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ABSTRACT 

 

In this dissertation, supercontinuum generations in sapphire fibers under various 

conditions are investigated, and their corresponding effects are analyzed. Main 

motivation to use sapphire fibers as optical media for supercontinuum generation is that 

they have characteristics of good transparency in mid-IR, high laser damage threshold, 

and high melting temperature compared to conventionally utilized fibers including silica-

based fibers and infrared fibers. As an introductory step, the general theories of 

supercontinuum generation including derivation of Schrödinger equation and explanation 

of various nonlinear effects are covered. Also, laser systems including a femtosecond 

laser system and an optical parametric amplifier in our lab are explained since they are 

key equipments for most experiments performed in this dissertation. Sapphire fibers are 

pumped at various wavelengths to verify their ability to generate supercontinuum in wide 

wavelength regions since they are known to be transparent from visible to 4~5μm. Since 

nonlinearity, dispersion, and fiber length play important roles on nonlinear interactions in 

sapphire fibers, corresponding nonlinear effects are also investigated and explained. The 

core diameter of sapphire fibers we used for experiments is quite large that its nonlinear 

coefficient inversely proportional to mode area is quite small even though its nonlinear 

refractive index is comparable to silica fiber. To overcome small nonlinear coefficient due 

to large mode area, sapphire fibers are pumped by three pumping sources to have very 

wide spectrum ranged from UV to mid-IR region, which can be predicted by the 

superposition of three different spectra. As application purposes, experiments of IR 

spectroscopy and remote sensing are performed. Finally, several future works to solidify 

this dissertation are discussed. 



  iv

TABLE OF CONTENTS 
 

LIST OF FIGURES .……………………………………….…………………………….vi 

LIST OF TABLES …………………………………………………………………….…x 

ACKNOWLEDGEMENTS ………………………………………………………….…xi 

Chapter 1  Introduction ……………………………………………………………….…1 

Chapter 2  Supercontinuum Generation in Optical Fibers : Theory and Analysis …..…..8   

2.1 - Supercontinuum Generation : Derivation of Schrödinger Equation in General 
Cases …………………………………………………………………………….……8 
2.2 - Ultra-short Pulse Propagation : Derivation of Schrödinger Equation in Highly 
Nonlinear Cases …………………………………………………………………..…13 
2.3 - Investigation of Various Effects Caused by Pulse Propagation in Optical Fibers 
…………………………………………………………………………………….…16 

Chapter 3  Laser Systems Used for Our Experiments…………………………………30 

3.1 - Femtosecond Laser System ……………………………………………………30 
3.2 - Optical Parametric Amplifier ………………………………….………………37 

Chapter 4  Investigation of Single Crystal Sapphire Fiber as a Medium for 
Supercontinuum Generation ……………………………………………………...….….42 

4.1 - Introduction ………………………………………………………………...…42 
4.2 - Material Characteristics of Sapphire Fibers ………………………………...…42 
4.3 - Optical Characteristics of Sapphire Fibers …………………………………....44 
4.4 - Supercontinuum Generation in Sapphire Fibers ………………………………48 

Chapter 5  Broadband Supercontinuum Generation in Near- and Mid-IR Using Single 
Crystal Sapphire Fibers (Pumping in Anomalous Dispersion)…………………….……59 

5.1 - Motivation for Pumping at Longer Wavelength Regions ……………………..59 
5.2 - Technical Approach …………………………………………………………...60 
5.3 - Experimental procedures and results ………………………………………….61 
5.4 - Simulations ……………………………………………………………………67 
5.5 - Extension of Pumping Wavelength to Mid-IR region ………………………..69 

Chapter 6  Broadband supercontinuum generation covering UV to mid-IR region by 
using three pumping sources in single crystal sapphire fiber ………………………...…71 



  v

6.1 – Motivation for Multiple Pumping Sources ……………………………………71  
6.2 - Technical approach ……………………………………………………………73 
6.3 - Experimental procedures and results ………………………………………….75 

Chapter 7  Applications …………………………………………………………..……83 

7.1 - IR Absorption Spectroscopy …………………………………………………..84 
7.2 - Supercontinuum for Remote Sensing Application ………………………...…96 

Chapter 8  Conclusions and Future Works  ………………………………………….102 

REFERENCES ..……………………………………………………………………….106 

APPENDIX: PUBLICATIONS …………………..……………………………………118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  vi

LIST OF FIGURES 

Fig. 2.1. Spectrum broadening induced by SPM effect ………………………………....18 

Fig. 2.2. Simulations of pulses with two different input power levels of 1 GW/cm2 and 40 
GW/cm2 traveling into 1cm sapphire fiber. …………………………………………….19 

Fig. 2.3. Experimental spectrum of pulses with input power level of 40 GW/cm2 traveling 
into 1cm sapphire fiber ………………………………………………………………….20 

Fig. 2.4. Simulation spectra when two pulses at wavelengths of 1μm and 1.6μm have 
input power levels of 10GW/cm2 and 20GW/cm2, respectively ………………………22 

Fig. 2.5. Simulation spectra when two pulses at wavelengths of 1μm and 1.6μm have 
input power levels of 10GW/cm2 and 50GW/cm2, respectively ………………………22 

Fig. 2.6. Raman gain spectrum of fused silica: image obtained from [63] ……………25 

Fig. 2.7. Experimental setup for Raman scattering ……………………………………26 

Fig. 2.8. The experimentally measured spectrum generated from q-switched laser (in dB 
scale) ……………………………………………………………………………………27 

Fig. 2.9. Closer view of the measured spectrum in linear scale: peaks up to 5th shift are 
evaluated with calculation results ………………………………………………………28 

Fig. 3.1. The variation of temporal pulse width through chirped or down-chirped pulse 
amplification technique (Image reconstructed from [75]) ………………………………31 

Fig. 3.2. Our femtosecond laser system: (a) configuration, (b) pictures with selected 
views ……………………………………………………………………………………32  

Fig. 3.3. The configuration of a stretcher [54, 76] ………………………………………33 

Fig. 3.4. Gain cross section of Ti:Sapphire crystal (Image obtained from [54]) ………36 

Fig. 3.5. The OPA: (a) configuration, (b) picture ………………………………………39 

Fig. 3.6. First, second, and third passes to generate and amplify signal and idler beams 
…………………………………………………………………………………………39 

Fig. 3.7. Fourth pass: Pre-amplification stage …………………………………………..40 

Fig. 3.8. Fifth pass: Power-amplification stage …………………………………………41 

Fig. 4.1. Configuration of laser-heated pedestal growth (LHPG) (Redrawn from [40]) 



  vii

…………………………………………………………………………………………43 

Fig. 4.2. Spectrum losses of bulk sapphire and the sapphire fiber grown at Rutgers 
University (Image obtained from [40]) …………………………………………………44 

Fig. 4.3. Optical properties of a sapphire fiber : (a) refractive index, (b) group velocity, 
and (c) group index ……………………………………………………………………46 

Fig. 4.4. Calculated material dispersion for the sapphire fiber …………………………47 

Fig. 4.5. Calculated β2 for the sapphire fiber ……………………………………………47 

Fig. 4.6. Nonlinear refractive index of the sapphire material (image obtained from [42]) 
……………………………………………………………………………………………48 

Fig. 4.7. An illustration of power estimation for generating supercontinuum in a sapphire 
fiber ……………………………………………………………………………………52 

Fig. 4.8. Experimental setup for SCG in a sapphire fiber by pumping at the wavelength of 
784nm: (a) configuration, (b) picture ……………………………………………………53 

Fig. 4.9. An illustration of the experimental setup for generating supercontinuum in a 
sapphire bulk ……………………………………………………………………………54 

Fig. 4.10. Experimental supercontinuum spectra generated in different forms of sapphire 
media (i.e., fiber and bulk forms) under different exciting light intensities.  Both the 
lengths of the fiber and the crystal are 1 cm. The black and red solid lines correspond to 
the fiber and the bulk, respectively: (a) 9.7 GW/cm2, (b) 48 GW/cm2, (c) 97 GW/cm2, and 
(d) 290 GW/cm2 ……………………………………………………………………56 

Fig. 4.11.  Experimental supercontinuum spectra generated in different length sapphire 
fibers under different exciting light intensities. The black and red solid lines correspond 
to 1 cm long and 3 cm long fibers, respectively: (a) 9.7 GW/cm2, (b) 48 GW/cm2, (c) 97 
GW/cm2, and (d) 290 GW/cm2 ……………………………………………………..57 

Fig. 4.12. Far-field pattern of supercontinuum generated in 3cm sapphire fiber ………58 

Fig. 5.1. Experimental set up for supercontinuum generation in sapphire fiber ………62 

Fig. 5.2. Experimentally measured spectra for a 5cm sapphire fiber at two different input 
peak power levels of (a) 3.213 106W and (b) 1.607 107W …………………………65 

Fig. 5.3. Experimentally measured spectra for a 35cm sapphire fiber at two different input 
power levels of (a) 3.213 106W and (b) 1.607 107W ………………………………66 

Fig. 5.4. Spectra comparison between simulation and experimental results for (a) 5cm 



  viii

sapphire fiber and (b) 35cm sapphire fiber ……………………………………………..68 

Fig. 5.5. Transmission characteristics of silica and sapphire materials [100] …………70 

Fig. 5.6. Experimentally measured spectra for a 5cm sapphire fiber at the wavelength of 
2.5μm and input power level of 9.640 106W …………………………………………70 

Fig. 6.1. Experimental set up for supercontinuum generation in sapphire fiber: (a) 
configuration, (b) picture ………………………………………………………………77 

Fig. 6.2. The experimentally measured spectra generated from the three individual 
pumping sources (blue dash: 784nm, green dash: 1290nm, and black dash: 2000nm) and 
the three pumping sources together (red solid) …………………………………………81 

Fig. 6.3. The simulation spectra generated from the three pumping sources …………81 

Fig. 6.4. The simulation and experimental spectra of two pumping sources located at 
1290nm and 2000nm: (a) simulation spectra of 1290nm source with 8.035×106W and 
2000nm source with 4.821×106W, (b) simulation spectra of 1290nm source with 
1.286×107W and 2000nm source with 4.821×106W, (c) three simulation spectra when 
2000nm pumping source is presented alone (dot line), and it is accompanied by 1290nm 
source with the peak powers of 8.035×106W (dashed line) and 1.286×107W (solid line), 
and (d) experimental spectra of 1290nm and 2000nm sources with the peak power of 
8.035×106W …………………………………………………………………………….82 

Fig. 7.1. Experimental setup for near-IR spectroscopy: (a) configuration, (b) picture …85 

Fig. 7.2. Experimentally measured spectra of pseudo-TNT chemical by performing 
absorption spectroscopy using our own supercontinuum source ………………………86 

Fig. 7.3. Experimentally measured spectra of pseudo-TNT using FTIR ………………86 

Fig. 7.4. Experimentally measured spectra of pseudo-RDX chemical by performing 
absorption spectroscopy using our own supercontinuum source ………………………87 

Fig. 7.5. Experimentally measured spectra of pseudo-RDX using FTIR………………87 

Fig. 7.6. Experimentally measured spectra of pseudo-PETN chemical by performing 
absorption spectroscopy using our own supercontinuum source ………………………88 

Fig. 7.7. Experimentally measured spectra of pseudo-PETN using FTIR………………88 

Fig. 7.8. Experimentally measured spectra of pseudo-HMX chemical by performing 
absorption spectroscopy using our own supercontinuum source ………………………89 

Fig. 7.9. Experimentally measured spectra of pseudo-HMX using FTIR ………………89 



  ix

Fig. 7.10. Experimental set up for absorption spectroscopy beyond OSA range: (a) 
configuration, (b) picture ………………………………………………………………91 

Fig. 7.11. Experimentally measured spectra of pseudo-TNT chemical by performing 
absorption spectroscopy using our own supercontinuum source: (a) spectra with and 
without the chemical and (b) absorption spectrum of pseudo-TNT chemical …………92 

Fig. 7.12. Experimentally measured spectra of pseudo-RDX chemical by performing 
absorption spectroscopy using our own supercontinuum source: (a) spectra with and 
without the chemical and (b) absorption spectrum of pseudo-RDX chemical ……….…93 

Fig. 7.13. Experimentally measured spectra of pseudo-PETN chemical by performing 
absorption spectroscopy using our own supercontinuum source: (a) spectra with and 
without the chemical and (b) absorption spectrum of pseudo-PETN chemical …………94 

Fig. 7.14. Experimentally measured spectra of pseudo-HMX chemical by performing 
absorption spectroscopy using our own supercontinuum source: (a) spectra with and 
without the chemical and (b) absorption spectrum of pseudo-HMX chemical …………95 

Fig. 7.15. Experimental setup for long-distance collimation: (a) configuration, (b) 
pictures …………………………………………………………………………..………97 

Fig. 7.16. Beam distributions of collimated beam after certain distances ………………97 

Fig. 7.17. Experimental setup for long distance spectroscopy: (a) configuration, (b) 
pictures ……………………………………………………..……………………………99 

Fig. 7.18. Measured supercontinuum (generated by the scheme of two pumping sources) 
after the traveling length of 16m and scattered by rough metal surface ……………..100 

Fig. 7.19. Experimentally measured absorption spectrum of pseudo-TNT chemical by 
performing absorption spectroscopy using our own supercontinuum source ………..100 

Fig. 7.20. Experimentally measured absorption spectrum of pseudo-PETN chemical by 
performing absorption spectroscopy using our own supercontinuum source ………..101 

Fig. 7.21. Experimentally measured absorption spectrum of pseudo-PETN chemical by 
performing absorption spectroscopy using our own supercontinuum source ………...101 

 

 

 

 



  x

LIST OF TABLES 

Table 1. dispersion parameter β…………………………….……………………………64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  xi

ACKNOWLEDGEMENTS 

First of all, I would like to express my sincere appreciation to my advisor, Dr. Stuart 

(Shizhuo) Yin, for his enormous advices and consideration on not only researches, but 

also many life circumstances I have confronted. I would also like to thank to Professor 

Zhiwen Liu for many advices on simulations, researches and being my dissertation 

committee. I would also like to show my gratitude to Professor James Breakall and 

Professor Zi-Kui Liu for valuable advices and suggestions as members of my dissertation 

committee. I would also like to thank Dr. Karl Reichard for his research advices even 

though he could not attend my defense presentation due to schedule conflict.  

I would like to thank Meng-Ku for his help on our femtosecond laser systems and sharing 

many problems we tried to solve until late night. I would also like to show my gratitude 

to Dr. Kebin Shi for his help on simulations. I am very thankful to Jon, Nam, Chia-En, 

Fei, Chun, Dr. An, Dr. Zhu, Peng Li, Jimmy, Dr. Zheng, and Dr. Dong for their 

assistances in many experiments. I would like to thank Dr. D. H. Woo, Dr. S. Lee, Dr. S. 

H. Kim, Dr. Y. T. Byun, Dr. Y. M. Jhon, and other colleagues from KIST for their support. 

I would like to give most appreciation to my beloved wife Hyun Kyung, son Dohyun and 

my newborn daughter Gyuri for being with me, sharing happiness and sadness together. 

Without you, I wouldn’t be able to make this far. I would also like to thank my father and 

my parents-in-law for their support and sacrifice. I am grateful to my brother’s family and 

my brother-in-law’s family for their support.  

Finally, I dedicate this dissertation to my mother in memory of her infinite love and 

sacrifice. 

Partial financial support of this work by ONR grant, N00014-05-1-0844 is greatly 

appreciated. 



