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Summary 

SUMMARY 

Optical fiber is the medium of choice to meet the ever-increasing demand for huge 

information transmission and presently there is no technology that can match the 

information transmission speed and capacity of optical fiber communications systems. 

Developments and improvements in optical communications technology have been 

occurring with tremendous rapidity in parallel with its increasingly wide scale 

deployment. Potential advantages of optical fiber technology as engineering and 

economic considerations have stimulated a growing activity in the development of 

relevant devices and processes to exploit the maximum benefits of this technology. 

In the field of optical fiber communications, the importance of fiber splicing as a 

practical tool needs no emphasis. Current splicing methods (mechanical and arc 

fusion splicing techniques) often restrict the quality of the joint and that of the 

transmitted signal. This is even more pronounced when splicing fibers of different 

types, for example splicing of standard single mode fiber to Er-doped fiber. This 

thesis presents work on a unique technique for splicing of variety of optical fibers 

using lasers. Although lasers have been extensively used in many applications, their 

potential for splicing of optical fibers has not been explored to that extent. This may 

be partly due to the difficulty in determining the optimum parameters for laser 

splicing and partly because of the problems with the process implementation due to 

the small size of the fiber itself. Therefore published research work is very limited in 

this field and no commercial system is available at present. In this interdisciplinary 

project, extensive investigations have been performed to determine the characteristics 
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Summary 

of laser splicing technique and for carrying out the process optimization. The splice 

joints thus formed have been studied comprehensively such as examination of splice 

structural details under high magnification microscopes, attenuation measurement etc. 

The advantages of laser splicing technique include delivery of intense energy over a 

small area, localized heating, uniformity, repeatability, precise control of process 

parameters, no contamination of fiber joints, possibility of performing epoxy and 

fusion splicing with one system, and avoidance of arc in potentially explosive 

environment. 

The project also involves development of Computer Aided Laser Splicing System to 

automate the process of laser splicing and to provide optimum process parameters. 

Considerable time has been spent in designing the system so as to incorporate user-

friendly features and obtain reliable splice joints. Using this system, similar fibers 

(such as SMF-to-SMF) as well as dissimilar fibers (for example SMF-to-PCF) have 

been spliced successfully. Additionally, good results have been obtained in the 

splicing of multi-fiber ribbon cables. 

Design and development of a laser splicing system for joining a new class of photonic 

crystal fibers (PCF) to standard single mode optical fibers (SMF) is of paramount 

importance since the conventional electric arc fusion machine fails to perform this 

operation. Experimental results show that electric arc splicing method results in 

bubble formation around the fiber ends and subsequent collapse of the air-holes 

within the PCF fiber. The investigations performed in this project demonstrate that the 

laser splicing technique overcomes these problems and enhances the quality of the 

splice by reducing condensation trapped inside the air holes and keeping minimum 

collapse of the air holes. The achievement of good splice between various types of 
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PCF to SMF depends on several factors including laser power, laser beam exposure 

time, and fiber-overlapped stroke. In addition, good fiber preparation and handling 

skills must be employed to optimize the splice characteristics for two different kinds 

of optical fibers. The novel CO2 laser splicing system developed for this purpose has 

yielded a splice loss of <ldB. It is an undeniable fact that the capillary effect in the 

PCF causes trapping of moisture or that of cleaning solution within the air holes. The 

air holes with a size of fraction of a micron trap the water particles. It is not easy to 

detect these microscopic water droplets and clean them completely during the splicing 

process. Theoretical models have been developed to support the experimental studies. 

In an attempt to understand the mechanism of laser splicing in PCF and condensed 

PCF, a model involving laser induced plasma effect has been developed. The 

modeling approach has been useful as the absorbed optical power by the fiber may be 

enhanced due to the generation of laser plasma. A unique phenomenon involving 

shifting of the molten region during the splicing process has been observed. 

The work done under this project (the technique of laser splicing and the system 

developed) paves the way for more exciting developments in the field of optical 

communications. Indeed, we have demonstrated the versatility of this technique by 

successfully fabricating long period gratings and some optical filters. 
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Chapter 1 Introduction 

CHAPTER 1 INTRODUCTION 

This chapter begins with a brief introduction of optical fiber technology outlining 

some of the important features of the emerging photonic crystal fibers and their 

potential for variety of applications. This is followed by a short description of the 

fiber splicing process and finally the scope of the work is presented. The project 

objectives and the organization of the report are discussed. 

1.1 MOTIVATION 

In this new millennium, with the exploding internet traffic volume and limitless 

business opportunities, high speed, high capacity communications systems have 

become imperative to meet the ever increasing demand for huge information 

transmission. Undoubtedly optical fiber is the medium of choice to achieve these 

objectives; presently there is no technology that can match the information 

transmission speed and capacity of optical fiber communications systems. The 

information explosion, ushered in by the Internet has led to a paradigm shift in the 

telecommunication industry from voice-based services to data optimized services. The 

massive increase in the availability of the high speed inexpensive personal computers 

has led to the deployment of large scale distributed computing networks to serve large 

number of users and enabling them to share software, database and other resources. 

Direct communication between computers is now a necessity in many working 
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environments, resulting in greatly expanded requirement for high-speed digital 

communication channels. Some applications requiring extreme high speed 

interconnections include rapid access to very large data bases (for example those in 

finance sector), high definition image transmission (such as medical images, HDTV, 

3-D imaging for robotics), computer-computer communications, internal 

communications with super computers, information superhighway communications, 

and cable TV with massive number of channels. Such transmission capabilities are 

impossible in microwave and other types of communications systems. A typical 

optical fiber is made of silica (SiC^) and consists of high refractive index central core 

layer surrounded by a low refractive index cladding layer. Silica fibers exhibit lowest 

attenuation at a wavelength of 1550 nm, a wavelength that is currently exploited by 

the industry. The bandwidth and data rate limitations of an optical fiber are due to 

various dispersion effects that can cause a pulse to spread. Fibers can be designed to 

be either single-mode or multimode. Single mode fiber (SMF) is the fiber of choice 

for applications combining long-distance and high data rate. The advantages of SMF 

in high data capacity and low attenuation have overcome the disadvantages of 

fabrication difficulty in tolerances and light coupling efficiency from the source. 

Another major disadvantage of SMF is its ability to operate efficiently only at certain 

wavelengths. 

Developments and improvements in optical communications technology have been 

occurring with tremendous rapidity in parallel with its increasingly wide scale 

deployment. Potential advantages of optical fiber technology have stimulated a 

growing activity in the development of relevant devices and processes to exploit the 

maximum benefits of this technology. The recent activity on Photonic Crystal Fiber is 

one such a development that has attracted significant interest from many quarters. Its 
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unique characteristics show great promise for its potential applications in the area of 

optical fiber communications. One of the key benefits of PCF is its ability to operate 

over a wide range of wavelengths [1,2,3]. However, it is often imperative to use PCF 

together with SMF in order to realize its benefits and hence splicing of these two 

types of fibers is an important factor in the development of new applications. With 

commercial electric arc fusion system, severe problems are encountered in PCF-to-

SMF splicing [4]. In this project, considerable efforts have been put to tackle these 

problems and a unique Laser Splicing technique has been developed. Good results 

have been obtained in the splicing of SMF-to-PCF as well as SMF-to-SMF by this 

technique. A brief introduction on the characteristics of photonic crystal fibers and 

features of laser splicing technique are discussed in the following sections. 

•3 
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intentionally introduced in the PCF during its fabrication process. This has the effect 

of changing the characteristics of the guided modes. In conventional fibers, light 

confinement is achieved mainly by total internal reflection, whereas in PCF light is 

trapped by total internal reflection and another new physical effect known as Photonic 

Band Gap (PBG), that relies on the coherent Bragg scattering of light into the core. 

Light incident at the core cladding interface is strongly scattered by the air-holes. For 

suitable wavelength and angle of incidence, this multiple scattering process results in 

constructive interference of all rays in the core. Thus photonic band gap enables 

transmission of only certain bands of wavelengths. Two main categories of PCFs are 

now available; they are high index guiding PCF and low index guiding PCF. In the 

High Index Guiding PCF, light propagates mainly by the modified total internal 

reflection (MTIR). On the other hand, photonic band gap effect is the dominant 

mechanism that confines light in the Low Index Guiding PCFs. A few variations of 

high index PCF are available including Large Mode Area PCF (LMA-PCF) and 

Highly Non Linear PCF (NL-PCF). The structural difference between these fibers is 

that former has small air holes and the latter contains large air holes. At the time of 

our investigations, low-index PCFs were not easily available in the market. Photonic 

crystal fiber can provide unique dispersion and nonlinear characteristics that have 

been used to demonstrate a number of novel effects, including the generation of a 

broadband super-continuum and a zero group-velocity dispersion (GVD) at low 

wavelengths (765 nm). Due to its extraordinary properties, new applications of PCF 

are being discovered continuously. Some example applications include dispersion 

compensation, white light sources, ultra-large mode area fiber, ultra low loss fiber, 

sensors etc. It is generally perceived that prospects for PCF are great if it is used 

together with the standard single mode optical fiber. However, proper splicing of two 
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different types of optical fibers poses a great challenge especially if the fibers contain 

air holes. For the initially procured PCF, the manufacturers advised us not to splice 

the PCF to a single mode fiber (SMF) by ourselves and highlighted the immense 

difficulties those might be encountered. However, we have demonstrated that 

successful and reliable splicing of SMF-to-PCF as well as SMF-to-SMF can be 

achieved by using a unique Laser Splicing Process, which is discussed in the next 

section. 

5 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 1 Introduction 

to light, its absorption of laser light in the fiber is generally very small at many 

wavelengths. Therefore published research work is very limited in this field and no 

commercial system is available at present. This thesis includes work on the 

development of Laser Splicing Technique highlighting its important benefits over the 

conventional splicing methods. The characteristics of splice joints of photonic crystal 

fibers formed by laser splicing process have been studied with particular emphasis on 

their usefulness in photonic device development. The advantages of laser splicing 

technique include delivery of intense energy over a small area, localized heating, 

uniformity, repeatability, precise control of process parameters, no contamination of 

fiber joints, possibility of performing epoxy and fusion splicing with one system, and 

avoidance of arc in potentially explosive environment. 

1.3 Project Objectives & Scope of Work 

This is an interdisciplinary project involving optical fiber and material processing 

technologies. Due to the limited availability of information on both photonic crystal 

fiber as well as laser splicing, the primary objective of this project is to perform 

extensive investigations on the characteristics of the laser splicing technique with 

special attention focused to study the splice joint formed between PCF and standard 

single mode fiber (SMF). The ultimate goal is to develop a comprehensive laser 

splicing system for forming low loss fiber joints for variety of optical fibers and for 

fabrication of specialty fiber devices. The dependence of splice characteristics has 

been studied with various laser parameters such as power, exposure time, and 

continuous/pulsed mode of operation. We have used CW laser for most of our 

investigations. The splice joints thus formed have been studied extensively by 
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examining their structural details under high magnification microscopes, and 

performing attenuation and other relevant measurements. The loss of the joints is 

estimated by using an optical loss test set. From these investigations and studies, as 

well as with theoretical modeling, optimum splice parameters are obtained. 

Theoretical models have been developed to support the experimental studies. The 

modeling approach has been useful as the absorbed optical power by the fiber may be 

enhanced by the generation of laser plasma. 

The project also involves development of Computer Aided Laser Splicing System to 

automate the process of laser splicing. Considerable time has been spent in designing 

the system and to incorporate user-friendly features and to deliver optimum process 

parameters. Using this system, similar fibers (such as SMF-to-SMF) as well as 

dissimilar fibers (for example SMF-to-PCF) have been spliced successfully. 

Additionally, good results have been obtained in the splicing of multi-fiber ribbon 

cables. Both the technique of laser splicing and the system developed in this project 

pave the way for more exciting developments in the field of optical communications. 

Indeed, we have demonstrated the versatility of this technique by successfully 

fabricating long period fiber gratings and other optical filters .The main objectives of 

project are summarized below: 

• Studies on the problems with the electric arc-fusion splicing system. 

• Design and development of a laser splicing system for splicing of photonic 

crystal and single mode optical fibers. 

• Parametric optimization for achieving a good splice 

• Study on the laser-PCF interactions during the splicing process. 

• Study on the plasma formation in a condensed PCF. 

7 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



_ |̂|s£ _ _ Chapter 1 Introduction 

1.4 Major Contributions of the Thesis 

Optical fiber splicing technology is unique to Photonic Crystal Fiber (PCF) which is 

staggered by bundle of air-filled silica capillaries to form its cladding. Design and 

development of a laser splicing system for joining a new class of photonic crystal 

fibers (PCF) to standard single mode optical fibers (SMF) is of paramount importance 

since the conventional electric arc fusion machine fails to perform this operation. 

Examples of problems that are observed in the splicing of PCF with the electric arc 

system include (i) Failure of the PCF to be recognized by the imaging system due to 

its special structure (ii) Bubble formation at the fiber ends due to condensation in the 

air holes (iii) Serious collapse of air-holes due to the non-localized heating from the 

arc fusion splicing system. The investigations performed in this project demonstrate 

that the laser splicing technique overcomes the above-mentioned problems and 

enhances the quality of the splice by reducing condensation trapped inside the air 

holes and keeping the collapse of air holes to minimum. The mechanism of energy 

transfer from laser into the fiber joint is very different than that from the electric arc 

system. The achievement of good splice between various types of PCF to SMF 

depends on several factors including laser power, laser beam exposure time, fiber-

overlapped stroke and other parameters. In addition, good fiber preparation and 

handling skills must be employed to optimize the splice for two different kinds of 

optical fibers. Hence, a novel CO2 laser splicing system has been developed, which 

has yielded a splice loss of <ldB. It is an undeniable fact that the capillary effect in 

the PCF causes trapping of moisture or cleaning solution within the air holes. The air 

holes with a size of fraction of a micron trap the water particles, it is not easy to detect 

and clean completely during the splicing process. To understand the mechanism of 

laser splicing in PCF, both large mode area PCF (LMA-PCF) and highly non-linear 

8  
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PCF (NL-PCF) have been studied. Every PCF has a unique design of micro-structural 

cross section wiui specific features depending on factors such as air hole pattern, size 

of air holes, hole-to-hole spacing or strut-width and silica material composition. If any 

cross-section of the PCF along its length is deformed, the performance will be 

affected. A one dimensional thermal transfer model has been employed to determine 

optimum splice parameters by keeping collapse of air holes in PCF to minimum. 

Additionally, a three dimensional thermal model has been developed which provides 

the thermal energy distribution over the fiber cross-section. A generic rate equation 

describing the rate of change of electron density caused by inverse Bremsstrahlung 

mechanism is used to explain the optical breakdown phenomenon of the PCF. 

The project also involves development of a computer aided laser splicing system, 

consisting of the following (i) Fiber alignment and control subsystem (ii) C02 laser 

beam controlled subsystem (iii) Imaging and measurement subsystem (iv) System 

control and interface subsystem. A user-friendly software program is developed for 

enhancing the performance of the system. 

The personal computer is interfaced with the micro-positioning subsystem to allow 

precise fiber alignment and a laser gun assembly subsystem provides controlled 

power for proper splicing of fibers. The imaging subsystem captures the fiber image 

during the alignment and splicing process; and also provides an estimation of the 

splice loss. The quality of the splice is measured by the attenuation measurement 

subsystem consisting of a live fiber detector. The details of these subsystems will be 

presented in the chapter 4 in the thesis. 
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1.5 Organization of the Thesis 

The thesis is divided into SEVEN chapters and arranged in the following manner: 

Chapter 1 is the introductory chapter and covers motivation, objective, scope of work 

and major contribution to the thesis. 

Chapter 2 reviews previous work as well as theory of photonic crystal fibers, splicing 

technologies and interaction of laser with dielectrics. 

Chapter 3 looks into the existing electric arc splicing technologies and compares them 

with the laser fusion technology. It also presents important considerations for the 

design and development of a laser splicing system. 

Chapter 4 describes the spectral characteristics of various types of PCF and gives a 

theoretical and experimental analysis on the bending characteristics of these fibers. 

Chapter 5 presents a 1-Dimensional thermal transport model for SMF and PCF; and 

extends this model to 3-Dimensional thermal transport model based on EM wave 

analysis. A general rate equation to analyze the laser-PCF interaction models is 

discussed. 

Chapter 6 presents a detailed description on the experimental results on splicing of 

SMF-to-PCFs and provides an analysis on splicing of various types of optical fibers. 

