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ABSTRACT 

This study examined the self-trapping of light emitted by a miniature green 

laser in a photopolymerizable medium and the interactions between two parallel-

propagating self-trapped beams. The work included the design and fabrication of an 

Intra-Cavity Frequency-Doubling (IC-FD) Nd: YVO4/MgO: PPLN miniature green 

laser with a stable and tunable output intensity. Emission from this laser enabled a 

systematic examination of self-trapping phenomena at incident intensities spanning 

8 orders of magnitude (3.2×     W·cm
-2 

to 6368 W·cm
-2

). When launched into a 

photopolymerizable medium, light emitted by the miniature green laser self-trapped 

by initiating polymerization and corresponding changes in refractive index along its 

propagation path. The evolution and dynamics of the self-trapped beam 

corresponded to the behaviour of self-trapped beams of coherent light. Interactions 

between a pair of parallel-propagating self-trapped beams were also characterised at 

a range of intensities. This study shows that the miniature green laser is an efficient, 

coherent source with a large range of output intensities for the excitation of self-

trapped beams. This opens opportunities for its incorporation into small-scale 

optical systems designed to operate based on the generation and interactions of self-

trapped beams. 

  



 

v 

 

Acknowledgement 

I would like to express my gratitude to my supervisors, Dr. Chang-Qing Xu 

and Dr. Kalaichelvi Saravanamuttu, for their guidance and support throughout the 

course of my graduate studies. They are both always accessible and willing to help 

with my research. 

I would also like to thank my defense committee member, Dr. Andrew P 

Knights, for his valuable suggestions. 

I thank Dr. Xu’s group members: Dr. Yang Lu, Dr. Qingyang Xu, Jian Sun, 

Yi Gan, Tianyi Guo for their expertise and guidance in photonic devices. We had 

innumerable discussion within the group that helped me to design and fabricate the 

green laser that is required for the experiments. Many thanks to Dr. 

Saravanamuttu’s group as well: Dr. Ian D. Hosein, Dr. Liqun Qiu, Mattew Ponte, 

Chris Gendy, Alex Hudson and Kumar Dinesh, for their advice on the optical 

assembly and nonlinear experiments. Having two research groups made my 

graduate studies not only efficient but also interesting. 

Finally I thank all my friends from Hamilton, my family from China, for their 

constant prayer and support.  

 

 

  



 

vi 
 

Table of Contents 

Chapter 1 INTRODUCTION ................................................................................................. 1 

1.1 Different Types of Green Lasers ............................................................................ 3 

1.1.1 GaN Green Laser Diodes ............................................................................... 3 

1.1.2 Green Lasers by Means of Frequency Doubling ............................................ 4 

1.1.2.1 Solid State Laser ........................................................................................ 4 

1.1.2.2 Edge Emitting Semiconductor Lasers with Single-Pass FD ...................... 7 

1.1.2.3 Vertical Extended Cavity Semiconductor Emitting Laser (VECSEL) ...... 9 

1.1.2.4 IC-FD of Edge Emitting Semiconductor Lasers ...................................... 10 

1.2 Introduction to Lithium Niobate .......................................................................... 12 

1.3 Introduction to Nonlinear Light Propagation in Various Materials ..................... 15 

1.3.1 Different mechanisms in nonlinear light propagation .................................. 15 

1.3.2 Optical self-trapping .................................................................................... 16 

1.3.2.1 Kerr-type solitons ..................................................................................... 20 

1.3.2.2 Solitons in saturable media ...................................................................... 21 

1.3.2.3 Photorefractive solitons............................................................................ 22 

1.3.2.4 Quadratic solitons .................................................................................... 23 

1.3.3 Soliton interactions ...................................................................................... 24 

1.3.3.1 Coherent Interactions ............................................................................... 25 

1.3.3.2 Incoherent Interactions ............................................................................. 26 

1.3.3.3 Collisions in Kerr Media .......................................................................... 27 

1.3.3.4 Collisions in Saturable Media .................................................................. 27 

1.4 Introduction to self-trapping systems ................................................................... 29 

1.5 Research Objectives and Thesis Outline .............................................................. 31 

Chapter 2 THEORETICAL BACKGROUND OF INTRA-CAVITY FREQUENCY 

DOUBLING GREEN LASER ............................................................................................. 34 

2.1 Introduction .......................................................................................................... 34 

2.2 Maxwell’s Equations and Governing Equations (46) .......................................... 34 

2.3 Quasi-Phase-Matching ......................................................................................... 37 

2.4 Intra-Cavity Frequency-Doubling ........................................................................ 41 



 

vii 
 

2.5 The Superiority of the IC-FD green laser ............................................................ 42 

Chapter 3 EXPERIMENT DESIGN AND MATERIALS................................................... 50 

3.1 Introduction .......................................................................................................... 50 

3.2 Design and Performance of Nd: YVO4/MgO: PPLN Green Laser ...................... 50 

3.3 Preparation of Photosensitive Organosiloxane .................................................... 55 

3.4 Optical Set-up ...................................................................................................... 56 

Chapter 4 FORMATION AND EVOLUTION OF A SELF-TRAPPED BEAM OF LASER 

LIGHT IN A PHOTOPOLYMERIZABLE MEDIUM ....................................................... 64 

4.1 Introduction .......................................................................................................... 64 

4.2 Self-Trapping ....................................................................................................... 65 

4.3 Intensity Dependence of Self-Trapping ............................................................... 74 

4.4 Conclusions .......................................................................................................... 93 

Chapter 5 INTERACTIONS OF A PAIR OF MUTUALLY COHERENT SELF-

TRAPPED BEAMS IN A PHOTOPOLYMERIZABLE MEDIUM ................................... 95 

5.1 Introduction .......................................................................................................... 95 

5.2 Generation of a Pair of Parallel-Propagating Self-Trapped Beams ..................... 96 

5.3 Two-Beam interactions with variable distances .................................................. 99 

5.4 Conclusions ........................................................................................................ 109 

Chapter 6 CONCLUSIONS AND FUTURE WORK ........................................................ 111 

6.1 Conclusion ......................................................................................................... 111 

6.2 Future Work ....................................................................................................... 113 

  



 

viii 
 

 

List of Figures 

Figure 1.1 Single-pass frequency doubling of DBR/MOPA with a bulk PPLN crystal (22). 

Reproduced with permission. ................................................................................................. 8 

Figure 1.2 Scheme of electrically pumped VECSEL (32). Reproduced with permission. .. 10 

Figure 1.3 Principle of IC-FD of semiconductor lasers (22). Reproduced with permission.

 ............................................................................................................................................. 12 

Figure 1.4 Positions of the lithium atoms (double cross hatched circles) and the niobium 

atoms (single cross-hatched circles) with respect to the oxygen octahedral in the 

ferroelectric phase of lithium niobate (38). Reproduced with permission. .......................... 13 

Figure 1.5 Illustration of coherent and incoherent soliton interactions (69). Reproduced 

with permission. ................................................................................................................... 25 

Figure 1.6 Illustration of solitons orbit about each other in a DNA-like structure in 

saturable nonlinear media. a) Beam A and beam B at the input face of the crystal, b) the 

spiraling soliton pair after 6.5mm of propagation, c) the spiraling soliton pair after 13mm of 

propagation (72). Reproduced with permission. .................................................................. 28 

Figure 2.1Illustration of the nonlinear optical material in a) a single crystal and in b) the 

periodically poled material with the period of Λ. (46) ........................................................ 38 

Figure 2.2 Comparison of the field amplitude among perfect phase-matching, quasi-phase-

matching and phase-mismatching. ....................................................................................... 39 

Figure 2.3 Fabrication of periodically poled lithium niobate by high voltage method (78). 

Reproduced with permission. ............................................................................................... 41 

Figure 2.4 Comparison of green power vs. injection current among IC-FD laser with two 

MgO: PPLN lengths and a single-pass FD laser with the same parameters. The coupling 

efficiency is 70% (91). Reproduced with permission. ......................................................... 45 

Figure 2.5 Comparison of green power vs. MgO: PPLN crystal length between IC-FD laser 

and single-pass FD laser. The coupling efficiency is 70% and pump current is 700 mA (91). 

Reproduced with permission. ............................................................................................... 46 

Figure 2.6 Temperature tuning curves for the IC-FD laser with 6 mm MgO: PPLN crystal 

and single-pass FD laser with 12 mm MgO: PPLN crystal with pump current of 700 mA 

and coupling efficiency of 70% (91). Reproduced with permission. ................................... 47 



 

ix 

 

Figure 2.7 The output power for single-pass FD and IC-FD lasers with different coupling 

efficiency between semiconductor LD and MgO: PPLN crystal, when the pump current is 

700 mA (91). Reproduced with permission. ........................................................................ 48 

Figure 3.1 3-D structure of the microchip consist of Nd:YVO4 and MgO: PPLN (98). 

Reproduced with permission. ............................................................................................... 51 

Figure 3.2 Schematic of the construction of a green laser using an 808-nm LD and a PPLN 

microchip (98). Reproduced with permission. ..................................................................... 51 

Figure 3.3 Schematic structure of the optical contact Nd: YVO4/PPMgLN green laser on a 

side view (82). Reproduced with permission. ...................................................................... 53 

Figure 3.4 Picture of the real laser emitting green light ....................................................... 54 

Figure 3.5 Power of green laser output verses pump power of 808 nm Laser Diode .......... 55 

Figure 3.6 Optical Set-up of the self-trap study on one beam in the organosiloxane. ......... 58 

Figure 3.7 Photograph of the real optical set-up for one beam self-trapping experiment. ... 59 

Figure 3.8 Optical Set-up of the two beam interaction study in the organosiloxane. .......... 60 

Figure 3.9 Photograph of the optical set-up for the two-beam experiments ........................ 60 

Figure 4.1 2-D beam profile at the exit face of the sample cell without going through the 

organosiloxane with the beam intensity of 1.92×     W·cm
-2

 ........................................ 67 

Figure 4.2 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam at 

the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 1.92×     W·cm
-2

, profiles were acquired at (a) 0 s, (b) 23 s, (c) 53 

s, (d) 60 s, (e) 72 s, (f) 87 s, (g) 96 s, (h) 104 s, (i) 226s. ..................................................... 69 

Figure 4.3 Temporal plots of the peak intensity (dark gray line) and effective beam 

diameter (light gray line) as the green laser beam self-traps in the organosiloxane medium 

with the intensity of 1.92×     W·cm
-2

. .......................................................................... 71 

Figure 4.4 Numerical 2D Simulation of the intensity of the self-trapping Gaussian beam 

propagating in a photopolymerizable medium (103). Reproduced with permission. .......... 73 

Figure 4.5  (a) Refractive index change as a function to energy. (b) Spatial profile of the 

Gaussian beam and the optical after 1 second of exposure. U0 is the critical exposure 

required for photoinitiation, Esat is the energy required to achieve maximum refractive 

index change, and Δns is the refractive index change at saturation (127). Reproduced with 

permission. ........................................................................................................................... 76 



 

x 

 

Figure 4.6 Plot of the self-focusing time against the average intensity of the incident beam

 ............................................................................................................................................. 78 

Figure 4.7 Plot of the self-trap beam diameter against the average intensity of the incident 

beam ..................................................................................................................................... 80 

Figure 4.8 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam at 

the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 1.92×     W·cm
-2

, profiles were acquired at (a) 0 s, (b) 25 s, (c) 57 

s, (d) 90 s, (e) 134 s, (f) 243 s .............................................................................................. 81 

Figure 4.9 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam at 

the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 1.6 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 9 s, (c) 137 s, (d) 162 

s, (e) 197 s, (f) 255 s, (g) 284 s, (h) 309 s, (i) 343s, (j) 377s, (k) 444s, (l) 522 s ................. 83 

Figure 4.10 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam 

at the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 16 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 37 s, (c) 54 s, (d) 88 s, 

(e) 129 s, (f) 172 s, (g) 222 s, (h) 254 s ................................................................................ 87 

Figure 4.11 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam 

at the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 160 W·cm
-2 

, profiles were acquired at (a) 0 s, (b) 36 s, (c) 60 s, (d) 85 

s, (e) 112 s, (f) 133 s, (g) 173 s, (h) 204 s, (i) 255s .............................................................. 89 

Figure 4.12 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beam 

at the exit face of the sample cell as the beam self-traps in the organosiloxane with the 

average intensity of 1592 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 4 s, (c) 35 s, (d) 51 s, 

(e) 73 s, (f) 96 s, (g) 115 s, (h) 131 s, (i) 165 s, (j) 181 s, (k) 197 s, (l) 218 s ...................... 92 

Figure 5.1 2-D (and 3-D) profile at the exit face of the sample cell without going through 

the organosiloxane, with a pinhole array of 500 μm distance between the two pinholes 

employed to split the beam, the focused beam diameter is 70 μm and the distance between 

the two beams is 589 μm, the average intensity is approximately 2×     W·cm
-2

. ........ 97 

Figure 5.2 2-D (and 3-D) profile at the exit face of the sample cell without going through 

the organosiloxane, with a pinhole array of 200 μm distance between the two pinholes 

employed to split the beam, the focused beam diameter is 31 μm and the distance between 

the two beams is 222 μm, the average intensity is approximately 2×     W·cm
-2

. ........ 98 



 

xi 
 

Figure 5.3 2-D (and 3-D) profile at the exit face of the sample cell without going through 

the organosiloxane, with a pinhole array of 1500 μm distance between the two pinholes 

employed to split the beam, the focused beam diameter is 60 μm and the distance between 

the two beams is 1722 μm, the average intensity is approximately 2×     W·cm
-2

. ...... 99 

Figure 5.4 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beams 

(500 μm pinhole) at the exit face of the sample cell as the beams self-traps in the 

organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were acquired at (a) 

0 s, (b) 22 s, (c) 267 s, (d) 367 s, (e) 409 s, (f) 499 s, (g) 745 s, (h) 788 s, (i) 1054 s........ 100 

Figure 5.5 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beams 

(200 μm pinhole) at the exit face of the sample cell as the beams self-traps in the 

organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were acquired at (a) 

10 s, (b) 32 s, (c) 116 s, (d) 252 s, (e) 514 s, (f) 662 s, (g) 788 s, (h) 1054 s, (i) 1862 s. ... 103 

Figure 5.6 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the beams 

(1500 μm pinhole) at the exit face of the sample cell as the beams self-traps in the 

organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were acquired at (a) 

0 s, (b) 34 s, (c) 256 s, (d) 391 s, (e) 500 s, (f) 588 s, (g) 736 s, (h) 1054 s, (i) 1564 s...... 106 

Figure 5.7 Calculated temporal variation of refractive index profiles induced by a Gaussian 

beam in a photopolymer, time is represented by steps (130). Reproduced with permission.