  1

Chapter 1 

Introduction 

 

It is well known that supercontinuum generation (SCG) refers to the extreme 

broadening of an optical spectrum as a result of nonlinear interactions between laser 

pulses and the optical medium in which they are traveling. The SCG was first realized in 

liquids with large optical Kerr constants [1]. Later, the SCG phenomenon was also 

observed in standard silica optical fibers [2]. Although the nonlinear coefficient of the 

optical fiber is much lower than that of the Kerr liquids used in [1], this deficiency is 

largely overcome by taking advantage of the fiber’s unique structure (i.e., (1) the light is 

confined within the small area of the fiber core, and (2) the fiber has a long interaction 

length). More recently, highly nonlinear structures including optical fibers [3-14] and 

high peak power compact femtosecond lasers [15-19] have made ultra-broadband 

supercontinuum (broadened by more than 1000 nm) sources feasible. These new 

supercontinuum sources can be very useful for a variety of applications, including optical 

coherence tomography [20, 21], optical metrology [22, 23], medical imaging [15], 

terahertz generation [24-26], and telecommunications [27-29]. 

Recently, the interest in broadband mid-IR light sources has greatly increased 

due to the critical need by a variety of applications such as IR spectroscopy [30], remote 

sensing and combustion monitoring [31, 32]. Conventional sources such as optical 

parametric amplifiers (OPOs), tunable solid-state lasers, Fourier transform infrared 

(FTIR) spectroscopic instruments, and quantum cascaded lasers (QCLs) are currently 

utilized for these applications [33]. However, wavelengths of these sources need to be 

continuously tuned to cover the entire spectral range needed. Compared to these 
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conventional sources, supercontinuum source has the advantage of covering a wide range 

of spectrum without the time delay caused by the wavelength tuning of conventional 

sources.  

Even though some papers have shown SCG in silica-based fibers that extend into 

mid-IR region, SCG in silica materials are typically limited by heavy material absorption 

in the mid-IR region [32]. To realize SCG in the mid-IR region, IR glass fibers are 

commonly employed [31, 34-36]. Although mid-IR SCG have been successfully 

generated in these IR glass fibers, it is difficult to achieve very high power 

supercontinuum sources because of the lower softening temperature of these IR glass 

fibers [e.g., around 455 oC for ZBLAN Fluoride fiber [37], 600 oC to 900 oC for 

Chalcogenide fiber [36], and 538 oC for SF-6 fiber [38], which are lower than that of 

silica fibers (~ 1175 oC) [39]].   

To overcome the limitations of conventional silica-based fibers with high 

absorption in mid-IR and IR glass fibers with low softening temperature, in this 

dissertation, single crystal sapphire fibers are utilized to realize SCG. Single crystal 

sapphire fiber has intrinsic advantages over their glass counterparts because of the 

following reasons: 

• High transparency in the mid-IR.  Single crystal sapphire fiber is highly 

transparent in the mid-IR region (up to 5 microns) [40].  

• High melting temperature. Single crystal sapphire fiber has very high melting 

temperature (>2,000 oC for Sapphire) [40].   
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• High damage threshold. Single crystal sapphire fiber exhibits very high damage 

threshold around 1.3kJ/cm2, which is about 500 times higher than a silica fiber (2.5J/cm2) 

[41].   

• Good nonlinearity.  The nonlinearity of single crystal sapphire fibers is 

comparable to the nonlinearity of a silica-based fiber (e.g., the nonlinear refractive index 

coefficient of sapphire is 20 2
2 3 10 /n x m W−≈ ) [42]. 

Based on many advantages shown above, single crystal sapphire fiber can be 

considered as a good candidate for the generation of high-power and broadband 

supercontinuum source.  

Sapphire fibers have been vividly used for various applications such as medical 

laser power delivery [43], high-temperature thermometers [44], and harsh environment 

sensors [45-48] due to their high melting temperature, high damage threshold, and good 

transmission in wide wavelength range including mid-IR region. However, it has not been 

very long since sapphire material has been considered as an optical medium to generate 

supercontinuum. Even though single crystal sapphire fiber satisfies many conditions as an 

optical medium to generate supercontinuum (good transparency in wide wavelength 

region, similar nonlinearity compared to a silica-based fiber, high damage threshold, and 

high melting temperature), only several papers report supercontinuum generation in the 

form of sapphire bulks, not sapphire fibers [49, 50]. To the best of our knowledge, we are 

the first group to demonstrate supercontinuum generation in sapphire fibers [51-53]. We 

assume that reasons for this late discovery are as follows: 

• Availability of powerful laser source: Most single crystal sapphire fibers have 

large core diameters of more than 60μm. To generate supercontinuum in large mode area, 
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high peak-power pulse laser sources such as femtosecond pulse lasers are required. 

However, it has not been very long since ultrafast laser systems were available to user 

level, not just laser research level [17, 54].  

• Availability of sapphire fiber: Sapphire fibers were developed by several 

universities including Stanford University, University of South Florida, and Rutgers 

University at research level [41, 55-59]. However, the first commercial sapphire fibers 

has not been produced until late 1990’s (Saphikon, Inc. [60]). Also, based on the best of 

our knowledge, only couple companies (Photran, LLC and MicroMaterials, Inc.) sell 

commercial sapphire fibers. 

• Different application areas: As told before, sapphire fibers are mostly used for 

specific applications such as medical laser power delivery [43], high-temperature 

thermometers [44], and harsh environment sensors [45-48]. These specific research areas 

are deviated from nonlinear optics area. Therefore, researchers in nonlinear optics area 

may not know about the availability of sapphire fibers. However, our lab is currently 

working on both harsh environment sensors and supercontinuum generation using optical 

fibers. Therefore, we successfully discovered that sapphire fibers could be perfect optical 

media to generate high power and mid-IR supercontinuum since they have high damage 

threshold, high melting temperature, similar nonlinearity to silica fiber, and good 

transmission in wide wavelength range.  

To explain various effects caused inside single crystal sapphire fiber, this 

dissertation is composed of 9 chapters.  

Chapter 2 in this dissertation is to establish thorough backgrounds in nonlinear 

fiber optics, which describes pulse propagation in optical fibers. Theoretical derivations 
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of pulse propagation in optical fibers from Maxwell to Schrödinger equations are 

performed based on [20]. Since most SCG experiments are performed using a high-

intensity and short-width pulse laser, generalized Schrödinger equation including high-

order nonlinear effect is derived. To understand various interactions caused by pulse 

propagation in an optical fiber, the nonlinear effects including self phase modulation 

(SPM), four wave mixing (FWM), cross phase modulation (XPM), and stimulated Raman 

scattering (SRS) are individually investigated. Our own simulation and experimental 

results are included to explain these nonlinear effects.  

Chapter 3 describes femtosecond laser systems, which are fundamental 

equipments for most experiments performed in this dissertation. Even though many 

ultrafast lasers are now commercially available in single compact packaging with easily 

operational on-off switches, those single-packaged lasers are unable to provide very high-

peak-power pulses, which are required to generate high power and broadband 

supercontinuum. To fulfill high-intensity requirements, the weak pulses need to be 

amplified. Our femtosecond laser system employs chirped-pulse amplification technique 

to amplify weak pulses generated from our seed laser [16, 54]. Also, to extend 

supercontinuum into mid-IR region, we utilize an optical parametric amplifer (OPA), 

which is based on differential frequency generation (DFG), the most common way to 

realize the wavelength shift into mid- and far-IR regions.      

Chapter 4 describes the basic characteristics of single crystal sapphire fiber, and 

investigates its feasibility as possible optical medium to generate high-power and 

broadband supercontinuum source. Single crystal sapphire fiber is pumped at the 

wavelength of 784nm to demonstrate that it is indeed an optical medium to offer high-
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intensity and broadband supercontinuum source. Also, various researches including 

comparison between sapphire fibers and bulk material, and spectra dependence according 

to fiber lengths are performed in this chapter.   

Chapter 5 investigates supercontinuum generation in mid-IR region using single 

crystal sapphire fibers by pumping at the wavelength of 2μm. Since pumping wavelength 

longer than 1.3μm (zero dispersion) belongs to anomalous dispersion region, two 

different nonlinear effects, which are SPM and soliton-related dynamics accompanied by 

SPM caused by fiber lengths longer and shorter than dispersion length, are also 

researched. 5cm single crystal sapphire fiber is pumped at 2.5μm to generate a spectra 

ranged from 2μm to 3.2μm, whose upper range cannot be achieved by silica-based fibers.  

Chapter 6 introduces a way to further broaden supercontinuum spectra by 

employing the scheme of multiple pumping sources. The core diameter of sapphire fibers 

we used for experiments is quite large that nonlinear coefficient inversely proportional to 

mode area is quite small. To overcome small nonlinear coefficient due to large mode area, 

sapphire fibers are pumped by multiple pumping sources to have very wide spectrum 

ranged from UV to mid-IR region, which can be predicted by the superposition of three 

different spectra.  

Previously, many numerical simulations to investigate supercontinua in various 

fibers (mostly silica-based fibers) have been performed. However, no numerical 

investigation of supercontinuum effect in a sapphire fiber has been previously performed 

since we are the first and only group to research supercontinuum generation in sapphire 

fibers. In Chapters 5 and 6, we perform numerical simulations to help understanding the 

various nonlinear effects observed in sapphire fibers. We utilize the generalized nonlinear 
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schrödinger equation (NLSE) developed for silica fibers to simulate pulse propagation in 

sapphire fibers, and compare experimental and simulation results to investigate the 

conformity of theoretical model between silica and sapphire fibers. 

Chapter 7 shows several application areas of supercontinuum generated by 

sapphire fibers. IR chemical spectroscopy and possible remote sensing using the 

supercontinuum source from sapphire fibers are performed in various IR regions.  

Finally, Chapters 8 and 9 provide future works and conclusion. 
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Chapter 2  

Supercontinuum Generation in Optical Fibers : Theory and Analysis   

 

2.1 – Supercontinuum Generation : Derivation of Schrödinger Equation in General 

Cases 

In this chapter, Schrödinger equation depicting pulse propagation in optical fibers 

can be derived. General procedures are mostly based on Agrawal’s Nonlinear Fiber 

Optics [61]. 

Optical pulse propagation in optical fibers begins with Maxwell’s equations: 

t
BE
∂
∂

−=×∇   ,       (2.1) 

t
D

t
DJH

∂
∂

=
∂
∂

+=×∇   ,      (2.2) 

0==⋅∇ fD ρ   ,       (2.3) 

and 0=⋅∇ B   ,       (2.4) 

where E is electric field, H is magnetic field, current density J and charge density fρ  

are 0 for optical fibers, and D and B are electric and magnetic flux densities, which can 

be expressed as: 

PED += 0ε   ,        (2.5) 

and MHB += 0μ  ,       (2.6) 

where 0ε  and 0μ  are vacuum permittivity and permeability, respectively, and P and M 

are induced electric and magnetic polarizations. Since optical fibers are nonmagnetic, M 

can be considered as 0. Therefore, the relationship between B and H can be expressed as: 
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HB 0μ=   .       (2.7) 

Taking the curl for both sides of (2.1) leads to  

( )E×∇×∇ 2

2

2

2

00 t
P

t
E

∂
∂

−
∂
∂

−= εμ   .     (2.8) 

The relationship between polarization P and Electric field E can be expressed as 

( )L+⋅+⋅+⋅= EEEEEEP )3()2()1(
0 χχχε  ,    (2.9) 

where ,...)2,1()( =iiχ  is the susceptibility. For simplicity, third order nonlinear effects 

are considered, the polarization P can be written as 

( ) ( ) ( )trPtrPtrP NLL ,,, +=  ,      (2.10) 

where ( )trPL ,  and ( )trPNL ,  represent linear and nonlinear parts of P, respectively.  

Both linear and nonlinear parts of P can be denoted as:  

( ) ( ) ( )∫
∞

∞−
⋅−= '',', )1(

0 dttrEtttrPL χε  ,     (2.11) 

and  

( ) ( ) ( ) ( ) ( ) 321321321
)3(

0 ,,,,,, dtdtdttrEtrEtrEtttttttrPNL ∫ ∫ ∫
∞

∞−
×−−−= Mχε .  (2.12) 

With (2.3) and (2.5), the left side of (2.8) can be simplified as following: 

( ) ( ) EEEE 22 −∇=∇−⋅∇∇=×∇×∇  .     (2.13) 

By applying (2.13) and (2.10) into (2.8), the equation including the linear and nonlinear 

parts of induced polarization can be expressed as 

2

2

02

2

02

2

00
2

t
P

t
P

t
EE NLL

∂
∂

+
∂
∂

=
∂
∂

−∇ μμεμ   .    (2.14) 

If the pulse is assumed to be a varying envelope, electric field and polarization 

components can be written as 



  10

( ) ( )[ ]..,ˆ
2
1, 0 ccetrExtrE ti += − ω   ,     (2.15) 

( ) ( )[ ]..,ˆ
2
1, 0 ccetrPxtrP ti

LL += − ω   ,     (2.16) 

and ( ) ( )[ ]..,ˆ
2
1, 0 ccetrPxtrP ti

NLNL += − ω   .    (2.17) 

The linear part of induced polarization can be modified according to (2.11) as 

( ) ( ) ( ) ( )∫
∞

∞−

−⋅−= '',', ')1(
0

0 dtetrEtttrP tti
L

ω
χχχε      

( ) ( ) ( )∫
∞

∞−

−−−⋅= ωωωωχ
π
ε ωω

χχ derE ti 0
0

)1(0 ,~~
2

  ,   (2.18) 

where ( )ω,~ rE  is the Fourier transform of ( )', trE . 

Also, the nonlinear part of induced polarization can be modified according to (2.12) as 

( ) ( ) ( ) ( )trEtrEtrEtrPNL ,,,, )3(
0 Mχε= ( )trENL ,0εε≈  ,   (2.19) 

where ( ) 2)3( ,
4
3 trENL χχχχχε ≈  represents the nonlinear part of the dielectric constant. This 

assumption is valid when the nonlinear response is considered as instantaneous. 

Even though (2.14) is a nonlinear process, NLε  can be considered as a constant since the 

pulse is assumed to be a varying envelope. With proper substitution of (2.15) - (2.17) and 

(2.19) into (2.14), the Helmholtz equation as following needs to be satisfied in frequency 

domain: 

( ) 0~~ 2
0

2 =+∇ EkE ωε   ,       (2.20) 

where ( ) ( ) NLεωχωε χχ ++= )1(1  and ck ω=0 . 

The dielectric constant ( )ωε  can be expressed in the terms of the refractive index n~  

and the absorption coefficient α~  as 
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( )
2

02

~~
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

k
in αωε  ,       (2.21) 

where 2
2

~ Ennn +=  and 2
2

~ Eααα += . 

