 

modification. 

We assumed in writing eq. (1) that the injected signal does not affect the Fabry

Perot transmission but this is not exactly true. By injecting the signal into the SEL, 

carriers are depleted which in turn increases the index of refraction. As a result of the 

increased index of refraction, the Fabry-Perot transmission peak shifts to long 

wavelengths. This shift could result in curve similar to that of Fig. 3.9(b), a peak on 

the long wavelength side where the Fabry-Perot peak has shifted and a reduction on the 

short wavelength side where the transmission peak was located without injection. 

Below lasing threshold, we observed the luminescence, as filtered by the Fabry-Perot 

transmission peak, shift ~O.S A to longer wavelengths with an 0.12 mW injected signal. 

Because of the weak luminescence, we could not inject more power and still detect the 

luminescence. Also, more exact quantitative measurements of this shift are difficult 

because of the thermal drift of the Fabry-Perot below threshold. Even with these 

qualifications, this measurement indicates that the Fabry-Perot peak does indeed shift 

to longer wavelength with the injected signal. The question is now, above lasing 

threshold when the gain is supposed to be clamped, will the Fabry-Perot also shift? 
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Our feeling is that it does. We do not believe, however, that the Fabry-Perot shift is 

responsible for the Is sideband, its frequency, or that it is the major factor in 

determining the shape of Fig. 3.9(b). Three reasons for this belief is the narrowness of 

Is, the exact Iln//2 dependence of its frequency, and the SEL's suppression shown in 

Fig. 3.8(b) and (c). It is difficult to believe the movement of the Fabry-Perot peak 

would depend exactly on Iln//2 and that it would also cause a narrowing of the SEL 

lasing. More conclusive is the suppression of the SEL lasing in Fig. 3.8(b) and (c) 

which moves to shorter wavelengths, opposite to the Fabry-Perot movement, with 

increasing injected power. This effect can only be due to a gain modification. We thus 

believe Fig. 3.9(b) is primarily due to gain modification although the Fabry-Perot shift 

obviously complicates its interpretation. 

The obvious way to clear up the interpretation of a ratio curve like Fig. 3.9, is 

to get rid of the Fabry-Perot effect by using a mirrorless GaAs sample. One could 

optically pump the sample as for the SEL, input a strong narrow signal, and then use 

a broadband probe in transmission to measure the resulting gain as a function of 

wavelength. By comparing the probe gain without injection with the probe gain with 

injection, one can determine the modification caused by the injected signal in a more 

direct manner. This data would be complimentary to that of Fig. 3.8, giving direct 

evidence of the gain modification that is obviously apparent in Fig. 3.8. This 

experiment is currently being conducted. 
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Comparison with Other Experimental Work 

Other researchers have also observed asymmetric gain modifications and highly 

NDFWM. The most recent work is by Tiemeijer (1991). In this work, Tiemeijer 

obtained NDFWM for frequencies up to 500 GHz in an InGaAsP semiconductor laser 

amplifier. By injecting two equal magnitude signals at frequencies vI and va into the 

amplifier, four-wave mixing signals were obtained at 2vl - va and 2va - VI' Tiemeijer 

attributes the exceptionally large sideband frequencies to a nonlinear gain mechanism 

recently ascribed to carrier heating [Hall et al. (1990); Kesler and Ippen (1987)]. 

Tiemeijer claims that the characteristic time of the nonlinear gain (fitted from the data 

to be ~ 650 fs) is too fast to arise from direct carrier modulations and too slow for 

spectral hole burning. Besides NDFWM, this work also reports an asymmetric gain 

saturation. Tiemeijer found that in injecting two nearly equal signals into the 

semiconductor amplifier that the gain of the short wavelength signal is reduced by the 

presence of the long wavelength signal and that the gain of the long wave signal is 

enhanced by the presence of the short wavelength signal. This asymmetry is very 

similar to that observed here and that observed by Innoue et al. (1987) for frequencies 

less than I.S GHz in a similar InGaAsP traveling-wave amplifier. 

There is one significant difference between's Tiemeijer's gain asymmetry and 

the asymmetry observed here. For frequency separations (VI - va) greater than 20 GHz, 

Tiemeijer observes a crossover where the absolute power of the long wavelength 

sideband becomes less than that of the short wavelength sideband. We've never 

observed such an effect, in our experiment the long wavelength sideband is always 
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larger in magnitude than the short wavelength sideband. Tiemeijer did not report any 

sideband frequency dependence on the injected signal intensities. In addition, 

compared to the our observed sidebands, these sidebands were relatively weak being 30 

dB weaker than the injected signals. This difference is probably due to our use of a 

Fabry-Perot cavity which enhances the injected and the four-wave mixing signals. 