Chapter 7 gives a conclusion on the results achieved and presents some 

recommendations for future development. 

10-
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CHAPTER 2 Theoretical Background and Literature 
Review 

This chapter begins with an introduction of the single mode fiber and a brief 

description on the development of emerging Photonic Crystal Fiber (PCF) is reported. 

A review on the fiber splicing mechanisms and theoretical studies is presented and an 

exhaustive literature survey of related areas of these interdisciplinary topics has been 

undertaken. Fiber splicing technology is complex especially to the PCF, therefore, an 

overview of laser induced thermal energy in the dielectrics and condensed matter is 

included. 

2.1 Introduction 

The continuous development of optical fiber technology has been supporting the high 

demand of high bit rate, high bandwidth and low transmission loss in the optical 

communication systems and networks over the last 2-3 decades. In 1970s, multi-mode 

optical fibers with transmission loss of 2dB/km were widely used together with the 

light source operating at a wavelength of 850nm [5], subsequently in the late 80s to 

early 90s, the telecommunications networks used multi-mode fibers [5,6,7] and 

1330nm light source quite extensively. In mid of 90s, single mode fiber led an 

important role in telecommunications industry as the 1550nm laser source was greatly 

in use to improve the capacity of broadband communications. In late 90s, the 

wavelength division multiplexing (WDM) and frequency division multiplexing 

(FDM) were used to exploit the huge bandwidth of the optical fiber to transmit large 

11 
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capacity of information. Research and development on optical dense wavelength 

divisional multiplexer (DWDM) networks have matured considerably over the past 

few years; the use of single mode optical fiber in the 1550nm window for the design 

of DWDM architectures and protocols might lead an individual to make unrealistic 

assumptions about the properties of fiber and optical components, and hence might 

result in an un-realizable or impractical design. One of the major problems with 

standard silica fiber is its limitation to operate only at certain specific wavelengths. If 

an optical fiber can be made to operate over wide range of wavelengths, it would not 

only be beneficial in increasing the channel capacity of a DWDM system, but it will 

also avoid unnecessary complications involved in the installation related problems 

with an existing optical fiber system. [8,9,10]. In 1996, a group of UK scientists from 

the Southampton University created a new kind of optical fiber made of pure silica, 

called photonic crystal fiber [4], that could operate in the spectrum range from 400 

nm to 2000nm. This new technology was set to revolutionize the world of 

telecommunications and it could provide the solution to transmit vast quantities of 

data almost instantaneously around the globe. 

12 
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hollow glass fibers [14,15] The development of Microstructure Glass Technology 

(MSGT) has facilitated the growth of 1D and 2D microstructures made from glass and 

low melting temperature conductors with minimal size down to 0.2 micrometers. 

Structures are fabricated by stacking an array of rods or capillaries in hexagonal, 

triangular, square, rectangular or oval circular configuration and then two or three 

stages of preform reduction at a temperature of approximately 2000°C to produce 

fibers in a conventional fiber drawing tower [16]. The fiber is subsequently coated 

with polymer and wound on a bobbin for suitable handing. 

The microstructure arrangement of capillary tubes in the photonic crystal fibers 

(PCFs) contains air holes throughout the length of the fiber. The core of PCF is a 

solid silica rod and its cladding is a two dimensional photonic crystal made of un-

doped silica [1, 2]. The flexibility of microstructure arrangement in PCFs creates a 

wide range of spectral characteristics that single mode fibers cannot achieve. Hence 

their applications are not limited to transmission wave-guide only, but it is also 

possible to use them as opto-electronic tools for spectroscopy, metrology, 

biomedicine, imaging and transmission devices. As the geometry of PCF is periodic 

in the transverse dimension but uniform in the longitudinal direction, it can exhibit a 

two-dimensional band gap for a given longitudinal wave number and forbid a certain 

range of frequencies from propagating transversely in the fiber. If a defect is 

introduced in the fiber, frequencies in the band-gap can propagate only in the defect 

since they are forbidden from propagating in the lattice, and thus a wave-guide is 

formed. 

The material is often un-doped silica in which the high index region is silica glass and 

the low index region is typically air-void. The PCF can perform as single-mode 

13 
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operation from the UV to IR spectral regions [4], its large mode area with core 

diameters can be larger than 20um, it exhibits highly non-linear characteristics with 

optimized dispersion properties, and its numerical aperture (NA) [17] values range 

arbitrarily from low to about 0.9. Two main categories of PCF are high index guiding 

fibers and low index guiding fibers. 

(a) High Index Guiding Fibers 

The high index guiding fibers are similar to the conventional fibers; light signal in a 

solid core is guided by the Modified Total Internal Reflection (M-TIR) principle. The 

total internal reflection is caused by the lower effective index in the micro-structured 

air-filled region. The high index guiding fiber consists of a high index core region 

made of pure silica, surrounded by a lower effective index provided by the micro-

structured region as shown in Figure 2-1. In simple case, the effective index of such a 

fiber can be approximated by a standard step index fiber. The refractive index of the 

micro-structured cladding in PCF is wavelength dependent but not the core; therefore, 

it allows a design of endlessly-single-mode fiber, where only a single mode is 

supported regardless of optical wavelength. Furthermore, it is possible to alter the 

dispersion properties of the fibers, thereby making it possible to design fibers with an 

anomalous dispersion at visible wavelengths. 

1 + 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



WM 

Chapter 2 Theoretical Background and Literature Review 

(b) Low Index Guiding Fibers 

The low index guiding fibers guide light by the photonic band-gap (PBG) effect. The 

light is confined to the low index core as the PBG effect makes propagation in the 

micro-structured cladding region impossible as shown in Figure 2-2. The periodic 

microstructure in PBG fibers results in a so-called photonic band-gap, where light at 

certain wavelengths cannot propagate. 

In a PBG fiber, the core is created by introducing a defect in the PBG structure and 

this defect is not a solid silica rod but an extra air hole, thereby creating an area where 

the light can propagate. As the light can only propagate at the defect region, a low 

index-guiding core has been created. Light is guided through air that is a completely 

different mechanism than that observed in standard fiber. 

Figure 2-2 Low Index Photonic Crystal Fiber 

15 
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regions in these fibers opens a range of additional possibilities that are not achievable 

with conventional fibers, as well as index guiding crystal fibers [18,19]. 

Since the introduction of first photonic crystal fiber in 1996, a lot of attention has 

been focused by scientists to study and understand its optical characteristics such as 

single-mode operation [1], bending losses and dispersion property. Extensive 

theoretical work is in progress and many simulation models have been presented. 

However, practical applications of PCF are not sufficiently found in the literature. 

Due to the complexity of fabrication, the low index PCF (i.e. hollow core PCF) is 

only made available recently. For the past 2-3 years, only high index PCF was 

available in the market, such as large mode area or endlessly (single mode) PCF, 

polarization PCF and non-linear PCF. 

Photonic crystal fibers are also available in a wide range of specialized designs, each 

adding a unique function to the specialty fiber created. Some of these functions are 

insensitivity to fiber bending, reduced fiber loss, zero dispersion, polarization 

stability, and high-power delivery. With their benefits of single-mode function at wide 

range of operating wavelengths, there is a huge potential for practical applications of 

PCF, for example in (i) in the fabrication of long period grating filter [20,21], (ii) all-

optical signal processing devices using liquid-crystal-filled photonic crystal fibers 

(LC-PCF) that guide light by the photonic band-gap effect and (iii) a tunable switch 

with an extinction ratio of 60 dB and an insertion loss of only 1 dB developed by a 

team from Denmark and Sweden [22]. With the current high cost of PCF, it is not 

economical to use PCF as a main transmission media in a communication link. Hence, 

PCF is widely used in the development of specialty optical devices; it has even greater 

potential in the areas of telecommunications, sensor technology, spectroscopy and 

1 6  
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medicine if it is integrated with single mode fibers [23]. One of the main stumbling 

blocks in these applications is the problem encountered in the splicing of PCF to 

single mode fiber and this problem must be resolved for the effective use of PCF 

technology. 

2.1.2 Splicing of Optical Fibers 

In the early 70s, mechanical splices were considered the most convenient and simple 

tool to join two fiber ends. The mechanical splices employ some type of ferrule or 

tube in which the fibers are inserted [24,25]. A common method involves the use of 

an accurately produced rigid alignment tube into which the prepared fiber ends are 

permanently bonded by some kind of optical epoxy. For mechanical splice of 

multimode mode fibers, if it uses ceramic capillaries with an inner diameter just large 

enough to accept the diameter of fibers, the average insertion loss can be as low as 

0.1 dB. Mechanical splicing technique is still considered acceptable for splicing of 

multi-mode fibers. It is difficult to achieve low insertion loss in the splicing of single 

mode fiber with core diameter in the range of 5~9u.m. Arc fusion splicing offers 

superior results for joining single mode fibers. The first arc fusion system for splicing 

of optical fibers emerged in the late 1970s [27], and even today, it is one of the very 

important tools in the optical laboratory. 

Plastic optical fiber (POF), another type of multimode fiber with large core diameter 

(about 0.5-lmm), is low in cost and easy to handle. It is considered suitable for short-

haul data transmission applications in computer links. However, the growth of POF 

has been prohibited by two major disadvantages, namely the relatively high loss of 

about 120-200 dB/km and its low heat resistance. In 1990, Hara et al [29] developed a 

device to splice plastic optical fiber (500 micrometers diameter, fluoro-polymer 
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cladding) by thermal fusion. The device heats the fibers inserted in a polymer PEEK 

tube [25, 29], which helps to align the fiber axes and protects the fused joint 

mechanically. This device is intended to produce splices with good light transmission 

and mechanical strength. The joint can withstand 1.2 kg-f of tensile force and the its 

bending radius is as small as 3 cm. The mechanical strength can be improved easily 

by adding epoxy [29]. Another way of joining this type of fiber is to use ultrasonic 

welding [30]; this method can bond the fibers with low loss without damaging the 

cladding layer except at the welding surface. 

Splicing of Erbium-doped optical fiber (EDF) is considerably more difficult than 

other fiber types (of course before the invention of PCF). It is because EDF has small 

core (2-4um) that makes core/clad concentricity critical. Furthermore, EDF splicing 

[32,33] is challenging because the core-dopant ions diffuse when fiber is heated, 

much more rapidly than the dopants in the fiber to which this fiber is normally 

spliced. Mode field diameter expansion in the dopant is the main contributions to the 

splice loss. In the splicing process, it uses Arc-on-Alignment (AOA) technique to 

correct the misalignment between fiber ends. Furthermore, using specific fusion time 

and fusion current are used to determine the mode-field diameter (MFD) of erbium-

doped fiber to match with MFD of the dissimilar fiber [32, 33, 34]. 

Of course there are many other types of optical fibers available in the market such as 

twin-core optical fiber, polarization maintaining optical fiber (PMF) and others, the 

basic splicing techniques [35] described above should be applicable to these fibers as 

well. Some of the important factors involved in the splicing process, such as fiber-to-

fiber alignment and splice losses measurement are described below. 

18-
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(i) Fiber-to -fiber Alignment 

Three possible misalignments that are encountered in splicing of fibers include axial, 

lateral and angular misalignments [36 37,38]. To obtain a good splice, fiber-to-fiber 

alignment must be very precise. This is especially critical for splicing of dissimilar 

fibers as the mismatch of the cohesive forces between their core and cladding may 

result in the failure of self-regulated alignment. The optical fibers are placed into the 

v-grooves, their axial and lateral alignments can be adjusted with reasonable precision 

by micro-controller stages. The angular misalignment can be minimized by cleaving 

the fiber ends properly. In terms of monitoring and controlling the fiber alignment, the 

active or passive alignment technique [37, 38, 39] is generally implemented in the 

splicing system. Some of the commercial electric arc splicing systems (such as that 

from Corning) employ imaging technique as well as the macro-bending method to 

perform active alignment, whereas others (e.g. Fujikura and Sumitomo) use only 

image profile alignment method [36]. 

In one study [40], it is reported that the possible buckling of the fibers in splicing 

system causes an appreciable change (fluctuation) in the refractive index of the fiber 

material, which in turn leads to some loss of the transmitted information. A fusion-

spliced optical fiber is examined with a laser sheet of light. A CCD camera is used to 

record the transverse interference pattern from the fiber. The buckling on the fiber 

material in one direction of the spliced point is distinct inside the transverse 

interference pattern. Even though it is possible for this phenomenon to occur, it 

appears that end users have rarely faced this problem, and therefore we believe that 

this problem is not severe if the splicing is carefully performed. 

1 9  
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(ii) Measurement of fiber losses 

The measurement of splice loss is one of the important procedures in the splicing of 

optical fibers because it determines the quality of splice. The splice loss measurement 

can be in the active or passive mode depending on the system used. Active 

measurement involves launching of laser signal from one end of fiber and measuring 

the signal intensity at the end of spliced fiber. Marco-bending method is also a type of 

active measurement technique. In order to determine the splice loss, cut back 

technique is normally used in the laboratory. Optical time domain reflectometry 

(OTDR) is another active measurement method where only one fiber end is used for 

launching of light as well as for capturing of received signals. A drawback of the 

OTDR is the presence of a dead zone that is typically 3m. The passive measurement 

method involves comparison of 3D images of fiber ends to estimate the splice loss; it 

is widely used in the commercial electric arc splicing systems. 

Laser splicing of optical fibers [41] is essentially an interaction of laser and silica 

material, therefore achieving of a good splice is not just limited to selecting the right 

type of laser, but it is also important to gain good understanding of the laser-silica 

interaction. This interaction is expected to be much more unique and complex for the 

PCF. The following section deals with an overview of lasers used in material 

processing applications. 

•20-

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



SCSI 

Chapter 2 Theoretical Background and Literature Review 

absorption in silica at its operating wavelength of 10.6n.rn. Optical absorption, 

scattering, and amplification are very much dependent on the material properties and 

the laser characteristics [42]. The historical development of transforming materials by 

laser beams has been strongly influenced by the growth of the laser systems [43]. The 

investigations of laser effects on materials began to appear soon after the first 

demonstration of ruby laser in 1960. Due to the poor reproducibility and poor control 

of laser beam, no appreciable for material processing work could be carried out. The 

ruby laser was soon challenged by the newly developed Nd:YAG laser, which is 

inherently more stable and capable of delivering beam of superior quality. Therefore, 

Nd:YAG laser has been very popular and offered many industrial applications. For 

many rugged industrial applications like welding and cutting [44, 45, 46], the CO2 

laser is an ideal choice because it is technologically simple, versatile, produces high 

continuous power and is energy-efficient [47]. Another promising candidate is 

excimer laser, which operates in the ultraviolet range of wavelengths and combines 

high power with good efficiency. With photon energies of 4 to 7eV, excimer laser 

beams are not only absorbed efficiently in most materials but are also able to break 

chemical bonds directly upon absorption. However, excimer laser is widely used for 

micro-machining [46, 48] and its UV wavelength is not efficient enough to penetrate a 

large class of transparent materials, including some glasses and plastics. Therefore, it 

is conclusive that CO2 laser with operating wavelength of 10.6|jm is currently the 

most suitable for splicing of silica based optical fibers. 

From early 80's to late 90s', Williams and Phuoc [49] investigated the laser-induced 

breakdown of gases by using powerful laser beam irradiance on combustion gases. 

The laser material processing on solid targets such as metal, ceramic material and 
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semi-conductors have received more attentions than the aqueous materials in the 90s 

[49,51]. The studies on laser-liquid interaction were mainly focused in the fields of 

laser medicine such as photo disruption, ablation and intraocular microsurgery [51]. 

Laser as an indirect heating source, is an excellent alternative that brings new horizon 

into fusion technology. Laser induced heating of metallic or dielectric materials has 

become popular due to its efficiency and effectiveness and because of ease of control 

of the laser power and beam diameter. The work on the interaction of laser with 

dielectrics using Nd:YAG laser (1.06um) has been extensively reported, but the 

studies involving laser-fiber interaction is scarcely found in the literature. PCF is a 

new kind of optical fiber that can trap liquid easily if the fiber end is not sealed. This 

thesis includes investigations of CO2 laser interaction with PCF, which demonstrate 

its potential for variety of applications. 