The dielectric constant ( )ωε  can further be approximated to 

( ) nnn
k

iEnnn
k

iEnn Δ+≈⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++≈⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= 2

2

~
2

2

~
2

0

2
2

2
2

0

2
2

ααωε    (2.22) 

since 
0

2
2 2

~

k
iEnn α

+=Δ  can be considered as very small perturbation. By using the 

variable separation method, ( )ω,~ rE  can be expressed as 

( ) ( ) ( ) ziezAyxFrE 0
00 ,~,,~ βωωωω −=−    ,    (2.23) 

where ( )ω,~ zA  and 0β  are a slowly varying function of z and wave number, 

respectively. By substituting (2.23) into (2.14), functions ( )yxF ,  and ( )ω,~ zA  can be 

separated as follows: 

( )[ ] 0~22
02

2

2

2

=−+
∂
∂

+
∂
∂ Fk

y
F

x
F βωε  ,     (2.24) 

and ( ) 0~~~
2

~
2
0

2
02

2

=−+
∂
∂

+
∂
∂ A

z
Ai

z
A βββ   ,    (2.25) 

where 2

2 ~

z
A

∂
∂  in (Eqn. 2.25) can be removed since ( )ω,~ zA  is assumed to be a slowly 

varying function of z. By using first-order perturbation theory, (Eqn. 2.24) can be solved 

for β~  as 

( ) ( ) βωβωβ Δ+=
~  ,      (2.26) 

where  
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( )
( )∫ ∫

∫ ∫
∞

∞−

∞

∞−
Δ

=Δ
dxdyyxF

dxdyyxFnk
2

2
0

,

,
β   .     (2.27) 

Also, by approximating that ( )00
2
0

2 ~2~ βββββ −≈− , (2.25) can be simplified as 

( )[ ]Ai
z
A ~~

0ββωβ −Δ+=
∂
∂  .      (2.28) 

The wave number ( )ωβ  can be expanded using Taylor series to be 

( ) ( ) ( ) ( ) L+−+−+−+= 3
3

02
2

0100 6
1

2
1 βωωβωωβωωβωβ  ,  (2.29) 

where 0ω  is the carrier frequency and 
0ωωϖ

ββ
=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= m

m

m d
d . Since ( )ω,~ zA  is the Fourier 

transform of ( )tzA , , and can be expressed as 

( ) ( ) ( )∫
∞

∞−

−−−= ωωω
π

ωω dezAtzA ti 0
0,~

2
1, ,      (2.30) 

(2.28) in time domain can be expressed by including (2.29) as 

Ai
t
Ai

t
A

z
A βββ Δ+

∂
∂

−
∂
∂

−=
∂
∂

2

2
2

1 2
  .     (2.31) 

Also, by using (2.22) and (2.27), (2.31) can be expressed as 

AAiA
t
Ai

t
A

z
A 2

2

2
2

1 22
γαββ +=+

∂
∂

+
∂
∂

+
∂
∂   ,    (2.32) 

where the γ  is the nonlinear parameter, and can be denoted as 

effeff A
n

cA
n

λ
πωγ 202 2

==  ,       (2.33) 

in which, the effective core area is 
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( )

( )∫ ∫
∫ ∫

∞

∞−

∞

∞−
⎟
⎠
⎞⎜

⎝
⎛

=
dxdyyxF

dxdyyxF
Aeff 4

2
2

,

,
  .     (2.34) 

If a pulse is assumed to be Gaussian distributed, the effective core area is 

2wAeff π=    ,       (2.35) 

where w  is the mode-width parameter. 

 

2.2 - Ultra-short Pulse Propagation : Derivation of Schrödinger Equation in Highly 

Nonlinear Cases 

The equation (2.32) for pulse propagation in optical fibers includes the most of 

nonlinear effects. However, when a pulse width goes beyond ps level (less than 1 ps), 

(2.32) needs to be modified since it is obtained through the assumption based on larger 

pulse width (larger than 1ps). When the pulse width of less than 1ps propagates in an 

optical fiber, nonlinear effects including Raman gain and cross phase modulation (XPM) 

are observed. Also, the energy of a pulse can be transformed to other pulses due to 

stimulated inelastic scattering processes such as stimulated Raman scattering (SRS) and 

stimulated Brillouin scattering (SBS). Since pulses interact for the pulse width less than 

1ps, the assumption made for (2.19) can no longer be valid. If we assume that nonlinear 

effects such as third harmonic generation and four-wave mixing (FWM) are either 

nonexistent or very small, the relationship of the third order susceptibility can be 

explained as 

( ) ( ) ( ) ( )321
)3(

321
)3( ,, ttttttRtttttt −−−=−−− δδχχ  ,   (2.36) 

where ( )tR  is the normalized nonlinear response function. 
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By substituting (2.36) into (2.12), the nonlinear polarization is 

( ) ( ) ( ) ( ) 1
2

11
)3(

0 ,,, dttrEttRtrEtrP
t

NL ∫ ∞−
−= χε  .    (2.37) 

(2.14) can be modified according to (2.37) and (2.15)-(2.17) to have 

( ) αω 0
2
0

22 ~~ ikEknE −=+∇   

( ) ( ) ( ) ( ) 2121
*

2112

2
)3( ,~,~,~~ ωωωωωωωωωωχ ddzEzEzER

c
−+−+ ∫ ∫

∞

∞−
 . (2.38) 

Therefore, this equation can be expressed in time domain as 

3

3
3

2

2
2

1 622 t
A

t
Ai

t
AA

z
A

∂
∂

−
∂
∂

+
∂
∂

++
∂
∂ βββα  

( ) ( ) ( ) ⎟
⎠
⎞⎜

⎝
⎛ −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+= ∫
∞

∞−
'',',1 2

0

dtttzAtRtzA
t

ii
ω

γ   , (2.39) 

where nonlinear response function ( )tR  can be expressed as 

( ) ( ) ( ) ( )thftftR RRR +−= δ1   ,     (2.40) 

where Rf  is the fractional contribution of the instantaneous Raman response to the 

nonlinear refractive index, and Rh  is the delayed Raman response function. If the Rh  

has a damped oscillation response, it can be written as 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛+
=

−

1
2
21

2
2

2
1 sin2

τττ
ττ τ teth

t

R   .     (2.41) 

Equation (2.39) depicts the complete Schrödinger equation, which covers all the 

nonlinear effects caused by any pulse propagation in optical fibers. If a pulse width is less 

than 1ps but larger than 10fs, we can use Taylor expansion as  

( ) ( ) ( ) 222 ,',', tzA
t

ttzAttzA
∂
∂

−=−       (2.42) 

to simplify (2.39). 
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The simplified equation for (2.39) can be written as 

3

3
3

2

2
2

622 T
A

T
AiA

z
A

∂
∂

−
∂
∂

++
∂
∂ ββα  

( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂
∂

−
∂
∂

+=
T
A

ATAA
T

iAAi R

2
2

0

2

ω
γ   ,  (2.43) 

where RT  is defined as 

( ) ( ) ( )
( )

0

~Im

=Δ

∞

∞−

∞

∞− Δ
=== ∫ ∫

ω
ωd
hdfdttthfdtttRT R

RRRR      (2.44) 

and the retarded frame T  can be expressed as 

zt
v
ztT
g

1β−≡−=  ,       (2.45) 

which is the frame for a pulse moving at the group velocity gv . 

Each term of the Schrödinger equation in (2.43) is responsible for individual effects as  

3

3
3

2

2
2

622 T
A

T
AiA

z
A

∂
∂

−
∂
∂

++
∂
∂ ββα

( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂
∂

−
∂
∂

+=
T
A

ATAA
T

iAAi R

2
2

0

2

ω
γ

 ,  (2.46) 

where  is gain/loss,  is group velocity dispersion,  is self-phase modulation,  is 

self-steepening, and  is delayed Raman response.  

The theoretical model derived in this chapter is based on silica fibers. In Chapters 

5 and 6, we utilize the theoretical model developed in this chapter to simulate pulse 

propagation in sapphire fibers, and compare the simulations with experimental results to 
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investigate the conformity of theoretical model between silica and sapphire fibers.  

 

2.3 - Investigation of Various Effects Caused by Pulse Propagation in Optical Fibers 

a. Self-Phase Modulation 

When a pulse travels through an optical fiber, many nonlinear effects can be 

observed. One of the most dominant nonlinear effects is self phase modulation (SPM), 

which is a phase shift induced by a traveling pulse in an optical fiber. 

The refractive index of an optical fiber can be explained as [62] 

( ) InnIn 20 +=   ,       (2.47) 

where 0n  is the linear refractive index, 2n  is the second-order nonlinear refractive 

index, and I  is the pulse intensity, which can be written as 

( ) ( )
2~

0 ,
2

tzA
cn

tI ⎟
⎠
⎞

⎜
⎝
⎛=

π
  .      (2.48) 

( )tzA ,
~

 can be obtained from the electric field distribution, which is [61, 62]: 

( ) ( ) ( ) ..,, 0
~~

ccetzAtzE tkzi += −ω   .     (2.49) 

By using ( ) InnIn 20 +=  and cnk 0ω= , the total phase of the pulse can be expressed 

as  

( ) tzInn
c

tkz 020
0

0 ω
ω

ωφ −+=−=  .     (2.50) 

Therefore, the instantaneous frequency ( )tω  can be written as 

( ) ( )
t
ILn

cdt
tdt

∂
∂

−=−= 2
0

0
ω

ωφω   ,     (2.51) 

where L  is the distance the pulse has traveled inside the medium. Therefore, the phase 
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shift induced by SPM can be expressed as ( )
t
ILn

c
t

∂
∂

−= 2
0ω

δω . 

The maximum frequency shift induced by SPM is as following [61]: 

max0max 86.0 φωδω Δ=     ,       (2.52) 

where 0ωΔ  is initial spectral width that is inversely proportional to width 0T  

( 00 1 T=Δω ), and maxφ  is maximum phase shift, which is given as: 

effLP0max γφ =   .       (2.53) 

Figure 2.1 shows the simulation of SPM-induced spectrum broadening. To 

isolate the nonlinear effect to SPM (without high-order nonlinear effects), the equation 

(2.43) is simplified as following:  

z
A
∂
∂ AAi 2γ=   .       (2.54) 

The number of peaks M generated by SPM satisfies ( )πφ 5.0max −= M  [61]. In this 

simulation, P0, Leff and γ are adjusted so that πφ 5.9max = . Therefore, the expected 

number of peaks due to SPM is 10, which coincides with the simulation result shown in 

Fig. 2.1.  
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Fig. 2.1. Spectrum broadening induced by SPM effect. 

 

To further investigate the spectrum broadening induced by SPM, simulations 

using different input power levels of 1 GW/cm2 and 40 GW/cm2 in a sapphire fiber are 

performed. A sapphire fiber with the length of 1cm is pumped at 784nm, in which the 

dispersion coefficient is kmnmpsD −−= /71.183  <0 and it is considered to be in the 

normal dispersion region. The parameters used for the simulations are pulse width 

fsT 1500 = , mode area Aeff=2,827μm2 with the fiber diameter of 60μm, and nonlinear 

coefficient 58.5 10 / .x mWγ −= . Figure 2.2 shows the simulations of pulses with two 

different input power levels of 1GW/cm2 and 40GW/cm2 traveling into 1cm sapphire 

fiber. Blue and red solid lines denote to pulses with input power levels of 1GW/cm2 and 

40GW/cm2, respectively. Figure 2.2 clearly shows that pulses are broadened due to SPM 

when the input power level is increased from 1GW/cm2 to 40GW/cm2. To solidify the 

simulation evaluations, experimental verification using the same conditions that are the 

fiber length of 1cm, pulse width of 150fs, and the fiber diameter of 60μm is performed. 
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Figure 2.3 shows the experimental spectrum when pulses with input power level of 

40GW/cm2 travels into 1cm sapphire fiber. As shown in Fig. 2.3, both simulation and 

experimental results confirm that the spectrum broadening seems to be caused by SPM, 

and both results are in good agreement. Detailed theoretical and experimental evaluations 

on SPM induced in sapphire fibers are performed in Chapter 4. Also, within anomalous 

dispersion region, two effects of SPM and soliton-dynamics accompanied by SPM 

according to fiber lengths longer and shorter than dispersion length are explained in 

Chapter 5.   
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Fig. 2.2. Simulations of pulses with two different input power levels of 1 GW/cm2 and 40 

GW/cm2 traveling into 1cm sapphire fiber. 
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Fig. 2.3. Experimental spectrum of pulses with input power level of 40 GW/cm2 traveling 

into 1cm sapphire fiber. 

 

b. Cross Phase Modulation 

When two signals with different frequencies co-propagate through an optical 

fiber, the phase shift of the pulse is induced by another pulse. This effect is called cross 

phase modulation (XPM). The electric field including two signals with frequencies 1ω  

and 2ω  can be denoted as [61] 

( ) ( ) ..ˆ
2
1, 21

21 cceEeExtrE titi ++= −− ωω  .     (2.55) 

By substituting (2.55) into (2.19), nonlinear polarization NLP  can be expressed as [61] 

( ) ( )[ ] FWMccePePxP ti
NL

ti
NLNL +++= −− ..ˆ

2
1

21
21

ωω ωω   ,  (2.56) 

where ( ) ( ) 1
2

2
2

1
)3(0

1 2
4

3 EEEPNL += χχχχχεω      (2.57) 

and ( ) ( ) 2
2

1
2

2
)3(0

2 2
4

3 EEEPNL += χχχχχεω   .    (2.58) 
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The term FWM  represents the response due to four-wave mixing (FWM), which can be 

ignored here since only the effect due to XPM is considered. From (2.57) and (2.58), the 

refractive index change can be estimated as 

( )2

3

2

2 2
2 jj

j

NL
j

j EEn
n

n −+≈≈Δ
ε

  ,     (2.59) 

where 2n  is the nonlinear refractive index and j=1, 2.   

Therefore, the phase shift caused by XPM can be expressed as [61] 

( ) zE
c

n
z j

jNL
j

2

1
22

−=
ω

φ    .      (2.60) 

To investigate XPM effect between pulses with two different wavelengths, 

simulations using two pulses traveling at wavelengths of 1μm and 1.6μm through a silica 

fiber are performed. The pulse width used for these pulses is 1ps. Figure 2.4 shows the 

simulation results when two pulses at wavelengths of 1μm and 1.6μm have input power 

levels of 10GW/cm2 and 20GW/cm2, respectively. To verify that the phase shift of the 

pulse at 1μm can be induced by another pulse at 1.6μm, the input power level of the pulse 

at 1.6μm is increased up to 50GW/cm2 while that of the pulse at 1μm remains as 

10GW/cm2. Figure 2.5 shows the simulation results when two pulses at wavelengths of 

1μm and 1.6μm have input power levels of 10GW/cm2 and 50GW/cm2, respectively. In 

Fig. 2.5, the spectrum of the pulse at 1.6μm is broadened due to SPM caused by 

increased input power level. The spectrum of the pulse at 1μm is also broadened even 

though the input power level of 1μm remains the same. These results clearly show that 

XPM can enhance the spectral broadening of each pulse.   
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Fig. 2.4. Simulation spectra when two pulses at wavelengths of 1μm and 1.6μm have 

input power levels of 10GW/cm2 and 20GW/cm2, respectively. 
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Fig. 2.5. Simulation spectra when two pulses at wavelengths of 1μm and 1.6μm have 

input power levels of 10GW/cm2 and 50GW/cm2, respectively. 

 

c. Four Wave Mixing 

When two photons with different frequencies interact with each other in an 

optical fiber, they are vanished to produce energies at new frequencies. This third order 



  23

parametric process is called four wave mixing (FWM).  