 ........................................................................................................................................... 109 



 

xii 
 

List of Tables 

Table 1.1Specifications of widely used nonlinear optical crystals. (23) ................................ 6 

Table1.2 Characteristics of Lithium Niobate (39) ............................................................... 14 

Table 3.1 Specification of the Nd: YVO4/MgO: PPLN microchip (98). Reproduced with 

permission. ........................................................................................................................... 52 

Table 3.2 The intensity range of the focused beam at the entrance face of the sample with 

the corresponding filters and neutral density filter adopted to attenuate the light before it 

enters the CCD camera. The combination was made of three filters that are labeled with the 

value of transmittance and the CCD filter is labeled with the Optical Density (O.D.). ....... 63 

Table 4.1Category of different regimes of intensity covering 8 orders of magnitude. The 

left column describes three different regimes, the mid-column describes the average 

intensity, and the right column describes the magnitude of the power of the beam. ........... 75 

 

 

 

 



M.A.Sc Thesis-T. Wang; McMaster University - Engineering Physics 
 

 

1 

 

Chapter 1 INTRODUCTION 
 

  

The laser (light amplification by stimulated emission of radiation) industry 

has been developing rapidly since the invention of the first Ruby laser in 1960 (1). 

Over the past half century, lasers have become ubiquitous utilities in thousands of 

highly varied applications due to their large range of power levels, wavelengths, 

and operation modes.  

Self-action phenomena take place when optical beams propagate in a 

nonlinear medium. Various types of self-action can be induced by high intensity 

laser beams in different types of media, such as Kerr media, saturable media, 

photorefractive media, and quadratic media. There are different mechanisms for 

different types of media, and the discovery of dynamics and effects of nonlinear 

propagation can be made both theoretically and experimentally. 

Among various types of nonlinear media, photopolymer has a different 

nonlinear mechanism from other materials since the nonlinear propagation of the 

light is induced by the refractive index change that is caused by the permanent 

photochemical reactions. By employing the miniaturized green laser, a systematic 

study has been performed on the self-action phenomena including the evolution of 

the refractive index change, the excitation of the high order modes and the 
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filamentation of the beams. Thanks to the small size of the Intra-cavity Frequency-

doubling (IC-FD) green laser, preliminary studies on the interactions of two parallel 

coherent beams were conducted with a simple design of optical set-up. 

Some unique features of the Intra-Cavity Frequency-Doubling Neodymium 

doped Yttrium Orthovanadate/Magnesium Oxide doped Periodically Poled Lithium 

Niobate (IC-FD Nd: YVO4/MgO: PPLN) green laser include the high-range of 

output intensity, stability of the output power, high efficiency in the operating range, 

small size and low cost. The tunability and stability of the output intensity enables 

the systematic study of the self-action in the medium of photopolymer over a broad 

range of the beam intensities over eight orders of magnitude. The miniaturized 

green laser simplifies the design of the optical set up, especially for the two-beam 

interaction experiments, by eliminating unnecessary optical components. Its small 

size also makes possible the application of “self-guided” light along the high 

refractive-index region as a self-written waveguide forms as the beam travels 

through the medium. In addition, the low cost to manufacture and maintain the IC-

FD Nd: YVO4/MgO: PPLN laser further reduces the overall cost of the experiments, 

making a significant contribution to the current and future study of the nonlinear 

phenomena within different types of media. 

This thesis focuses on the design and fabrication of a miniaturized IC-FD 

green laser. By employing this laser, the experimental study of self-trapping light 

within photopolymerizable organosiloxane was conducted. In this chapter, a review 
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of different approaches to generate green light, a comprehensive comparison of 

these technologies, and a review of optical nonlinearity in various materials will be 

presented. 

 

1.1 Different Types of Green Lasers 

1.1.1 GaN Green Laser Diodes 

 

Since the 1960s, there has been significant study and research toward 

semiconductor laser materials (2, 3). A promising material, GaN/AlN/InN is a wide 

band gap semiconductor material system, which covers a wide wavelength range 

(200 nm-650 nm). GaN is used to make blue laser diodes. In 1992 it was reported 

that by increasing the indium content of the InGaN, it was possible to prepare green 

laser diodes (4). However, there are some major challenges in fabricating green 

laser diodes, such as the choice of substrate. Researchers have been using GaN 

single crystal, though it is challenging to grow high-quality single crystal GaN since 

slight lattice mismatch can induce misfit dislocations at the interface. GaN crystals 

can also develop cracks and ultimately degrade the performance of the devices. 

Another major challenge is material growth. In order to have green laser emission, 

increased indium content is required in the InGaN quantum well. However, the 

material growth is challenging with the method of Metal Organic Chemical Vapor 

Deposition (MOCVD) (4-8).  
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Recent publications show the rapid development of green laser diodes (LD). 

In 2012 Sony and Sumitomo introduced the world's first green laser diode capable 

of delivering over 100mW power at 530nm (9). Sony and Sumitomo have an 

extremely high standard of semiconductor processing technique. The LD was 

grown by the MOCVD method with a complicated design which has an n-type GaN 

layer grown on the GaN substrate. On top of this layer, there’s an n-type InAlGaN 

cladding layer, an n-type InGaN waveguide layer, an InGaN multiple QW active 

region, a p-type InGaN waveguide layer, a p-type InGaN cladding layer and a p-

type GaN contact layer. The InGaN QW has a thickness of less than 3 nm, and the 

ridge waveguide has a width of 2 μm, which was fabricated with the techniques of 

dry etching and photolithography. With this design, 100 mW of output power was 

achieved with a wavelength at 530 nm and wall plug efficiency of 7.0 - 8.9%. 

  

1.1.2 Green Lasers by Means of Frequency Doubling 

1.1.2.1 Solid State Laser 

 

Semiconductor laser materials can not generate light falls into the range of 

green. However, an indirect way was introduced by using the nonlinear optical 

technology. In 1961, Franken first reported the observation of the nonlinear optical 

phenomenon with crystalline quartz (10). There are two main ways of converting 

frequency by means of frequency doubling: by insertion of the nonlinear optical 
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crystal into the laser cavity or by isolation of the frequency doubling crystal outside 

of the cavity. Due to the low optical frequency conversion efficiency resulting from 

the second or higher order nonlinear effect, the intra-cavity design is more efficient 

as compared to the method of extra-cavity frequency conversion (11, 12). 

An infrared laser emitting light at a wavelength of 1064 nm is required to 

generate green light by means of either the intra-cavity frequency doubling or the 

single pass frequency doubling. The common crystals used for frequency doubling 

are KTiOPO4(KTP), LiB3O5(LBO) and periodically poled lithium niobate (PPLN), 

which convert the 1064-nm output from Nd:YAG or Nd:YVO4 laser crystals. (13-

18) 
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MgO:PPLN  KTP  LBO  

Phase-matching type  
QPM  

e+ee  

XY plane, θ=900, 

φ=23.50  

o+ee(type II)  

XY plane, θ=900, 

φ=11.40  

o+oe (type I)  

Effective nonlinear 

coefficient  
16-22 pm/V  3.2 pm/V  0.96 pm/V  

Photorefractive damage 

threshold  
>2 MW/cm2  Not clear  No  

Optical absorption  0.004 cm-1@1064  

0.02 cm-1@532  

<0.006 cm-1@1064  

<0.02@532  

0.0035 cm-1  

Thermal conductivity  4.6 W/m/K  3 W/m/K  3.5 W/m/K  

Temperature tolerance  2.1 oC/cm  25 oC/cm  6.2 oC/cm  

Transparency wavelength 

range  
0.34~4.5 μm  0.35~4.5 μm  0.155~3.2 μm  

phase matching range  
Full transparent 

range  
0.994~3.4 μm  0.551 ~ 3.23 μm  

Walk-off angle  No  4.5  7  

Green induced infrared 

absorption  
Yes  Yes  No  

Output Polarization  High  Change with T  High  

Table 1.1Specifications of widely used nonlinear optical crystals. (23) 
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Thanks to the progress made in fabricating the periodically poled lithium 

niobate (PPLN), a 12W green light solid-state laser was achieved with an Nd: 

YVO4 planar waveguide laser array intra-cavity frequency doubled by MgO doped 

PPLN (19). A 6W green light was also obtained with a 20W fiber pigtailed pump 

LD module (20), and a 1.5W green laser with bulk intra cavity frequency doubled 

Nd: YVO4/MgO: PPLN crystals pumped by a 3W 808-nm LD (21). 

 

1.1.2.2 Edge Emitting Semiconductor Lasers with Single-Pass FD 

 

High power semiconductor lasers and high efficiency nonlinear crystals are 

required in order to attain high efficiency single-pass frequency doubling green 

lasers, with either bulk crystals or waveguide nonlinear optical crystals. The single-

pass frequency doubling technology makes blue-green laser light (450 nm to 550 

nm) converting from lower frequency light generated by the high power 

InGaAs/GaAs laser (900 nm to 1100 nm) (22). Fig 1.1 displays an experimental 

configuration showing a single-pass frequency doubled green laser with a 

Distributed Bragg Reflector Laser Diode (DBR-LD) amplified by a taper section, 

frequency doubled by a bulk PPLN as nonlinear crystal. 
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Figure 1.1 Single-pass frequency doubling of DBR/MOPA with a bulk PPLN 

crystal (22). Reproduced with permission. 

In recent years there has been great development in single pass frequency 

doubling edge emitted semiconductor lasers by MgO-doped PPLN (24, 25). More 

than 1.5 W of green light at 531 nm is generated by single pass second harmonic 

generation (SHG) in periodically poled MgO: LiNbO3 with the conversion 

efficiency over 18.5% by the Distributed Feedback/Master-Oscillator-Power-

Amplifier (DFB/MOPA) technology (24). Corning Inc. reported 304 mW green 

light emission generated by frequency doubling (FD) by using a 1060 nm DBR 

semiconductor laser as the pump and MgO-doped PPLN waveguide in a single-pass 

configuration corresponding to a conversion efficiency of 72.9% in the waveguide 

(26). 

However, single-pass frequency doubling semiconductor lasers suffer from 

design difficulties: lowing coupling efficiency from the semiconductor lasers to the 

nonlinear crystal, relatively big nonlinear crystals, mechanical instability, and 

narrow temperature tolerance. 
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1.1.2.3 Vertical Extended Cavity Semiconductor Emitting Laser (VECSEL) 

 

The semiconductor laser technology, optically pumped semiconductor 

vertical external cavity surface-emitting lasers (OPS-VECSEL) is a growing 

technology to generate green light (27-31). 

  OPS-VECSEL combines the approaches of diode-pumped solid-state lasers, 

and semiconductor quantum-well (QW) vertical-cavity surface-emitting lasers 

(VCSEL) (27). Optically Pumped Semiconductor (OPS) gain medium offers a 

number of advantages over other solid-state gain media. Bandgap engineering of 

semiconductor structures allows the design of laser media with desirable properties, 

such as low threshold, high-power, wide potential tuning range, operating 

wavelength chosen by design, wide-pumping bandwidth, and efficient pump 

absorption within a few micrometers depth. Due to the rapid development of OPS, 

the technology has generated 7.3 W in blue (using LBO) (29), 7 W in green (using 

BBO) (30), and 5 W in yellow (using LBO) (31). 
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Figure 1.2 Scheme of electrically pumped VECSEL (32). Reproduced with 

permission. 

In comparison with other diode-pumped solid-state lasers, OPS offers a 

number of distinct advantages. First, mature systems of semiconductor material are 

available for various wavelength requirements. Second, parameters of the laser can 

be controlled by bandgap engineering of the multi-Quantum Well structures. Third, 

there is a broad range of wavelength selection from infrared to ultraviolet (28). 

However, challenges of VECSEL structure include complicated Periodically 

Resonant Gain (PRG) design and fabrication, growth of DBR mirror with extremely 

high reflectivity, and heat dissipation in the active region (29). 