(i) Laser Induced Thermal Energy on Dielectrics 

To understand the physics of dielectric breakdown [52] due to absorption of laser 

sources, it is essential to review the experimental measurements and study theoretical 

models. The dielectric optical breakdown may be caused by the absorption of laser 

radiation through direct ionization or partial ionization in solid, liquid or gas [53]. The 

ionization, in certain situations, may result in generation of charged particles called 

plasma, and this can result in increased absorption of the laser by the dielectric. Many 

investigations on the laser induced plasma formation in solid, liquid and gas have 

been carried out but not all are fully understood especially in the liquid-phase of the 

material. 

22 
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When a photon impinges on an optical fiber, a few mechanisms can cause possible 

loss of photon energy. These may include (i) the imperfections in fiber geometry, (ii) 

electronic transitions across the energy levels in the material, and (iii) finally 

depending on the material property and the incident wavelength, excitation of another 

photon (of different wavelength) or phonon followed by non-radiative relaxation 

process. As a result, there is an increase of the thermal energy in the material. To date, 

three potential lasers CO2, NdrYAG and excimer operating in the IR and UV region 

are widely employed in the industry. The CO2 and NdrYAG lasers are commonly 

used for thermal processing of materials such as cutting, welding, cleaning and 

surface modification. In electronics industry, their potential for soldering joints [53] 

has also been demonstrated. They are also extensively used for marking applications 

[54], where CO2 laser is applied on metals and YAG for non-metals such as plastics, 

quartz, glasses or organics. In fiber splicing, CO2 laser is more efficient than YAG 

laser to melt the silica due to the close matching of the wavelength and the molecular 

vibrational frequency of the silica material. Majority of the material processing 

applications are carried out with laser intensities higher than of 103W/cm2. For a CW 

laser, the interaction time depends on the power and exposure time of the laser spot 

focused on the targeted area. For the pulsed laser interaction process, the interaction 

time is dependent on the duration and duty cycle of the pulse. In material processing, 

both the total energy and the intensity of laser beams are important parameters. 

In 1979, Tien and Lienhard [55] described that only rotational and vibration 

transitions are involved when a dielectric medium absorbs EM wave at room 

temperature. They also expressed that the occupation probability of electron at low 

temperature is small. In 1980s, the interest in laser-induced damage (LID) was 

demonstrated, for example, the use of a 3ns-pulse Nd:YAG (1.06um) laser to generate 
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damage on the surface of optical glass. At the glass surface, pit-like damages were 

attributed to absorption centers on the polished layer. In the interior, two phenomena 

showed up, threadlike and point like damage at different threshold power levels. The 

investigations on laser interaction with silica (SiCh) at short wavelength have been 

reported extensively [56,58], but there are only limited studies involving the use of 

long wavelength. Pitts [58] demonstrated the proportionality of crack propagation rate 

with the radius of targeted particles and the three quarters power of fluence. In 1989, 

the effect of self-focusing was observed in the LID and Wang [58] in 2002 found that 

the microstructures were formed with periodic parallel fringes and circular fringes on 

the front surface of silicon substrate. These periodic structures were supposedly 

formed by the thermal capillary wave effect and the laser induced periodic surface 

structure effect (LIPSS effect) during the melting and re-solidification of the material 

as shown in Figure 2-3. The phenomenon observed was claimed to be complex and 

was not understood properly. In our experiments on laser splicing of silica fibers, the 

long wavelength CO2 laser impinging on condensed photonic crystal fiber has shown 

some similar phenomenon. 

A 2 u.s C02 laser (TEA) pulse with energy density of 12.0 Jem"2 has been used to 

demonstrate the modification of the surface of p-type boron-doped single crystal 

silicon. It has been observed that the energy absorbed from the CO2 laser beam was 

converted partially into thermal energy, which in turn generated a series of effects 

such as melting, vaporization of molten material, shock waves etc. A wave-like 

microstructure consisting of periodic parallel fringes with a period of about 0.8 urn on 

the silicon surface was also observed. The laser induced periodic micro-structural 

behavior has been reported in the past, but the interaction of laser with silicon is not 
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properly explained [61, 62]. The above experimental results show the generation of 

fringes on the surface of media that is perpendicular to the laser beam. The work 

related to the formation of wave-like fringes propagating along the direction of laser 

beam is not found in the literature, however this phenomenon has been observed in 

our experiments. 

0 ym to.5 i>m 21 t*n 

Figure 2-3 Periodic wave traveling on the silicon surface by CO2 laser 
irradiation 
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of lattice atoms in the material. The acceleration of these electrons enhances the 

impact ionization that can increase electron density by manifolds. 

Even if the incident photon energy (hv) is close to band-gap energy Eg of the target 

material (hvwEg), it is still possible for the electron to make a transition to a higher 

energy state. We can consider the probability of this transition to be marginal and it 

may still be possible for the ionization collision to occur. The CO2 laser (operating at 

wavelength of 10.6u.rn) with a photon energy Et,v = 0.117eV is not likely to cause 

direct ionization of an oxygen or hydrogen molecule possessing energy gaps of 

12.07eV or 15.35eV respectively. In term of laser interaction to material, two 

possible mechanisms are usually discussed, one is multi-photon ionization process 

[61, 64] and another one is electron cascade process [60-66]. If the laser energy is 

lower but closer to material band-gap, both processes may occur; whereas if the laser 

energy is much lower than the material band-gap, only the electron cascade process is 

possible if the laser intensity is sufficiently high. For example if the intensity of C02 

laser is high enough, partial ionization in silica material may possibly occur. The rate 

of creation of new electrons is proportional to the rate of energy gain: 

an 
at 

*=n . p Equation 2-1 

The electron density increases exponentially with time if other effects (such as 

recombination) that cause loss of electrons are negligible. 

(Hi) Laser Induced Breakdown in Liquid 
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The interaction of high-intensity, pulsed laser radiation with liquid [67,68,69,70] is 

fundamental to many contemporary technologies including removal of water from the 

micro-circuits and micro-machines [65] and laser particles removal [71]. Most liquids 

are dielectrics at room temperature, as such, have large energy differences between 

electronic states and an insignificant number of free electrons; this is why most 

liquids are transparent at optical frequencies. In the early 80s to mid 90s, the 

investigations on laser interaction to ice or water have already attracted the interest 

from many researchers; the studies include the vacuum-UV reflectance spectrum of 

ice and the one-photon and multi-photon absorption for the vapor phase water 

spectrum. Crowell and Bartels [66] reported the transient absorption of hydrated 

electrons generated by the 3-5eV multi-photon ionization (MPI) of liquid water in 

picoseconds. The 2 or 3 photon-excitation in 3.02-3.47eV and 3.85-4.54eV energy 

range demonstrated the occurrence of low (<15 %) recombination and medium 

(>55%) recombination respectively. Crowell investigated the MPI under the short 

wavelength laser interaction with water. 

At high incident laser intensities, liquid molecule can efficiently absorb few photons 

of laser to promote it to an excited electron state. If the total absorbed photon energy 

is high enough, the liquid molecule can ionize through the multi-photon absorption 

process or dissociate to form new species in the liquid. The decomposition is known 

as photolysis. Upon ionizing, an electron is ejected from the liquid molecule 

(ionization: H2O -> H2O + e"), leaving behind a positively charge cation. Ionization in 

water occurs rapidly within a time interval in the order of lOOfs [72, 73]. During 

dissociation, the molecule separates into simpler component species (Dissociation: 

H2O -> H* + OH"). The time required for dissociation is also approximately lOOfs 
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[72]. For the photolysis products, in particular the ejected electron can exist for much 

longer period (~lus) hence it is possible to enhance the deposition of laser energy in 

the liquid. Also the hydroxyl radical OH" is the absorbing specie that absorbs UV 

light. The excited molecule can simply relax non-radiatively or radiatively back to 

ground state. Non-radiative transitions convert the absorbed photon into thermal 

energy, resulting in heating of the liquid. Radiative transition in liquids including 

water, are negligible. The studies show that water exposed to the short wavelength of 

266nm and 532nm Nd:YAG laser radiation has improved the heating and reduced the 

skin depth by several order of magnitude. At 266nm wavelength, water exhibits a 

two-photon absorption, the probability of the water molecule ionizing is 0.30 and the 

non-radiative relaxing is 0.44. [74]. If some moisture or hydrogen is present in the 

synthetic silica fiber resulting hydroxyl groups chemically bonded to the silica 

network (Si-OH), the optical property of silica will be affected [75]. Most work has 

focused on OH band intensity, spectral position or shape. Determination of absolute 

hydroxyl content depends on the extinction coefficient, and these coefficients of 34 to 

901 mole"1 cm"1 have been studied [76,77]. The spectral position of the OH bands is 

influenced by the chemical composition of the silica sample such as the concentration 

of germanium, molecular hydrogen and water [75]. The fundamental and combination 

modes of the Si04 tetrahedron vibration are found to be shifted as a function of fictive 

temperature [75, 78]. 

In 1995, Kennedy [79] developed a first order model to determine the irradiance 

thresholds for laser-induced breakdown in ocular and aqueous media. The model 

established is based on the extension of Shen's simple rate equation [64] for the 

cascade breakdown in solids as well as the concept of multi-photon ionization in 

condensed media developed by Keldysh [80]. In the following year, Noack and 
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Vogel [81] investigated the generation of plasma in water by high power laser pulses 

for pulse duration si00ns. They calculated the rate of equation for the free electron 

density under the influence of an intense laser pulse, and demonstrated that the sudden 

rise in the absorption coefficient was due to the laser-induced breakdown as the 

plasma is formed. The article has stated that the generation of free electrons in 

distilled water is initiated by multi-photon ionization but subsequently dominated by 

cascade ionization generated by the nanosecond pulse. The laser wavelengths 

employed are short wavelengths of 580nm and 1064nm [61]. 

The presence of OH content in optical fiber deteriorates its physical quality and 

introduces losses in the transmission [75]. The relative intensities of the OH 

absorption bands in the silica fiber are measured between 0.4(j.m to 3.6p.m wavelength 

range [75]. In the laser splicing investigations, the study of the OH content during the 

C0 2 laser interaction with the optical fiber are scarce because the C0 2 laser 

wavelength of 10.6|am is not used for transmission of optical signals. Further, for 

conventional silica fibers, the water condensation is not a serious problem as the water 

content is easily removed during the fusion process. However, this is not true in the 

photonic crystal fiber where the condensation inside the air holes may give constraint 

during the process of splicing. The study of photo-excitation and ionization in the 

10.6um laser energy regime in the silica fibers becomes extremely important and 

relevant to understand the mechanism of laser splicing process. 

.29. 
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2.2 Theoretical Development and Modeling Review 

The field of photonic crystal fibers has attracted a great deal of attention because these 

fibers are often perceived to be free of the constraints of conventional fiber and wave­

guides. The work focused on modeling and development of PCF has being studied 

extensively in the past few years. Splicing of optical fibers is first emerged in the late 

1970, but the investigation on splicing of PCF is new and needs intensive attention. 

2.2 Characteristics of Photonic Crystal Fibers 

The characteristics of PCF [63] are determined by the design of air holes and air hole-

configuration, and subsequently these factors affect the important fiber parameters 

such as mode area, dispersion, non-linearity and core diameter. In one of the studies 

[85], it is shown that for an appropriate hole-diameter, the formation of a triangular 

core due to three missing neighboring air holes will significantly improve the mode 

area and loss properties. For large mode area (endlessly) photonic crystal fibers, the 

-30% enhancement of the mode area is achieved without any increase in the fiber 

attenuation for the single mode operation. 

A major drawback of the conventional optical fiber is its ability to support 

propagation of only a limited range of wavelengths (eg. 850nm, 1300nm or 1550nm). 

Also a standard fiber designed to operate at a specific wavelength is unsuitable at 

other wavelengths for single mode operation due to cut-off wavelength condition. 

The problems of dispersion and resulting pulse broadening can be solved by an 

"endlessly photonic crystal fiber" which are classified under one of the categories of 

"photonic bandgap" crystal fibers. 
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The best way to understand the behavior of light in a photonic crystal is to compare it 

to the movement of electrons and holes in a semiconductor. In a silicon crystal, for 

example, the atoms are arranged in a diamond-lattice structure, and electrons moving 

through this lattice experience a periodic potential as they interact with the silicon 

nuclei via the Coulomb force. This interaction results in the formation of allowed and 

forbidden energy states. For pure and perfect silicon crystals, no electrons will be 

found in an energy range called the forbidden energy gap or simply the band gap. 

Considerimg photons moving through a block of transparent dielectric material that 

contains a number of tiny air holes arranged in a lattice pattern. The photons will pass 

through regions of high refractive index dielectric interspersed with regions of low 

refractive index air holes. To a photon, this contrast in refractive index looks just like 

the periodic potential that an electron experiences while traveling through a silicon 

crystal. Indeed, if there is large contrast in refractive index between the two regions, 

then most of the light will be confined either within the dielectric material or in the air 

holes. This confinement results in the formation of allowed energy regions separated 

by a forbidden region known as photonic band gap (PBG). Since the wavelength of 

the photons is inversely proportional to their energy, the patterned dielectric material 

will block light with wavelengths in the photonic band gap, while allowing other 

wavelengths to pass freely. The potential of photonic-crystal structures [9] was first 

realized in 1987 by Eli Yablonovitch of Bell Communications Research in New 

Jersey. In 1991, Yablonovitch and co-workers [84] produced the first photonic crystal 

by mechanically drilling one-millimeter diameter holes into a block of material with a 

refractive index of 3.6. The structures with a complete out-of-plane PBG for 2D 

silica-air photonic crystal was first realized using a triangular arrangement of air 

holes. This arrangement was predicted to exhibit complete photonic band gaps, but 
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the requirement of large air hole sizes proved difficult to fulfill experimentally, and 

the fabricated photonic crystal fibers (PCFs) using triangular arrangements of air 

holes showed no evidence of PBG effects (albeit other highly unusual properties are 

found for these index-guiding PCFs). Attention therefore, shifted to so called 

honeycomb photonic crystals, which have been found to possess larger band gaps 

than triangular crystals, both for in-plane and out-of-plane propagation. Theoretical 

results suggested that PCFs based on such a honeycomb photonic crystal structures 

would be able to exhibit wave guidance by PBG at realistic parameters. These 

honeycomb-based low-index core PCFs have been fabricated and experimental results 

have confirmed the theoretical predictions of PBG guidance. Efficient numerical 

methods are needed for modeling large photonic crystal structures. A cross-section 

through the new type of fiber shows holes arranged neatly in an array like atoms in a 

crystal- hence the name, "crystal fiber". The fiber has a regular lattice of air cores 

running along its length and transmits a wide range of wavelengths without suffering 

from dispersion [85] 

Depending on the air-hole design, photonic crystal fiber can also spread the light more 

evenly across the fiber cross-section, or increase the nonlinear effects. For example 

[86], a PCF can be fabricated with a narrow core to squeeze light into the core so that 

the intensity of the light becomes high enough to cause significant nonlinear effects. 

These nonlinear properties of this fiber cause the propagating light to undergo a shift 

to a range of other wavelengths. The photonic crystal fibers are used in the 

integration of two-dimensional micro structuring with one-dimensional longitudinal 

transmission. The outcome of this unique combination is the creation of fibers with 

dispersive and nonlinear characteristics. The effective non-linearity of a standard PCF 
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should be considered. The small effective area can be achieved in this type of fiber 

(i.e. PCF) so as to considerably increase its effective non-linearity in comparison to 

conventional fiber [87]. 

In conventional single-mode fibers (SMF), the single-mode optical bandwidth is 

typically limited by a higher-order mode cutoff at short wavelengths and macro-bend 

loss at long wavelengths. The characteristics of the photonic crystal fiber (PCF) are 

fundamentally different and it can be designed to be endlessly single-mode (ESM). A 

good way to illustrate the differences in the spectral properties of the SMF and the 

PCF is through the V-parameter. The V-parameter for the SMF, Vsw, has 

traditionally been applied to determine the higher-order mode cutoff [88] as well as 

the MFD [89]. The V-parameter for the PCF [89], 90], TPCF, shows that this also held 

the property of uniquely determining both the higher-order mode cutoff as well as the 

MFD [91]. The expressions for Vsmf, and Vpcf, are given by: 

v , m , = ^ / K - - " * - ) Ec^uation 2-2 

Vpc, = ̂ [ r 4 M - < m W ] Equation 2-3 
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triangular hole arranged-PCF is also first explained by Birks et al [1]. using the 

effective-index approximation of the cladding structure. In high frequency limit (low 

wavelength), the effective index of the cladding is approaching rifm so that the index 

difference becomes small; similarly at longer wavelength, the effective index 

difference increases so that a stationary V value may be reached for PCF. The 

experimental results carried out by Nielsen et al [89] showed that PCF is significantly 

more robust towards bending at wavelengths from 400 nm to 1000 nm compared to 

the conventional SMF. The enhanced properties of the PCF are strongly dependent on 

the effective index difference between the guided mode and the cladding modes and 

therefore can be utilized for realizing a larger MFD with the benefit of improved 

power handling properties. 