If it is assumed to include four optical waves at the frequencies of 1ω , 2ω , 3ω , 

and 4ω , total electric field and nonlinear polarization can be expressed as [61] 

( ) ..ˆ
2
1 4

1

cceExE
j

tzki
j

jj += ∑
=

−ω        (2.61) 

and ( ) ..ˆ
2
1 4

1

ccePxP
j

tzki
jNL

jj += ∑
=

−ω  .     (2.62) 

Since the third order polarization can be written as 

EEEPNL M)3(
0χε=   ,      (2.63) 

4P  can be expressed as  

( )[ 4
2

3
2

2
2

14
2

4
)3(0

4 2
4

3 EEEEEEP +++= χχχχχε     

]L+++ −+ θθ ii eEEEeEEE *
321321 22   ,   (2.64) 

where ( ) ( )tzkkkk 43214321 ωωωωθ −++−−++=+     (2.65) 

and ( ) ( )tzkkkk 43214321 ωωωωθ −−+−−−+=−  .    (2.66) 

Upper part of (2.64) is due to SPM and cross phase modulation (XPM) while the bottom 

part is caused by four wave mixing. For (2.65) and (2.66), two types of FWM are 

possible. The first possible FWM is obtained when the phase matching condition for +θ  

is obtained. For this case, the energies of photons at 1ω , 2ω , and 3ω  are transferred to 

4ω  to have 

3214 ωωωω ++=   .      (2.67) 

However, the phase matching condition specified above barely occurs for optical fibers 

[61]. The second possible FWM is obtained when the phase matching condition for −θ  
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is obtained. The energies of photons at 1ω  and 2ω  is transferred to 3ω  and 4ω  to 

have 

2134 ωωωω +=+   ,      (2.68) 

in which the phase matching condition can be expressed as 

2143 kkkkk −−+=Δ
( )

022114433 =
−−+

=
c

nnnn ωωωω
  .  (2.69) 

Detailed explanation of FWM is given in Chapter 6. 

 

d. Stimulated Raman Scattering 

Stimulated Raman scattering (SRS) is considered as an inelastic scattering 

process. For SRS, a light is scattered at the lower frequency of the incident photons due 

to the molecular vibration in an optical fiber. This newly generated wave at the lower 

frequency is called Stokes wave. The initial stage of Stokes wave for continuous wave 

(CW) conditions can be expressed as [61]: 

SPR
S IIg

dz
dI

=   ,       (2.70) 

where Rg  has the relationship to the imaginary part of the third order nonlinear 

susceptibility, PI  is the pump intensity, and SI  is Stokes intensity. When equation 

Sp ωω −=Ω , the frequency difference between pump beam at pω  and Stokes wave at 

Sω , stays in the boundary of Raman-gain spectrum, the new frequency Ω  is red-shifted 

due to Raman scattering. Rg  measured at pumping wavelength of 1μm for fused silica 

is shown in Fig. 2.6. As shown in Fig. 2.6, the wave number for maximum Raman gain 

can be obtained at 440cm-1, whose frequency can be expressed as 
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( ) ( ) THzcmsmf
Rg 2.13440/103 18 =⋅×= − . Therefore, new frequency Ω  is red-shifted 

from pump beam pω  by 13.2THz.   

To check the relevance between the theory and the real case when a beam was 

into an optical medium, q-switched pulses at the wavelength of 523nm were coupled into 

300m silica fiber (SMF-28e: single mode fiber for 1550nm) as shown in Fig. 2.7. The q-

switched pulse had the pulse width of 11ns (FWHM) and the peak intensity of 16.8kW. 

An output from the fiber was collimated and was detected by a monochromator 

(MicroHR, Horiba Jobin Yvon, Inc). 

 

Fig. 2.6. Raman gain spectrum of fused silica: image obtained from [63]. 
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Fig. 2.7. Experimental setup for Raman scattering. 

 

Figure 2.8 shows the spectrum generated from q-switched pulses inside the 300m 

silica fiber and far-field pattern. The spectrum expansion from 523nm to 1000nm was 

obtained.  
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Fig. 2.8. The experimentally measured spectrum generated from q-switched laser (in dB 

scale). 

 

To investigate the effect of Raman scattering, the spectrum was drawn in linear scale for 

the intensity and zoomed into narrower wavelength scale as shown in Fig. 2.9. The first 

shifted peak was observed at 535nm, which coincided with following calculation: 

nm
THzTHz

sm
Raman 33.535

2.136.573
/103 8

=
−

×
=λ , 

where 535.33nm peak was red-shifted from 523nm peak by 13.2THz. The second peak 

was at 548nm, which also matched the following calculation: 

nm
THzTHz

sm
Raman 25.548

2.134.560
/103 8

=
−

×
=λ . 

All the peaks evaluated up to 5th shift in Fig. 2.9 had good agreements with the calculated 
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values.     
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Fig. 2.9. Closer view of the measured spectrum in linear scale: peaks up to 5th shift are 

evaluated with calculation results. 

 

The threshold peak power for Raman scattering can be defined as [61]: 

160 ≈
eff

eff
cr

R

A
LPg

, 

where crP0 , effL , and effA  are threshold peak power, effective fiber length, and mode 

area of an optical medium, respectively. By substituting Rg =1.0×10-13m/W 

(approximated value from Fig. 1), effL =300m, and effA =78.54μm2 (the diameter of 

10μm for SMF-28e) into equation (x), crP0  is calculated to be 41.89W. Since the peak 
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power coupled into the 300m fiber (16.8kW) was much above the calculated value, 

Raman scattering effect was clearly observable in the wide bandwidth range.  

However, self-phase modulation (SPM), generally considered as symmetrical 

broadening, was not observed in Figs. 2.8 and 2.9. Since the value of the nonlinear 

coefficient can be obtained using (2.33), which is 

( )
( ) ( )

Wm
mnm

Wm
A
n

eff

⋅×=
×

== −
−

3
2

220
2 10977.3

5523
106.222

μπ
π

λ
πγ  , 

maxφ  from (2.53) is calculated to be 20,044. Thus, the value of the maximum frequency 

shift induced by SPM is given as (2.52): 

( ) THz
ns

56.1044,20
11

186.086.0 max0max =⎟
⎠
⎞

⎜
⎝
⎛=Δ= φωδω  . 

Since the center wavelength is 523nm (573.6THz), SPM can only broaden the 523nm 

pulses by 1.41nm to blue and 1.44nm to red. Therefore, the effect of SPM using the 

nanosecond laser is negligible unless the peak power is extremely high, or high-

nonlinearity optical medium is utilized.  
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Chapter 3 

Laser Systems Used for Our Experiments 

 

Ultrafast lasers have gained enormous interests in variety of research areas 

including laser machining [64-66], chemical reactions [67], frequency mixing [26, 68], 

supercontinuum generation [69-71], remote sensing [72, 73], Terahertz (THz) generation 

[24, 25, 74], and many others. In this chapter, laser systems including a femtosecond laser 

system and an optical parametric amplifier available in our lab are explained since they 

are key equipments for most experiments performed in this dissertation. 

 

3.1 – Femtosecond Laser System 

Many ultrafast lasers are now commercially available in single compact 

packaging with easily operational on-off switches. However, those single-packaged lasers 

are unable to provide very high-peak-power pulses, which are required by many 

applications [54]. To provide high-peak power pulses, many methods to amplify weak-

power pulses are suggested. Most common way among various methods is to use 

chirped-pulse amplification technique [16, 54].     

The configuration of femtosecond laser systems employing chirped pulse 

amplification technique is composed of an oscillator (seed laser), a stretcher, a 

regenerative amplifier (RGA), a multipass amplifier (MPA), and a compressor. Figure 3.1 

depicts the variation of temporal pulse width after each stage [75]. A pulse generated by a 

seed laser is temporally broadened in a stretcher. If longer wavelength travels faster in 

time than shorter wavelength inside the stretcher, it is called chirped pulse amplification 
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(CPA) technique. Reversed mechanism (i.e. shorter wavelength travels faster than longer 

wavelength in time) is called down-chirped pulse amplification (DPA) technique. The 

stretched pulse is amplified in two amplifiers (RGA and MPA), and temporally 

compressed in a compressor. The compressor is considered as the reversed process of the 

stretcher. Figure 3.2 shows the configuration and pictures of our femtosecond laser 

system (TITAN Femtosecond Pulse system, Quantronix). The pictures only show zoomed 

sections. 

Pulse from 
Seed laser After stretcher Amplification stages After compressor

Chirped 
Pulse Amplification

Down-Chirped 
Pulse Amplification

 

Fig. 3.1. The variation of temporal pulse width through chirped or down-chirped pulse 

amplification technique (Image reconstructed from [75]). 

 

First, femtosecond pulses with the center wavelength of 780nm are created at the 

repetition rate of 48.1MHz from a seed laser (IMRA Femtolite A-10). The temporal pulse 

width at full-width-half-maximum (FWHM) is 99.0fs. The polarization and average 

output power of pulses are vertical direction and 20.1mW, respectively. Since the pulses 

out of the seed laser have very short temporal width, which is 99.9fs at full-width-half-

maximum (FWHM), they are stretched temporally to picosecond level. The reasons for 

temporally stretching short pulse in chirped pulse amplification technique are that [54]: 
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Stretcher
Lens Lens

GratingGrating

Reflector

Vertically Polarized Beam

Polarizer #1 

Regenerative Amplifier (RGA)

Femtosecond output

Seed Laser

Pump Beam

Pump Beam

Multipass Amplifier (MPA)

Compressor

Grating
Grating

Reflector

Polarizer #2 

Pocket Cell

Ti:Sapphire Crystal #1

Ti:Sapphire Crystal #2

λ/4

Isolator 

 

(a) 

  

(b) 

Fig. 3.2. Our femtosecond laser system: (a) configuration, (b) pictures with selected 

views. 
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1) damages to the optics need to be avoided due to extremely high peak power 

caused in amplification processes, and 

2) spatial and temporal beam distortion due to nonlinear interaction can be 

minimized.  

The configuration of a stretcher is shown in Fig. 3.3 [54, 76]. When f1>f2, longer 

wavelength travels faster than shorter one that the mechanism is considered to be the CPA 

as shown in Fig. 3.1. If f1<f2, it is the DPA as shown in Fig. 3.1, which is also called as 

negative dispersion stretching. For our case, the reflector is slightly tilted so that the 

reflected beam can deviate from the incoming beam path and travel into the RGA.  

     

Lens #1 Lens #2

Grating #2
Grating #1

Reflector

Pulse from
seed laser

f1 f12f2

f2

 

Fig. 3.3. The configuration of a stretcher [54, 76]. 

 

Polarizer #1 after the stretcher shown in Fig. 3.2 reflects vertically polarized 

beam while transmitting horizontally polarized beam. Thus, the incoming beam from the 

stretcher, which is vertically polarized, is directed into the RGA. Polarizer #2 inside the 

RGA has the same characteristics as polarizer #1 that it also reflects the vertically 

polarized incoming beam into a pocket cell driver.  

The polarization rotation inside the pocket cell driver is composed of three 
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operating states, which are zero voltage, λ/4 retardation, and λ/2 retardation [19]. The 

operation of the pocket cell driver is generally explained based on [19].  

In zero-voltage state of the pocket cell driver, a pulse leaving the pocket cell 

driver is horizontally polarized since the incoming beam reflected by polarizer #2 is λ/4 

retarded by a λ/4 wave plate and λ/4 retarded again when it is reflected by a mirror 

behind the pocket cell driver. Thus, the pulse passes through polarizer #2, and travels 

inside the cavity of the RGA. After one round trip, the horizontally polarized pulse is 

rotated back to vertical direction after going through the λ/4 wave plate twice and the 

pocket cell driver. Therefore, the vertically polarized pulse is reflected by polarizer #2 

toward polarizer #1. Since polarizer #1 only transmits the horizontally polarized pulse, an 

optical isolator, which only rotates the outcoming pulse by 90o, is employed between 

polarizers #1 and #2 to eject the pulse toward a multipass amplifier (MMA). 

In λ/4 retardation state of the pocket cell driver, the pulse can be trapped inside 

the cavity of the RGA. As soon as the pulse leaves the pocket cell driver, λ/4 retardation 

is applied to the pocket cell driver. Since total retardation experienced by the pulse inside 

the cavity is zero (twice of λ/4 retardation by the λ/4 wave plate and twice of λ/4 

retardation by the pocket cell driver), the pulse maintains horizontal polarization and is 

trapped inside the RGA cavity. Also, in the λ/4 retardation state for the pocket cell driver, 

new pulses coming from the stretcher (vertically polarized) cannot enter the RGA cavity 

since their polarization is maintained and they are always reflected by polarizer #2. The 

λ/4 retardation to the pocket cell driver is maintained until the trapped pulse experiences 

about 15 round-trips inside the cavity.  

The trapped pulses are now amplified inside Ti:Sapphire crystal #1 by 15% total 
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power of a q-switched pump beam generated from a second harmonic ND:YLF laser 

(Falcon 527 series, Quantronix), which has the wavelength of 532nm, average power of 

16.7W, pulse width (FWHM) of 142ns, and the frequency of 1kHz. A Ti:Sapphire crystal 

is the most commonly utilized for amplification process since it exhibits high damage 

threshold of 8-10J/cm2, broad gain bandwidth of 230nm, high thermal conductivity of 

46W/mK at 300K, large saturation fluence of 0.9J/cm2, and good peak gain cross section 

of 2.7×10-19cm2 [54]. To maximize the amplification efficiency and avoid the unexpected 

spectrum modulation due to the induced birefringence, Ti:Sapphire crystal #1 needs to be 

orientated parallel to the polarization (horizontal direction) of the pulse inside the cavity. 

The center wavelength measured after the amplification inside Ti:Sapphire crystal #1 is 

784nm, which is 4nm deviated from the seed laser (center wavelength ~ 780nm). 

According to Backus et al [54], the center wavelength can be red-shifted in an 

amplification medium since the gain saturation tends to shift the spectrum toward the 

peak gain of the Ti:Sapphire crystal, which is around 840nm as shown in Fig. 3.4.       

 

Fig. 3.4. Gain cross section of Ti:Sapphire crystal (Image obtained from [54]). 
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When the energy of the pulse inside the cavity approaches the maximum gain, 

λ/2 retardation is applied to the pocket cell driver so that the amplified pulse trapped 

inside the cavity leaves the cavity. The average power of the seed beam after the RGA is 

about 400mW. The pulse after the application of λ/2 retardation is vertically polarized 

since the pulse experiences λ/4 retardation twice by the λ/4 wave plate and 90o twice by 

the pocket cell driver. The emitted seed beam from the RGA cavity travels through the 

optical isolator, and its polarization is changed to horizontal direction. The horizontally 

polarized pulse passes through polarizer #1 and travels into the MMA. 

The configuration of the MMA in Fig. 3.2 shows that the seed beam ejected from 

the RGA cavity is amplified twice inside Ti:Sapphire crystal #2. The seed beam travels 

into the crystal, and is reflected toward the crystal again by hitting several mirrors. 85% 

of the total average pumping power from Falcon 527 ND:YLF laser is applied to 

Ti:Sapphire crystal #2. To maximize the amplification of the pulse, the pump beam 

passing through Ti:Sapphire crystal #2 is reflected back to the crystal again by an end 

mirror. The average power of the seed beam after the MMA is about 3W.  

The polarization of the seed beam is rotated to vertical direction by entering a λ/2 

wave plate, and travels into a compressor. The compressor is very close to the reverse 

operation of the stretcher explained earlier. Since the CPA technique is employed for the 

stretcher, the reverse operation that the shorter wavelength travels faster than the longer 

wavelength is applied to the compressor. The average power of the seed beam is 

decreased to around 2W due to metallic absorption loss and higher-order diffraction of 

the grating surfaces.  
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3.2 - Optical Parametric Amplifier 

Even though femtosecond laser systems using Ti:Sapphire crystals provide high 

stability and intense peak power, the ability of wavelength tuning is limited to small 

range [17, 54]. Their wavelength tuning ability can be greatly enhanced from UV to even 

far-IR if they are incorporated together with nonlinear optical crystals such as β-barium 

borate (BBO) and lithium triborate (LBO) for frequency mixing processes, which can 

generate different frequencies other than the pumping wavelength [17, 62].  