 

1.1.2.4 IC-FD of Edge Emitting Semiconductor Lasers 
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Another method to generate green laser light is to introduce the intra-cavity 

frequency doubling technology into the high power semiconductor lasers. This 

method is also a combination of semiconductor gain medium and intra-cavity 

frequency doubling nonlinear optical waveguides. Historically, little work has been 

done by this method in generating green light, partially because of the absence of 

laser diode emitting at 1060 nm. 1.35 mW of blue light was generated with FD 

technology within a KTP waveguide with a very small fluctuation of the output 

light (33). By introducing the fan-structured PP LiTaO3, researchers demonstrated 

tunability from 480.4 to 490.6 nm with output powers of the order of 50 nW (34). 

The first demonstration of the IC-FD of multi-edge-emitters laser bar was made by 

Li et al in 2009. A compact green laser of 1.3 W output at 534.7 nm was generated 

by IC-FD of a 49 edge-emitter laser bar using an MgO-doped (PPLN) bulk crystal 

(35). 

A challenging task for building compact and integrated SHG devices is the 

combined thermal management of a diode laser and a periodically poled crystal. 

The crystals are usually operated at elevated temperatures which are unfavorable 

for diode lasers that are operated around room temperature. Reliable operation of 

QPM devices at high intensities at room temperature is demanded here. Some new 

materials like magnesium doped near-stoichiometric lithium tantalate (LiTaO3) may 

solve this issue. (22) 
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Figure 1.3 Principle of IC-FD of semiconductor lasers (22). Reproduced with 

permission. 

 

1.2 Introduction to Lithium Niobate 

 

Lithium niobate is widely used in achieving quasi-phase matching (QPM). 

Since its discovery in 1949 as a ferroelectric (36), lithium niobate has been under 

great development and usage as a very popular kind of nonlinear material. Lithium 

niobate does not exist in nature. It is a synthesized material first studied in the 

1960s at Bell Laboratories in the form of single crystal (37). This ferroelectric 

material belongs to trigonal system. Figure 1.4 shows the positions of lithium atoms 

and niobium atoms in +c polarization.  
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Figure 1.4 Positions of the lithium atoms (double cross hatched circles) and the 

niobium atoms (single cross-hatched circles) with respect to the oxygen octahedral 

in the ferroelectric phase of lithium niobate (38). Reproduced with permission. 

The characteristics of lithium niobate are shown in Table 1.2. 
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Characteristic Description 

optical nonlinear Light → Frequency conversion or 

mixing 

electro optic E field → Change of refractive index 

photorefractive Light → Change of refractive index 

ferroelectric E field → Change of spontaneous 

polarization 

piezoelectric Force → Electrical voltage 

pyroelectric Heating → Electrical fields 

birefringent Polarized light → Change of light 

polarization 

acousto-optic Acoustic waves → Index changes 

 

Table1.2 Characteristics of Lithium Niobate (39) 

Rather than stoichiometric composition of Li and Nb, the commonly used 

lithium niobate crystal is composed of the congruent composition around 48.5-48.6 

mole% of Li2O and 51.5-51.4 mole% of Nb2O5, usually grown by the Czochralski 

method (40). The photorefractive damage caused by this non-stoichiometric 

composition of lithium niobate can be greatly diminished by the doping of MgO 

(4.5 mole% or more) that causes the vastly improved photoconductivity (41). 
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1.3 Introduction to Nonlinear Light Propagation in Various Materials 

 

Optical nonlinearity is the study of the phenomenon that light beams alter 

their own propagation in a medium as they modify the optical properties of the 

material system. Typically, laser light is involved in glasses or more generally Kerr 

media in the study of nonlinear optics. However, more kinds of media are 

introduced in the research of optical nonlinearity such as photopolymers and liquid 

crystals. 

 

1.3.1 Different mechanisms in nonlinear light propagation 

 

Since the first invention of maser in 1958 by Schwlow and Townes (42), the 

subject of nonlinear optics has been studied in great details and many new 

discoveries have been made within the field. Different kinds of mechanisms have 

been investigated as traditional types of materials have been studied, such as glasses 

(43), liquid crystals (44) and semiconductors (45), and newer materials such as 

photopolymers. 

Nonlinear optical materials can be generally categorized into two 

mechanisms: the response of electrons within the media to the electric fields as it is 
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exposed to the light (typically laser light), and photochemical reactions that change 

the refractive index that usually takes place in photopolymers. Most of the 

nonlinear optical media rely on the response of the electrons and can be described 

by the relationship (46): 

P=  (    E+     EE+     |E2|E+…)                                                                     (1.1) 

Where    is the permittivity in vacuum, E is the amplitude of the electric 

field and      is the order of susceptibility with n=1, 2, 3… 

While the linear optics follows this form: 

P=   
   E                                                                                                               (1.2) 

As a result, the first term in Equation 1.1 corresponds to the linear response 

of the material and the second, third or higher order of susceptibility correspond to 

the nonlinear response of the electrons to the electric field E. Different types of 

nonlinearity include Kerr, photorefractive and quadratic nonlinearity. 

 

1.3.2 Optical self-trapping 

 

Self-trapping waves were first observed in 1834 (47) by John Scott Russell. 

He observed the water propagation in a canal which he called the “Wave of 

Translation”. Since then, phenomenon of self-trapping of waves has been widely 
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studied in the form of charge density waves (48), sound waves (49), and 

electromagnetic waves (50).  

Light has a natural tendency to broaden when it propagates in general media 

in time and space. However, when the refractive index of the medium changes as 

the light shines through it, it is possible to cancel the effect of diffraction and self-

focus by having the light travel though with no change of its shape. As a result, the 

light guides itself to form a waveguide along the propagation direction (51). 

The behavior of the optical wave is governed by the Maxwell’s equations 

(Equations 1.3-1.6) where E


is the electric field (V·m
-1

), B


is the magnetic flux 

density (Wb·m
-2

), H


is the magnetic field (A·m
-1

), J


 is the free current density 

(A·m
-2

), D


 is the electric displacement, and


is the free charge density (C·m
-3

).  
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
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0),(  trB
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,                                                                                                         (1.6) 
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From these equations, the propagation of the light characterized by electric 

field E


 can be described as in Equ 1.7: 

 
2

2

2

0

2

2

2

2 11

t

P

ct

E

c
E












                                                                                    (1.7) 

While the polarization P consists of the linear part    and     

                                                                                                          (1.8) 

        0                       
 

  
                                                                (1.9) 

         

0                                                     
 

  
                  10) 

For the complexity of the of this equation, it can be simplified if the 

nonlinear response is instantaneous so that the dependence of     is given by the 

product of three delta functions of the form δ(t-  ), so the equation can be reduced 

to: 

         0                                                                                         (1.11) 

The assumption of instantaneous nonlinear response amounts to neglecting 

the contribution of nonlinear vibrations to     (the Raman Effect). 

The intensity dependence of the refractive index affects the electromagnetic 

wave as it travels through the media. In the context of spatial solitons, the analysis 
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is focused on the case of continuous wave (CW) beam. The general solution of 

equation (1.7) is  

                                                                                                         (1.12) 

Where                is the propagation constant as         . 

Assume the beam propagates along the Z direction and diffracts or self-focuses 

along direction X and Y, where X, Y and Z are the spatial coordinates associated 

with r. The function A(X, Y, Z) describes the evolution of the beam envelop. The 

nonlinear parabolic equation is in the following form: 

    
  

  
  


 

 

    

 

 

   
                                                                  (1.13) 

The scaled dimensionless variables are: 

                                                                                                                   (1.14) 

                                                                                                                   (1.15) 

                                                                                                                    (1.16) 

                                                                                                       (1.17) 

Where   is the transverse scaling parameter related to the input beam width 

and         
  is the diffraction length or the Rayleigh range. By taking the 

dimensionless variables, the equation 1.13 becomes: 
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  

  
 

 

 
 

 

 

   
 


 

 

   
                                                                            (1.18) 

Where the choice of the sign is dependent on the sign of the nonlinear 

parameter    ; when    is negative, namely in the case of self-defocusing, the 

minus sign is adopted. 

Optical spatial solitons have been observed in a variety of nonlinear media. 

The following is a survey on some of the most commonly studied types: 

 

1.3.2.1 Kerr-type solitons 

 

The first observation of self-trapping effect was made in 1964 by Hercher in 

glass through the Kerr effect (52).  The mathematical solution to the nonlinear 

Schrodinger (NLS) equations gave the theoretical foundation for the study of Kerr 

effect (53). Several years later, Zakharov et al solved the full (1+1)D problem by 

using the method of inverse-scattering (54). Over time the uniqueness of the 

properties of the Kerr-type solutions was noted. One property is that Kerr solutions 

only propagate stably with only one transverse dimension, namely (1+1)D; with the 

introduction of another transverse dimension (2+1)D, it will cause the instability of 

the propagation that the beam suffers catastrophic self-focusing and eventually 

breaks up (55). Taking this into account, Barthelemey et al observed the true (1+1) 
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D Kerr soliton in liquid CS2 with an interference grating to “arrest” the transverse 

instability (56). Later in 1990, Aitchison observed the true (1+1) D Kerr soliton in a 

single-mode glass waveguide (57). For a very long time, it seemed as if Kerr-type 

solitons were well understood while almost no study was done in other types of 

self-trapping beams (especially (2+1)D solitons). 

 

1.3.2.2 Solitons in saturable media 

 

Different from the (1+1)D solitons traveling in Kerr material, the first 

observation of (2+1)D self-trapping of a circular laser beam in sodium vapor was 

made by Bjorkholm and Ashkin of Bell Laboratories (58). They were able to 

control the frequency, intensity and beam diameter to make the beam self-trap for a 

finite propagation distance. They attributed the phenomena to the saturable nature 

of the optical nonlinearity. In 1991, theoretical explanation of the spatial solitons in 

saturable media was presented by Snyder’s group (59). They introduced the idea 

that the “pulse” modifies the potential as a soliton comes into being that the pulse 

itself is a bound solution of that potential, so that it is explainable that circular 

beams can be stable in saturable media as there exists a maximum value for the 

optically induced refractive index change.  
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1.3.2.3 Photorefractive solitons 

 

Photorefractive materials have been under study for over 40 years until now 

(60). Typically, photorefractive materials are dielectric single crystals that are non-

centrosymmetric. They are generally semi-insulating with      nonlinearities. 

Photorefractive materials always have dopants in the forms of donor and acceptors 

hosted within the crystal that have energy levels deep inside the forbidden gap. 

With an incident beam that excites charges from the deep dopant level into the 

conduction band, that causes the electrons free to move. If the incident beam is not 

uniform in space, after the dielectric relaxation time, the electrons are relocated 

because of the acceptors and the donors move to different spatial locations that 

results the charge separation which establishes electric fields within the material. 

This internal electric fields give rise to the refractive index change based on the 

electro-optic effect. 

Photorefractive solitons were first predicted at Caltech in 1992 by Segev et al 

(61). The first observation of photorefractive solitons was made by Duree et al at 

the University of Arkansas in 1993 (62). One of the first and mostly studied kinds 

of photorefractive solitons will be described in detail, namely the photorefractive 

screening soliton. Assume a narrow beam travels through the center of a 

photorefractive crystal across which a voltage is applied. The density of electrons 

increases in the illuminated region where the conductivity increases. As a result, a 
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“voltage-divider” is formed because of the uniformity of the conductivity within the 

crystal, and the partial screening of the applied field in the region of the optical 

beam is attained. Based on the positive or negative of the change of refractive index, 

the beam will be either anti-guided or guided within the crystal. 

 

1.3.2.4 Quadratic solitons 

 

Quadratic solitons are a special kind of soliton that the optical fields do not 

change the properties of the medium such as refractive index, while the solutions 

rely solely on     . Typically the quadratic solitons are generated in non-

centrosymmetric materials in which phase matching is possible, under a certain 

amount of power and over a narrow range of directions. Quadratic solitons have 

been primarily studied for second harmonic generation.  

Quadratic solitons’ stability issue was first reported by Kivshar’s group in 

1995 (63). In the same year, experimental verification was made by Torruellas et al 

for the existence of (2+1)D solitons(64), and a year later, Schiek et al at CREOL 

verified the existence of (1+1)D  quadratic solitons (65). The quadratic solitons 

consist of both the fundamental and harmonic beams. The above experiments 

indicated that the second harmonic beam generates within the crystal and later 

forms the soliton. After the discovery of the quadratic solitons, they have been 
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under significant study in different areas, including: quadratically nonlinear 

resonators (66), beam pointing control in quadratic media (67), and angle steering 

in quadratic media (68) 

 

1.3.3 Soliton interactions 

 

One of the subjects that attract the interest of researchers is the interaction of 

solitons. Because of the unique property of solitons, the interactions of solitons are 

under study as particles, divided into two types: coherent and incoherent 

interactions. Both types are illustrated in Fig 1.5: 
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Figure 1.5 Illustration of coherent and incoherent soliton interactions (69). 

Reproduced with permission. 

 

1.3.3.1 Coherent Interactions 

 

Coherent soliton interactions occur when the nonlinear medium responds to 

interference effects between the overlapping beams since the response time of the 

material is extremely fast (such as the quadratic nonlinearity and the optical Kerr 

effect), is near-instantaneous. In this case, assuming the beams are in-phase (with 
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zero relative phase), they interfere constructively, and as a result the light intensity 

of the central region increases. If it is a self-focusing medium which the beams are 

propagating through, the refractive index of the region will increase and more light 

will be attracted to the central region, therefore the solitons appear to be self-

attracting. Assuming the beams are out of phase (with π relative phase), they 

interfere destructively, and as a result the light intensity of central region decreases. 