In general, the fiber characteristics are determined by two parameters: attenuation and 

dispersion. The latter limits the bandwidth of the transmitted signal through the fiber 

and the bit rate of the transmitted signal. Few mechanisms are responsible for signal 

attenuation within the optical fibers. One is the material absorption due to material 

composition and the fiber fabrication process. The absorption of light may be 

intrinsic, extrinsic, or atomic defects. Intrinsic absorption is a natural property of the 

glass. Another is the extrinsic absorption caused by impurities within the glass 

material. Linear scattering loss causes some of the optical power contained within one 

mode to be transferred linearly into a different mode. This tends to result in 

attenuation as the power transfer as a radiation mode, which does not continuously 

propagate within the fiber core. Non-linear scattering loss is caused by the optical 

power at certain wavelengths to be transferred in either the forward or backward 

direction to a different optical wavelength with a release of phonon. The most 

important types of non-linear scattering within optical fibers are simulated Brillouin 
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Larger bending losses tend to occur at a critical radius of curvature RcrWcau which can 

be estimated from: 

RcrttiO * J / n2 3"C O , !2 ,3/2 E 1 U a t i o n 2"7 

where, ricore = refractive index for fiber core, nciad = refractive index for fiber 

cladding and A. = Operating wavelength 

The increase of bending radius reduces the fiber attenuation. The fiber bend radius R 

should be larger than RCriticai to avoid significant bending losses. 

The dispersion for PCF is a function of wavelength [10], the dispersion and dispersion 

slope can also be varied dramatically via the size and/or arrangement of the air holes. 

In the general rule, if the air-filling fraction (d/A) is very small, the influence of air 

holes is strongly limited and the dispersion curve is expectedly very close to material 

dispersion of the pure silica. As the diameter of the air holes is increased, the wave­

guide dispersion becomes increasingly strong and dispersion is reduced significantly. 

It is interesting that an almost constant dispersion level around -60 ps/km/nm is 

predicted for a ratio d/A =0.4. This unique dispersion characteristic indicates that 

PCFs have potential applications as dispersion components [10]. 

A theoretical analysis is presented whereby through the proper selection of PCF 

geometry, these fibers will be able to be four times more efficient for second 

harmonic generation than for standard fibers [93]. 
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2.2.2 An Overview of Fiber Splicing Techniques 

Exceptional precision in fusion splicing is required to maintain the integrity of the 

most advanced optical components. A reliable and stable laser source ensures the 

quality of joint and an appropriate measurement technique determines the quality of 

splice. 

(i) Splice Losses 

Fiber-to-fiber end-face alignment is a very important coupling process before fibers 

are spliced. There are three misalignments are transverse (offset), longitudinal (end 

separation) and angular (tilt) misalignments. Nemoto [38] uses Gaussian field 

approximation to the fundamental mode in a single-mode fiber to determine the 

misalignment losses between two end faces of fibers Fl and F2 with rectangular co­

ordinates (£, r|, Q and (£', T|% £') respectively. 

ForFl: Ef 
* 2z0p y* 

exp jC^Pr) exp(-JH/) Equation 2-8 

For F2: E^ = 
2Z0P 

v w n i 8 2 y 

% 

exp Pr 

KS2J 
exp(-jp^) Equation 2-9 

Coupling Coefficient: C = JTJL E^E^-prdpd(j) Equation 2-10 

Where, p is the radial co-ordinate and p is the propagation constant; 

=^+(f!s 

-fWf rw2 
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W = S. 1 + 
( ^ 

»? 2*/ 
V • J 

R = S 1 + 
' 2 * s2^2 

U sJ 
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from fiber, the light intensity distribution of the captured images are analyzed along 

the x y z observation planes [38, 39, 94, 95]. 

Another commonly used active splice loss measurement technique [96] is to use 

macro-bending technique. This method launches laser signal through the macro-bend 

in the vicinity of fiber edge and leaked light is captured by another nearby section of 

the macro-bend. 

Regarding the splice losses in photonic crystal fibers, Bennett [99] in 1999 

experimented with splicing of a particular step-index fiber (SIF) to holey fiber (i.e. 

high index PCF) and the measured splice loss was 1.7dB, however no detailed 

investigations of splice loss involving holey fiber were conducted. In year 2001, 

Lizier et al [100] reported the numerical calculations of splice loss based on the finite-

difference time-domain (FDTD) simulation. It was to use a short pulse input with 

optical carrier at a particular wavelength was directed toward the splice from the SIF 

with LPoi field distribution and the results were calculated analytically. The splice 

loss was determined by the energies in the incident, transmitted and reflected waves. 

Due to the numerically intensive nature of FDTD calculations, it was common that 

only short section (approx. 30jim) of fiber could be modeled either side of the splice. 

The simulation shows that the splice loss was about 1.5dB that was quite close to the 

earlier experimental result. Furthermore, the determination of splice loss with 

variation in fiber parameters should be in agreement with analytical approximation 

based on effective index theory. Lizier [100] also mentioned that the FDTD 

simulation and computation for the lowest splice loss was determined by the holey 

fiber pitch where the mode field diameter was similar in both fibers. In the same year, 

Borzycki [101] suggested a few kinds of splicing techniques for PCF, which 
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employed one of these methods (i) ordinary fusion with large section of air hole 

collapse, (ii) short the fusion zone with less fiber collapse, (iii) ultrasonic welding of 

fiber ends, (iv) mechanical splice using index-matching gel. All these kinds of 

splicing techniques were introduced without any details about experimental studies. 

(ii) Fiber's Temperature 

In the arc fusion system, two fibers to be spliced are aligned and placed between two 

graphite electrodes. The voltage at the electrodes generates a high electric field across 

the fiber joint. This results in particle excess energies that are the excitation energy 

and the kinetic energy of free electrons. The mathematical theory [49] of heat 

conduction is based on the assumption that the heat flux at the plane z=Zo as O(Zo), 

and the O(zo) across a plane in a solid is proportional to the local temperature gradient 

dT/dz and is given as: 

<D(z0) = -Kc ( — ] Equation 2-1 

Where, Kc= conductivity of the optical fiber. 

The thermal energy over the time, At, for fusing of a fiber section of thickness Az 

(from z to z+Az) can be expressed as: 

[<D(z)-<D(z + Az)]xAt = —?5-ATAz Equation 2-12 
"mol 

where, AT = change in temperature, At = time taken, c s p = specific heat at constant 

pressure, and Vmoi = molar volume 
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As the diameter of fiber is only 125 urn; it is reasonable to assume that Az ->0. So 

that the heat flow equation from Equation 2-6 can be rewritten as: 

A ( K c ^ = - ^ L x ^ Equation2-13 
dz{ cdz) V^ at 

When the optical fibers are heated to their melting point, their silica core and cladding 

layers expand, join and re-solidify after the thermal energy source is removed. For 

accurate calculations, we may allow to vary the laser power and laser exposure time 

to melt fibers' interface. When the electric field is removed, heating of the fiber also 

ceases. Electric arc fusion has been in the market for almost two decades and its 

functionality has been proven in spite of some drawbacks those can create problems 

under certain conditions. More details will be discussed in the next chapter. 

In term laser splicing of optical fibers, K. Egashira [102, 103] and M. Kobayashi 

[104] proposed a simple analytical model of thermal condition in fiber splicing using 

CO2 laser [102,103,105]. The laser source was assumed as a point source focused at 

the fiber joint where the fiber was treated as thin rod with constant physical 

parameters, non-existence of convection and radiation. With this assumption, the 

instantaneous temperature across fiber joint is given by 

2Q ( x2 N 

Tnst,p« ( M ) = — 7%exP\ - v t - T - r Equation 2-14 
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and v= 4Scond/(c8pPfiber dfiber). For the continuous point source, the above equation 

will be integrated over time to obtain the fiber temperature. Subsequently, in 1977, the 

same group developed improved model by assuming continuous Gaussian laser 

source. Applying this assumption, they concluded that the temperature in the fiber is a 

function of distance from fiber joint as well as time t. 

2.2.3 Laser Induced Thermal Energy 

Plasma is the fourth state of matter. If the temperature increases, the solid eventually 

makes phase transitions to the liquid state, subsequently become gaseous. Finally the 

bonds between the ions and inner-shell electrons are broken and the gas becomes 

electrically conducting plasma [52]. In general, plasma maintains almost perfect 

charge balance as given by - qene = qionnton where qe and qi0n are the charge of 

electron and ion respectively, ne is the electron density and nj0n is the ion density. For 

the plasma state to exist, electron collisions with neutral atoms or molecules must not 

be so frequent that the charged particle dynamics is governed by hydrodynamic forces 

rather than electromagnetic. 

Relevant Parameters for Plasma Effect 

(i) Plasma Parameter Apiasma- It is the dimensionless parameter expressed as: 

A plasma — H 

l 3 

"thermal 

« « 2 / ~\% 

ne / 
/ m e o 

Equation 2-15 
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where n = particle density, Uthermai = particle thermal velocity and (e2/meo) is the 

strength of the Coulomb interaction between free plasma charged particle assuming 

the m = rriion or m = me, where me is electron mass, and mion is ion mass 

Two possible limits for ApiaSina, are: 

(i) Apia s m ,«l, implies that the plasma is strongly coupled when the mean 

Coulomb energy of the ions is comparable to or less than the mean kinetic 

energy 

(ii) Apiasinj|»l, means that a plasma is weakly coupled where the particle 

thermal motions are more important. 

(ii) Debye Length Xotbye: It is a measure of the distance in a plasma over which the 

electric field of a charged particle is "screened out" by the random thermal motions of 

the other charged plasma particles. The characteristics of Debye length (A.Debye) 

correspond to the plasma frequency (Wpiasma) for a wave velocity and hence it is 

equivalent to the electron thermal velocity, uthermai [109]. 

^TJebye 
wplasma 

' kBT -
47in0e 

Equation 2-16 

where ks is Boltzmann constant=1.38xl0~16cm2sec"2 and T = temperature (K). 

, n0= electron density, e =electron charge and me=electron co2 ' 4 m t V ^ 
V m e J 

mass. If T(K> is in Kelvin or T(ev) in eV then the respectively equations can be: 
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^TJebye ~ 6-9 

< T tf ( T ^ '2 f 
= 743 

V l n . ( C m " )J lne(Cm_3)J 
Equation 2-17 

The Coulomb force between particles in plasma is shielded by the space charge and is 

reduced in range from oo to Xoebye- Once the particles become hotter, high mobility 

electrons are generated and A.oebye spreads over a wider range. When the electrons 

density n is high, the Debye length shrinks. The Debye shielding occurs when there 

are enough particles in the charge cloud for the weakly coupled plasma as given by 

4 , , 
Ap,asm. = -z *K+. » 1 Equation 2-18 

In the laser-induced plasma due to the inverse Bremsstrahlung process or other 

collective processes, the absorbed energy is transported to the high-density region by 

electron thermal conduction. 

Under the effect of high power laser radiation, the electrons are accelerated to the 

electron thermal velocity, ueTherrmai [160]. 

«eThem»i = J—*" Equation 2-19 
e 

Where, e = electron charge, Te = electron temperature and me = electron mass. 

Irradiance and Plasma Temperature 

Experimental investigations on optical breakdown by lasers have been extensively 

reported. However, the first paper on the computational model of laser-induced 
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breakdown in condensed media was first reported by Kennedy [79] in 1995. His 

computation was based on the simple rate equation formalism given by Shen [64] for 

cascade breakdown in solids and on the model developed by Keldysh [80] for multi-

photon ionization in condensed media. The interaction of a high-energy ultra-violet 

pulsed laser beam with solid materials has been investigated extensively over the past 

several years [106]. Many factors affect the laser-interaction such as irradiance, 

wavelength, pulse duration, ambient gas and pressure. Amongst all of them, the 

irradiance is the most important in controlling the mechanism of the laser-material 

interaction. Liu [106] used spectroscopic methods to diagnose the early phase of the 

laser-induced plasma in the pure single crystalline silicon (99.9%), using Nd:YAG 

laser (Coherent, Infinity) operating at 266nm with 3ns pulse duration. The plasma 

temperature (Te) and electron density (ne) were measured throughout the experiment, 

which showed the variation of Te and ne as the function of irradiance, ranging from 1 

to 60GW/cm2. At a threshold of ~20GW/cm2, the electron density and temperature 

change dramatically. In the irradiance region lower than this threshold value, the 

electron density (ne) and temperature (Te) increased with the irradiance (Ihu) 

following the power law as ne oc (lhv) and Te oc (lhv) ' respectively. 

Once the irradiance went beyond this threshold (i.e. Ihu => 20GW/cm2), the electron 

density increased at a faster rate according to the relation no oc (lhv) ; whereas the 

plasma temperature increased at much slower rate asTeoc(lhv) . The above 

experiment demonstrated that below its irradiance threshold, the temperature rise was 

dependent on the laser irradiance (lnu) [106]. 
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When there is an increase of laser intensity goes higher, the inverse Bremsstrahlung 

absorption of laser light decreases due to the increase in electron temperature and the 

steepening of density profile. When the inverse Bremsstrahlung absorption decreases, 

not only the laser light is reflected at the turning point, but also a significant amount 

of laser energy tunnels from the turning point through the evanescent region to the 

critical density region. At the critical point, the frequency of the charge density 

fluctuations can increase resonantly and propagate out to the under-dense region as an 

electron plasma wave [107]. 

Critical Electron Density tier 

The critical electron density for plasma is given as: 

1 1x1021 

ncr = ——j Equation 2-20 

K 

Where A.M is the laser wavelength in micron. 

Laser may penetrate slightly past the ncr, and result in an exponential decay of 

electron concentration over a distance determined by the plasma density [108]. It is 

possible for the inverse Bremsstrahlung effect and Resonance absorption to occur 

with (i) low intensity I when IA-iaser2 falls between 10l2 W.um2/cm2 to 1017 

W.um2/cm2 , (ii) long pulse interactions or in some ultra short-ultra-intense laser-solid 

interactions. 

The plasma is dependent on the laser wavelength, the interacting materials and laser 

power. With large number of electrons generating a plasma cloud at the focused 
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volume and the laser intensity near to the threshold value, several problems are likely 

to be encountered. Firstly, for ion-electron density below the Bremsstrahlung value, 

the coupling efficiency of the laser beam into the focused area is enhanced. Secondly, 

when the ion-electron density is above the Bremsstrahlung value, it shields off the 

laser beam incident onto the focused area and sometimes defocuses the laser beam 

[110]. Under this condition, the laser beam is shielded by the plasma and cannot reach 

the interaction point if the electron density is higher than the critical value (ncr). Of 

course, there are few techniques to reduce the plasma at high incident laser intensity. 

The techniques include the inert gas side jet plasma control [111] and introduction of 

electromagnetic field at the focused area to reduce the plasma density [112]. 

Some phenomena in the different level of electron density: 

(a) For lower electron density, the total energy transferred into the medium remains 

well below the heat of evaporation and the formation of a vapor bubble is always 

observed during the optical breakdown in liquids, a phenomenon, which is not easily 

explained [81]. For efficient coupling, the plasma frequency, (OpiaSma, must remain 

below the light frequency ©user. 

2 __ 

(b) For electron density is greater than ( "s , r " ° ), the plasma becomes highly 

e 

reflective. The incoming laser light would not result in any further increase of the 

electron density [113]. 
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CHAPTER 3 SYSTEM & PROCESS DEVELOPMENT OF 
LASER SPLICING FOR OPTICAL FIBERS 

This chapter briefly illustrates the differences between electric arc and laser splicing 

technology, and describes the advantages of implementing laser fusion technique to 

splice optical fibers. The considerations for determining the splicing parameters for 

achieving good splice are also discussed. Finally, details on the design and 

development of a computer-aided CO2 laser splicing system are presented. 