An optical parametric amplifer (OPA), which is based on differential frequency 

generation (DFG), is the most common way to realize the wavelength shift into mid- and 

far-IR regions. When high intensity femtosecond pulse (ωP) propagates into a nonlinear 

optical crystal, it interacts with quantum noise inside the crystal to generate new wave, 

which is called signal beam (ωS) [77]. Those two beams (ωP and ωS) are involved in DFG 

process, and create another new wave, which is called idler beam (ωI) [17, 62, 77, 78]. 

These parametric amplification processes can be expressed as [17, 62, 77, 78]: 

ISP ωωω +=      .        (3.1) 

To ensure efficient amplification of both signal and idler beams, following phase 

matching condition needs to be followed: 

IISSPP nnn ωωω +=  ,       (3.2) 

where np, ns, and nI are refractive indices of pump, signal and idler beams, respectively. 

Therefore, wavelengths of signal and idler beams can be continuously tuned by varying 

np, ns, and nI, which can be controlled by varying orientation, temperature, pressure or 

electric field of a crystal [17]. In our OPA configuration [Traveling-wave Optical 

Parametric Amplifier of Superfluorescence (TOPAS), Light Conversion], a BBO crystal 
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with type I, in which the polarization of both signal and idler beams are the same 

(ordinary direction) while they are perpendicular to the pump beam (extraordinary 

direction), is utilized. In that case, the phase matching angle (θm), which decides the 

wavelengths of signal and idler beams, can be expressed as [17]: 
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where nep and nop are the refractive indices of the pump beam, which are oriented in 

extraordinary and ordinary directions, respectively. 

The configuration and picture of our OPA is shown in Fig. 3.5. The OPA is 

composed of 5 stages. The first three stages are to generate stable signal and idler beams 

as shown in Fig. 3.6 while last two stages are to amplify signal and idler beams inside the 

crystal by overlapping them with pumping beams as shown in Figs. 3.7 and 3.8. 

In the first pass, a seed beam, around 10% of the pump beam after the first and second 

beam splitters (BS1 and BS2), is reflected by M2, and passes through the crystal to 

generate weak signal and idler beams due to the interaction with quantum noise and the 

DFG process of SPI ωωω −= . In the second and third passes, signal and idler beams are 

amplified twice and reach diffraction grating (DG), which is utilized to reduce the 

spectral width and stabilize the shape of signal and idler beams. 
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Fig. 3.5. The OPA: (a) configuration, (b) picture. 
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Fig. 3.6. First, second, and third passes to generate and amplify signal and idler beams. 
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In the fourth pass, the beam reflected by the diffraction grating is amplified inside the 

crystal by being overlapped with the pump beam reflected by BS2 as shown in Fig. 3.7. 

In the fifth pass, the beam amplified in the fourth pass is reflected by M7 and M8, and is 

amplified again by being overlapped with the pump beam reflected by BS1 as shown in 

Fig. 3.8.  

The wavelength range achieved by this configuration is from 1100nm to 2600nm. To 

further extend the wavelength tuning ability, our OPA employs an external BBO crystal to 

generate new frequency due to DFG process between signal and idler beams 

( ISNEW ωωω −= ). In this case, wavelength tuning ability can reach up to 11μm, which is 

suitable to pump fibers at mid-IR region.  

 

BS1BS2

CM1 CL2M5M7 NC

M3’
A3 L3’

GP

L4 L3 M3”

M3

Grating

M4

 

Fig. 3.7. Fourth pass: Pre-amplification stage. 
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Fig. 3.8. Fifth pass: Power-amplification stage. 
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Chapter 4 

Investigation of Single Crystal Sapphire Fiber as a Medium for Supercontinuum 

Generation 

 

4.1 – Introduction 

To overcome the limitations of conventional silica glass and IR glass fibers that 

are high absorption beyond 2.5μm and low damage threshold, we mainly utilized single 

crystal sapphire fibers to realize supercontinuum generation (SCG). As explained in 

Chapter 1, due to their good transparency in mid-IR [40], high laser damage threshold 

[41], and high melting temperature [40], sapphire fibers has been attractive optical media 

for many applications including various sensing in harsh environment and high laser 

power delivery in medical instruments [41, 43, 45, 47, 79]. However, sapphire fibers have 

not been used for supercontinuum generation even though they are fully qualified for this 

application. 

In this chapter, we review the material and optical characteristics of single crystal 

sapphire fibers, and further investigate their possibility as optical media for high-power 

and broadband supercontinuum sources. 

 

4.2 - Material Characteristics of Sapphire Fibers 

Sapphire fibers can be readily grown by laser-heated pedestal growth (LHPG) 

technique [40, 58, 59, 80]. Figure 4.1 shows the configuration of the LHPG [40]. 

Sapphire source fed into Molten Zone is melted by high power CO2 laser beam. Then, 

sapphire material can be slowly pulled out of Molten Zone in the form of a fiber. The 
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diameter of a sapphire fiber can be decided by feeding speed and the diameter of the 

sapphire source and the pulling speeds of the sapphire fiber in following relationship 

[40]:    

s

f

f

s

v
v

d
d

=  ,        (4.1) 

where ds and df are the diameters of the sapphire source and sapphire fiber, and vs and vf 

are the feeding speed of the source and pulling speed of the fiber. Figure 4.2 shows the 

spectrum losses of typical bulk sapphire material and the sapphire fiber grown at Rutgers 

University [40]. As shown in Fig. 4.2, low mid-IR loss of the sapphire fiber satisfies that 

the sapphire fiber is a suitable optical medium to generate supercontinuum in mid-IR 

region.  

 

 

CO2 Laser Beam CO2 Laser Beam

Sapphire source

Feed

Pull

Sapphire fiber

Molten Zone

 

Fig. 4.1. Configuration of laser-heated pedestal growth (LHPG) (Redrawn from [40]). 



  44

 

Fig. 4.2. Spectrum losses of typical bulk sapphire crystal and the sapphire fiber grown at 

Rutgers University (Image obtained from [40]). 

 

4.3 - Optical Characteristics of Sapphire Fibers 

In this dissertation, c-axis single crystal sapphire fibers are employed for all the 

experiments. Therefore, the ordinary refractive index of a sapphire fiber only needs to be 

considered, and can be expressed as following Sellmeier equation [81]: 
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Also, the group velocity and group index can be expressed as follows [82]: 
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d
dnnN −=  .        (4.4) 

The refractive index, group velocity, and group index of a sapphire fiber are plotted and 

shown in Fig. 4.3. The dispersion parameter, which has the relationship between group 

delay changes according to wavelength variation as following [61, 82]: 
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Figure 4.4 depicts the calculated material dispersion as a function of wavelength for the 

sapphire fiber. Zero-dispersion wavelength (λD), where D=0, is located around 1314nm. 

A region with D < 0 is called normal dispersion while the other (D > 0) is called 

anomalous dispersion [61]. Fiber dispersion can also be expressed as the mode-

propagation constant β in a Taylor series [61]: 
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The parameters β1, β2, and β3 … can be expressed with previously given parameters as 

[61, 82] 
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Figure 4.5 shows β2 as a function of a wavelength for the sapphire fiber. 

Another important parameter for nonlinear operation is nonlinear refractive index, 

which can be denoted as n2. Figure 4.6 shows the nonlinear refractive index of the 

sapphire material in a function of wavelength [42]. At 784nm, n2 is about 

Wm220103 −× , which is comparable to that of a silica material ( Wm220106.2 −× ) [42, 
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61]. 

 

 

 

0 1000 2000 3000 4000
1.66

1.68

1.70

1.72

1.74

1.76

1.78

1.80

1.82

R
ef

ra
ct

iv
e 

In
de

x

Wavelength (nm)
0 1000 2000 3000 4000

1.52

1.56

1.60

1.64

1.68

G
ro

up
 v

el
oc

ity
 (1

010
cm

/s
)

Wavelength (nm)  

(a)      (b) 

0 1000 2000 3000 4000

1.76

1.80

1.84

1.88

1.92

1.96

G
ro

up
 In

de
x

Wavelength (nm)  

(c) 

Fig. 4.3. Optical properties of a sapphire fiber : (a) refractive index, (b) group velocity, 

and (c) group index. 
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Fig. 4.4. Calculated material dispersion for the sapphire fiber. 
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Fig. 4.5. Calculated β2 for the sapphire fiber. 
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Fig. 4.6. Nonlinear refractive index of the sapphire material (image obtained from [42]). 

 

4.4 - Supercontinuum Generation in Sapphire Fibers 

a. Theoretical Approach 

Under the slowly varying envelope approximation (SVEA) [61], the generalized 

nonlinear schrödinger equation (NLSE) describing single pulse propagation in an optical 

fiber can be mathematically described as [61, 83, 84]: 
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where A  represents the slowly varying pulse envelope, α  is the fiber loss, βn is the 

nth propagation constant, γ  denotes the nonlinearity coefficient, and ( )tR  is the 

instantaneous and the delayed material response. Raman frequency shift of a sapphire 

fiber is 419cm-1 and Raman gain coefficient is Wcm10106.4 −×  [85, 86]. 
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For all the experiments involving sapphire fibers, highly multimode sapphire 

fibers (core diameter of 60μm for SCG pumped at 784nm, and 115μm for the rest of 

experiments) are employed (MicroMaterials, Inc). Even though our fibers are highly 

multimode, the fundamental mode is mainly considered because wave-vector mismatch 

between the fundamental and higher-order modes is extremely large [87, 88]. The total 

dispersion is dominated by the material dispersion of the fundamental mode [89].  

 

b. Supercontinuum Generation in Single Crystal Sapphire Fibers by Pumping at 

784nm (normal dispersion) 

To investigate if a single crystal sapphire fiber is an appropriate medium for SCG, 

SCG in a c-axis single crystal sapphire fiber is evaluated by pumping at 784nm. 

According to Fig. 4.4, the value of the dispersion coefficient at 784nm is 

kmnmpsD −−= /71.183  <0, which is normal dispersion region.  

To evaluate the effect of the dispersion in SCG, dispersion and nonlinear lengths, 

given as DL  and NLL , are investigated. Mathematically, DL  and NLL  are given by 

2
2

0 βTLD =  and 01 PLNL γ=  [61], respectively, where 0T  is the pulse width, 2β  is 

the group velocity dispersion, γ  is the nonlinear coefficient, and 0P  is the peak power.  

According to Fig. 4.5, the value of 2β  is around 59 ps2/km at the pump wavelength of 

784nm. Substituting pulse width fsT 1500 =  into the above expression of DL , we can 

obtain cmLD 39= . Since the lengths of sapphire fibers used in this experiment are less 

than 3cm, the dispersion length is much longer than the length of the fiber used in the 

experiment. Therefore, the nonzero dispersion at 784 nm will have very little influence on 
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the spectrum broadening. To find NLL , we need to determine nonlinear coefficient, γ , 

which is  expressed in (2.33) as effeff AncAn λπωγ 202 2== , where the nonlinear-

index coefficient, 2 ,n  is 20 2
2 3 10 /n x m W−≈  as given in Fig. 4.6 [42] and the effective 

area is 22827effA mμ=   for the multimode sapphire fiber with 60μm diameter. Based 

on these parameters, one can get 58.5 10 / .x mWγ −=  at 784 nmλ = . To calculate the 

nonlinear length, the peak power coupled into a sapphire fiber is required. The ultra-short 

pulses has a 5 mm beam size ( 5D mm= ) and are focused by a 5× microscope objective 

with a 25.4 mm focal length, 25.4f mm= , as illustrated in Fig. 4.7. The spot size, 2 oω  

(where oω  is the waist radius), of the focused Gaussian beam is calculated about 

5.071µm near the focal point at 784 nmλ =  by using the following Gaussian beam 

formula 2 4 /o f Dω λ π≈  [90].  Since this spot size is much smaller than the diameter 

of the sapphire fiber ( 60 mμ ), the fiber can be placed 1.5 mm behind the focal plane to 

cover entire area. Proper spacing is also required to avoid the damage at the end of the 

fiber. The beam size at the input end of the fiber is estimated by the Gaussian beam 

propagation formula [90], as given by 
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Substituting mmz 5.1=  into the equation above, we obtain ( ) mmm μω 2955.12 = , 

which is large enough to cover the entire cross-section of the sapphire fiber. The area 

proportion between the beam size of ( )mm5.12ω  and the fiber diameter of 60μm is as 

following: 
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If the average power of the input beam is 30mW, the pulse energy coupled into the fiber 

is 

JsmWE fibertopulse μ24.1001.0
22.24

30
=×=−−    .   (4.14) 

Therefore, the light intensity level coupled into the fiber is: 
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Also, the lowest light intensity level evaluated is 27.9 cmGW .  

Then, the corresponding nonlinear lengths are 4.3 cm and 0.14 cm for the peak powers 

WAcmGW eff
52 1075.2/7.9 ×=×  and WAcmGW eff

62 1026.8/290 ×=× , respectively. 

Thus, DNL LL <<  and the fiber length is compatible or longer than NLL . Therefore, the 

dispersion term is negligible compared to the nonlinear term and the spectral broadening 

is dominated by the effect of the self phase modulation [61, 91-93].  Furthermore, since 

the nonlinear length is in the order of cm, the 3 cm long fiber is more effective for the 

SCG than the 1 cm long fiber for the SCG. 
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Fig. 4.7. An illustration of power estimation for generating supercontinuum in a sapphire 

fiber. 

 

To investigate if a single crystal sapphire fiber is an appropriate medium for SCG, 

a c-axis single crystal sapphire fiber with the core diameter of 60μm was pumped by a 

Quantronix femtosecond laser, which had a central wavelength, pulse duration, and 

repetition rate of nm784=λ , 150 fs, and 1 kHz, respectively. The experimental setup is 

shown in Fig. 4.8. Supercontinuum generated inside the sapphire fiber was collimated 

and focused into an optical spectrum analyzer (OSA). For the purpose of comparison, a 

bulk sapphire crystal was also placed in the same location of the experimental system, as 

illustrated in Fig. 4.9.  Since the only bulk sapphire crystal available in our lab was 1 

mm thick, both the lengths of the sapphire crystal and the length of the fiber were 

selected to be 1 cm.   
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Optical Spectrum Analyzer
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Supercontinuum Generation 
in Sapphire fiber
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5X Objective Lens
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Supercontinuum

Fiber to OSA

 

(b) 

Fig. 4.8. Experimental setup for SCG in a sapphire fiber by pumping at the wavelength of 

784nm: (a) configuration, (b) picture. 
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Fig. 4.9. An illustration of the experimental setup for generating supercontinuum in a 

sapphire bulk. 

 

Figures 4.10(a) - 4.10(d) show the experimentally measured spectra at four 

different input power levels (i.e., 9.7 GW/cm2, 48 GW/cm2, 97 GW/cm2, and 290 

GW/cm2). The black and red solid lines in each of the figures correspond to the sapphire 

fiber and sapphire bulk crystal, respectively. Based on these experimental results, we can 

draw the following conclusions: (1) SCG can be realized in a single crystal sapphire 

fiber; (2) Using the same exciting light density and interaction length (or material 

thickness), a wider SCG can be obtained in sapphire fiber than in bulk sapphire because 

of the fiber’s geometry. (3) The threshold light intensity level (9.7 GW/cm2) for the bulk 

material was lower than the data reported in [50] (i.e., 20 GW/cm2). We believed that this 

difference was because a longer crystal sample (i.e., 1 cm) was used in our experiment 

(Note that a sample with 2mm length had been used in [50]).   