For a self-focusing medium, the refractive index of the central region decreases and 

light beams will be repulsed away from each other, therefore the solitons appear to 

be self-repulsing. 

 

1.3.3.2 Incoherent Interactions 

 

Incoherent soliton interactions occur when the nonlinear medium responds to 

interference effects between the overlapping beams since the response time of the 

material is slower than the variations of the beams. In this case, the medium 

responds to the average intensity over time, while the intensity is of the same 

amount of the superposition of the intensities. Therefore, irrelevant to the phase 

difference, the intensity is the sum of the beam intensities, and the intensity in the 

central region increases. Assume the beam propagates in a self-focusing material, 



M.A.Sc Thesis-T. Wang; McMaster University - Engineering Physics 
 

 

27 

 

the refractive index increases in the central region as the beam travels through it. As 

a result, the incoherent soliton interactions always appear to be self-attracting. 

 

1.3.3.3 Collisions in Kerr Media 

 

In Kerr materials, the solitons are always (1+1) D so the collisions occur in 

one single plane. Since all the collisions are fully elastic, the number of solitons is 

constantly conserved. When the attractive collision occurs between the solitons, the 

solitons propagate forward as they combine and separate periodically. 

 

1.3.3.4 Collisions in Saturable Media 

 

Since the saturable nonlinear media support the (2+1) D solitons, the 

collisions of solitons in saturable media is much richer than the one plane 

interaction of Kerr media. More than one mode is supported within the media, and 

therefore, new phenomena such as soliton fusion, fission and annihilation have been 

observed (70). DNA-like structure of soliton spiraling was demonstrated in 

photorefractive screening solitons in 1997. (71) 
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In the (2+1) D mode of soliton interaction in saturable media, if the solitons 

are separately launched, they propagate in their initial individual trajectories. If the 

solitons are launched simultaneously, they attract or repel each other as they 

propagate though. As shown in Fig 1.6, the solitons spiral and orbit one another 

when the soliton attraction perfectly balances the “centrifugal force” as they rotate.  

 

 

Figure 1.6 Illustration of solitons orbit about each other in a DNA-like structure in 

saturable nonlinear media. a) Beam A and beam B at the input face of the crystal, b) 
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the spiraling soliton pair after 6.5mm of propagation, c) the spiraling soliton pair 

after 13mm of propagation (72). Reproduced with permission. 

 

1.4 Introduction to self-trapping systems 

 

An optical beam suppresses its own diffraction as it travels through the 

medium by changing the refractive index of the medium through which it 

propagates, leading to a variety of self-action phenomena. When the self-trap 

phenomenon occurs, a typical Gaussian beam propagates within a self-induced 

waveguide without broadening over distance. The self-trapping beams are 

essentially the solutions of the nonlinear Schrodinger equation as introduced earlier 

in this chapter. The phenomena of optical self-trapping have been studied since the 

1960s (99) in different kinds of materials such as photorefractive media (69), Kerr 

materials (53). 

The dynamics of the self-trapping beams are determined by the mechanisms 

of the refractive index changes within materials that the beams are propagating 

through. Due to the difference of the cause of the refractive index change in 

photorefractive material and Kerr materials, the optical self-trapping in these two 

materials is strikingly different. Since the refractive index change of Kerr material 

is caused by the third-order susceptibility tensor, self-trapping only happens with 

high intensity (GW·cm
-2

 to TW·cm
-2

), short pulse(     s) light, and only the 
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(1+1)D beam can stably propagate in the Kerr material while the (2+1)D beams will 

suffer from catastrophic self-focusing and eventually beak up (55). Much different 

from the Kerr material, the refractive index change in photorefractive material is 

originated from the electro-optic effect, and as a result the (1+1)D and (2+1)D self-

trapping beams can propagate through stably with relatively low intensity. Due to 

the unique features of photorefractive material, even white light can self-trap when 

traveling through this material (100). 

The self-trap phenomenon within the organosiloxane media is different from 

the self-trap within other nonlinear optical (Kerr, refractive) media. Self-trapping in 

organosiloxane is originated from a photo-initiated free-radical polymerization 

reaction as the beam travels through (101). The differences between the 

organosiloxane nonlinear dynamics and other nonlinear materials dynamics are 

attributed to some fundamental difference in the nature of the materials. The photo-

polymerization-induced refractive index changes are permanent while the refractive 

index changes in Kerr material or photorefractive material is temporary, namely, 

the refractive index modifies only with the light on, and the change decays 

immediately as the removal of the light field. The refractive index change in the 

photosensitive material is at least an order of magnitude greater than that in Kerr 

material with the same intensity of light field. The beam attenuation in the 

photosensitive material can be negligible since the photopolymerization can happen 

with a very few amount of light-absorbing photoinitiator molecules. Based on the 

wavelength and the quantum yield of photoinitiation (102), the photopolymerization 
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can take place at a very low intensity of light with a large range of wavelengths. 

However, as discussed above, the refractive index change happens within the Kerr 

material only with extremely high intensity short pulse light. There also exists a 

remarkable difference in the photoresponse time within different materials: the 

photoresponse time ranges from milliseconds to minutes within photosensitive 

material since the photopolymerization happens as the photochemical reactions take 

place; the photoresponse time ranges from nanoseconds to minutes within 

photorefractive materials since the photoresponse time is determined by the 

dielectric relaxation times of the material; and the photoresponse time within Kerr 

material is instantaneous as it is determined by the instantaneous electronic 

response which is in the order of      seconds. 

 

1.5 Research Objectives and Thesis Outline 

 

The obvious advantages of the Intra-cavity Frequency-Doubling (IC-FD) 

design of continuous wave (CW) green laser of 532 nm wavelength, using MgO: 

PPLN as the frequency doubling crystal, are described briefly in the previous 

sections. Therefore, designing the green laser with higher efficiency, improved 

beam quality and smaller size is one of the objectives of this thesis, and is the 

prerequisite for the following experiment on the different self-actions in 

photopolymerizable organosiloxane induced by the green laser. 
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With the green laser as the light that can induce the self-actions in 

photopolymer, a detailed study on the experimental investigation is the main 

objective of this thesis. This includes two parts: the single beam self-trapping in the 

photopolymer and the two-beam interaction in the photopolymer. 

The outcome of the self-trap in the photopolymerizable medium is the 

refractive index change of the material. Under certain conditions, a Gaussian beam 

propagating in the nonlinear medium can be achieved that the refractive index 

change causes the curve wave front having the shape of the convex lens. By altering 

the intensity of the incident beam, the self-focusing effect of the medium functions 

as a convex lens. Because of the small size and low manufacturing cost of the 

miniaturized laser, this laser is the ideal candidate for the “light-guide-light” 

experiment light source. This can be easily implemented into a simple experimental 

set-up, and much lower cost for large numbers of repetitive experiments, as well as 

future commercial applications. 

For the single beam experiment, the study on the evolution of the modes, the 

excitation of high-order modes is reviewed in the low intensity regime of the 

incident light. Intensity dependent study is also performed so that the formation of 

the diffraction rings caused by the difference in the refractive index change, and the 

examination of the dynamics of different phenomena can be observed. 
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For the two-beam interaction experiment, detailed results are provided with 

three sets of pinhole arrays that split the light into two coherent parallel lights with 

different distance between the beams. 

Further comparison, theoretical simulation, and the design of the IC-FD is 

reviewed in Chapter 2 and Chapter 3. With a IC-FD MgO: PPLN/Nd:YVO4 laser 

employed as the light source, a variety of self-actions have been observed in the 

photopolymerizable organosiloxane. Theoretical studies are reviewed in Chapter 2 

and Chapter 3, and experimental results are presented in Chapter 4 and Chapter 5.  
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Chapter 2 THEORETICAL BACKGROUND OF INTRA-

CAVITY FREQUENCY DOUBLING GREEN 

LASER 
 

2.1 Introduction 

 

This chapter provides a theoretical background for the design and fabrication 

of Intra-Cavity Frequency Doubling (IC-FD) lasers. Section 2.2 describes the 

derivation of the governing equations of the traveling wave propagation in gain 

media. This is followed by the introduction of the quasi-frequency-matching (QPM) 

within the nonlinear medium, with an emphasis on the characteristic and fabrication 

of periodically poled lithium niobate (PPLN). Sections 2.4-2.5 of this chapter is a 

brief description of the IC-FD green laser based on the outlined theoretical analysis. 

 

2.2 Maxwell’s Equations and Governing Equations (46) 

 

To consider the form of wave equation for the propagation of light through a 

nonlinear optical medium, we start with the Maxwell equations that generally 

describe the behavior of optical waves. 
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),(),( trtrD
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 ,                                                                                                (2.3) 
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

,                                                                                                         (2.4) 

Where E


is the electric field (V·m
-1

), B


is the magnetic flux density (Wb·m
-2

), 

r


 and t  represent the space coordinate vector and time variable respectively, H


is 

the magnetic field (A·m
-1

), J


 is the free current density (A·m
-2

), D


 is the electric 

displacement, and  is the free charge density (C·m
-3

).  

There is no free charge in dielectric materials, and there is no free current, and 

as a result  

0                                                                                                                       (2.5) 
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In nonmagnetic ( 1r ) materials, the constitutive relations are 

),(),( 0 trHtrB



,                                                                                                 (2.7) 

),(),(),( 0 trPtrEtrD


 
.                                                                                    (2.8) 

By taking the curl of Eq. (2.1), and using Eqs. (2.2), (2.6) and (2.7): 

0
2

2

0 





t

D
E





.                                                                                         (2.9) 

In order to eliminate D


, we take Eq.(2.8) into Eq.(2.9) 
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By taking use of vector calculus identity 
  EEE


2

 , we get 
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
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


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


.                                                                                      (2.11) 

Most of the nonlinear optical media rely on the response of the electrons and can be 

described by the relationship  

  EEEEEP
 2

)3()2()1(

0 
.                                                              (2.12) 

Where 0 is the permittivity in vacuum, E is the amplitude of the electric field and 

)(n is the order of susceptibility with n=1, 2, 3…  

The polarization and displacement of field can be split into its linear and 

nonlinear parts as 

NLPPP


 )1(
.                                                                                                     (2.13) 

NLPDD


 )1(
,                                                                                                     (2.14) 

Taking Eqs (2.12), (2.13) and (2.14) into Eq (2.11), we get the wave 

equations in linear and nonlinear media respectively: 
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
.                                                                                            (2.15) 



M.A.Sc Thesis-T. Wang; McMaster University - Engineering Physics 
 

 

37 

 

2

2

02

)1(2

0

2

t

P

t

D
E

NL















.                                                                               (2.16) 

Since the liner susceptibility
)1( can be written in the form of ''')1(  i in 

solid state media, and then the wave equation Eq. (2.15) for an isotropic gain 

medium becomes: 

 
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2 '''1
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



.                                                                                  (2.17) 

 

2.3 Quasi-Phase-Matching 

 

The idea of quasi-phase-matching can be illustrated with Fig 2.1. Fig. 2.1(a) 

describes a homogeneous single crystal and (b) describes a periodically poled 

material where Λ is the period. For a periodically poled material, the orientation of 

the crystalline axes is inverted within the material, the inversion of the orientation 

gives rise to the changing of the sign of nonlinear coupling coefficient    . 

Compared to perfect phase-matching and phase-mismatching, the spatial variation 

of the field amplitude is shown in Fig 2.2, in which the curve (a) is the perfect 

phase-matching situation that the field amplitude grows linearly with distance. 

Curve (b) describes the quasi-phase-matching condition that the field amplitude 

grows periodically with the distance of propagation due to the periodic inversion of 
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the orientation of the crystalline axes, in which case, the crystalline inversion period 

Λ is twice the coherent buildup length      . Curve (c) is the illustration of the 

phase-mismatch condition where there is no growth of the field amplitude. With the 

perfect phase-matching condition, the interacting fundamental and Second 

Harmonic (SH) waves always have a fixed phase relationship as the light propagate 

through the nonlinear crystal, and as a result, the power of SH increases along with 

the propagation distance. However, with a phase mismatch condition, the generated 

SH power is converted back to the fundamental power. The Quasi-phase matching 

(QPM) condition is that the reversal of the sign of d33 enables the growth of the field 

amplitude as the SH is about to decrease because of the mismatch of the wave 

vector. 

 

Figure 2.1Illustration of the nonlinear optical material in a) a single crystal and in b) 

the periodically poled material with the period of Λ. (46) 
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Figure 2.2 Comparison of the field amplitude among perfect phase-matching, quasi-

phase-matching and phase-mismatching. 

QPM is superior over the traditional phase-matching techniques in several 

ways: QPM makes use of the largest nonlinear coefficient of the nonlinear material; 

QPM does not have the “walk-off” effects as the birefringence phase-matching 

crystals. 