3.1 Optical Fiber Splicing Technology 

Mechanical splice, the first splicing tool introduced in 70s, involves the use of 

mechanical fixtures to align and join optical fibers. The basic components for such a 

technique include tubes made of glass, plastic, metal and ceramic; V-groove and more 

recent inclusion of rotary devices. Materials that assist mechanical splicing of fibers 

include transparent adhesives and index matching gels. The handling of mechanical 

splicing is relatively not convenient compared to the fusion splicing technique and its 

splice loss is also relatively high. Fusion splicing developed in late 70's, involves use 

of heat to melt and fuse the ends of two optical fibers, and it can provide splice loss as 

low as 0.0 ldB. Initially, nichrome wires have been used as the heating element for 

fusing of optical fibers. New fusion-splicing techniques have been attempted with 

replacement of the nichrome wires by gas flame, electric arc and carbon dioxide 

(C02) laser to heat the fiber ends. The portable electric arc splicing system [115] has 

become the most popular and widely used splicing technique that has left laser-
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splicing technology [102, 103] being put in the backyard since 1990. Laser induced 

splicing has many advantages over the electric arc fusion technique, but the size of 

CO2 laser source is relative large and the stability of laser source still needs to be 

improved. Although, due to its bulkiness, the laser-splicing system is currently not so 

suitable for field use, its potential remains great in many aspects. A brief description 

on the electric arc and laser splicing systems is shown below. 

(a) Electric Arc Splicing System 

In the electric arc splicing system [118], two electrodes are placed a few millimeters 

apart with the two fiber-ends aligned in between. The heating process uses an electric 

arc to ionize the space between prepared fibers to eliminate air and heat the fibers to 

the required temperature (1300 ~1800°C). The fibers then reach the semi-liquid and 

molten state resulting in the fusion of fibers and this can yield a splice loss of 0.05-0.2 

dB if process parameters are appropriately controlled. The important process 

parameters for electric arc fusion include pre-fusion, arc current, arc exposure time, 

arc gap and overlap (stuffing) which can vary significantly for splicing systems from 

different manufacturers. 
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task. The 10.6 urn operating wavelength of CO2 laser is strongly absorbed by the 

silica fiber, which results in the rapid rise of their melting temperatures to effectively 

form a firm splice joint. Several factors affect splice loss between two different types 

of fibers such as mismatch of refractive index [120], core/cladding diameter, 

numerical aperture and also due to their structural differences. Experimentally we 

have shown that laser-splicing technique gives better tensile strength and superior 

quality of splice joint if the splicing is performed with optimum process parameters. 

Important splicing parameters include laser power, beam size, exposure time, fiber-

overlapping and beam positioning; these will be discussed in the following sections. 

3.1.1 Advantages for Laser Fiber Splicing System 

The limitations described above should not be the perpetual obstacle if the laser 

splicing gains sufficient attention; and efforts are focused to improve the performance 

of various components required for a laser splicing system. If we set aside the size of 

laser source, the advantages of using laser splicing over the electric arc fusion can be 

summarized in the following lines: 

1) Absence of Electrodes 

The firing of fiber ends in an electric arc splicing system depends on the design 

of two electrodes. Due to the corrosion of electrodes during the splice operation, 

maintenance and a frequent change of electrodes are necessary at regular time 

intervals. This is the reason that electric arc fusion system is not so efficient and 

costly for mass production in the factory or heavy work environment. On the 

other hand, the CO2 laser as a heating source does not have any electrodes, is 
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more reliable and its operating lifespan can be as long as 5-10 years; and hence 

the overall operating cost should be much lower. 

2) No fiber Contamination 

As mentioned earlier, the electric arc fusion technique uses the arc energy to 

ionize and heat the fibers to be spliced, as well as its surrounding atmosphere, 

therefore, it is easier to attract unwanted air-particles to be embedded in the 

spliced joint. The absorption of CO2 laser by the atmospheric gases is extremely 

low, therefore the loss of laser energy through the air is negligible and most of 

the laser is absorbed by the fiber. Furthermore, in the case of electric arc 

heating, electrodes are easily corroded and the corroded particles may be 

deposited at the fiber joint during splicing. Therefore, the CO2 laser as a fusion 

source can ensure a clean splicing and provide contamination free environment 

in the vicinity without high voltage arcing. 

3) Localized Heating 

The advantage of using laser beam for heating is that it occurs in a localized 

mode, both in space and in time. By matching the wavelength to the optical and 

the thermal material properties, and with suitable beam power, the amount of 

heating can be adjusted accurately to suit the needs of a process. If surface 

heating is required and/or volume heating is to be avoided, a large absorption 

coefficient and a short interaction time can be selected. Sharply delimited areas 

can be heated by laser-induced heat while the remainder of the work-piece stays 

virtually cold. Using short pulses or rapidly moving beams can achieve rapid 

cooling of the heated material. Apart from localization, laser beams, which are 
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chemically pure and free of inertia, can be moved easily and passed through 

windows to reach remote or inaccessible parts of a fiber-piece. 

4) Accelerated Heating by Laser-induced Thermal Energy 

The heating process by CO2 laser is different from electric arc as it relies on the 

absorption of photons by silica, mostly to create resonant conditions in lattice of 

the material, and under certain situations by generating plasma at high laser 

intensities. Not all the photon wavelengths can cause heat generation in silica 

fiber. The excitation of the phonons generated by the CO2 laser results in rapid 

heating of the fiber as the resonant wavelength of Si-O bond is very close to 

CO2 operating wavelength (10.6u.rn). At this wavelength, the intense thermal 

excitation occurs through phonon absorption and possibly by Inverse 

Bremsstrahlung absorption. Hence laser radiation results in generation of photo-

electrons and thermal electrons in silica, which absorb laser power through the 

laser plasma effect that may further enhance the photon absorption to accelerate 

the heating process. At the wavelength of 10.6 urn, the absorption coefficient of 

Si-O is about lOdB/um [116] 

In order to melt PCF to a semi-liquid state, the energy from the fusion source 

propagates alternately from the silica capillary to air holes. In the electric arc 

splicing system, the thermal energy from the electric arc is first absorbed and 

the fiber surface temperature increases, but the heat propagation in the air hole 

is slower than in silica due to poor thermal conductivity of air. For larger air 

holes in the fiber, the thermal energy penetration in the PCF would be slower. In 

the laser fusion technique, the laser absorbed by the fiber results in an increase 

in the number of electrons and ions, the dynamic electrons in turn absorb laser 
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resulting in electron multiplication and generation of plasma. This causes 

strong absorption of laser in the material and rapid generation of heat over the 

fiber cross-section faster than the electric arc. The bubble formation in PCF 

spliced by electric arc demonstrates the inefficient heat transfer from the arc 

system. Hence, there are several incentives to adopt laser to splice the photonic 

crystal fibers. 

5) Small Fusion Area 

The fusion area in laser splicing depends on the effectiveness of firing laser 

beam, whereas in an electrical arc splicing system, the emitting arc from the 

electrodes affects the fusion zone. Since laser provides highly localized heating, 

it is easy to limit the beam size close to target area. In this project, the laser used 

is a Gaussian beam with a width of 6mm and average lasing power is 10-14W. 

To improve the efficiency of fusion, the beam size should be reduced close to 

the fiber diameter. If the laser beam is stationary, it is efficient to reduce the 

beam-size approximately to 2-3 times of the targeted area. In this report, a 

focusing lens is used to reduce the beam to 400~500um in diameter. For electric 

arc splicing, the arcing area depends very much on the design of electrodes and 

electric current. Generally, the arcing area onto the fiber is considerably much 

larger than the laser irradiating in its focal plane onto the fiber. Smaller fusion 

area has an advantage to avoid damage to the other part of the fibers away from 

the spliced region and therefore should reduce fiber loss. 
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profile. When there is a requirement of different thermal energies, it is possible 

to adjust me Gaussian beam towards the area that needs higher temperature or 

to run me laser beam at different scanning speed to achieve various hot zones. 

The scan along the fiber is done using a galvanometer mirror, which is 

controlled by the computer. Designing a moving electric arc to run across the 

fiber is not easy and not cost effective. In general, it is much more convenient to 

bend or lead the laser beam to any location by the lenses or special types of 

optical fibers. 

7) Improved Fiber Tensile Strength 

Laser induced heating at the splice between the two fibers is rapid and even, 

therefore temperature over the entire fiber ends should be evenly distributed 

within a short period. We have experimentally verified that the electric arc 

spliced SM fibers are weaker than their laser spliced counterparts. 
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Figure 3-1 Tensile strength of single mode fibers spliced by commercial 
electric arc splicing system 
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Figure 3-2 Tensile strength of single mode fibers spliced by laser fiber 
splicing system developed in our laboratory 
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(1) Fiber-to-Fiber Misalignment Losses 

Three possible misalignments [115] may occur before and during the splicing of 

optical fibers: (i) Transverse offset (ii) Tilt offset (iii) Longitudinal separation. 

In fiber splicing process, transverse offset should be kept as low as possible 

(sO.ldB) and the tilt angle should not be greater than 5°. The variation of 

surface tension across the fiber joint of two fibers during the fusion process may 

be affected by the irradiating laser power, unevenness of the cleaved surfaces 

and the overlapped stuffing stroke applied between two fiber ends. A proper 

fibers preparation, careful handling and precise control of laser parameters are 

imperative in order to ensure a balanced surface tension between the two fibers 

and to achieve low splice loss. 

(2) OH Absorption in Optical Fiber 

The simple structure of silica glass has the tetrahedron (Si04) that joins 

preferentially into rings, each containing six tetrahedral. Any deviation from the 

chain linking is considered as structural defect. In practice, the silica has 

stoichiometric defect and may appear as Si02.x where x is the number of 

missing oxygen or the presence of OH groups occurring between the (Si04) 

tetrahedron as shown in Figure 3-3, and hence the silicon atoms are not 

surrounded by 4 oxygen ions as in the case of perfect silica materials. 

H 

I / \ I 
— S i — O O — Si — 

I \ / I 
H 

Figure 3-3 Structure of silica - Si(OH)2 tetrahedron 
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Water reduces viscosity and causes structural de-polymerization, therefore the Si-O 

structural connectivity is affected. The optical fibers for the telecommunications 

require the highest purity and extremely low OH" ion content to maintain optimum 

transmission performance and fiber's tensile strength [75]. The presence of OH ions 

in fibers attenuates the transmitting signal in the spectrum between 1300 and 1500nm 

[121]. Hence, the fiber end faces must be almost free from OH ion content and 

impurities before the laser is applied to fuse the fibers together. 

(3) Fiber End-face Stuffing Stroke 

The introduction of fiber end face stuffing is to compensate the irregularities of 

the fiber surface after cleaving. Low splice loss can be achieved by maintaining 

the equilibrium of (a) the axial force Fp caused by the pressure applied to the 

fiber ends, (b) the expansion force FT due to thermal expansion, and (c) the 

inner surface tension force Fs of molten glass [122]. 

Pushing of fiber ends 

FT 

Thermal s Expansion Surface tension during solidification 

Figure 3-4 Overlap stuffing is introduced to balance the expansion force, 
inner surface force, and to compensate the unevenness of the fiber end-faces 
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(4) Laser Power and Laser Exposure Time 

Low laser power will not cause the fibers to melt but it can be used to clean the 

fiber surface, reduce condensation and to strengthen the splice joint after the 

fibers are spliced. Fiber temperature is dependent on the laser power and laser 

exposure time, therefore an appropriate control of these two parameters is 

important to maintain low splice loss. 

3.1.3 CO2 Laser Fusion Technology and Photonic Crystal Fiber 

The industrial CO2 lasers are widely used for cutting, welding or material processing 

in the heavy industries. The studies on the use of C02 laser for processing of optical 

fiber began in late 70s, which included tasks such as fiber end preparation [41, 96, 

122] fiber tapering and fiber splicing [124]. In the 90s, there was no serious activity to 

study or implement the laser splicing technology due to the widespread use of electric 

arc splicing technology. One reason for this could be due to the physical size of laser 

itself as mentioned previously. If the size of laser can be reduced, it may become 

more attractive for processing of optical fibers. The invention of photonic crystal 

fibers rekindles the interest of using CO2 laser fusion technology for splicing of PCF 

as the laser-induced rapid heating over the fiber can keep the deformation of air holes 

in PCF to minimum. Laser splicing technology has a great potential to replace electric 

arc splicing technology for splicing of PCF and other specialty fibers. 
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3.2 Design Considerations for Laser Splicing System 

In general, a basic laser splicing system would involve the design of the following 

subsystems. 

(i) Fiber Alignment and Control Subsystem - to provide a precise alignment between 

the two fiber ends, the required tolerances for xyz alignments are in the range of 

=0.5-1 urn. 

(ii) Laser Beam Positioning and Control Subsystem - to control the laser intensity and 

laser positioning. For the smallest CO2 laser available commercially, the laser 

intensity range is 0~14W, and it is desirable that additional system should be 

designed to swing the laser beam horizontally and vertically. 

(iii) Imaging and Measurement Subsystem - to observe the magnified image of optical 

fibers on the monitor screen through high resolution CCD cameras Fiber splice 

loss can also be estimated by the processing the captured image. 

(iv) System Integration - The personal computer interface may be developed to and 

control of laser parameters, fiber alignment and fiber image. The block diagram of 

a complete laser splicing system is shown in Figure 3-5. 
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Figure 3-5 Functional block diagram of the laser splicing system 

3.2.1 Fiber Alignment and Control 

To achieve a good splice, the fibers must be aligned with high precision. Several 

alignment methods [123 ]and techniques have been reported in the literature and they 

are generally grouped into two main categories: active alignment and passive 

alignment methods. 

In active alignment, a low power LED or Laser diode injects the light from one end of 

the fiber and the output is monitored at the other fiber end. This method known as 
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power monitoring method is illustrated in Figure 3-6. Alternatively, light injection 

and detection is performed by local monitoring of optical power from two points near 

the outer edge of the fiber surface as shown in Figure 3-7. This technique is known as 

local monitoring or macro-bending method [97, 98]. The optimum alignment is 

achieved by adjusting the two fibers until the output power level is maximized. We 

have successfully implemented this technique on the SMF-to-SMF alignment in our 

laboratory and find that it is difficult to introduce in me SMF-to-PCF alignment. 

I C02 laser 

>< Gaussian Beam 
fiber fiber Power 

• ^ • • • • • . 

Source t ~ ~ T r . . . . ! ' ^ 
\ O Vw Alignment \ • 'O 

Figure 3-6 Power Monitor Method for fiber Alignment 

C02 laser 

!>* Gaussian Beam 
fiber rod fiber 

LED 
Alignment 

stage Photo-detector 

Figure 3-7 Marco-Bending Alignment Method 
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monitoring of the 3D image of the fiber ends. This method performs physical 

alignment of the fibers by imaging the core or cladding reflective profiles [123]. In 

the core reflective profile method, the illuminating white light incident onto the fiber 

is reflected by the narrow core diameter of the single mode fiber and is seen as an 

enlarged core diameter within cladding. The cross-sectional images of the fibers are 

captured and analyzed on CCD cameras. By identifying the darker cladding image 

and brighter core image, it is useful for achieving core-to-core alignment for the 

single mode fibers. This technique is useful for the SMF-to-SMF alignment, but not 

for the PCF-to-SMF alignment because of the core of PCF is not easily identified 

under the camera view. 

Figure 3-8 Core alignment by CCD camera, the core diameter is widened 
by light reflection at the core region 

The profile alignment method has several advantages over the power monitoring and 

the local monitoring methods. Firstly, profile alignment does not need additional 

equipment such as laser sources or power meters for fiber link. Since its alignment is 

done at the fiber ends, it is not affected appreciably by fiber bending. Moreover, 

profile alignment method makes it possible to splice fibers at arbitrary splicing points 

simultaneously over the whole transmission line length at a cheaper cost. It is also 
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very convenient to align fibers of different diameters and also dissimilar fibers with 

different structural cross-sections. 

3.2.2 C02 laser Beam Control Subsystem 

CO2 laser operating in continuous-wave (CW) mode produces relatively steady beam. 