To further investigate the influence of fiber length on SCG, we conducted 

experiments using different length sapphire fibers.  Figures 4.11(a) – 4.11(d) show the 

experimentally measured spectra from sapphire fibers with different lengths at four 

different input power levels (i.e., 9.7 GW/cm2, 48 GW/cm2, 97 GW/cm2, and 290 
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GW/cm2, respectively).  In each of the figures, the red and black solid lines correspond 

to lengths of 3cm and 1cm, respectively. These experimental results clearly show that the 

width of the spectrum increases with the length of the fiber.     

Note that, as shown in Fig. 4.11(d), the spectral width covered a spectral range from 

450nm – 1350nm (almost 900nm). The longer end of the measured spectrum did not 

extend longer than 1350nm.  This was because the pump wavelength is at 784 nm. If a 

longer pump wavelength is used (will be discussed in next chapters), the longer end of 

the measured spectrum is expected based on the transmission window of the sapphire 

material. Figure 4.12 shows the far-field pattern of supercontinuum generated in 3cm 

sapphire fiber. 

Again, the major interests using sapphire fibers for the SCG are the potential 

wider spectral range (from visible to middle IR up to 5 micron) and higher laser damage 

threshold. The preliminary experimental results in this chapter serve the purpose of proof-

of-concept. In next chapter, SCG in a sapphire fiber by pumping at longer pump 

wavelengths will be evaluated.  
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Fig. 4.10. Experimental supercontinuum spectra generated in different forms of sapphire 

media (i.e., fiber and bulk forms) under different exciting light intensities. Both the 

lengths of the fiber and the crystal are 1 cm. The black and red solid lines correspond to 

the fiber and the bulk, respectively: (a) 9.7 GW/cm2, (b) 48 GW/cm2, (c) 97 GW/cm2, and  

(d) 290 GW/cm2. 
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Fig. 4.11.  Experimental supercontinuum spectra generated in different length sapphire 

fibers under different exciting light intensities.  The black and red solid lines correspond 

to 1 cm long and 3 cm long fibers, respectively: (a) 9.7 GW/cm2, (b) 48 GW/cm2,  

(c) 97 GW/cm2, and (d) 290 GW/cm2. 
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Fig. 4.12. Far-field pattern of supercontinuum generated in 3cm sapphire fiber 
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Chapter 5 

Broadband Supercontinuum Generation in Near- and Mid-IR Using Single Crystal 

Sapphire Fibers (Pumping in Anomalous Dispersion) 

 

5.1 – Motivation for Pumping at Longer Wavelength Regions 

In chapter 1, the disadvantage of time delay due to wavelength tuning using 

conventional sources such as optical parametric amplifiers (OPOs), tunable solid-state 

lasers, and quantum cascaded lasers (QCLs) are discussed. Compared to these 

conventional sources, a supercontinuum source has the advantage of covering a wider 

range of spectrum without the time delay caused by the wavelength tuning of 

conventional sources. However, SCG in the mid-IR region using silica materials are 

limited by heavy material absorption [32]. To realize the SCG in the mid-IR region, IR 

glass fibers are commonly employed [31, 34-36]. Although mid-IR SCG have been 

successfully generated in IR glass fibers such as ZBLAN Fluoride fibers, Chalcogenide 

fibers, and SF-6 fibers, high power supercontinuum sources are not feasible because these 

IR glass fibers have the low softening temperature as explained in Chapters 1 and 4.   

Compared to silica-based fibers and IR fibers, single crystal sapphire fibers (in 

both the bulk and fiber form) that are transparent up to 5μm, and have a good value of 

nonlinear refractive index around n2=2.8 10-20m2/W [42], high damage threshold, and a 

very high melting temperature (> 2,000 oC) [40] are good candidates for high power mid-

IR SCG.  

In this chapter, SCG in near- and mid-IR region using single crystal sapphire 

fibers is discussed. Also, more detailed study on the mechanism of SCG in single crystal 
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sapphire fibers is presented by analyzing the relationships between the geometrical fiber 

length and dispersion length of the sapphire fiber.  

 

5.2 - Technical approach 

As given in Chapter 2, the maximum frequency shift induced by the SPM can be 

expressed as effLP00max 86.0 γωδω Δ=  in combination of (2.52) and (2.53). The frequency 

shift stays within the range of the maximum frequency shift when a fiber is pumped in 

normal dispersion region (when the wavelength is shorter than 1.3μm) [94]. However, 

within anomalous region, the formation of higher-order solitons can be observed due to 

the balance between significant dispersion and SPM [94]. This phenomenon is mainly 

due to modulation instability [61]. 

According to the SCG theory in anomalous dispersion region [35, 61], when the 

fiber length is shorter than the dispersion length, the most dominating effect for 

supercontinuum generation is thought to be SPM. However, when the fiber length is 

longer than the dispersion length, the soliton-related dynamics accompanied by SPM 

dominates the broadening effect. For example, when pump pulses at 2μm travel into 

single crystal sapphire fiber, SPM is accompanied by anomalous dispersion, creating a 

dispersive wave at another frequency due to higher-order soliton fission [83, 95-97].  

At 2μm, the pumping wavelength, used in our experiments, the dispersion 

parameter, D, is about 57.28ps/nm-km, which falls within the anomalous dispersion 

region. To investigate the mechanism of SCG in a sapphire fiber, we need to estimate the 

dispersion length and the nonlinear length of the sapphire fibers at 2μm. To get the value 

of LNL, first, the nonlinear coefficient γ, is determined by substituting the estimated 
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nonlinear refractive index coefficient n2=2.8 10-20m2/W as shown in Fig. 4.6, the 

effective area of sapphire fiber Aeff=10,386μm2 (corresponding to 115μm fiber diameter), 

and λ=2μm into the expression of nonlinear coefficient γ=n2ω0/cAeff=2πn2/λAeff as given 

in (2.33). The calculated nonlinear coefficient is about γ=8.47 10-6/m⋅W. Then, the 

nonlinear lengths, LNL, corresponding to different peak powers, can be derived. For 

example, substituting γ=8.47 10-6/m⋅W, P0=30.94GW/cm2 Aeff=3.213 106W and 

P0=154.7GW/cm2 Aeff=1.607 107W into 01 PLNL γ= , the corresponding nonlinear 

lengths are 3.67cm and 0.735cm, respectively. 

To calculate the dispersion length, LD, we first calculate the value of group velocity 

dispersion, β2, which is drawn in Fig. 4.5. The calculated β2 is about -121.5ps2/km at 

λ=2μm.  Furthermore, substituting β2=-121.5ps2/km and the pulse width T0=150fs into 

2
2

0 βTLD = , the value of LD is calculated to be LD=18.52cm.  

Thus, when the fiber length is relatively shorter than 18.52cm, the most dominant effect 

can be considered as SPM. However, if the fiber length is longer than 18.52cm, 

interaction of dispersion and SPM can create the dispersive wave due to higher-order 

soliton fission.     

 

5.3 - Experimental procedures and results 

In the experiment, a c-axis single crystal sapphire fiber with a 115μm diameter 

was used for the SCG. Figure 5.1 shows the experimental set up for SCG in sapphire 

fiber. The 2μm pumping source was created by using an optical parametric amplifier 

(OPA) seeded by a femtosecond laser system, which had a 784nm central wavelength, a 1 

kHz repetition rate, a 150fs pulse width, and a 5mm diameter beam size. The ultra-short 
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pulses were focused by a 5  microscope objective with a 25.4mm focal length. The fiber 

was placed 1.5mm behind the focal plane. The beam size at the input end of the fiber was 

measured to be 295.3μm, which was larger than the diameter of the sapphire fiber so that 

the cross section of the fiber end was fully illuminated. According to Fig. 4.4, the 

material dispersion D at 2μm is 57.28ps/nm-km and is considered to be within the 

anomalous dispersion region. The spectrum obtained from the sapphire fiber was 

collimated by a Zinc Selenide IR (ZnSe) lens, and measured by a monochromator 

(MicroHR, Horiba Jobin Yvon Inc.) with a lock-in amplifier. A grating with a blazing 

wavelength of 1.5μm and a PbS photodetector were used for the 1-2μm range spectral 

profile measurement and a grating blazed at 4μm and a HgCdTe cryogenic photoreceiver 

were used for the 2-3μm range spectral profile measurement. 

 

Detector-
Incorporated 

Monochromator

Objective Lens
(5X)

Supercontinuum Generation 
in Sapphire fiber

Femtosecond Pulses from Optical Parametric Amplifier (OPA)

Zinc Selenide (ZnSe) Collimating Lens

(2000nm, 150fs, 1kHz)

Uniform Transmission 0.6~16μm

Lock-in Amplifier

PC

Chopper

 

Fig. 5.1. Experimental set up for supercontinuum generation in sapphire fiber 
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To verify the SCG theory for the case of single crystal sapphire fiber, as 

discussed in the section of theoretical approach, we first conducted experiments using a 

sapphire fiber whose length was shorter than the dispersion length (i.e. LD=18.52cm at 

2μm). The fiber chosen for the experiment was 5cm in length. Figures 5.2(a) and 5.2(b) 

show the experimentally measured spectra from the 5cm sapphire fiber using two 

different input peak power density levels (i.e. 30.94 GW/cm2, and 154.7 GW/cm2, 

respectively). The corresponding peak power levels within the sapphire fiber are 

3.213 106W and 1.607 107W, respectively. Since the fiber length is shorter than the 

dispersion length, the most dominating effect that causes spectrum broadening is thought 

to be SPM [35, 61]. The relatively smooth spectral profiles, shown in Figs. 5.2(a) and 

5.2(b) suggested that SPM was indeed the dominant factor for the spectrum broadening. 

In addition, the experimental results have also shown that a very broad IR spectrum 

(ranging from 1200 nm to 2800 nm), which covered the near-IR and the lower end of 

mid-IR spectral range, could be achieved via SCG in single crystal sapphire fibers.  

To verify that SCG can also be realized via soliton-related dynamics in single 

crystal sapphire fibers, we also conducted the experiments with a sapphire fiber whose 

length was longer than the dispersion length.   

Dispersive wave can be created when the following phase matching condition is 

met [96]: 

( )( ) ( )
2!

00
0

2

0 P
n

n
R

n

n ωγ
ωω

ωβ
=−∑

≥

,       (5.1) 

where ωR and ω0 are the radiation and the dispersive wave frequencies, respectively, and 

P0 is the peak power. The soliton order, N, can be determined by NLD LLN =  [88]. 
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Substituting LD=18.52cm and LNL=0.735cm (corresponding to the peak power 

P0=1.607 107W) into the expression of N, we obtain 5735.052.18 ≈= cmcmN . Table 

1 shows calculated dispersion parameter β=(dmβ/dωm), where m=1, 2….., [61, 82]. By 

using resonance condition (5.1) and β values given in Table 1, the dispersive wave 

wavelength is expected at approximately 1.155μm. 

 

Table 1. dispersion parameter β 

β2(ps2/km) β3(ps2/km) β4(ps2/km) β5(ps2/km) β6(ps2/km) 

-121.55 0.529 -2.307 10-3 1.345 10-5 -9.501 10-8

 

Figures 5.3(a) and 5.3(b) show the experimentally measured spectra for a 35cm 

long sapphire fiber (longer than the dispersion length) at two different input peak power 

levels of P0=3.213 106W, and P0=1.607 107W, respectively. In Fig. 5.3(a), there is a 

dispersive wave peak appeared around 1.2μm accompanied by SPM. Figure 5.3(b) shows 

a broader spectrum due to the SPM and higher-order soliton fission. The location of the 

experimental dispersive wave peak is slightly red-shifted (around 40nm), which may be 

due to the uncertainty in the dispersion curve of the sapphire fiber and complicated 

higher-order soliton periodic evolutions [96]. At any rate, the spike shape spectral 

profiles, shown in Figs. 5.3(a) and 5.3(b), confirmed that SCG could also be generated in 

single crystal sapphire fibers via soliton-related dynamics when the fiber length was 

longer than the dispersion length. 
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Fig. 5.2. Experimentally measured spectra for a 5cm sapphire fiber at two different 

input peak power levels of (a) 3.213 106W and (b) 1.607 107W. 
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Fig. 5.3. Experimentally measured spectra for a 35cm sapphire fiber at two different 

input power levels of (a) 3.213 106W and (b) 1.607 107W. 
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5.4 - Simulations 

To investigate the relevance of the experimental results, we performed the NLSE 

simulations with the parameters given in the previous sections and compared them with 

the experimental results. Simulations were performed for fiber lengths of 5cm and 35cm, 

the same lengths used in Figures 5.2 and 5.3, respectively, and an input peak power 

density level of 154.7 GW/cm2 was employed. Parameters used for (2.40) and (2.41) are 

Rf =0.25 derived from equation given in [98] and according to 2n  and Rn  given in [49], 

and 1τ =182fs and 2τ =200fs also given in [49]. Figure 5.4 compares the simulation 

results (dashed lines) to the experimental results (solid lines). Both the simulation and 

experimental results in Fig. 5.4(a) clearly show that when the fiber length is shorter than 

the dispersion length, 5cm in this case, the SCG in the sapphire fiber is mainly due to 

SPM. In Fig. 5.4(b), when the length of the sapphire fiber (35cm) is longer than the 

dispersion length, we observe the dispersive wave in both the simulated and experimental 

results. As shown in Figs. 5.4(a) and 5.4(b), the simulation results are in good agreement 

with experiments. 
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Figure 5.4. Spectra comparison between simulation and experimental results for (a) 

5cm sapphire fiber and (b) 35cm sapphire fiber. 
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5.5 – Extension of Pumping Wavelength to Mid-IR region 

As explained in Chapter 4 and earlier in this chapter, a silica-based fiber is not 

generally considered a good medium for generating supercontinuum in the mid-IR region 

(beyond 2.5μm) [32]. However, some papers mention that the SCG using silica-based 

fibers can indeed extend into mid-IR region. In [99], the authors use germano-silicate 

fibers to generate a supercontinuum that extends to the lower end of the mid-IR region 

(up to 2.8μm). UV light is shined onto a 1cm fiber to shift the zero dispersion point by 

over 100nm. However, a major disadvantage of using a silica-based fiber compared to a 

sapphire fiber is the heavier absorption in mid-IR region. Figure 5.5 shows transmission 

characteristics of silica and sapphire materials. As shown in Fig. 5.5, the absorption of 

silica in mid-IR region is much stronger than in sapphire. Therefore, supercontinuum 

generation beyond 2.8μm using a silica fiber is quite difficult, and fiber length must 

remain very short to avoid heavy absorption. To experimentally demonstrate the SCG 

using a sapphire fiber in mid-IR region, we shifted the wavelength of the OPA to 2.5μm, 

which is at a boundary between near- and mid-IR regions. We coupled the laser pulses 

into a 5cm sapphire fiber with input peak power density level of 92.82GW/cm2. Figure 

5.6 shows the experimentally measured spectra from the 5cm sapphire fiber pumped at 