In an older work, Nishizawa and Ishida (1975) demonstrated injection-induced 

modulation for frequencies up to 90 GHz in GaAs-GaAIAs edge emitters. Like the 

work presented here, the authors generated optical sidebands by injecting a relatively 

strong laser signal into an operating laser diode. Unlike our results however, their 

injected signal did not quench the diode lasing and form its own intensity dependent 

Ridebands. Instead, the injected signal still acted like a probe, generating a symmetrical 

frequency sideband to itself on the other side of the diode lasing. The large frequency 

modulation was accomplished, the authors state, by using short laser diodes (70 - 130 

J.'m), but researchers using similar length diodes have not been able to obtain such large 

frequency sidebands [Lau (I 990);Nietzke et a!. (1989); Nakajima and Frey (1985); Lau 

et a!. (1983)]. Like our results, the 50 - 90 GHz sidebands they observe are well beyond 

the relaxation frequency predicted for their type of laser diode. Nishizawa and Ishida 

did not explore the sideband dependence on injected power nor the detunillg 

asymmetry. 

The only other semiconductor laser experiments which report intensity 

dependent optical sideband frequencies involve relaxation oscillations [Vahala et a!. 

(1983); Nakajima and Frey (1986) and (1985)]. These sideband frequencies depend on 

the square root of the diode lasing power like our observed sideband frequencies 
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depend on the square root.of the injected power. These sideband frequencies however 

are limited to a few gigahertz, their intensity is usually lower by orders of magnitude 

than the main lasing peak [Nietzke et a1. (1989)], and they always occur in equal or 

nearly equal magnitude pairs, centered about the main lasing peak [Haug and Koch 

(1990); Vahala et a1. (1983)]. In fact, in order to see these weak relaxation oscillation 

sidebands the laser frequently has to be damaged in some manner or their intensity 

enhanced by optical feedback [Winful et a1. (1986);Nietzke et a1. (1989)]. This in direct 

contrast to the sidebands that we observe; our sideband frequencies range from ~ 16 

GHz to over SO GHz, Is is within a factor of 10 of IlnJ' and the high frequency sideband 

is not always present and when it is, it is formed from four-wave mixing. Using a 

generally accepted formula [Yariv (1989)], we have calculated the relaxation oscillation 

frequency for our veSEL and came up with a value smaller than 10 GHz. This value 

is much less than what we experimentally observe. Based on these differences, we do 

not believe our intensity dependent sidebands are due to relaxation oscillations. 

SummarY 

Evidence has been presented for an asymmetric modification to the local gain 

caused by injecting a strong signal into a lasing VeSEL. This modification manifests 

itself as a new sideband frequency on the low frequency side of the injected signal and 

increased absorption on the high frequency side. The sideband frequencies are very 

large (> SO GHz) and are well beyond the predicted relaxation oscillation frequency. 

The gain modification is highly dependent on the injected intensity with the new 



103 

frequency and the increased absorption both moving diametrically outward from the 

injected frequency as its power is increased. The frequency de tuning of the peak gain 

(as manifested by the new frequency) is directly proportional to 11n//2. The asymmetric 

gain modification is qualitatively consistent with that observed by other researchers. 

and the square root intensity dependence is consistent with a Raman-gain instability. 

Efficient four-wave mixing is also observed in the VeSEL with another sideband 

frequency appearing symmetrically on the high frequency side of the injected signal. 

The four-wave mixing signal has the same square root power dependence as the low 

frequency sideband. 
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CONCLUSIONS 

In this dissertation. three different optical instabilities were examined. The first 

instability was cw conical emission. a spatiotemporal instability with a long and 

controversial history. A complete theory of the conical emission process was presented 

which includes Doppler broadening. self-trapping. Raman-gain amplification of 

resonance fluorescence. propagational four-wave mixing. and diffraction and pump

induced refraction of the new frequencies. Comparison of the numerical calculations 

with the experimental observations shows very good agreement. Previous treatments 

have speculated about the physics of cone generation. but here we have the first 

computations in excellent agreement with extensive measurements of the frequency 

spectra and spatial profiles. 

The second instability presented was the kaleidoscopic spatial instability. In this 

experiment the first numerical and experimental comparison was made for bifurcation 

sequences of optical transverse solitary waves. resulting in excellent qualitative 

agreement. This comparison and agreement was made possible by the simple 

experimental arrangement in which a single input beam propagates one-way through 

a self-focusing medium. free from longitudinal feedback but having transverse 

feedback. In this manner. the spatial instability was reduced to its bare essentials. By 

intentionally introducing aberrations onto the input wavefront. the symmetry is broken 
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and the spatial pattern is stabilized making the bifurcation sequence controllable and 

free of time dynamics. 

The final instability covered was temporal in nature and occurred in a GaAs 

VCSEL. Clear and concrete proof was given for an asymmetric gain modification 

caused by the injection of a strong signal into the Fabry-Perot transmission peak of the 

lasing VCSEL. Optical sidebands resulting from the gain modification and four-wave 

mixing were also observed for which the frequencies (>50 Ghz) were well beyond the 

predicted relaxation oscillation frequency. The observed intensity dependence of the 

sideband frequencies is consistent with a Raman-gain type of instability observed in 

atomic systems. 
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