It makes use of the method of RF excitation to maintain discharge stability, to control 

output power and modulation with ease, as well as to achieve convenient interfacing 

for systems automation. Also, its long operating life and with no frequent replacement 

of parts, it is very attractive and economical than electric arc system which uses 

electrodes requiring regular maintenance as mentioned previously. In our splicing 

system, Series 48-1 CO2 laser from Synrad Corp [125] is used. The Gaussian-profile 

beam waist at the output aperture of the laser before the goniometer is 6 mm, and its 

beam power is controlled by PC. The palmScan goniometer supplied by SCANLAB, 

has two precision galvanometer scanners and two deflection mirrors to ensure 

uniform laser power over a targeted area (Figure 3-9). The palmScan focuses the CO2 

laser to a beam size of s500um diameter. As the power of the laser is approximately 

at 10W, the laser power levels can be programmed to suit different processes in the 

laser splicing system such as fiber cleaning, cladding removal, fiber splicing and fiber 

annealing. The CO2 laser has a very high efficiency compared to other common gas 

lasers [125]. Unlike the other lasers producing visible or near-IR light, the CO2 laser 

operating at medium-IR wavelength at 10.6 (am is strongly absorbed by various types 

of glasses, plastics and water. 
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Figure 3-9 C02 laser redirected by the palmScan (picture at top right corner) to 
the fibers to be spliced 

The level of laser power is digitized and controlled by the computer; the conversion 

table is shown in Appendix Al. The laser beam can be swung horizontally for clearing 

condensation of fiber ends and scanned vertically for multi-fiber splicing. 

3.2.3 Imaging and Measurement Subsystem 

Using image to analyze the position of fiber depends on the quality of camera and 

background lighting. It is preferable to have an enclosure for the system so as to 

shield it from the effects of ambient light. The 3D images of the two fiber ends (x-y 

plane and y-z plane) illuminated by white light sources, are captured by two cameras 

positioned at an angle of 45° between them. The cameras with the field of view of 0.7 

mm are capable of achieving micron displacements and provide fiber images with a 

pixel resolution of ±0.5 urn. The fiber image captured by a CCD camera is digitized 

and an array of pixels (Picture ELements) represents the digitized image. Many 
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image-processing methods are based on linear algebra using Fourier analysis or 

Discrete Convolution. Linear algebra is important in image processing as it can be 

used for compression, de-noising and edge detection on an image. The manipulation 

of visible image data is probably the predominant method of image processing. It can 

be used to produce visible image of purely numeric data enhanced in some manner to 

highlight some aspect of the data. Examples of this kind of image processing can be 

found in magnetic resonance based medical imaging equipment, sonar, radar, 

ultrasound equipment, heat-sensing equipment and fractals. 

Image processing on real-time visible fiber images is generally used to align two 

fibers accurately. In most of the arc fusion splicing machines, core-to-core alignment 

has been used due to the high cladding eccentricity (than that of core) that existed in 

the past. However, with the improved manufacturing techniques, the current fibers 

have very low cladding eccentricity (typically less than 0.2 u.m). To achieve high 

alignment accuracy, detection of the edges of the cladding of two fiber end-faces is 

adequate. Since, the reflective core image of PCF is difficult to visualize, the edge 

detection and image threshold are the best choices available for aligning the two 

fibers if the image processing technique is employed. 
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The xyz movement of the micro-alignment stage consists of manual coarse and fine 

(nano-meter) alignments. The automation for fiber-to-fiber alignment is obtained by 

three sets of high precision piezoelectric actuators, each actuator having a maximum 

stroke of 40um. The piezoelectric actuator is controlled by voltage from the computer 

via the interface card of PC-AHV (model 150/3). 

The laser power is controlled by a laser controller (CIO-DDA06), which has six-

channels of analog output and 24 digital inputs/outputs and is installed on the ISA bus 

of the computer. Matrox Imaging Library has been used to detect the edge of the fiber 

and provides the necessary feedback to align the fibers with nanometer accuracy. 

The system performs necessary computations to provide an estimate of the splice loss. 

The software has been developed to integrate all the subsystems and achieve optimum 

splice result under a user-friendly environment. It controls fiber-alignment positioners 

through piezo-controller and presets the power and duration of the CO2 laser during 

the splicing process. Furthermore the laser splicing system displays real-time images 

by using two CCD cameras and controls image threshold levels by filtering noise and 

sharpening edges. The software displays dialog boxes such as "control power and 

duration of laser", "control fiber xyz alignment stage", "detect and measure 

misalignment of fibers and "measure and display splice-loss through image 

processing". Lastly the interactive program permits "Automatic" or "Manual" mode 

of operation. 

A complete system set up is shown in Figure 3-10 and its system operation is 

described in the flow chart shown in Figure 3-11. 
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Figure 3-10 Complete Setup for Laser Splicing System 
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3.3 Operational Parameters on Splicing of SMF-to-PCF 

Photonic crystal fiber is an all-silica optical fiber with an array of longitudinal air 

holes around a solid central core. A hexagonal array of air holes with diameter (dhoio) 

and pitch (A) form low effective index cladding that makes the PCF to be visualized 

as a new form of single mode fiber. In the splicing of photonic crystal fiber to 

standard single mode fiber, the splice loss is affected both by parametric mismatch 

and by various misalignments similar to the conventional fibers. The parametric 

mismatch losses are due to mismatch of numerical apertures, core/clad diameters or 

refractive index profiles of the fibers to be joined. The misalignment losses are caused 

by the physical misalignment or macro bending of fibers. The micro-structural formed 

PCF is sensitive to laser power that makes splicing process very delicate. To minimize 

splice loss, three additional factors have been carefully considered in the system 

design: one is the structural loss caused by the deformation of PCF geometry 

(especially the hole-size and hole spacing); another is the scattering loss caused by the 

unevenness of the cleaved surfaces of the fibers. The last and most important factor is 

the contamination loss caused by condensation trapped inside the air holes. 

Splicing of two fibers with different core diameters (between 2 urn to 9 urn) is a very 

complex process and any mismatch due to alignment; fusion power or other related 

components will result in high splice loss. Based on the assumption that mechanical 

constrains of the alignment stage and the tolerance effects of V-grooves to be 

negligible, a few operational parameters are discussed in the following section. 
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3.3.1 Laser Power and Control 

Laser induced heating is not a normal heating process; the rapid rise of thermal energy 

over the fiber joint has improved the splicing quality. Higher laser power gives rise to 

fiber temperature and in general, solids expand when heated. If the initial volume is 

Vo, the increase in volume, AV, on the raising the temperature by AT at constant 

pressure may be expressed by AV=VopAT, where p is the coefficient of volume 

expansion. Thermal expansion of the crystal is due to the increase in the separation 

between the two atoms or ions with rise of temperature. As temperature increases, the 

amplitude of vibration of lattice atoms also increases. If the overlap stuffing applied to 

fiber to be spliced is sufficient, then the temperature rises to ~1500°C, the volume of 

silica will be 1.7mm3 (coefficient of volume expansion = 1.2x10 C") larger than its 

original volume due to the excess of laser power as shown in Figure 3-12(a). If the 

laser power is slightly below the required power and the overlapped stuffing is 

insufficient, the two fiber ends are molten to join but a small neck at the joint is 

formed as shown in Figure 3-11(b). 

Figure 3-12 (a) Volume expansion when excess laser power is applied to 
the splice joint (b) Volume compression at slightly low laser power 
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e prevention of fiber slump, fiber neck or round fiber ends without joining, the 

>ropriate selections of laser power and exposure time are very critical for achieving 

imum fiber splice. In the splicing of PCF, the melting temperature is chosen to 

It the fiber to the semi-liquid state is 1650°C 

1.2 Mode Field Discrepancy 

general, higher losses are observed in the SMF-to-PCF splice as compared to SMF-

SMF splice. One of the major contributors to the splice loss is the Mode Field 

imeter (MFD) Mismatch. MFD describes the mode field (cross-section area of 

lit) traveling down a fiber at a given wavelength. The splice loss incurred by the 

-D mismatch [126] is estimated using the following relationship: 

o - » ™. i f MFD. M F D 2 \ „ 
Splice Loss =201og L + - dB Equation 3-1. 

2 MFD, MFD. 
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3-5u.m has been used in our experiments to determine the splice loss for SMF-to-SMF 

and SMF-to-PCF splicing. 

In conclusion, a complete laser splicing system has been developed to investigate and 

to achieve an optimum splice between SMF and PCF. The manual operation is 

convenient for us to explore and study all the possible parameters that may affect the 

quality of splice. Furthermore the system should enable the users to fabricate long 

period gratings [127] on various types of fibers, fiber tapers and other fiber based 

devices. 

•72-

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



_?$£ Chapter 4 Studies on Losses of Photonic crystal fibers 

CHAPTER 4 STUDIES ON LOSSES IN PHOTONIC CRYSTAL 
FIBERS 

This chapter presents some important results simulated for this project on high index 

photonic crystal fibers that may affect the splice losses for the fibers. The fiber types 

to be studied include large mode area PCF and non-linear PCF. A simulation program 

is used to determine the fiber-to-fiber misalignment losses and measurements have 

been performed to study the bending losses. 

4.1 Introduction 

Structurally, a high index PCF consists of a solid defect (core) surrounded by a ring of 

air holes; and the low index PCF has hollow defect (core) and rings of air hole as 

cladding as mentioned in Chapter 2. The high index core PCF [127] shares many 

common features with the conventional optical fibers, attributed to its operation based 

on the well-know mechanism of total internal reflection (TIR). The hollow structural 

defect in low index PCF allows transmission signal by using photonic band-gap 

mechanism. 

An investigation on PCF is constrained due to the limited availability of PCF in the 

market or the test samples from the foreign institutions. At the time of our 

investigation on PCF, only high indexes PCFs were available, therefore we focused 

only on the large mode area PCF (LMA-PCF) and the non-linear PCF (NL-PCF). The 

cross-section of a high index PCF is illustrated in Fig. 4-1. 
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Figure 4-1 Hole-spacing or pitch = A and hole size = dhote of PCF 

The structure has air-holes of diameter (dhole). The pitch (A) and air filled fraction 

(dhoie/A) of PCF exhibit a complete band-gap for certain value of propagation 

constant; any changes in the fabrication parameters affect the transmission 

characteristics. The core radius of PCF is generally chosen to be 0.62A [3]. However, 

for different structures of PCF, different choices of equivalent core radius may be 

used, for example for the endlessly PCF a core radius of 0.45A is used for single 

mode operation [17]. To date, there is no entirely satisfactory method for ascribing 

parameters to the equivalent fiber [10,12-20]. The group velocity dispersion (GVD) 

induced by the air holes at the fixed pitch is dependent on the transmission 

wavelength X [129]. 

The single mode operation of PCF covers a wide range of wavelengths, and very 

much depends the effective refractive index [1,2,3]. Photonic crystal fibers are 

similar to single mode fibers: they are light- weight, flexible and not easy to handle if 

they are not well protected by insulated jackets or housing. 
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Similar to standard silica fibers, the splicing losses of photonic crystal fibers can be 

attributed to many factors such as fiber-to-fiber misalignments, bending losses, and 

condensation. Once fibers are spliced, the structural configuration of PCF may be 

affected causing change of its hole-size and pitch. Therefore a discussion is provided 

on the fiber properties those are likely to be affected due to the splicing. We are able 

to perform more detailed analyses on LMA-PCF than on NL-PCF due to the fact that 

the large mode area PCF (LMA-PCF) is much cheaper than non-linear PCF (NL-

PCF). Also the LMA-PCF is more readily available and its core diameter is closer to 

thatofSMF. 

4.1.1 Properties of Photonic Crystal Fibers 

In majority of our investigations, the high index PCF having a triangular 

configuration has been used. The operation of high-index triangular PCF in many 

respects resembles to that of standard step fiber as both these fibers achieve light 

confinement by total internal reflection. The triangular PCF, with an air-filling 

fraction less than 10%, has large frequency-bandwidth for wavelengths (A.) less than 

A, that is meant dhoie/A is small. 

In conventional optical fiber, the light propagates within the central core by total 

internal reflection. The core is doped, to give a higher refractive index than the 

surrounding glass cladding, and it is very narrow (diameter= 5 urn or 9 um), so that 

only the zero-order mode of signal is allowed to propagate within it. However, doping 

increases attenuation, narrow core limits the allowable optical power level. PCF 

consists of pure silica without any doped material and therefore has the benefit to 
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allow optical power over a wider spectrum. For example, the endlessly single mode 

holey fiber has remarkable wide wavelength range of operation from 400nm to 

2000nm. Its operation can be explained by effective refractive index of the cladding 

(n9ff) and propagation constant (P) in the core. To maintain single mode operation, the 

PCF needs to have the effective V-parameter (Veff ) value near to 2.405. The V-

parameter expressed below is sufficient to describe the characteristics of PCF: 

271 A v«ir = -~T^ V ( n L - « 4 ) Equation 4-1 

For PCF, it is assumed that the refractive index of the core (nCore) is independent of 

wavelength X [1,2,3], and is always higher than the effective cladding mode index neff 

which is dependent on the wavelength. Therefore the light propagates within the core 

of the PCF by total internal reflective similar to a standard single mode fiber. For 

achieving V«ff < 2.405, it is possible by adjusting the dhoie/A ratio. In the laser 

splicing of PCF, the high melting temperature may reduce the size of air holes and 

even may result in complete collapse of air holes. The reduction in the size of air-hole 

diameter may eventually increase the effective area and result in smaller numerical 

aperture (NA) [130] as given by the following equation: 

NA = sin 9 = | 1 + ̂ f-) 2 Equation 4-2 

76 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Studies on Losses of Photonic crystal fibers 

related mode field diameter (MFD) through Aeff= 7i(MFD/2)2. The effective non-

linearity, y [130.] is given by 

2icn, _ . _ 
y = Equation 4-3 

^Aeff 

Where, ri2 is the nonlinear coefficient of the material, which approximately equal to 

20.xl0"20 m2/W for pure silica [16], and X is the free space optical wavelength. The 

equation shows that smaller effective area increases the non-linearity coefficient of 

fiber. Due to the high index difference between silica and air, it is possible to obtain a 

much tighter mode confinement in PCF over a wide wavelength range. 
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cladding in order to maintain single-mode operation. This imposes strict control of the 

index profile, which is difficult to realize with index-raising doping of the glass. 

The cladding structure of LMA-PCF consists of a triangular array of air holes of 

diameter dhoie and pitch A corresponding to an air filling fraction fas [85] 

f = . * [ ^ 1 Equation 4-4 
(2>/3)l A ) 

In this type of LMA-PCF, the effective index n«ff of cladding in short- and long-

wavelength limits is given as 

lim rig,, = ns lo Equation 4-5 

Mm n,,, = fn, l r + (1 - f )n s l • n Equation 4-6 

where nair = refractive index in air, risi = refractive index of Si for PCF 

For intermediate regime 

neff M n + (nsl - n)cosh~2 — J Equation 4-7 
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Highly Non-linear Photonic Crystal Fiber (NL-PCF) has large air-hole and thin strut 

width between the air-holes; it has small mode area and exhibits non-linear 

characteristics. Generally, the range of possible values of the waveguide dispersion 

increases when the hole-size is large relative to their spacing. In the splicing of this 

kind of PCF to SMF, many constraints are encountered due to the large air holes, 

which are easily condensed. Further the ~lpm thick strut between holes may collapse 

once the fiber end is cleaved or the fibers are spliced. Another serious constraint in 

splicing of NL-PCF to SMF is its core diameter of 2.6^m, which is much smaller than 

the 9um diameter of standard SMF. 

The specifications of the single mode optical fiber and the commercially available 

photonic crystal fibers used for this project are summarized below: 

(i) Specifications for Single Mode Fiber supplied by Yang 

Cladding diameter: 125um. 

Average core diameter: 9um 

Effective area Aefl=66.5651 urn2 at 1.55um (simulated by R-soft software) 

(ii) Specifications for LMA-PCF supplied by Crystal Fibre A/S 

Cladding diameter: 126 ±3 um. 

Average core diameter: 10.5±1.0um 

Average pitch to hole-size ratio (d/A): -0.5 

Far field width 2co= 10±2° (co= Gaussian Beam Width) 

Gaussian Mode field diameter (2X/7T.sin(a>)) =11.32um 

Effective area Aeff=100.64um2 (calculated at 1.55jj.m) 

Fiber loss < 0.0022dB/m 
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(Hi) NL-PCF supplied by BlazedPhotonics (specifications measured at 810 nm) 

Cladding diameter: 125um. 

Average core diameter: 2.6um 

N.A .= 0.43 

Mode Field Diameter at 810nm=l .4um 

Effective area Aefl=3.9235 urn2 (simulated at 1.55um) 

Fiber loss at 810nm: 0.041dB/m 

In addition, we obtained two other types of PCF provided separately by two foreign 

research institutes. However, we have not included the specifications of these PCFs 

due to their poor design and inconsistent hole-size along the fiber length. 
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4.2 Misalignment Losses and Simulation Results 

To estimate the possible splice losses, it is imperative to measure of coupled power 

between a PCF and SMF before splicing. As the transmitted signal propagates from 

SMF to PCF, the coupled power is influenced significantly due to differences of 

MFD, NA and material types. 