2.5μm. A spectrum from 2μm to 3.2μm was observed. This result experimentally proves 

that a SCG from sapphire fiber can extend further into the mid-IR than a SCG from a 

silica fiber. 
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Figure 5.5. Transmission characteristics of silica and sapphire materials [100]. 
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Figure 5.6. Experimentally measured spectra for a 5cm sapphire fiber at the wavelength 

of 2.5μm and input power level of 9.640 106W. 
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Chapter 6 

Broadband supercontinuum generation covering UV to mid-IR region by using 

three pumping sources in single crystal sapphire fiber 

 

6.1 – Motivation for Multiple Pumping Sources  

Recently, the importance of a broadband light source covering UV through mid-

IR has increased. In spectroscopy, many chemicals have distinct peaks in UV, visible, 

near-, mid-, and far-IR. However, the spectra of many chemicals can only be 

differentiated by a small number of peaks in a certain range. Thus, the scanning range 

needs to be as wide as possible to distinguish these small differences. Remote sensing 

applications would also benefit from a broadband light source. The system described in 

Reference [101] utilizes both UV and mid-IR optical sources generated by an optical 

parametric oscillator (OPO) to perform remote-sensing for environmental conditions such 

as air pollution and water vapor, and for terrestrial monitoring. As explained in previous 

chapters, even though conventional sources such as OPOs, tunable solid-state lasers, and 

quantum cascaded lasers (QCLs) can cover a wide spectral range by continuously tuning 

the wavelength [33], they cannot cover the entire range simultaneously because of the 

time delay during wavelength switching. Very wide range SCG from the UV to mid-IR 

(up to 4.5μm) in air has been previously reported [102]. However, this result was 

obtained in air by employing input pulses with an extremely high peak power density 

level on the order of a terawatt. Recently, broadband supercontinua from optical fibers 

covering more than an octave span have been demonstrated with relatively small intensity 

input pulses by many researchers [34, 35, 38]. Reference [35] shows that a SF-6 photonic 
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crystal fiber (PCF) with a very small mode area (2.6μm diameter) and a nonlinear 

refractive index of 2.2×10-19m2/W can generate a spectrum that spans from 350nm to 

3000nm. Compared to SF-6 fiber used in [35], the nonlinear refractive index of a 

sapphire fiber is comparable, but the nonlinear coefficient of a sapphire fiber 

(γ=1.171×10-5/m⋅W at 1.55μm) is 14,000 times smaller than PCF fiber (γ=0.1680/m⋅W at 

1.55μm) due to its large mode area (core diameter of 115μm). Although the large mode 

area of the sapphire fiber significantly reduces its nonlinear coefficient, SCG in fibers 

with a larger mode area has generated a great deal of interest for the following reasons 

[103-105]: the coupling efficiency is very high, and the chance of surface damage 

decreases since the input light does not have to be as tightly focused as in the case of PCF 

fiber [40]. To maintain the advantages of a large mode area sapphire fiber (i.e. high 

coupling efficiency, high damage threshold, and good IR transparency) while improving 

the supercontinuum bandwidth, we adopt a multiple pumping source scheme.  

Previously, SCG using dual-wavelength pumping has been reported [106-110]. 

Dual-wavelength pumping broadens the spectrum via cross-phase modulation (XPM) 

[107, 109, 110], generates peaks at sidebands due to XPM-induced instability [106], and 

causes nondegenerate four-wave mixing (FWM) [108]. But, the broadened spectrum 

created by dual-wavelength pumping in many papers has a discontinuity between the 

supercontinua generated by each pump wavelength [106-109]. Even though these spectra 

are overlapped in several papers, the total reported span is much less than two octaves 

[110].   

In this chapter, we employ triple pumping sources to generate supercontinuum in 

a single crystal sapphire fiber. Our supercontinuum covers a very broad spectrum from 
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the UV to the lower end of the mid-IR without spectra discontinuity. By using triple 

pumping sources, we can generate a very broad spectrum despite using a large mode area. 

Also, an even broader spectrum can be generated by increasing the number of pumping 

sources in the longer IR wavelengths. 

 

6.2 - Technical approach 

The generalized NLSE describing single pulse propagation (4.11) as shown in 

Chapter 4 is [83, 84] 
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The nonlinear part of equation (6.1) can be expressed in terms of new variable V as [83, 

84]: 

( ) ( ) ( )( )2

0

22
0

1 VTRV
T

VVTRVi
z
V

∗⋅
∂
∂

−+∗⋅=
∂
∂

ω
γγ  ,   (6.2) 

where ( ) ( ) ( )( )( )[ ]0
2

0exp,, zzATRiTzATzV −∗= γ  .   (6.3) 

In that case, the multiple pumping sources propagating in an optical fiber at the initial 

stage can be expressed as [111]: 
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0
0 expexp ω    ,    (6.4) 

where NP is the total number of pumping sources, Pj and T0 are peak power and pulse 

width of jth pumping source, and Δωj is frequency difference between the jth pumping 

source and the carrier beam (NP=3 for our case). Each beam has high peak intensity on 

the order of 107 W, and three combined intensity carried through the fiber is very high. 
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Thus, a sapphire fiber, which exhibits a high damage threshold, is a suitable optical 

medium for the propagation of three high power pulses simultaneously. In our 

experiments, we used a highly multimode sapphire fiber with a core diameter of 115μm. 

An optical parametric amplifier (OPA) produces signal and idler beams and an additional 

pumping source at 784nm according to the equation of ω784nm=ωsignal+ωidler. We have 

chosen the pumping sources at 784nm, 1290nm, and 2000nm to minimize intensity 

fluctuation in the overlapping region of each spectrum. The dispersion parameters in 

sapphire fiber at 784nm (-187.4ps/nm-km) and 1290nm (-3.374ps/nm-km) are within 

normal dispersion while the 2000nm pulse (57.28ps/nm-km) lies in anomalous dispersion.   

To determine the length of a sapphire fiber, the dispersion length, LD, and the nonlinear 

interaction length, LNL, need to be calculated. Those lengths are given as LD=T0
2/|β2| and 

LNL=1/γP0, where P0 is the peak power of the propagating beam, and β2 is group velocity 

dispersion [61]. The group velocity dispersion at 784nm, 1290nm, and 2000nm can be 

calculated from β2=(λ3/2πc2)⋅(d2n0/dλ2), and the calculated values are 59.21ps2/km, 

2.979ps2/km, and -121.5ps2/km, respectively. Based on pulse width of 150fs, the 

dispersion lengths are 38.01cm for 784nm, 755.34cm for 1290nm, and 18.52 cm for 

2000nm. The effective mode area Aeff (10,386μm2) and the nonlinear refractive index n2 

(3×10-20m2/W for 784nm, 2.9×10-20m2/W for 1290nm, and 2.8×10-20m2/W for 2000nm 

[42]) are substituted into γ=n2ω0/cAeff=2πn2/λAeff to find the nonlinear coefficients. The 

calculated values are 2.268×10-5/m⋅W, 1.359×10-5/m⋅W, and 8.466×10-6/m⋅W for 784nm, 

1290nm, and 2000nm, respectively. The calculated nonlinear interaction lengths 

according to the nonlinear coefficient above and the estimated peak power for our 
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experiment (approximately 1.607×107W) are 0.274cm for 784nm, 0.457cm for 1290nm, 

and 0.735cm for 2000nm.  

To minimize the dispersion-related interaction, we used a fiber length of 5cm, 

which is larger than calculated nonlinear interaction lengths, but smaller than dispersion 

lengths. The shape of the overall spectral broadening due to the propagation of three 

pumping sources can be predicted by the superposition of the supercontinuum generated 

by each of the sources individually. Also, a notable effect of the nondegenerate FWM 

that results from the interaction between two pumping sources can enhance the spectral 

broadening and increase the intensity level. The equations for the frequency (ω) and 

phase matching (k) conditions are as follows [112]: 

1121 isPP ωωωω +=+  

2231 isPP ωωωω +=+  

3332 isPP ωωωω +=+  ,        (6.5a) 

22111121 PPPPisPP PPkkkk γγ +++=+  

33112231 PPPPisPP PPkkkk γγ +++=+  

33223332 PPPPisPP PPkkkk γγ +++=+ ,      (6.5b) 

where pj is jth pumping source, sj and ij are signal and idler beams generated by the FWM 

processes, and γpj and Ppj are the nonlinear coefficient and the peak power of jth pumping 

source.  

 

6.3 - Experimental procedures and results 
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To verify that FWM processes are involved in the SCG from three pumping 

sources, we calculated the frequency interaction and phase matching conditions of the 

three pumping sources. The frequency interaction condition between 1290nm and 

2000nm is given as: 

3320001290 isnmnm ωωωω +=+ ,       (6.6) 

which is only satisfied when the following phase matching condition is matched [112]: 

( ) ( ) nmnmisnmnm PPkkkk 200012903320001290 γγ +++=+ ,     (6.7) 

where kλ=2πnλ/λ. By using the nonlinear coefficients, the peak power of 1.607×107W, 

and the refractive indices derived from the sellmeier equation [51, 53] to solve the phase 

matching condition, we find that the phase matching condition occurs when the signal 

and idler beams are at 1164nm and 2400nm. Also, two other interactions (784nm and 

1290nm, and 784nm and 2000nm) generate the signal and idler peaks located at 595nm 

and 2700nm, and 727nm and 2500nm, respectively.  

To compare the validity of our theory with the experimental results, three 

pumping sources were launched into the sapphire fiber. For the experimental setup shown 

in Fig. 6.1, the three sources were the signal and idler beams (1290nm and 2000nm) from 

the OPA and an additional source at 784nm. The beams have a 1kHz repetition rate and 

150fs pulse width. Three beams were focused by a parabolic mirror and coupled into the 

5cm sapphire fiber. The supercontinuum generated through the sapphire fiber was 

collimated by a silica lens (for UV, visible, and near-IR ranges) and a Zinc Selenide 

(ZnSe) IR lens (for near- and mid-IR ranges), and was detected by a monochromator 

(MicroHR, Horiba Jobin Yvon Inc.). 
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(b) 

Fig. 6.1. Experimental set up for supercontinuum generation in sapphire fiber: (a) 

configuration, (b) picture. 
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Figure 6.2 shows the experimental results of the supercontinuum spectra 

generated from the three individual pumping sources (blue dash: 784nm, green dash: 

1290nm, and black dash: 2000nm) and the three pumping sources together (red solid). 

The spectrum produced by each individual pumping source is primarily a result of SPM. 

The spectra from the 784nm, 1290nm, and 2000nm sources range from 400nm to 

1200nm, from 1000nm to 1800nm, and 1300nm to 2800nm, respectively. The 

supercontinuum generated by the three pumping sources together involves more than 

SPM. The three main spectra due to SPM are overlapped while the peaks due to 

nondegenerate FWM processes are created when the pulses from the three sources travel 

through the sapphire fiber simultaneously. The peaks created by FWM also undergo 

degenerate FWM processes with other peaks [113] to stack multiple peaks in the UV area, 

but the later interactions occur over a very short distance due to walk-off.  Other effects 

such as Raman scattering and XPM also contribute to the increase in both ends of spectra. 

Therefore, idler beams can enhance the intensity level in mid-IR region via 

nondegenerate FWM processes while signal beams involved in nondegenerate and 

degenerate FWM processes can increase the intensity level in the UV and visible regions.  

As a result, an ultra-broadband supercontinuum ranging from the UV to mid-IR regions is 

generated by employing three pumping sources. The calculated peaks due to 

nondegenerate FWM processes match well with those of the experimental spectra shown 

in Fig. 6.2. 

To verify the relevance of our experimental results, a simulation of the NLSE 

was performed with the same parameters as the experiments. We followed similar 

procedures in [83, 84] to numerically simulate the SCG in a sapphire fiber due to the 
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propagation of three pumping sources. Figure 6.3 shows the simulated spectra of the 

supercontinuum emitted from the sapphire fiber due to the interaction of the three 

pumping sources. The spectra of three pumping sources are broadened by SPM and 

overlapped while peaks and intensity enhancement in the UV, visible, and mid-IR are 

observed due to complex FWM processes. The peaks due to nondegenerate FWM 

processes in the simulation results are in good agreement with the experimental results.  

To check whether the peaks shown in Figs. 6.2 and 6.3 are the nondegenerate 

FWM caused by each interaction between two pumping sources, we evaluated the 

interaction between 1290nm and 2000nm with simulation and experimental results. 

Figure 6.4(a) shows the simulation spectrum caused by the interaction between 1290nm 

and 2000nm pumping sources. The peak powers of 8.035×106W and 4.821×106W are 

utilized for 1290nm and 2000nm peaks, respectively. As shown in Fig. 6.4(a), signal and 

idler peaks due to the FWM are observed. To verify that the peaks observed in Fig. 6.4(a) 

are due to the FWM, we increased the peak power of 1290nm pumping source to 

1.286×107W while the peak power for 2000nm source is unchanged. As shown in Fig. 

6.4(b), the main spectrum caused by 2000nm source is very similar to that in Fig. 4(a) 

while the intensities of both peaks due to the FWM are increased. Figure 6.4(c) shows 

three simulation spectra when 2000nm pumping source is presented alone (dot line), and 

it is accompanied by 1290nm source with the peak powers of 8.035×106W (dashed line) 

and 1.286×107W (solid line). While the spectra due to 2000nm pumping source remains 

very similar, the peak at 2400nm intensifies when the intensity of 1290nm source 

increases. Also, the peak at 2400nm is not ovservable when 1290nm source is not 

coupled together. This seems to be due to the increased FWM gain [114]. According to 
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papers that discuss cross-phase modulation (XPM) effect caused by dual-pumping, the 

spectrum of an interested source dramatically expands in wavelength when it is affected 

by another pumping source at different wavelength [107, 110, 115]. Therefore, compared 

to the FWM, the XPM effect does not seem very dominant in this simulation. To verify 

our simulation results shown in Fig. 4(a)-(c), we experimentally evaluated two pumping 

sources of 1290nm and 2000nm. The peak power used for this experiment was 

8.035×106W. As shown in Fig. 6.4(d), two peaks due to the FWM are clearly observable. 

Therefore, many peaks appearing on Figs. 6.3 and 6.4 seem to be caused by the FWM 

effect.  
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Fig. 6.2. The experimentally measured spectra generated from the three individual 

pumping sources (blue dash: 784nm, green dash: 1290nm, and black dash: 2000nm) and 

the three pumping sources together (red solid) 
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Fig. 6.3. The simulation spectra generated from the three pumping sources 
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Fig. 6.4. The simulation and experimental spectra of two pumping sources located at 

1290nm and 2000nm: (a) simulation spectra of 1290nm source with 8.035×106W and 

2000nm source with 4.821×106W, (b) simulation spectra of 1290nm source with 

1.286×107W and 2000nm source with 4.821×106W, (c) three simulation spectra when 

2000nm pumping source is presented alone (dot line), and it is accompanied by 1290nm 

source with the peak powers of 8.035×106W (dashed line) and 1.286×107W (solid line), 

and (d) experimental spectra of 1290nm and 2000nm sources with the peak power of 

8.035×106W. 

 

 



  83

Chapter 7 

Applications 

 

Recently, the importance of a broadband light source has increased for the IR 

spectroscopy application. Absorption IR spectroscopic method by using tunable diode 

lasers has been reported for many applications including combustion, pollutant, and 

process monitoring [116-118]. However, as explained in previous chapters, tunable laser 

sources, OPOs, and QCLs cannot cover the entire spectrum range simultaneously because 

of the time delay during wavelength switching. As an example, timescale required for 

absorption spectroscopic method employed in turbulent combustion processes is from 

microseconds to milliseconds, which is not easily obtainable by wavelength-tuning 

devices [119]. Also, as explained in Chapter 6, in spectroscopy, many chemicals have 

distinct peaks in UV, visible, near-, mid-, and far-IR. However, the spectra of many 

chemicals can only be differentiated by a small number of peaks in a certain range. Thus, 

the scanning range needs to be as wide as possible to distinguish these small differences. 