Different methods of the fabrication of the quasi-phase-matching structures 

have been proposed over the last half century. The first idea was given by 

Armstrong et al in 1962 (73). In this paper, Armstrong suggested to slice the 

nonlinear medium into segments and align them together by 180° rotation. Due to 
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the difficulty of the slicing of the thinness of the segments required, this method is 

replaced by some recent innovations. One of the method was proposed by Ito et al 

in 1991 (74). Using direct electron beam writing, the periodically poled bulk 

lithium niobate was used to generate SHG green and blue light. Five years later, 

Harada et al (75) developed the method of fabrication of periodically poled MgO-

LiNbO3 by corona discharge, and a 6.7 mW blue light of 490 nm was demonstrated 

with the PPLN crystal. The most commonly used method is by applying a high 

voltage that generates the uniform grating (76); (77); (78). As illustrated in Fig.2.3, 

this is the method of voltage electric field application. In order to periodically pole 

lithium niobate, the periodical electrode must be fabricated first. The fabrication 

involves the deposition of metal on the +z surface by electron beam evaporation, 

the lithography on the surface of the metal-deposited photo-mask, and finally 

selective etching (77). As indicated in Fig 2.3, the periodical metal electrode has the 

metal grid width W and grid period Λ. 
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Figure 2.3 Fabrication of periodically poled lithium niobate by high voltage method 

(78). Reproduced with permission. 

 

2.4 Intra-Cavity Frequency-Doubling 

 

As discussed in Section 1.1, the method of Intra-Cavity Frequency-Doubling 

(IC-FD) or Intra-Cavity Second-Harmonic-Generation (IC-SHG) has higher 

efficiency compared to the single-pass SHG method. As the FD crystal is included 

within the cavity which has a mirror of very high refractivity in the end, the 

conversion efficiency can be improved drastically compared to a single pass 
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process. The first demonstration of IC-FD laser was made within the Bell 

Laboratories in 1968 by Geusic et al with a 1064 nm YAlG:Nd Laser and frequency 

doubled by Ba2NaNb5O15 nonlinear material, with 1.1 W of coherent green laser 

output of 532 nm (79). Two years later, the theoretical analysis was provided in 

great details (80). 

 

2.5 The Superiority of the IC-FD green laser 

 

Efficient and high power continuous wave (CW) green lasers have a wide 

variety of applications such as laser display, underwater communications and bio-

photonics. Many attempts have been made to improve the efficiency of the laser 

system. Because of the special requirements for a systematic study on the self-

action phenomena in photopolymerizable medium, it is required that the light 

source to be stable and tunable in the output power. It must also be high in 

efficiency, small in size (so that it can be easily incorporated into the optical set-up) 

and low in cost to allow repetitive experiments over more than eight orders of 

magnitude of beam intensities. 

Direct InGaN green laser diodes have been under intensive development 

though they are still far from mature. The electricity-to-optical (EO) efficiency of 

the InGaN green laser is reported as low as 1% at 531 nm, and 3-5% at around 521 

nm (7); (8); (81), and 7.0-8.9% at 530 nm (9). Another well-developed method is 
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the intra-cavity frequency doubling (IC-FD) (or intra-cavity second harmonic 

generation (IC-SHG)) of the diode pumped solid state (DPSS) green lasers. So far 

the EO efficiency of this type of laser can be as high as 20% in the high power 

regime (15); (16); (17), and up to 15% with optical contact Nd: YVO4/MgO: PPLN 

design (82); (83). A more straightforward method that attracts much interest is the 

single-pass frequency doubling of semiconductor laser using bulk or waveguide 

nonlinear crystals. This method has less number of conversion steps than IC-FD 

DPSS lasers. Instead of conversion from electricity to 808 nm, 808 nm to 1064 nm, 

and 1064 nm to 532 nm, the single pass design converts the 1064 nm light emitted 

from the semiconductor laser diodes directly to 532 nm green light. As a result, at 

low pump power range, the EO efficiency of the single pass can be potentially as 

high as 30% when the pump is less than 1 W, as reported in a series of studies by 

Nguyen et al at Corning Inc (26); (84); (85); (86); (87); (88). It has been reported by 

the same group that the average wall-plug efficiency of 10% achieved green light 

generation with the method of single-pass frequency-doubling of semiconductor 

lasers with PPLN. Such device performance sets a benchmark for other types of 

green laser designs. Single-pass FD green laser has its own advantages and 

disadvantages. Some advantages include low noise, high frequency modulation 

capacity and potential low cost that make it an ideal candidate for the micro-mirror-

based laser projection systems (89). However, some disadvantages include narrow 

temperature tolerance, the necessity for a long nonlinear crystal, and apart from 
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these, a portion of the fundamental power is unavoidably wasted due to the single-

pass design.  

The problems of the single-pass frequency-doubling green lasers are solved 

by a superior design of intra-cavity frequency-doubling (IC-FD) of semiconductor 

lasers both theoretically (80); (90); (91) and experimentally (35). With the pump 

current of 700 mA and coupling efficiency of 70%, the green light emission power 

vs. injection current was compared among the single-pass FD laser with 12 mm 

MgO: PPLN crystal and IC-FD lasers with 6 mm and 12 mm MgO: PPLN crystals 

as illustrated in Fig. 2.4. Fig.2.5 shows the calculated green light emission power 

with different MgO: PPLN crystal lengths for IC-FD and single-pass FD lasers, 

with coupling efficiency of 70% and pump current of 700 mA. It is clearly evident 

from the simulated results that the IC-FD design is superior to single-pass FD 

design with higher efficiency. 
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Figure 2.4 Comparison of green power vs. injection current among IC-FD laser 

with two MgO: PPLN lengths and a single-pass FD laser with the same parameters. 

The coupling efficiency is 70% (91). Reproduced with permission. 
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Figure 2.5 Comparison of green power vs. MgO: PPLN crystal length between IC-

FD laser and single-pass FD laser. The coupling efficiency is 70% and pump 

current is 700 mA (91). Reproduced with permission. 

In addition to higher efficiency, it has been reported that the IC-FD design 

also possesses better temperature tolerance and coupling efficiency than the single-

pass design, according to Xu et al in 2011 (91). Fig 2.6 shows the temperature 

tuning curves for the IC-FD laser with 6 mm MgO: PPLN crystal and single-pass 

FD laser with 12 mm MgO: PPLN crystal with 700 mA pump current and 70% 

coupling efficiency. Fig 2.7 indicates the comparison between output power with 

different coupling efficiency when the pump current is 700 mA between the IC-FD 
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design and the single-pass FD design. It is evident that green light output power of 

IC-FD design is much higher than the power of single-pass FD design at low 

coupling efficiency. Since high coupling efficiency is quite difficult to achieve in 

practice (>80% for the 6 mm crystal and >90% for the 3 mm crystal), the 

conclusion is the IC-FD design is superior to single-pass FD design. 

 

 

Figure 2.6 Temperature tuning curves for the IC-FD laser with 6 mm MgO: PPLN 

crystal and single-pass FD laser with 12 mm MgO: PPLN crystal with pump current 

of 700 mA and coupling efficiency of 70% (91). Reproduced with permission. 
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Figure 2.7 The output power for single-pass FD and IC-FD lasers with different 

coupling efficiency between semiconductor LD and MgO: PPLN crystal, when the 

pump current is 700 mA (91). Reproduced with permission. 

Because of the advantages such as high efficiency, simplicity in designing 

and smallness in size, Nd/YVO4/MgO:PPLN green laser with optical contact 

crystals attracts lots of interest among researcher these years. Due to the small size 

of the crystals and the simple design of the optical contact, this kind of green laser 

is sometimes called microchip green laser (82-83); (92-97). In 2010, over 500 mW 
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of green laser at the wavelength of 532nm was demonstrated with the electrical-to-

optical efficiency of 9.3% (93). 
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Chapter 3 EXPERIMENT DESIGN AND MATERIALS 
 

3.1 Introduction 

 

 

In this chapter, the design of the Nd: YVO4/ MgO: PPLN green laser with the 

method of intra-cavity frequency doubling (IC-FD) is described. A detailed 

description of the preparation of the photosensitive organosiloxane is given in 

Section 3.2. Finally, the optical set-up and the characterization techniques were 

introduced in detail. 

 

3.2 Design and Performance of Nd: YVO4/MgO: PPLN Green Laser 

 

 

The design of the optical contact Diode Pumped Solid State (DPSS) laser 

involves some crucial issues: the design of the plano-parallel cavity structure, and 

the control of the operation temperature. The structure of the optical contact crystals 

is shown in Fig 3.1, and the construction of the microchip and the C-mount 808-nm 

is shown in Fig 3.2.  
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Figure 3.1 3-D structure of the microchip consist of Nd:YVO4 and MgO: PPLN 

(98). Reproduced with permission. 

 

Figure 3.2 Schematic of the construction of a green laser using an 808-nm LD and a 

PPLN microchip (98). Reproduced with permission. 

According to the PPLN crystal provider C2C Link Corporation, in order to 

achieve higher conversion efficiency of the laser, the 808 nm LD should be rotated 

by 90° as shown in Fig 3.2. The specification of the microchip is also available 

from the company manual as shown in Table 3.1. 

 



M.A.Sc Thesis-T. Wang; McMaster University - Engineering Physics 
 

 

52 

 

Material  Nd:YVO4/MgO:PPLN 

Pumping Wavelength (nm)  808 nm 

Operating Temperature ~25°C 

Facets Input: HT at 808nm, HR at 1064nm & at 532nm, 

Output: HR at 1064nm, AR at 532nm 

Optical to optical 

efficiency  

≥ 13% 

Dimension 1.5 mm(L)×2.2 mm(W)×0.5 mm (T) 

Table 3.1 Specification of the Nd: YVO4/MgO: PPLN microchip (98). Reproduced 

with permission. 

A Laser Diode of 808 nm wavelength emits 50 mW of power and the light is 

collimated into a Gradient-index (GRIN) lens. The focused beam has a very small 

70 μm size on Nd: YVO4 crystal. The crystals set is composed of 3% doped Nd: 

YVO4 of 0.5 mm in length and MgO: PPLN of 1 mm in length. The MgO: PPLN 

with an effective nonlinear coefficient (deff) of 17 pm/V was provided by the C2C 

Link Corporation (http://c2clink.com/). The input facet of Nd: YVO4 has Anti-

Refractive (AR) coating at 808 nm (R < 10%) and High-Refractive (HR) coating at 

1064 nm and 532 nm (R > 99.85%). The output facet of MgO: PPLN has HR 

coating at 1064 nm (R > 99.85%) and AR coating at 532 nm (R < 5%). The 

reflection coefficient is extremely small at the contact interface of Nd: YVO4 

crystal and MgO: PPLN crystal because of the refractive index difference between 

the crystals is very small. Theoretically, the reflection coefficient is as small as 

http://c2clink.com/
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0.002%. A set of TEC is adopted to control the thermal stability of the Nd: 

YVO4/PPMgLN chips as well as the temperature of the whole system. In Fig 3.3 

the design of the Nd: YVO4/PPMgLN green laser is illustrated. In Fig 3.4 the real 

green laser manufactured with such design is illustrated, emitting green light. 

 

 

Figure 3.3 Schematic structure of the optical contact Nd: YVO4/PPMgLN green 

laser on a side view (82). Reproduced with permission. 
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Figure 3.4 Picture of the real laser emitting green light 

The experimental results of the output power of the IC-FD Nd: 

YVO4/PPMgLN green laser is shown in Fig 3.5, with the electrical-to-optical 

efficiency close to 10%. Since there is no need for the extremely high power green 

laser for the self-trapping experiments, we adopted the 500 mW 808 nm LD as the 

pump, with the highest green output of 47 mW, which is sufficient for the high 

intensity regime of photopolymerization study. The TEC was set to 22° C for the 

duration of the experiments. 
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Figure 3.5 Power of green laser output verses pump power of 808 nm Laser Diode 

 

3.3 Preparation of Photosensitive Organosiloxane 

 

The photosensitive organosiloxane is prepared by condensation of 3-

(trimethoxysilyl) propyl methacrylate (MAPTMS) and hydrochloric acid. 

MAPTMS was obtained from Gelest Inc. (PA, USA) and 0.1 N standard HCl 

aqueous solution was obtained from Sigma-Aldrich, Canada. A solution of 

hydrochloric acid (0.55g of 0.05 N diluted from 0.1 N standard) was added to 

MAPTMS (8.8 g). A homogenized transparent fluid was obtained after stirring  the 
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mixture for 2 minutes. After the addition of free-radical photo-initiator (0.048 

g ,Ciba Specialty Chemicals Inc., Canada), the sol becomes photosensitive to 

visible light. Wrapped with aluminum foil, the sol was stirred for 5 days then 

filtered through a polytetrafluoroethylene (PTFE) membrane (0.2 μm pore size, Pall 

Corporation, USA) before used.  

A custom-made cylindrical cell was prepared from a commercially available 

plastic ring (Delrin) and microscope cover slips. One cover slip (25 × 25 mm) was 

glued to each end of the plastic ring (length 6 mm, external diameter 16 mm). The 

two microscope cover slips create parallel transparent windows with a fixed 

separation of 6 mm. 

For the process of pre-polymerization of the self-trapping experiment, the 

photosensitive organosiloxane sol (ca. 1.8mL) was injected into the cylindrical cell. 

By use of a quartz-tungsten-halogen lamp (Cole-Parmer ,j09790-series, IL, USA) 

operating at 3 mW, the organosiloxane sol was uniformly irradiated through the 

glass windows for 2 minutes in each direction. Through this process, the sol became 

partially polymerized, which transformed the sol into an orange gel that was unable 

to flow. 