Due to the complexity of the cladding structure of the PCFs, the traditional fiber 

theory for light propagation and confinement cannot be directly applied. A wide 

variety of numerical algorithms for modeling such as beam propagation, finite-

difference time domain, localized mode expansion, multi-pole methods, and plane 

wave expansion (PWE) are currently available. Each method has advantages and 

disadvantages. For propagation problems, commercial tools based on beam 

propagation and finite-difference time-domain algorithms are adequate to analyze the 

coupling and loss effects for the PCF. In this report, we have used a optical software 

provided by R-Soft Beam propagation method (BPM) [15] and FDTD [132] to study 

light transmission in PCF. 

For the Scalar BPM, the electromagnetic wave equation is to be recast into the 

Helmholtz equation using the scalar approximation for the optical field. As Eggleton 

et al. [133] states that BPM provides a simple method to determine the modal 

spectrum and model profiles for complex wave-guides in the field of micro-structured 

optical fibers or PCF. 

Another theoretical study of guided modes in PCF is the Finite-Difference Time-

Domain (FDTD) method which was proposed by Qui [134] and Town et al. [135] for 

the full wave analysis. The FDTD approach is based on a direct numerical solution of 
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the time-dependent Maxwell's curl equations. It has the ability to model light 

propagation, scattering, diffraction, reflection and polarization effects. It is also a 

powerful tool for performing analysis of sub-micron devices with very fine structural 

details and hence should be important for optimization of PCF characteristics.. 

4.2.1 Misalignment Losses between SMF and PCF 

Large mode area PCF (LMA-PCF) is different from non-linear PCF (NL-PCF), as it 

consists of very small air holes spreading over the fiber cross section. The core 

diameter of LMA-PCF («9.37um) is closer to that of single mode fiber (SMF), 

whereas the NL-PCF has a core diameter of «2.6u.m. Similarly the mode area 

discrepancy between SMF and LMA-PCF is smaller if compared to the NL-PCF. The 

simulation results illustrated in (Figures 4.3-4.5, 4-7-4.8) shows that the direct 

coupling losses between the SMF-to-LMA-PCF and SMF-to-NL-PCF are 

approximately 0.088 dB and 5.69 dB respectively if the misalignment losses are 

assumed to be negligible. 

Splicing of SMF-to-SMF is much simple than splicing of SMF-to-PCF, as the slight 

misalignment between SMF-to-SMF is self regulated during the splicing process due 

to the presence of surface tension and cohesive forces between similar fibers. This 

internal self-alignment process does not apply fully to the dissimilar fiber splicing. 

PCF and SMF are both made of silica material. However, PCF consists of pure silica 

and SMF is made of different doped elements in the core and the cladding. The 

achievement of good splice for SMF-to-PCF, the fiber end faces must be well-cleaved 

and well alignment to prevent slipping of fiber ends when irradiated with laser. 
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In order to estimate the splice loss, the BMP and FDTD are used to analyze the PCF 

and its coupling loss with SMF. 

The simulation of the coupling loss of LMA-PCF and SMF is performed by launching 

a 1550nm wavelength signal with Gaussian beam profile from the SMF to LMA-PCF 

is shown in the Figure 4-2. Figure 4-3 shows the normalized output after the signal 

propagates in PCF. Due to the software limitation, the simulation can be performed 

for a propagation distance of only 8000um, and the coupling loss obtained for this 

distance is 0.98 (-0.088dB). 

With a launched optical power (j) from SMF, the fractional transmitted power, T [13], 

in the PCF at a distance L is given by: 

JJ^.x.y.L^* (X.x.y.z = L)dxdy 
T(Jl,L) = ^ Equation 4-8 

JJ<|>(A.(x,y>L)<|> (A.,x,y,z = L)dxdy 
SMF 

T (X, L) is equivalent to the coupling loss and can be treated as the minimum splice 

loss for LMA-PCF to SMF splice. The T (k, L) can be simplified as 

LOSSSplice(min)[130] 

4A A 
L0SS8p)lce(mln) = / A " " / % Equation 4-9 
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Based on the specifications given above, the effective areas for SMF and LMA-PCF 

are AsMF=66.565um2 and Ai_MA-PCF=100.64um2 respectively. Using the above 

Equation 4-8, the minimum calculated splice loss of these two fibers is found to be 

0.958 (-0.1842dB), which is close to the simulated coupling loss. This implies that if 

there is no significant deformation and misalignment between these two fibers, the 

minimum splice loss is about 0.1 to -0.18dB. 

The simulation results (Fig 4.4) also show that for an axial misalignment of lp.m 

between the fibers, the total loss LOSSaxiai between the fibers is expected to be about 

0.546dB, and the angular misalignment of 3° introduces another additional loss of 

LOSSanguiar = 0.004dB to the fiber-joint. The net fiber loss due to axial/angular 

misalignments and MFD mismatch without any fiber deformation would be 

LOSSnet = LOSSSpiice(min) + LOSS a xia l+ LOSSanguiar Equation 4 - 1 0 

Therefore the net loss after splice would be 0.73dB without fiber deformation and the 

coupling loss is assumed to be -1.8dB. 
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9783 
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Figure 4-5 Tilt Misalignment Loss between SMF and LMA-PCF 

The intensity profile for the fundamental mode of NL-PCF simulated by BPM method 

is shown on Figure 4-6, which is agreeable with the manufacturer. Direct coupling 

loss between 9-u.m-diameter of SMF to a 2.6 um-diameter of NL-PCF is significantly 

high due to large difference between the core sizes and dissimilar fibers. Based on the 

FDTD simulation, the coupling loss for launching 1550nm Gaussian beam from SMF 

to PCF at the propagation distance of 8000um is 0.265 or -5.77dB. The calculated 

minimum splice loss based on Equation 4-9 is 0.2073 or -6.833dB. Therefore we can 

assume the minimum splice loss for SMF-to-NLPCL is LOSSmin = -6.3 dB with no 

deformation in the fibers. 
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To overcome the problem of large core diameter mismatch in SMF and NL-PCF 

splicing, it is perhaps best to use of core-tapered fiber with constant cladding diameter 

as a buffer to reduce the effective area mismatch, but we are yet to find such a fiber. 

(b) 

Figure 4-6 (a) Cross-section of NL-PCF with core diameter of 2.6p.m. (b) 
Intensity distribution in the transversal plane 
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4.3 Marco-bending losses in PCF 

Due to the nature of optical fiber and the problems in handling of bare fibers, macro-

bending loss in optical fiber becomes an important factor for practical applications. A 

common practical problem often encountered in the laboratory is the inaccurate 

measurement of laser power due to unintentional bends of the fiber. Another 

important factor is the critical bend radius, and it is essential to keep the radius of 

curvature of fiber bend above this critical value, otherwise excessive losses would be 

encountered. However, in order to quantitatively characterize the unique PCF bending 

properties including both a short-wavelength and a long-wavelength bend loss, we 

have adopted the following expression [178]: 

( 
a = 4.343 

7t 

1 

4pR cV 

kQpVn«|-ncl 
VK,(W) 

2 3 

1 \* 
w exp 

( 

V 

*A\ 4RCW3A 

3pV2 Equation 4-11 

where p =0.62A is the equivalent core radius, R« is critical radius of curvature in the 

bend, V is the normalized frequency, W is the normalized decay parameter of the 

cladding, A is relative difference between the core and the effective cladding indices, 

Ki is the modified Bessel function of first order, ko=27t/A, and X is wavelength, nsio2 

and nci are refractive indices of pure silica and PCF cladding respectively. 

•90 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Studies on Losses of Photonic crystal fibers 

(ANDO AQ-4303B) and analyzed by an optical spectrum analyzer (Agilent 86142B). 

at wavelengths of 1300 nm and 1550 nm respectively. 

White 
Light 
Source 

SMF 
£3-

Spliced 
joint 

PCF 

Spliced SMF 
joint 

Optical 
Spectrum 
Analyzer 

Figure 4-9 Experimental setup for Marco-bending measurement 
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Figure 4-10 Marco-bending losses at X=1300nm and X= 1550 nm 
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With smaller N.A., the fiber is more susceptible to bending loss. Figure 4-10 shows 

that the longer wavelength permits higher bending tolerance as its critical bending 

radius. To obtain low bend loss, the radius of curvature of a bend R must be much 

higher than the critical bending radius as Re. 

At shorter wavelength, Re and A. are independent of the core diameter. However, Vefr 

and W are constant in the photonic crystal fiber, so Re varies as 

A3 

Rcoo — Equation 4-12 
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CHAPTER 5 MODELING OF LASER-FIBER INTERACTION 

In this chapter, the laser induced thermal effect for splicing of single mode fiber and 

photonic crystal fiber is discussed. The investigations on laser-induced optical 

breakdown due to laser interaction process between silica layer and air hole layer in 

the photonic crystal fibers are also presented. Some interesting phenomena caused by 

laser interaction in the silica layers are illustrated. 

5.1 Laser Interactions with Photonic Crystal Fibers 

Laser splicing of multi-mode silica fibers using CO2 laser began in mid-70s, however, 

an analytical model of thermal condition in fiber splicing based on laser point source 

has been described in 1977 by Egashira and Kobayashi [102,103] as outlined in 

Chapter 2. Also, in the following years some researchers developed an improved 

model assuming laser beam as a continuous Gaussian laser source [105, 136] These 

models are useful for analyzing thermal distribution in the conventional fiber as well 

as to optimize the laser splicing parameters such as laser power and laser exposure 

time. Factors that are likely to affect the splice characteristics include the laser power, 

the beam size, the laser exposure time and the positioning of the laser beam, fiber 

overlap, cleanliness of fiber ends, cleaved angle and types of spliced fiber. Based on 

our earlier experiments for splicing of standard single mode fibers, it is possible to 

achieve a splice loss < 0.1 dB by irradiating the fibers for 4 seconds with a 3VV C02 

laser having a beam width of =500um. Also a significant reduction of exposure times 

is obtained if the laser power is increased (e.g. s4.4W). Splicing of standard optical 

fibers is much simpler than splicing of a photonic crystal fiber to a single mode fiber. 

Joining two different types of fibers together is indeed a very challenging task as the 

9 3  
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fibers may have different melting temperatures, different fiber diameters etc. We 

consider the major stumbling block for splicing of PCF is the difficulty to maintain 

minimum deformation of air holes in PCF. Laser interaction in photonic crystal fibers 

(PCF) is a complicated process if the air holes contain some form of condensation. 

This thesis includes the work on the development of a modified 1 -Dimensional heat 

transfer model to determine the optimum laser parameters for splicing of SMF to 

PCF. Additional, the 3D thermal transfer model has also been developed to analyze 

the heat distribution over the cross-section of fibers. Another model has been 

introduced to study the electron density in silica and condensate in the PCF caused by 

absorption of laser. The mechanisms of laser absorption in PCF may be caused due to 

phonon absorption or inverse Bremsstruhlung absorption or combination of both 

phenomena if condensation occurs. A PCF with a small hole-size and large silica 

strut-width (or dhoie/A < 0.5) is easier to splice than those with thin strut-width and 

large air hole-size. If the intensity of laser power exceeds slightly above the melting 

threshold, the walls of the silica capillaries may easily collapse for a strut-width of 

fraction of micrometer. 

Condensation problem in PCF is difficult to avoid, especially during the process of 

fiber splicing. Condensation in the air holes decreases the PCF melting threshold and 

complicates the laser splicing process. Although extensive studies have been reported 

on the interaction of high intensity laser with liquid, including removal of water from 

microcircuit and micro-machines [75], contamination removal [137], laser-induced 

desorption of thin films [138,139 ], ophthalmic microsurgery [140], angioplasty [141] 

and laser induced gall-stone fragmentation [142]. Perhaps, this thesis is the first to 

report the investigation on the laser interaction with PCF with or without 

condensation. 
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The absorbed laser energy by the material may not necessarily result in direct heating 

of the material, in many cases; it may result in generation of high kinetic energy free 

electrons and subsequent creation of plasma. This is different from phonon 

absorption; where phonons interact with photons under resonant like conditions to 

increase die temperature of die material. Laser power at different levels affects the 

electron density over the targeted region. In the state of plasma, die free electrons 

generated by avalanche ionization reaches a high enough density to cause irreversible 

material breakdown and ablation. Once die electrons transfer energy to the ions and 

the lattice, an increase in die material temperature is observed. The amount of energy 

transfer or rate of heating is dependent on the intensity of laser, pulse duration and the 

electron flux. If the electron density at the focused area is higher than the critical 

value (1018 electrons/cm3), die plasma may shield the CO2 laser beam. In electric arc 

fusion of silica fibers, which is different from laser fusion, the thermal energy is 

directly converted from die electrical energy and is not dependent on the inverse 

Bremsstrahlung effect. High temperature melting normally causes vaporization of 

material and volume expansion as observed in electric arc fusion and reported on 

chapter 6. The laser fusion results in volume expansion or compression in optical 

fibers that is dependent on the laser power and exposure time applied to PCF. 

The laser interaction with PCF is likely to occur at three layers: (i) Atmospheric layer 

surrounding the fibers: Laser passing tiirough the atmospheric gases before being 

incident on the silica surface has limited chance to ionize the air molecules, therefore 

we assume that no laser excitation would occur in die atmospheric medium, (ii) Silica 

layer in PCF: Since CO2 laser is transparent to atmospheric layer; it is very likely that 

laser would be absorbed by the silica material of the PCF. Phonon absorption 

dominates at low input power. In die event that die silica fiber is contaminated, the 

9 5  
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increase in laser intensity may cause partial ionization and inverse Bremsstrahlung 

absorption in the silica layer, (iii) Air-hole layer in PCF: If the air-hole layer is filled 

with gas molecules, laser excitation may not occur. Air-hole layer may impede the 

heat conduction but it has not been observed during the laser fusion process of PCF. If 

air-hole layer is condensed, the laser interaction with the trapped liquid or with the 

condensed silica capillaries becomes unstable at high laser power levels. 

For average CO2 laser power levels of 3.1 W and 4.4W that have been employed in 

our experiments, the power intensity profiles are depicted in Figure 5.2(a) and Figure 

5.2(b) respectively. 
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C02 Laser Gaussian Beam 
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Figure 5-1 Laser beam positioned more towards the single mode fiber 
than the PCF during splicing. Three laser interaction layers are also 
shown. 

C02 law Qaustiaft Beam - 4.4W 

Figure 5-2 Laser Intensity Profiles for CO2 laser sources with 
average power levels of (a) 3.1 W (b) 4.4W 
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5.2 Thermal Energy Transfer in Optical Fibers 

Splicing can be performed using flame, electric-arc or laser source. Using flame to 

splice optical fibers is not a practical solution; electric arc and laser splicing 

techniques are the better candidates. In the electric arc heating process, the electric arc 

generated by the electrodes is absorbed by the silica material as well as by it's 

surrounding. This causes temperature rise not only at the fiber joint but also that of the 

surrounding region. The thermal energy is then gradually transferred towards the core. 

The mechanism by which a CO2 laser transfers heat to the fiber is very much 

different. The heating is highly localized and is caused by resonance in the lattice as 

well as due to the inverse Bremsstruhlung process. 

5.2.1 Electric-Arc Heating in PCF 

The arc generated by electrodes in the electric arc fusion-splicing machine at first 

heats up the surfaces of the optical fibers and then the heat propagates towards the 

fiber cores. The temperature rise in the single mode silica fiber, with slight refractive 

index difference between the core and the cladding, is dependent on the heat transfer 

from the surface to the core and the thermal conductivity of silica [144]. The thermal 

conductivity of silica Ksmca, at temperature 1300°C is about 7.8279 Wm"1 K"1 and is 

given as 

Ksmca =0.78-0.054expfT + 3 7 9 l + 0.165exp[T + 3 7 9 j Equation 5-1 
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In the electric arc fusion, as the heat propagates in PCF, the air-filled capillary tends 

to slow down the heat transfer rate. The thermal conductivity for air [145], Kair, is 

about 0.0862 at 1300°C (which is about 91 times lower than that of silica) is given by 

the following equation 

K., =3.3.84 x1<T3+ 7.66x10 5T -1.54x1 O^T - 8 T 2 
valr Equation 5-2 

Figure 5-3 depicts the above thermal conductivity relationships for silica and air 

respectively. 