Remote sensing applications would also benefit from a broadband light source. 

The system described in Reference [8] utilizes both UV and mid-IR optical sources 

generated by an optical parametric oscillator (OPO) to perform remote-sensing for 

environmental conditions such as air pollution and water vapor, and for terrestrial 

monitoring.  

To satisfy simultaneous measurement and broadband requirements, in this 

chapter, we use supercontinuum source to perform IR absorption spectroscopy. Also, 

demonstration of possibility for remote sensing application using our supercontinuum 
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source is performed. 

 

7.1 IR Absorption Spectroscopy 

To observe near-IR spectrum of various chemicals, a conventional fiber (SMF-

28e) was pumped by a femtosecond laser, which had repetition rate of 1kHz, center 

wavelength of 784nm, and pulse width of 150fs. Figure 7.1 shows the experimental setup 

for IR absorption spectroscopy. Generated supercontinuum from the fiber was collimated 

and passed into a glass container with the path length of 8mm. The supercontinuum 

source absorbed by chemical inside the glass container was focused and coupled into a 

multimode fiber, whose end is connected to an OSA (HP70951B).  

Chemicals tested were pseudo-TNT (2,4,6-trinitrotoluene), pseudo-RDX (1,3,5-

trinitroperhydro-1,3,5-triazine), pseudo-HMX (1,3,5,7-tetranitroperhydro-1,3,5,7-

tetrazocine), and pseudo-PETN (pentaerythritol tetranitrate), which are properly mixed 

with Methanol and Acetonitrile to produce very similar spectra compared to real 

composition while safety for storage and handling is ensured. First, spectrum of pseudo-

TNT composed of 0.01% TNT, 50.00% Methanol, and 49.99% Acetonitrile was obtained 

using the supercontinuum source generated by the 784nm femtosecond laser as shown in 

Fig. 7.2. The spectra range obtained was from 1000nm to 1700nm (from 10000cm-1 to 

5882cm-1 in wavenumber) limited by the range of the OSA. Figure 3 shows the 

absorption spectra obtained by using a Perkin Elmer 1700 Fourier transform infrared 

spectroscopy (FTIR) instrument. As shown in Figs. 7.2 and 7.3, spectra in both results are 

in good agreement.  
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Fig. 7.1. Experimental setup for near-IR absorption spectroscopy: (a) configuration, (b) 

picture. 
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Fig. 7.2. Experimentally measured spectra of pseudo-TNT chemical by performing 

absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.3. Experimentally measured spectra of pseudo-TNT using FTIR. 

 

Pseudo-RDX (0.01% RDX, 50.00% Acetonitrile, and 49.99% Methanol), 

pseudo-PETN (0.01% PETN and 99.9% Methanol), and pseudo-HMX (0.01% HMX, 

49.99% Methanol, and 49.99% Acetonitrile) were also measured using the same methods 
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as pseudo-TNT. The spectra measured are shown in from Fig. 7.4 to Fig. 7.9. All the 

results measured using our own source matched well with the spectra obtained by using 

the FTIR. FTIR, similar to OPOs and QCLs, is also inherent to time delay due to 

wavelength switching caused by the movement of interferometric optics. Therefore, a 

supercontinuum source is promising technology for the applications of spectroscopy 

without time delay while it produces coinciding results with them obtained by a FTIR.  
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Fig. 7.4. Experimentally measured spectra of pseudo-RDX chemical by performing 

absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.5. Experimentally measured spectra of pseudo-RDX using FTIR. 
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Fig. 7.6. Experimentally measured spectra of pseudo-PETN chemical by performing 

absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.7. Experimentally measured spectra of pseudo-PETN using FTIR. 
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Fig. 7.8. Experimentally measured spectra of pseudo-HMX chemical by performing 

absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.9. Experimentally measured spectra of pseudo-HMX using FTIR. 

 

As shown in previous results, measurements of absorption spectroscopy were 

only performed in near-IR region from 1000nm to 1700nm (from 10000cm-1 to 5882cm-1 

in wavenumber) due to the limitation of light sources and measurement instruments. 

Since the center wavelength of femtosecond pulses is quite deviated from mid-IR region, 

and the OSA has measurement range only from 600nm to 1700nm, realization of IR 
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absorption spectroscopy beyond the OSA range is quite difficult. To solve the limitation 

enforced by femtosecond pulses with the center wavelength of 784nm, an OPA is utilized. 

By using the OPA, the center wavelength of femtosecond pulses is shifted to 2μm. Since 

silica-material fibers have high absorption beyond 2.5μm, a single crystal sapphire fiber 

with good transmission capability up to 5μm is utilized. Also, to overcome the 

measurement disability of the OSA, a monochromator (Horiba Jobin Yvon, Micro-HR) 

with measurement ability up to 5μm is employed.    

The experimental setup for absorption spectroscopy is shown in Fig. 7.10. First, 

we generated supercontinuum by pumping a 5cm sapphire fiber using 2μm femtosecond 

pulses, which were generated from the OPA. The output beam out of the sapphire fiber 

was collimated into 5mm diameter using a ZnSe lens, passed through an 1mm 

spectrophotometer cell (transmission range from 300nm to 2500nm), then coupled into a 

detector-incorporated monochromator. Both optical beams for the first and second scans 

traveled into the 1mm spectrophotometer cell, but first and second scans were performed 

without and with chemical in the spectrophotometer cell, respectively. To find the 

absorption spectrum of the chemical, the second scan was subtracted from the first scan. 

Figures 7.11(a) and 7.11(b) show the experimentally measured spectra into the glass 

cuvette with and without the pseudo-TNT chemical, and the absorption spectrum of the 

pseudo-TNT, which is the difference between two measured spectra, respectively. The 

spectrum obtained using our supercontinuum source coincides well with the results 

shown in Fig. 7.3. 

The sample of pseudo-TNT was replaced with pseudo-RDX, pseudo-PETN, and 

pseudo-HMX, and spectra were measured as shown from Fig 7.12 to Fig. 7.14. All the 
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results measured using our own source matched well with the spectra obtained by using 

the FTIR.  
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Fig. 7.10. Experimental set up for absorption spectroscopy beyond OSA range: (a) 

configuration, (b) picture. 
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Fig. 7.11. Experimentally measured spectra of pseudo-TNT chemical by performing 

absorption spectroscopy using our own supercontinuum source: (a) spectra with and 

without the chemical and (b) absorption spectrum of pseudo-TNT chemical. 
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Fig. 7.12. Experimentally measured spectra of pseudo-RDX chemical by performing 

absorption spectroscopy using our own supercontinuum source: (a) spectra with and 

without the chemical and (b) absorption spectrum of pseudo-RDX chemical. 
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Fig. 7.13. Experimentally measured spectra of pseudo-PETN chemical by performing 

absorption spectroscopy using our own supercontinuum source: (a) spectra with and 

without the chemical and (b) absorption spectrum of pseudo-PETN chemical. 
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Fig. 7.14. Experimentally measured spectra of pseudo-HMX chemical by performing 

absorption spectroscopy using our own supercontinuum source: (a) spectra with and 

without the chemical and (b) absorption spectrum of pseudo-HMX chemical. 
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7.2 Supercontinuum for Remote Sensing Application 

Supercontinuum source is known as spatially coherent. Therefore, it has 

possibility to travel long distance without losing its collimation. To verify the remote 

sensing ability of our supercontinuum generated in sapphire fibers, collimation ability of 

our supercontinuum source was tested. The generated supercontinuum was collimated 

using a regular fused-silica lens, and passed into folded mirror system, which had the 

total traveling distance of 16m in return as shown in Fig. 7.15 (a) and (b). After the 

collimated beam traveled 16m, the beam quality was tested. The initial beam diameter of 

8mm remained the same through 16m. However, color distribution of beam was changed 

as shown in Fig. 7.16. This seems to be due to chromatic aberrations of the regular silica-

fused lens. Thin-lens equation can be expressed as [120] 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

21

1111
RR

n
f l    ,      (7.11) 

where ln , 1R , and 2R  are wavelengths, front and back radii, respectively. According to 

(7.11), the focal length is dependent of wavelengths, which is not suitable for the 

collimation of a broadband source.  
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Fig. 7.15. Experimental setup for long-distance collimation: (a) configuration, (b) 

pictures 
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Fig. 7.16. Beam distributions of collimated beam after certain distances. 
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To overcome the chromatic aberrations caused by the regular lens, a parabolic 

mirror, which greatly reduces the wavelength dependence of broadband source, is 

employed. Also, IR absorption spectroscopy after long distance with various chemicals 

(pseudo-PETN, pseudo-TNT, and pseudo-HMX) was performed. To obtain a beam with 

broad spectrum, scheme of two pumping sources (1290nm and 2000nm) was employed 

to generate supercontinuum in a sapphire fiber. As shown in Fig. 7.17, the generated 

supercontinuum was collimated by a parabolic mirror, and coupled into a folded mirrors 

system, which had the total traveling length of 16m. The beam after the traveling length 

of 16m went through a sample, was scatterred by a metallic sufrace, was collected using 

telescope lens, and measured by a monochromator. The pure supercontinuum spectrum 

acquired after the traveling length of 16m is shown in Fig. 7.18.  

Figures 7.19-7.21 show the absorption spectra of the pseudo-TNT, pseudo-PETN, 

and pseudo-HMX. The various peaks in the spectra obtained using our supercontinuum 

sources are identical to the results obtained by the FTIR. 
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Fig. 7.17. Experimental setup for long distance spectroscopy: (a) configuration, (b) 

pictures. 
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Fig. 7.18. Measured supercontinuum (generated by the scheme of two pumping sources) 

after the traveling length of 16m and scattered by rough metal surface. 
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Fig. 7.19. Experimentally measured absorption spectrum of pseudo-TNT chemical by 

performing absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.20. Experimentally measured absorption spectrum of pseudo-PETN chemical by 

performing absorption spectroscopy using our own supercontinuum source. 
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Fig. 7.21. Experimentally measured absorption spectrum of pseudo-PETN chemical by 

performing absorption spectroscopy using our own supercontinuum source. 

 

 



  102

Chapter 8 

Conclusions and Future Works 

 

In this dissertation, supercontinuum generations in sapphire fibers under various 

conditions were investigated, and their corresponding effects were analyzed. Main 

motivation to use sapphire fibers as optical media for supercontinuum generation was that 

they had the characteristics of good transparency in mid-IR, high laser damage threshold, 

and high melting temperature compared to conventionally utilized fibers including silica-

based fibers and infrared fibers.  

Even though single crystal sapphire fiber satisfies many conditions as an optical 

medium to generate supercontinuum (good transparency in wide wavelength region, 

similar nonlinearity compared to a silica-based fiber, high damage threshold, and high 

melting temperature), only several papers report supercontinuum generation in the form 

of sapphire bulks, not sapphire fibers [49, 50]. Reasons for this late discovery might be 

that laser sources, which are powerful enough to generate supercontinuum in a large 

mode area sapphire fiber, were not available, sapphire fibers were not commercialized 

until late 1990’s, and the application areas of sapphire fibers were mostly on medical 

laser power delivery [43], high-temperature thermometers [44], and harsh environment 

sensors [45-48]. To the best of our knowledge, we are the first group to demonstrate 

supercontinuum generation in sapphire fibers [51-53]. 

As introductory step, general theories of supercontinuum generation were 

discussed. First, generalized Schrödinger equation including high-order nonlinear effects 

was derived to fit into our sapphire fibers. Then, various nonlinear effects including self-

phase modulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), and 
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scattered Raman scattering (SRS), which were observable in our experiments, were 

explained using theories, simulation and experimental results. Also, laser systems 

including a femtosecond laser system and an OPA in our lab were explained since they 

were key equipments to realize supercontinuum generation in sapphire fibers.  

To check the feasibility of sapphire fibers as optical media to generate 

supercontinuum, their material and optical characteristics were reviewed. Also, we 

successfully generated supercontinuum in sapphire fibers by pumping at 784nm, which 

was the wavelength of our femtosecond laser system. Spectra comparison between 

sapphire fiber and bulk explained that the smaller effective mode area could enhance the 

spectrum broadening, which was in good agreement with the theory. Also, spectra 

comparison between 1cm and 3cm sapphire fibers was performed to explain that longer 

interaction length could generally enhance the spectrum broadening. These experiments 

were performed by pumping sapphire fibers at normal dispersion region (D<0).  

To observe the relationship among fiber, dispersion, and nonlinear lengths, 

sapphire fibers were pumped at 2μm, which was in anomalous dispersion region. When 

5cm sapphire fiber was used for supercontinuum generation, which was longer than 

nonlinear length but shorter than dispersion length, the nonlinear effect mostly observed 

was SPM. However, when 35cm sapphire fiber, which was longer than both nonlinear 

and dispersion lengths, we observed soliton-related dynamics accompanied by SPM. 

Both results were in good agreements with theories. The spectrum broadening was ranged 

from 1200nm to 2800nm. We also performed longer wavelength pumping by using 

2.5μm, and obtained the spectrum ranged from 2μm to 3.2μm. Since the spectrum 

beyond 2.5μm was not easily achievable by silica-based fibers, this proved that sapphire 

fibers were indeed good optical media for supercontinuum generation in mid-IR. 
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To further enhance the spectrum expansion in sapphire fibers, we simultaneously 

pumped a sapphire fiber at three different wavelengths, which were 784nm, 1290nm, and 

2000nm. As the result, we obtained very wide supercontinuum spectrum ranged from UV 

to mid-IR. We also observed four-wave mixing (FWM) effects caused by interaction 

between two pumping sources.  

We performed numerical simulations to help understanding the various nonlinear 

effects observed in sapphire fibers. We utilized the generalized nonlinear schrödinger 

equation (NLSE) developed for silica fibers to simulate pulse propagation in sapphire 

fibers, and compared experimental and simulation results to investigate the conformity of 

theoretical model between silica and sapphire fibers. 

To show the usability of our generated supercontinuum, IR absorption 

spectroscopy of various chemicals using our supercontinuum source was performed. 

Many chemicals were successfully identified in wide range. Also, to see the possibility of 

remote sensing using our supercontinuum, far-distance IR absorption spectroscopy of 

various chemicals was performed. The differentiable peaks for various chemicals are 

clearly observed. 

In previous chapters, we have demonstrated broadband supercontinuum 

generation in mid-IR region by pumping sapphire fibers at wavelengths of 2μm and 

2.5μm. However, generated supercontinuum was pumped in near-IR or the boundary of 

mid-IR, then expanded into mid-IR region. In this case, we have not truly observed 

supercontinuum characteristics of sapphire fibers pumped in mid-IR region. Thus, we 

still need to investigate the feasibility of mid-IR pumping of sapphire fibers. As a future 

work, we plan to pump sapphire fibers at 3~3.5μm, which may enable supercontinuum to 

expand beyond 4μm. As described in Chapter 3, the wavelength tunability by the OPA 
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itself is 1.1μm to 2.6μm. However, an externally installed BBO crystal generating DFG 

process between signal and idler beams ( ISNEW ωωω −= ) can enhance the wavelength 

tuning ability up to 11μm, which is suitable to pump sapphire fibers at mid-IR region. 
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