 

3.4 Optical Set-up 

 

In order to observe the non-linear phenomena in the photopolymerizable 

material, the 2-D spatial intensity images of the exit beam are to be collected at the 
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exit face of the sample cell. A schematic of the optical set-up for the one-beam self-

trapping in the organosiloxane is given in Fig 3.6, and a photograph of the set-up is 

given in Fig 3.7. The light source used was a miniature green laser emitting TEM00 

mode continuous wave at 532 nm. The output beam power could be increased up to 

40 mW. By adjusting the intensity to the desired amount, the beam could be 

focused with a planoconvex lens (L1, F.L. = 75.6 mm) onto the entrance face of the 

organosiloxane sample cell (S) with a diameter ca. 20 μm. The sample cell was 

mounted on a custom-made sample holder which could be finely adjusted along the 

beam direction with a resolution of 0.5 μm. The cross-sectional intensity profile of 

the beam at the exit face of the sample cell was focused onto a high-resolution CCD 

camera (738(H) × 484(V) pixels, pixel size 4.80 μm(H) × 5.58 μm(V); LaserCam 

IIID ¼”, Coherent Inc., CA, USA). Before entering the camera, the beam was 

focused with a set of planoconvex lenses (L2, F.L.= 100 mm, and L3, F.L.= 300 

mm) and reduced in intensity by a set of neutral density filters (F) that are mounted 

on three separate rotatable wheels (VARM, Coherent Inc., CA, USA). The CCD 

camera was operated using BeamView Analyzer software (version 3.2) that 

provided the specification of the beam: the beam diameter (Full Width at Half 

Maximum (FWHM), 1/  ), the relative peak intensity. BeamView Analyzer was 

able to generate 2D and 3D intensity profiles and compensate for the magnification 

caused by the planoconvex lenses L2 and L3. All the optical components were 

mounted on carriers to ensure their alignment. 
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Figure 3.6 Optical Set-up of the self-trap study on one beam in the organosiloxane.  

The miniature green laser emitted 532 nm beam was focused with a lens (L1) 

onto the organosiloxane sample (S) and imaged at the exit face into a CCD camera 

with two planoconvex lens (L2 and L3) and a set of neutral density filters (F) which 

is positioned in between them. 
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Figure 3.7 Photograph of the real optical set-up for one beam self-trapping 

experiment.  

For the two beam interaction experiment, the optical set-up was very similar 

to the one beam experiment, except for the addition of a pinhole array before the 

planoconvex lens (L1). The pinhole array sets consisted of two pinholes of diameter 

50 μm and spacing 200, 500 and 1500 μm between the two holes respectively. A 
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schematic for the optical set-up for two-beam interaction experiment is given in Fig 

3.8 and a photograph of the set-up is given in Fig 3.9. 

 

 

 

 

 

 

 

Figure 3.8 Optical Set-up of the two beam interaction study in the organosiloxane.  

The miniature green laser emitted a 532 nm beam which was expanded by a 

beam expander (E). The beam was split at the pinhole array (P), the beams were 

focused with a lens (L1) onto the organosiloxane sample (S) and imaged at the exit 

face into a CCD camera with two planoconvex lens (L2 and L3) and a set of neutral 

density filters (F) which was positioned between them. 

 

 

Figure 3.9 Photograph of the optical set-up for the two-beam experiments 
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The study of the one beam self-trap within the organosiloxane material 

induced by the light of 532 nm required the adjustment of the input beam intensity. 

The laser was tuned to a large range of powers and measured after the planoconvex 

lens L1 immediately before the entrance face of the sample. A measurement was 

taken with a power meter (FieldMaster, Coherent Inc., CA, USA) with a silicon 

detector (LM-2-VIS, Coherent Inc., CA, USA), which had a measurement range of 

10 nW to 50 mW in power and 0.4 μm to 1.06 μm in wavelength. The intensity of 

the focused beam before the entrance face of the sample is shown in Table 3.2, 

calculated with the equation of 4P/π  , where d is the value of the diameter of the 

focused beam measured by the CCD camera. 
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Intensity 

(W·cm
-2

) 

Power 

(W) 

Absorption 

Filter No.1 

Absorption 

Filter No.2 

Absorption 

Filter No.3 

CCD 

Filter 

(O.D.) 

3.2×     1×      1.00 1.00 1.00 0.5 

1.92×     6×      1.00 1.00 1.00 0.5 

0.0032 1×     1.00 1.00 0.071 0.5 

0.008 2.5×     0.001 1.00 0.084 0.5 

0.0192 6×     1.00 1.00 1.00 3.47 

0.192 6×     1.00 1.00 1.00 3.47 

1.6 5×     1.00 0.021 0.06 3.47 

16 5×     0.001 0.035 0.06 3.47 

32 1×     0.001 0.035 0.084 1.3 

64 2×     0.010 1.00 0.084 1.3 

80 2.5×     0.001 0.021 0.084 1.3 

95 3×     0.1 0.021 0.06 1.3 

159 5×     0.001 0.035 0.06 3.47 

1592 5×     0.1 0.021 0.071 3.47 

6368 2×     0.1 0.06 0.06 3.47 
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Table 3.2 The intensity range of the focused beam at the entrance face of the sample 

with the corresponding filters and neutral density filter adopted to attenuate the light 

before it enters the CCD camera. The combination was made of three filters that are 

labeled with the value of transmittance and the CCD filter is labeled with the 

Optical Density (O.D.). 

The experiments were performed under different regimes of intensity that can 

be classified into three categories: low intensity regime, medium intensity regime 

and high intensity regime. 

The self-trapping structures within the organosiloxane sample were 

characterized by use of reflection optical microscopy (BX51, Olympus Corp, Tokyo, 

Japan) and transmission optical microscopy (SteREO Discovery. V12, maximum 

magnification 400x, Carl Zeiss Ltd. Germany). In order to prevent the sample from 

further polymerization which would damage the self-trapping structure, a red filter 

was adopted in the white light path.  
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Chapter 4 FORMATION AND EVOLUTION OF A SELF-

TRAPPED BEAM OF LASER LIGHT IN A 

PHOTOPOLYMERIZABLE MEDIUM 
 

4.1 Introduction 

 

As introduced in chapter 1, based on the theoretical analysis of the self-

trapping beams in photopolymerizable material (103-105), some phenomena are 

expected to be observed. These include: the formation of the multimode waveguide 

as the beam self-traps as it propagates through, the evolution of the refractive index 

change, and the excitation of the high-order modes. Previous research into self-

trapping has mainly focused on the formation of the waveguides by the propagation 

of the beam in different types of media such as epoxy resins (106). Other studies 

have been done in specific fields including: the spectroscopic monitoring of the 

formation of the waveguide induced by visible light (107), the introduction of beam 

filamentation within the waveguide when the intensities reach a certain point (108-

109), and interactions of the waveguides in photopolymerizable resins (110). 

Different types of applications for the self-trap waveguides have also been proposed. 

Sugihara et al have proposed the application of the single-mode interconnects (111); 

Yamashita et al have proposed multimode interconnects (112), Yamashita et al  

have proposed the fiber interconnects (113), and Yonemura et al  have proposed 

wavelength division multiplexers (115). Research into complicated self-written 

structures has also attracted considerable interest. To date, studies on waveguide 
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arrays with VCSEL (116), high-order modes on fiber end (117), and artificial 

compound eyes (118) have been reported. In summary, the research mentioned here 

demonstrates the self-trapping of both (1+1)D and (2+1)D in photopolymerizable 

materials. 

The main focus of this chapter is the temporal evolution of the self-trapped 

beam and the analysis of the dynamics over a broad range of the incident beam 

intensities over 8 orders of magnitude (from 3.2×     W·cm
-2 

to 6368 W·cm
-2

). By 

employing a high resolution CCD camera (738(H) × 484(V) pixels, pixel size 4.80 

μm(H) × 5.58 μm(V)), it was possible to profile the beam characteristics with visual 

pictures and measure the change quantitatively at the exit face of the 

organosiloxane sample.  

The chapter includes a detailed analysis of the formation of high-order modes 

as the beam self-traps at the intensity of 1.92×     W·cm
-2

; the trends of the 

intensity-dependence of self-trapping based on the spatial profiles at the entire 

range of intensities; and the summary of the single-beam self-trapping in the 

photopolymerizable organosiloxane. 

 

4.2 Self-Trapping 

 

In this section, a typical self-trapping of one beam experiment is 

demonstrated. A Gaussian beam at 532 nm with the average intensity of 1.92×     

W·cm
-2

 was focused at the entrance face of the custom-made cylindrical sample cell 
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containing the photopolymerizable organosiloxane. The refractive index of the 

organosiloxane is 1.47, with the linear situation, the beam diffracts along both of 

the transverse directions. As the beam was focused at the entrance face of the 

sample cell with a focal width of 20 μm, the beam width would diffract to 118 μm 

as it propagates 6 mm from the entrance face to the exit face of the medium if 

there’s no refractive change in the organosiloxane. However, the organosiloxane is 

photosensitive due to the addition of photoinitiator, it can have a maximum 

refractive index change of Δ  ~0.006 (101). Due to the refractive index change 

induced by the incident beam, the beam self-traps as it propagates without 

diffracting in the medium. 

The 2-D intensity profile of the beam at the exit face was monitored by the 

high resolution CCD camera, and a typical profile of the beam without going 

through the sample is shown in Fig. 4.1. 
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Figure 4.1 2-D beam profile at the exit face of the sample cell without going 

through the organosiloxane with the beam intensity of 1.92×     W·cm
-2

 

The temporal evolution of 2-D intensity of the beam profile at the exit face is 

shown in Fig 4.2. The beam started to self-trap immediately after the 

organosiloxane was exposed to the green laser beam. The beam size at the exit face 

shrunk continually to an irregular form in 23 seconds with a core of high intensity, 

showed at Fig 4.2 (b). After 53 seconds (Fig 4.2 (c)) of self-trapping, the beam 

became as small as about one tenth of the size of the initial size, and it self-trapped 

to a single LP01 mode beam from 60 seconds (Fig 4.2 (d)) to 72 seconds (Fig 4.2 

(e)). At 72 seconds, the beam had a minimal diameter of 15 μm, and the average 

  30 μm 
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intensity became as high as 2.06 mW·cm
-2

. Compared to the diffracted beam with a 

diameter of 118 μm, the beam self-trapped to one eighth in its diameter which 

shrunk to as small as about 15 μm and remained in that size for about 15 seconds. 

High-order mode started to form after 87 seconds (Fig 4.2(f)), and as the complex 

multi-mode evolved from 96 seconds (Fig 4.2(g)), the diffraction rings started to 

form and were very clearly observed at 226 seconds (Fig 4.2(i)). The self-trap beam 

evolved till ca. 250 seconds after the beginning of the experiment, exhibiting 

complementary oscillations in relative peak intensity and effective beam diameter 

as shown in Fig 4.3. The modes observed during the self-trapping of the beam are 

identified by comparing to the linear polarized, high-order mode of passive 

cylindrical waveguides. After 96 seconds, the beam profile shows that the modes 

that are difficult to resolve, however, the beam remained self-trapped and did not 

change back to the diffracting form. 
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Figure 4.2 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

with the average intensity of 1.92×     W·cm
-2

, profiles were acquired at (a) 0 s, 

(b) 23 s, (c) 53 s, (d) 60 s, (e) 72 s, (f) 87 s, (g) 96 s, (h) 104 s, (i) 226s. 

30 μm 
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Figure 4.2 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beam at the exit face of the sample cell as the beam self-traps in the 

organosiloxane with the average intensity of 1.92×     W·cm
-2

, profiles were 

acquired at (a) 0 s, (b) 23 s, (c) 53 s, (d) 60 s, (e) 72 s, (f) 87 s, (g) 96 s, (h) 104 s, (i) 

226s. 
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Figure 4.3 Temporal plots of the peak intensity (dark gray line) and effective beam 

diameter (light gray line) as the green laser beam self-traps in the organosiloxane 

medium with the intensity of 1.92×     W·cm
-2

. 

The results above agreed with the predictions of theoretical models of self-

trapping in photopolymerizable mediums (103), (104), (120), (121), (122). As 

discussed in chapter 1, the self-trapping phenomena can be understood as the 

solutions to the nonlinear Schrodinger equation. As a result, the majority of the 

simulations of light propagation are done based on the Schrodinger equation (70), 
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(122). According to the model introduced by Monro et al (104), the paraxial wave 

equation is used to describe the light propagation in the following form: 

     
  

  
 

 

 


 

 
    

       
 

 
                                                        (4.1) 

Where      , is the free space wave number,    is the initial refractive 

index, and                 , while n is the current refractive index and 

                 
          is the electric field envelope amplitude,   is the 

attenuation coefficient of the medium at wavelength λ.  

In the Monro model, the simple phenomenological model is used which 

includes saturation effects, to describe the temporal evolution: 

   

  
          

  

   
                                                                                          (4.2) 

Where t is the time and     is the maximum (fixed saturation) value of the 

refractive index change, and A is a material-dependent parameter, which also 

changes with the wavelength of the light.  

According to Equ. 4.1 and 4.2, the propagation rate is proportional to the 

intensity(   ) and decays as the 
  

   
  , and the counterbalance between the 

natural diffraction (x, y) and the refractive index change (Δn(x, y, z, t)) induced by 

self-trapping is described as well. 

The experimental results demonstrated in Fig 4.2 agreed with the numerical 

simulation of the beam propagation as it self-traps in the polymer demonstrated in 

Fig 4.4. (103). The increase of the relative peak intensity and decrease in the 
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effective beam diameter within the first 65 seconds indicated the self-focusing 

process and then self-trapping process afterwards in the channel waveguide (103).  

 

Figure 4.4 Numerical 2D Simulation of the intensity of the self-trapping Gaussian 

beam propagating in a photopolymerizable medium (103). Reproduced with 

permission. 

In this typical experiment, the intensity of the green light is 60 nW. The 

average intensity is 1.92×     W·cm
-2

. When the beam self-trapped as it 

propagated through the organosiloxane, different kinds of high-order modes were 

observed at the exit face of the sample cell (Fig 4.2). There was very clear 

formation of fundamental LP01 mode and superpositions of high-order modes in 

comparison with the linearly polarized, high-order optical modes of passive 
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cylindrical waveguides. The results indicated that the beam behaves in 

correspondence to the linearly-polarized modes in cylindrical waveguides such as in 

optical fibers (123-125). In both experimental and simulation results, the profiles 

along the propagation direction (z) did not remain Gaussian but demonstrated 

multiple lobes. This can be explained as the superpositions of the high-order modes. 

Unlike other experiments, this experimental design enables the visualization of the 

spatial intensity and beam shape at the exit face and in situ monitoring of temporal 

evolution of the beam within the waveguide. 

 

4.3 Intensity Dependence of Self-Trapping 

 

As we discussed in previous section, a typical self-trapping experiment in 

organosiloxane involved a beam at 532 nm of wavelength and 1.92×     W·cm
-2

 

average intensity. Experiments with a wider range of the beam intensity were 

examined as well, and as the intensity spanned over 8 orders of magnitude, the 

average intensities were categorized into three regimes, as indicated in Table 4.1 
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Intensity Regime Intensity 

(W·cm
-2

) 

Power 

(W) 

 

 

Low-intensity regime 

3.2×     1×      

0.0032 1×     

0.0192 6×     

 

Mid-intensity regime 

0.192 6×     

1.6 5×     

16 5×     

 

High-intensity regime 

159 5×     

1592 5×     

6368 2×     

  

Table 4.1Category of different regimes of intensity covering 8 orders of magnitude. 

The left column describes three different regimes, the mid-column describes the 

average intensity, and the right column describes the magnitude of the power of the 

beam. 

The dynamics of self-trapping within photopolymerizable medium is 

dependent on the average intensity of the beam according to the theoretical 

prediction. The change of phenomena include the formation of the diffraction rings 
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and filamentation at the high intensity regimes, and the change is caused by the 

change of refractive index which can be described in the following equation (103): 

               {1-exp[- 
 

  
          
   

 
]}                                                   (4.3) 

Where τ is the monomer radical lifetime,     is the maximum refractive 

index change,    is the critical exposure required to initiate the 

photopolymerization, t is time, and         is the intensity of the incident beam. 

Based on Equ. 4.3, the refractive index change increases as the light exposure 

goes up, until saturation, where the refractive index change reaches to its maximum, 

namely   . No matter in what regime of intensity the beam is, the maximum 

refractive index change can be achieved at different exposure time. The trend of 

Equ 4.3 was proposed by Villafranca et al and the illustration of the formation of 

the lenses at intensities in the low, mid and high-intensity regime was given. (127) 

 

 

Figure 4.5  (a) Refractive index change as a function to energy. (b) Spatial profile 

of the Gaussian beam and the optical after 1 second of exposure. U0 is the critical 
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exposure required for photoinitiation, Esat is the energy required to achieve 

maximum refractive index change, and Δns is the refractive index change at 

saturation (127). Reproduced with permission. 

Because of the intensity dependence of the difference in self-trapping 

phenomena caused by the difference of refractive index changes, different 

parameters were examined with different intensity, the parameters include: self-

focusing time, self-trapped beam diameter and beam profile. 

The self-focusing time is defined as the time from the start of the exposure of 

light to the first exhibition of significant narrowing of the beam. As shown in Fig 

4.3, the beam profile exhibits the steep decrease in its size and the peak intensity 

increases as a result during the self-trapping. A plot of the self-focusing time 

against initial intensity is shown in Fig. 4.8. The plot is approximately parabolic in 

its shape, with the minimum of 15 seconds at the average power of 0.008 W·cm
-2

. 
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Figure 4.6 Plot of the self-focusing time against the average intensity of the incident 

beam 

As indicated Fig 4.6, the self-trapping time decreases as the average intensity 

of the incident beam goes up in the low-intensity regime. After reaching the 

minimum value at 0.008 W·cm
-2

, the self-trapping time increases along with the 

increase of the average intensity, and the time decreases again at the maximum 

average power of 6368 W·cm
-2

. Due to the refractive index change induced by the 

self-focusing beam at the entrance of the medium, the refractive index change has 

its own Gaussian profile. The lens would have the maximum possible refractive 

index (   ) at the axial region of the lens, and a symmetric decay in the refractive 

index till the end. For low intensity light exposure, it takes longer (t>>  ) to achieve 
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    at the axial region of the beam according to Equ 4.3. Because the larger the 

intensity of the light is, the less time it takes to induce a lens, and the self-focusing 

time decreases as the beam intensity goes up in the low intensity regime. The trend 

is the opposite in the mid intensity and high intensity regimes. The reason behind 

this phenomenon is that the large section of the beam simultaneously achieves 

saturation, as a result, the maximum refractive index change     is achieved in a 

large region, and the lens is not as strong as one with the steep gradient in the low 

intensity case. Consequently, it takes longer to for the beam to self-focus at high 

intensity. 

A plot of the self-trap beam diameter against the intensity of incident beam is 

given in Fig 4.8. The plot follows the similar pattern as the self-focusing time plot 

in Fig 4.7. The self-trap beam diameter decreases from 35 ± 5 μm to 12 ± 4 μm 

when the intensity of the incident beam increases from 3.2×     W·cm
-2

 to 0.008 

W·cm
-2

. The smallest beam is one tenth the width compared to the diffracted beam. 

Similarly to the intensity dependence self-focusing time plot, the trend is the 

opposite in the mid intensity and high intensity regimes, the self-trap beam diameter 

increases when the intensity of the incident beam goes up. As the intensity reached 

the maximum of 6368 W·cm
-2 

in this experiment, the beam width is 79 ± 40 μm, 

which is over half of the diffracted diameter. The cause of the above phenomena is 

the same as that for the trend in the self-focusing time. Due to the mechanism of 

forming the lens with different index gradients, the focused beam diameter is 

consequently different. 
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Figure 4.7 Plot of the self-trap beam diameter against the average intensity of the 

incident beam 

The beam profile is different due to the different refractive profile induced in 

the organosiloxane at different intensities of the incident beam. With the difference 

in refractive index change (Δn) saturation, different phenomena were observed at 

the exit face of the sample cell. Different 2-D profiles are presented within different 

intensity regime. 

In the low-intensity regime, the dynamics of self-trapping can be concluded 

as the sequence of refractive index change, self-focusing, waveguide formation and 

excitation of high-order modes. Because of the low intensity the 
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photopolymerizable organosiloxane is exposed to, the refractive index change has a 

very small value and therefore the waveguides supports fewer modes, compared to 

the mid-intensity and high-intensity exposed waveguides that support more 

complicated modes superpositions. 

 

Figure 4.8 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

with the average intensity of 1.92×     W·cm
-2

, profiles were acquired at (a) 0 s, 

(b) 25 s, (c) 57 s, (d) 90 s, (e) 134 s, (f) 243 s 

 

30 μm 
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Figure 4.8 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beam at the exit face of the sample cell as the beam self-traps in the 

organosiloxane with the average intensity of 1.92×     W·cm
-2

, profiles were 

acquired at (a) 0 s, (b) 25 s, (c) 57 s, (d) 90 s, (e) 134 s, (f) 243 s 
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Figure 4.9 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

30 μm 
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with the average intensity of 1.6 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 9 s, (c) 

137 s, (d) 162 s, (e) 197 s, (f) 255 s, (g) 284 s, (h) 309 s, (i) 343s, (j) 377s, (k) 444s, 

(l) 522 s 
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Figure 4.9 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beam at the exit face of the sample cell as the beam self-traps in the 
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organosiloxane with the average intensity of 1.6 W·cm
-2

, profiles were acquired at 

(a) 0 s, (b) 9 s, (c) 137 s, (d) 162 s, (e) 197 s, (f) 255 s, (g) 284 s, (h) 309 s, (i) 343s, 

(j) 377s, (k) 444s, (l) 522 s 

In the mid-intensity regime, the refractive index changes at a much greater 

rate, and as a result, the high-order modes are not clearly observable, and the self-

trapping time of the beam is noticeably less than that of the low-intensity regime. 

Essentially, the self-induced waveguides achieve saturation faster in the mid-

intensity regime compared to low-intensity regime, and the superpositions of high-

order modes can be observed during the process of self-trapping. As shown in Fig 

4.8, the temporal plot of the beam profile at the exit face of the sample cell when 

the incident beam average intensity is 1.92×     W·cm
-2

. 

When the incident beam intensity increases to 1.6 W/   , a very different 

phenomenon were observed. The concentric diffraction rings were formed around 

the self-focused beams as shown in Fig 4.9.  The beam developed into concentric 

rings in 9 seconds after the self-trapping experiment starts, and up to 10 rings were 

observed during the experiment. The highest intensity examined in this mid-

intensity regime was 16 W·cm
-2

, as shown in Fig 4.10. The beam self-focused to 

superpositions of multiple high-order modes, and no discernible diffraction rings 

were observed with this intensity. 

The concentric rings that have been observed in other nonlinear mediums 

(such as Kerr media and photorefractive crystals) as the Gaussian beam propagates 

through, the phenomenon is considered to be self-diffracting effects. The reason the 
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self-diffracting happens is the spatial self-phase modulation and the as dispersive 

spatial shock waves that is similar to shock waves in superfluids according to Wan 

et al from Princeton University (126).  

 

 

Figure 4.10 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

30 μm 
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with the average intensity of 16 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 37 s, 

(c) 54 s, (d) 88 s, (e) 129 s, (f) 172 s, (g) 222 s, (h) 254 s 

In the high-intensity regime, the evolution of the 2-D beam profile is very 

different from that of low-intensity and mid-intensity regime. There is no sharp 

increase in peak intensity or sudden decrease in effective beam diameter during the 

self-trapping in the photopolymerizable organosiloxane. 

The results of the experiments with high-intensity regime beams are shown in 

Fig 4.11 and Fig 4.12, with the average intensity of 160 W·cm
-2

, and 1592 W·cm
-2 

respectively. As with the 160 W·cm
-2 

experiment, the beam self-trapped in an 

irregular form, resulting in multiple maximum focused dots. As with the 1592 

W·cm
-2 

experiment, the beam divided into two segments and each later self-trapped 

respectively at different times. Beam filamentation takes place through a 

mechanism very similar to the modulation instability in photopolymerizable 

material. Theoretically, in high-intensity regime, the induced refractive index 

gradient is not sufficient to support the self-trap of the Gaussian beam, and the 

noise in the beam becomes filaments after being amplified.  
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Figure 4.11 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

with the average intensity of 160 W·cm
-2 

, profiles were acquired at (a) 0 s, (b) 36 s, 

(c) 60 s, (d) 85 s, (e) 112 s, (f) 133 s, (g) 173 s, (h) 204 s, (i) 255s 

30 μm 
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Figure 4.11 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beam at the exit face of the sample cell as the beam self-traps in the 

organosiloxane with the average intensity of 160 W·cm
-2 

, profiles were acquired at 

(a) 0 s, (b) 36 s, (c) 60 s, (d) 85 s, (e) 112 s, (f) 133 s, (g) 173 s, (h) 204 s, (i) 255s 
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30 μm 
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Figure 4.12 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beam at the exit face of the sample cell as the beam self-traps in the organosiloxane 

with the average intensity of 1592 W·cm
-2

, profiles were acquired at (a) 0 s, (b) 4 s, 

(c) 35 s, (d) 51 s, (e) 73 s, (f) 96 s, (g) 115 s, (h) 131 s, (i) 165 s, (j) 181 s, (k) 197 s, 

(l) 218 s 
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Figure 4.12 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beam at the exit face of the sample cell as the beam self-traps in the 

organosiloxane with the average intensity of 1592 W·cm
-2

, profiles were acquired at 

(a) 0 s, (b) 4 s, (c) 35 s, (d) 51 s, (e) 73 s, (f) 96 s, (g) 115 s, (h) 131 s, (i) 165 s, (j) 

181 s, (k) 197 s, (l) 218 s 

 

4.4 Conclusions 

 

In this chapter, an examination was made of the phenomena of self-trapping 

continuous-wave Gaussian beam of 532 nm of wavelength as it propagated through 

the photopolymerizable organosiloxane over 8 orders of magnitude in intensity. As 

the intensity increased, different beam profiles at the exit face of the sample cell 
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were able to be observed (Figs 4.2, 4.8, 4.9, 4.10, 4.11, 4.12), and a trend in the 

self-focusing time against the beam intensity (Fig 4.6), and a trend in the effective 

beam diameter against the beam intensity (Fig 4.7) were noted. Both trends have its 

lowest point at the average power of 0.008 W·cm
-2

. 

The results confirmed the predictions of the theoretical models developed in 

the past decades. These included the formation of high-order modes, the appearance 

of diffraction rings, and the existence of multimode waveguides. The utility of this 

experiment makes it possible to observe all these phenomena with a CCD camera 

focused at the exit face of the sample cell. Data for the temporal evolution of the 

beam has been recorded for further study. The broad range of the output intensity of 

the IC-FD Nd: YVO4/ MgO: PPLN green laser made it possible to initiate the 

experiment with the intensity of 8 orders of magnitude, and the quantitative analysis 

indicated the significance of the gradient of the self-induced refractive index change, 

with the conclusion that the most effective self-trapping at the low-intensity regime 

was where the strongest gradient are formed. Diffraction rings and the beam 

filamentation could clearly be observed at the mid-intensity and the high-intensity 

regime respectively. 
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Chapter 5 INTERACTIONS OF A PAIR OF MUTUALLY 

COHERENT SELF-TRAPPED BEAMS IN A 

PHOTOPOLYMERIZABLE MEDIUM 
 

5.1 Introduction 

 

When a typical Gaussian beam propagates through the photopolymerizable 

material, the refractive index of the medium is modified as the beam shines through. 

Different gradients can also be formed with incident beams of various intensities. 

Self-trapping occurs with both coherent laser light (127) and incoherent white light 

(128). However, different from what was observed with the two-beam interactions 

of self-trapped white light (129), the phenomena were observed with the coherent 

two-beam interaction with a light source of IC-FD Nd: YVO4/ MgO: PPLN green 

laser split into two coherent beams with a pinhole array were presented. 

In this chapter, a focus has been put on the interactions of the two parallel 

beams with different distances in between them. The pinhole array sets that were 

used to split the laser beam possessed two pinholes of the diameter of 50 μm and 

spacing of 200, 500 and 1500 μm between the two holes respectively. Each pinhole 

set gave two parallel beams a different separation. With a high-resolution CCD 

camera focused at the exit face of the sample cell, the profile of the beam 

characteristics could be examined with visual pictures and it was possible to 

measure the change quantitatively at the exit face. This chapter consists of detailed 
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analysis of the progression of the beam profiles as the distance between the beams 

was alterred. 

 

5.2 Generation of a Pair of Parallel-Propagating Self-Trapped Beams 

 

A Gaussian beam of 532 nm was expanded with a 10× beam expander and 

was split by a pinhole array, after which the average intensity was approximately 

2×     W·cm
-2

 at the entrance face of the custom-made cylindrical sample cell 

containing the photopolymerizable organosiloxane. The refractive index of the 

organosiloxane is 1.47. The beams were focused at the entrance face of the sample 

cell with a focal width of around 500 μm depending on the separation of the 

pinholes. The 2-D intensity profile of the beams going through a 500, 200, 1500 μm 

pinhole array at the exit face was monitored by the high resolution CCD camera, 

and a typical profile of the beams without going through the sample is shown in 

Figs 5.1, 5.2, 5.3. 
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Figure 5.1 2-D (and 3-D) profile at the exit face of the sample cell without going 

through the organosiloxane, with a pinhole array of 500 μm distance between the 

two pinholes employed to split the beam, the focused beam diameter is 70 μm and 

the distance between the two beams is 589 μm, the average intensity is 

approximately 2×     W·cm
-2

. 
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Figure 5.2 2-D (and 3-D) profile at the exit face of the sample cell without going 

through the organosiloxane, with a pinhole array of 200 μm distance between the 

two pinholes employed to split the beam, the focused beam diameter is 31 μm and 

the distance between the two beams is 222 μm, the average intensity is 

approximately 2×     W·cm
-2

. 
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Figure 5.3 2-D (and 3-D) profile at the exit face of the sample cell without going 

through the organosiloxane, with a pinhole array of 1500 μm distance between the 

two pinholes employed to split the beam, the focused beam diameter is 60 μm and 

the distance between the two beams is 1722 μm, the average intensity is 

approximately 2×     W·cm
-2

. 

 

5.3 Two-Beam interactions with variable distances 

 

The temporal evolution of the 2-D intensity of the beam profile at the exit 

face is shown in Fig 5.4 
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Figure 5.4 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beams (500 μm pinhole) at the exit face of the sample cell as the beams self-traps in 

the organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were 

acquired at (a) 0 s, (b) 22 s, (c) 267 s, (d) 367 s, (e) 409 s, (f) 499 s, (g) 745 s, (h) 

788 s, (i) 1054 s. 

300 μm 
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Figure 5.4 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beams (500 μm pinhole) at the exit face of the sample cell as the 

beams self-traps in the organosiloxane with the average intensity of 2×     W·cm
-

2
, profiles were acquired at (a) 0 s, (b) 22 s, (c) 267 s, (d) 367 s, (e) 409 s, (f) 499 s, 

(g) 745 s, (h) 788 s, (i) 1054 s. 
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The beam started to self-trap immediately after the organosiloxane was 

exposed to the green laser. The superspostions of the high-order modes appeared at 

22 seconds into the experiment (Fig 5.4(b)), and single ring filamentation started to 

form separately. The ring on the right side formed at 745 seconds (Fig 5.4(g)), and 

the ring on the left side formed at 788 seconds (Fig 5.4(h)), and the two rings were 

fully formed at 1054 seconds (Fig 5.4(i)).  
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Figure 5.5 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beams (200 μm pinhole) at the exit face of the sample cell as the beams self-traps in 

the organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were 

acquired at (a) 10 s, (b) 32 s, (c) 116 s, (d) 252 s, (e) 514 s, (f) 662 s, (g) 788 s, (h) 

1054 s, (i) 1862 s. 

200 μm 
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Figure 5.5 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beams (200 μm pinhole) at the exit face of the sample cell as the 

beams self-traps in the organosiloxane with the average intensity of 2×     W·cm
-

2
, profiles were acquired at (a) 10 s, (b) 32 s, (c) 116 s, (d) 252 s, (e) 514 s, (f) 662 s, 

(g) 788 s, (h) 1054 s, (i) 1862 s. 
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As the experiment was switched to pinhole array with 200 μm distance 

between the two beams, the focused beam diameter was 31 μm at the entrance face 

of the sample cell, and the distance between the beams was 222 μm. The intensity 

profile of the beams is shown in Fig 5.5. The high-order modes came into formation 

at 10 seconds (Fig 5.5 (a)) into the experiment, and seemingly LP11 modes were 

formed with both beams as the time elapsed, as shown in Figs 5.5 (b) and 5.5 (c). 

At approximately 252 seconds, the single diffraction ring started to form with one 

of the beams (Fig 5.5 (d)), and the self-trapping resulted as multiple filaments after 

1000 seconds (Figs 5.5 (h) and 5.5 (i)). 
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Figure 5.6 Temporal evolution of the 2-D (and 3-D) spatial intensity profiles of the 

beams (1500 μm pinhole) at the exit face of the sample cell as the beams self-traps 

in the organosiloxane with the average intensity of 2×     W·cm
-2

, profiles were 

acquired at (a) 0 s, (b) 34 s, (c) 256 s, (d) 391 s, (e) 500 s, (f) 588 s, (g) 736 s, (h) 

1054 s, (i) 1564 s. 

400 μm 
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Figure 5.6 (Continues) Temporal evolution of the 2-D (and 3-D) spatial intensity 

profiles of the beams (1500 μm pinhole) at the exit face of the sample cell as the 

beams self-traps in the organosiloxane with the average intensity of 2×     W·cm
-

2
, profiles were acquired at (a) 0 s, (b) 34 s, (c) 256 s, (d) 391 s, (e) 500 s, (f) 588 s, 

(g) 736 s, (h) 1054 s, (i) 1564 s. 
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As the experiment was switched to a pinhole array with 1500 μm distance 

between the two beams, the focused beam diameter was 60 μm at the entrance face 

of the sample cell, and the distance between the beams was 1722 μm. The intensity 

profile of the beams is shown in Fig 5.6. The beams started to decrease in their size 

at 34 seconds (Fig 5.6 (a)) into the experiment, and the high-order modes came into 

formation in both of the beams, as shown in Figs 5.6 (b) and 5.6 (c). At 

approximately 391 seconds, the single diffraction ring started to form with one of 

the beams (Fig 5.6 (d)), and the other beam became like a ring shape diffraction 

pattern at around 736 seconds, as shown in Fig 5.6 (g). At the end of the experiment, 

the self-trapping resulted as multiple filaments after 1000 seconds (Figs 5.6 (h) and 

5.6 (i)). 

The single diffraction ring formed as a result of the flattened refractive index 

profile. As indicated in Fig 5.7, the Gaussian index profile flattened over time. The 

beam encountering the flattened Gaussian index profile was focused into a ring 

under nonlinear conditions (130). 
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Figure 5.7 Calculated temporal variation of refractive index profiles induced by a 

Gaussian beam in a photopolymer, time is represented by steps (130). Reproduced 

with permission. 

 

 

5.4 Conclusions 

 

The parallel-propagating and mutually coherent 532 nm green laser beams 

self-trapped as they traveled though the photopolymerizable organosiloxane. Single 

diffraction ring formed as a result of the flattened refractive index profile. There 
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was a competition between the beams and one of them exhibited the phenomenon 

of single-ring diffraction as discussed in Chapter 4.3. The intensity of one of the 

beams became dominantly higher than the other when the diffraction ring was 

forming, while the other suffered from the decrease of the intensity after the self-

trapping began. As the two-beam self-trapping was taking place, there was no 

significant change in the distance between the two beams.  
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Chapter 6 CONCLUSIONS AND FUTURE WORK 
 

6.1 Conclusion 

 

The main motivation of this thesis was to experimentally investigate the self-

action phenomena in a photopolymer material with a miniature green laser. The 

design and fabrication of the intra-cavity frequency doubling (IC-FD) Nd: 

YVO4/MgO: PPLN laser was accomplished as the coherent light source. The 

dynamics of self-trapping and nonlinear propagation phenomena were examined 

with the incident beam intensity ranging over eight orders of magnitude. The 

studies involved detailed analysis of the self-action effects in the photopolymer 

induced by the miniature green laser; preliminary experiments on two-beam 

interaction experiments were also performed. The results of this thesis contributed 

to the understanding of the spatial nonlinear phenomena in photopolymer, and due 

to the introduction of miniature green laser, the set-up of the experiments was much 

simpler than previous attempts, particularly as only very few optical components 

were required. Possible future applications were proposed. 

Different methods to achieve green light of 532 nm were reviewed, and from 

theoretical consideration it was possible to design the green laser by adopting a 

proper method and material. The actual laser was made using the IC-FD method 
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employing optical contact Nd:YVO4 and periodically poled 5% doped MgO: 

LiNbO3 crystal. The laser could achieve over 40 mW green light output power with 

the electrical-to-optical efficiency of approximately 10%. The crystals microchip 

was made up of a 0.5 mm long Nd doped Nd: YVO4 and 1 mm long MgO: PPLN 

with 7 μm period, with coatings on both sides. The thermal control ensured the 

stable light output of the laser. The output was a single mode green light of 532 nm 

and the fluctuation was less than 2 %. 

By employing this miniature green laser as the light source, the design of the 

optical set-up allowed the in-situ monitoring of the beam profile as it self-trapped in 

photopolymers. Temporal evolution of the laser beams in the photopolymer was 

studied over a span of intensities across 8 orders of magnitude (from 3.2×     

W·cm
-2 

to 6368 W·cm
-2

). Different forms of nonlinear propagation were identified: 

the self-trapping at low-intensity regime, the formation of the diffraction rings at 

the mid-intensity regime and the beam filamentation at the high-intensity regime. 

The design of the experiment allowed the quantitative monitoring of the 

parameters of the self-trapping process. By examining the self-trapping parameters 

such as the self-trapping time and the effective beam diameters, it was observed that 

an optimum self trapping intensity (0.008W·cm
-2)

, at which the beam has the 

shortest self-trapping time and the smallest effective beam diameter. 

The two beam experiment was performed with a pinhole array that split the 

light into two parallel beams. Three sets of arrays were employed with 50 μm 

diameter pinholes and spacings of 200, 500 and 1500 μm between the two holes. 
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The experiment was carried out with the same average beam intensity of 

approximately 2×     W·cm
-2

. In addition to the phenomena observed in the one 

beam experiment, such as the formation of the diffraction ring, the filamentation of 

the beam, a competition was observed between the beams. One of them had 

dominantly higher intensity while forming the diffraction ring, as the other suffered 

from the decrease of the intensity after the self-trapping began. 

 

6.2 Future Work 

 

The work presented in this thesis provides a strong foundation for future work. 

A detailed intensity dependence study could be carried out in the two-beam 

interaction experiments. By comparing the different nonlinear actions in the two-

beam experiment, a better understanding of the interaction of self-trapping beams in 

organosiloxane could be achieved. Besides parallel beams, perpendicular beams or 

beams of different angles could also be investigated. 

Because of the simple design of the experiment set-up and the existence of the 

optimum self-trapping parameters, permanent structures induced through the self-

action effects in the photopolymers can be adopted for different optical applications. 

In order to solidify the feasibility of the application, new types of photopolymer 

with better stability after photopolymerization need to be examined. 
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