The thermal conductivity of the PCF would be lower if the air holes are large, as the 

air-holes slow down the heat propagation. As a result the temperature inside the core 

would be lower and hence the electric arc fusion technique is not well suited for 

splicing of PCF to SMF. Furthermore, the thermal expansion of the silica layer is 

much lower than that of the air; this may cause relative volume increase of air 

capillaries. 

15 
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Figure 5-3 (a) Thermal conductivity for silica (b) Thermal conductivity in 
air 
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However, the laser induced thermal energy is different from the electric heat 

mechanism. The photons from the CO2 laser are absorbed by the fiber to cause 

thermal excitation of the silica molecules. The heating induced by laser is very much 

faster than the electric arc fusion; therefore me rise of temperature over the cross-

section of fibers should be more rapid than the conventional heating method. 

5.2.2 Laser-Induced Thermal Energy and Temperature Distribution 

The photon energy of 0.112eV of CO2 laser is not sufficient to cause direct ionization 

in the silica material, which has a band-gap of =12.6eV. However, photons-phonon 

interaction in the above case will generate heat as well as free electrons. Also, the 

free electrons absorb laser energy that may increase the number of electrons due to 

avalanche ionization. Once the electron density reaches to a value =10l8/cm3, 

irreversible material breakdown and ablation may begin. These electrons absorb 

laser energy and the electron collisions will increase the temperature of the material. 

At the same time, the electrons transfer energy to the lattice that will further increase 

the temperature of material. The magnitude of energy transfer and the rate of heating 

induced by laser depend on the laser power level, laser exposure time and the laser-to-

fiber coupling efficiency. In our experiment, the optimum laser power and laser 

exposure time are investigated for melting of PCF and SMF into semi-liquid state 

without vaporization. 

In the SMF, the Ge-doped core has higher laser absorption than the cladding [146]. 

Due to the relatively large area of the cladding, we have made an assumption that the 

laser absorption in the core and cladding to be the same. Hence, the one-dimensional 

model for heat distribution in the cladding is sufficient to analyze the temperature 

distribution in the fiber as shown in Figure 5-5. Assuming the absorption of CO2 laser 

1 0 0  
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in the atmosphere and un-contaminated air holes to be negligible, the requirement of 

estimated power for melting of PCF can be based on the net volume of silica without 

air holes. Hence, the effective silica diameter of PCF (dopcf) can be expressed as: 

d * P c f = 2 . 
*» 0 

Equation 5-3 

Where, nh0ie
 = number of air holes, Ah0ie

 = cross-section area of air hole and. dpCf= 

PCF diameter 

The propagation of optical waves can be described by three separate phenomena 

including transmission, reflection and diffraction. In the geometrical optics, the 

propagating optical wave front is represented as the propagation of rays as shown in 

Figure 5-4. This ignores the effect of diffraction. In the Snell's Law, the incident light 

traveling to a planar interface obeys the following relationship: 

n, sine, _ ^ , . 
—L = L Equation 5-4 
nr sinOr 

where, rij = refractive index of material at the incident ray, 0j = angle of incident 

n,= refractive index of material at the refracted ray, 0r = angle of refracted 
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Figure 5-4 Refraction at the interface between atmosphere and fiber 

The incident ray making an anlge ciin with respect to the horizontal axis undergoes 

refraction at the surface and the refracted ray emerges at an angle of aout- It can be 

seen that 

" in = e in - <t», a O u t = 0 o u t - < l » 

For air n,jr=l, hence Equation 5-4 can be re-written as 

sine 
sine 

in 
out Equation 5-5 

•fiber 

In general, the reflectivity is defined as: 

Et 

Equation 5-6 
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For TE polarized wave propagating through a fiber, the reflectivity becomes 

R _ Er =
 c°s<*in -ncosaou t = sin(a,n - a ^ ) 

Et cosa ln+ncosaout sin(a ln+aout) 
Equation 5-7 

For TM polarized wave propagating through a fiber, the reflectivity becomes 

R ^ = E, = ncosa l n-cosaou t = tan(a,n - Q E q u a t i o n ^ 
Et n cos oln + cos aout tan (aln + aout) 

Combining of the above Equations (5-5 to 5-8), represents a ray that enters at various 

angles between ±90°. The average Reflectivity (R) on the cylindrical fiber surface 

determined by TE wave and TM wave can be integrated as: 

R - 1 "4 s i n 2 K "s in(s inq ' " /"f iber)) + tan2(q in -sin(sina ln/n f iber)) ^ 
n i!sin2(aln+sin(sinain/nflber)) tan2(a in + sin(sina in/nf lber)) 

Equation 5-9 

Reflectivity R is one of the important parameters for describing the temperature 

distribution over the optical fiber. 

For a Gaussian CO2 laser beam impinging on the optical fiber as illustrated in Figure 

5-5, the temperature distribution in the fiber would depend on the laser power Piaser, 

laser beam offset 8 with respect to the fiber axis, the beam position Zonset relative to 

fiber joint, laser beam-diameter 2rbeam and diameter of fiber. Since the difference 

between the core and cladding refractive indices is very small, we can assume that the 

1 0 3  
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fiber to be made up of single refractive index of silica material. The required laser 

power to bring the PCF to semi-liquid state would be dependent on the net quantity of 

silica, hence the effective diameter (depCf) of PCF for laser fusion is equivalent to the 

diameter of PCF with no air holes as described in Equation 5-3. 
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Figure 5-5 Schematic of one-dimensional thermal transfer model 
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The general heat transfer equation can be formulated as: 

E h „ t - Qconvectlon " Qr.diatk>n " Qconductton = ^storage E q u a t i o n 5 - 1 0 

Eh. . t - Qconvectlon ~ Qr.dl.tlon ~ ( Q | Z + 8 Z " Q|z ) = ^ . tor^e E q u a t i o n 5 -11 

Where E,^,, = heat energy generated due to the absorption of CO2 laser energy 

Qconvectlon = Heat loss due to convection from fiber to the ambient 

'radiation = Radiation heat loss 

Qconduction = Conductive heat transfer in a fiber section from z to z+6z 

= Rate of energy storage in the fiber 

(a) Laser-Induced Heat Source 

The optical power of CO2 laser is a Gaussian beam profile [38] and its laser beam 

irradiance can be expressed as: 

Je-2(x2+z2) / r-dxdz "•"beam 

Equation 5-12 

Where, Po = laser power, r ^m = beam waist radius 

If the laser beam is positioned with a small offset of Zo from the fiber joint at the x-z 

plane, the Equation 5-12 becomes 
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p Ia8er(x,z,t)=^>We _2P0 ( t ) e - 2 ( ( z + Z o ) W ^ 
+00+00 n e 

^(Z+Ioj'+X 1) /^ 
dxdz 

Tir, beam 

Equation 5-13 

In our experiments, the laser beam size is about 3-4 times the fiber diameter; therefore 

only part of laser power would be absorbed by the fiber. Assuming that the equivalent 

thickness of fiber absorption in the 1-D thermal transfer model to be 

r """ = J^dflber = 0-8863dflber and a reflectivity of the fiber to be R, the 

total energy absorbed by a cross-section of fiber of thickness, dz is given by: 

E h e a t = d Q » o u c . ! ! ( 1 - R ) I P|'a,er(X,Z,t)dX dz Equation 5-14 

where, dfiber =diameter of fiber and defiber=0.8863dfjber 

J 8 £ 

Laser Beam Spot 

^ 
dfiber 

defiber 

Figure 5-6 (a) Top view for laser beam falls on the fiber at x-z plane 
(b) side-view for cross-section of fiber 
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Furthermore, if the peak of laser beam is located with an offset of 8 from the center of 

fiber axis (Figure 5-6), the expression can be written as 

^heat = dQsouce = 0 " *V 

'+8 

J Pta,er(X.Z.t)dX 

:+S 

dz 

Equation 5-15 

EK... = dQ heat "^"souce 
-P-R)Pp(t) 

nr. beam 

'+6 

I •' V/i dx 

^+8 

e *W7-L dz 

Equation 5-16 

As the serpentine bracket in the above equation is an error function, the Equation 5-16 

can be re-written as 

Eheat=dQ,ouce = 

erf 

erf 

> g fdeflber + s 

V^fcU^ 
•b«A 2 

e^V^dz 

Equation 5-17 

Eheat = d Q 8 0 u c e " .3 /2 h * 
2 V7irhaam 

-0-R)Po(*) 
r 2 
'beam 

erf 

erf 

v 2 I deflber 

rbeam ^ 2 
+ 5 

72 
^ e 

•2z2/i 

beam 

'efiber + g 

2 

2/ r2 

""••"dz 

Equation 5-18 
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(b) Radiation Heat Loss 

The radiation heat loss over the perimeter of fiber cross-section of thickness dz is 

given as 

da™.***, = ae(7ldeflberdz)(T4 -Ta i r
4) Equation 5-19 

where, e = Emissivity of fiber, a = Stefan-Boltzmann constant 

(c) Convection Energy Loss in Fiber 

The heat energy transfer through the convection is given as 

"**convection — "convectJon^eflber \* ' a i r / " Z Equation 5-20 

Where, hConvectfon = convective coefficient 

(d) Conduction Energy Loss 

^conduction = d (Q|z + 8 z ~ Q | z ) = KeA 
dz 

-K e A 
z+8z 

ar 
dz 

Equation 5-21 

As Vf = — = lim 
dz *-* 

f(z + 5z)-f(z)^ 

V 5z 

dQ„ KnA 
dz2 Equation 5-22 

Where, Ke= thermal conductivity and 

the cross section area of me fiber A = 
7id fiber 
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(e) Energy stored in Fiber 

"store — PD^SP 
5T 
dt 

Adz Equation 5-23 

where, po - fiber density, Csp=specific heat of fiber, 

As the relationship of 
Ke Kext 

The extinction coefficient, Kext is the imaginary part of the complex refractive index 

of the fiber and the absorption coefficient aabsorption = 47tKext/̂  is dependent on Kext 

and X. Based on the work done by McLahlan at el [147.]:, the variation of Kext can be 

expressed as a function of the temperature (Kelvin) 

Kaxt=1.82x10-2 +10.1X10"5 (T-273.15) Equation 5-24 

(f) 1-Demensional Thermal Transfer Equation 

The general equation for the 1-Dimensional Thermal Transfer can be expressed as: 

Ehe„=dQT O u r c e(z) 

h c o n v « : t i o n ( ^ . f l b . r ) ( T - T a l r ) + ^ ( 7 t d . f l b e r ) ( T 4 ~T.i*) 

ST 

dt 
+ PD c s pA|^- |dz-KA 

Equation 5-25 

Rearrangement of the equation (5-26) gives: 

dQ»ourc.(z) = hConv«rttonHefIber)(T-T, lr) + ae(7tdeflber)(T
4 - T l l r

4 ) 

^ d . 
+ pDc sp 

eflber 
4Y3T 

at 
dz-K ^d^Ys-n 

rt) 

Equation 5-26 
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Substitution of Equation 5-18 into Equation 5-27 and rearrangement of the terms, 

gives: 

P-R)Po(t) erf 
ICfi beam 

72 fd 
r l 1 
'beam v *• 

'efiber + 8 

= h convection M e n ^ e r X " 1 " ~ T a i r ) + p D C 

r>rf "V2 ( 
'beam V 

(A > aefiber 7 
sp 

^ 2 j I 

Jeflber + 8 

ar 
at 

<*e ("deflbe, ) ( T 4 - T a | r
4 ) - K e x t p D C 

^a2T^ 

ydZ j 

>e -2(^^)7^ 

Equation 5-27 

(g) Boundary Conditions 

The boundary conditions for the fiber at time t=0 are as follows: 

The fiber temperature is same as the ambient temperature before irradiation by laser 

T(z,0) = T.ir Equation 5-28 

Within the fiber 

At z = L/2 "convection \ 'L/2 'air ] + 9 a , ~ Equation 5-29 

And Z = - L/2 
FIT 

""convection \*-L/2 ~ '*\r ) + ™8 ~jZ = " Equation 5-30 

The above equations contain several parameters including specific heat (Csp), 

convective heat transfer coefficient (hCOnvection), extinction coefficient (K«xt), thermal 
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conductivity (Ke), refractive index of fiber (n), emissivity (e) and fiber density (PD); 

all these parameters are summarized in Appendix -A3. 

The temperature distribution across the optical fiber as illustrated in Figure 5-7, shows 

that the temperature at z=0 is highest and decreases gradually from the center of the 

laser beam spot. In an attempt to minimize the deformation during the laser splicing 

process, the laser power is adjusted to bring the fibers to semi-liquid state. Based on 

the data available for electric-arc systems [148], we have chosen a temperature value 

around 1600-1700K for splicing of PCF to SMF. This value is close to the Active 

temperature of silica. In Figure 5-7, the simulate results are shown at three laser 

power levels (3.1W, 3.84W and 4.4W), which we have used frequently in our 

experiments. The diagram demonstrates that higher laser power would increase laser 

absorption as well as the temperature of the silica fiber. 
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Figure 5-7 Temperature Distribution across the fiber from z = -200um to 
200 urn with laser power=4.4W. 

Although the melting temperatures of silica material in SMF and PCF are almost the 

same, these two types of fibers need different laser exposure times due to their 

structural differences. A practical approach is to adjust the laser beam position 

slightly away from the fiber joint and more towards the SMF that needs higher laser 

power than PCF. 

Based on the simulation result, with a laser power of 4.4 W, the laser exposure time of 

about 120ms is necessary to melt LMA-PCF and reach the temperature of =1650K 

[149] Once the laser irradiation is stopped, the cooling rate of the fiber would depend 

on the fictive temperature of silica, the temperature at which the silica liquid is frozen 

into glass. Higher fictive temperature glass cools down more rapidly than those 
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glasses with lower fictive temperatures. The Active temperatures of single mode 

optical fiber measured by infrared reflection method are found to be 1150~1300°C for 

the core, 1450 ~1550°C for the inner cladding and 1620~1660°C for the outer 

cladding [146]. Generally, the fiber needs less than a fraction of a second to re-

crystallize implying that the average cooling rate of a few thousand degrees Celsius 

per second. Also the cladding should cool down earlier than the core. For splicing of 

SMF and PCF, the choice of laser power and laser exposure time is determined by the 

temperature (sl640K=2000°F) that is necessary to bring the fibers into semi-liquid 

state. [148]. 

Figure 5-8, indicates that a higher laser power would further increase the fiber 

temperature; hence fiber splicing would need shorter laser exposure time. The results 

on fiber temperature for the three types of fibers including SMF, LMA-PCF and NL-

PCF are shown in Figure 5-9 and Figure 5-10. NL-PCF consists of large air holes and 

hence its net volume of silica is small. If a single laser source is used to irradiate 

these 3 types of fibers, the temperature of NL-PCF would be the highest. Figure 5-10 

shows the variation of fiber temperature (T) with distance (z) along the fiber axis and 

laser exposure time (t). Figure 5-11 shows that if the laser beam is offset away from 

the fiber axes, the temperature of the fibers will be significantly lower to melt the 

fiber and hence no splicing is achieved. 
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Figure 5-8: Higher laser power needs shorter laser exposure time for 
melting the fibers into semi-liquid state 
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Figure 5-9 Temperature of Fibers vs laser exposure time 
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Figure 5-10 Overview of temperature distribution over time and width of 
fiber 
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5.2.3 Beam Offset Consideration 

During the splicing of dissimilar fibers with a single CO2 laser source, it is impossible 

to simultaneously maintain two different exposure times required to melt these fibers. 

Hence the practical solution is to shift the peak of Gaussian beam with an offset Zo 

away from PCF and more towards the SMF to compensate the different power 

requirement for these two fibers. The extent of laser beam offset would be directly 

proportional to the net silica content in the fibers: 

2z2 

'bum x° 2P ( t ) e "*• 
PFiberi(z>t)— J 2^ c ' z Equation 5-31 

^ B e a m 

2z2 

'beam -°°2P (t)e ** 
PFiber2(z»t)= j — ^ d z Equation 5-32 

^ B e a m 

"Fiber! _ "smf 

"Fiber2 "netPCF 

Equation 5-33 

The Zo has been computed using Matlab software. For example, to splice a 125 urn 

diameter single mode fiber with a PCF having an equivalent diameter (deduction of 

air holes) of lOOum, the beam-offset (Zo) should be about 29um towards the SMF. 
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5.3 Thermal Transfer Mechanism and Scattering Loss in Single 

Hollow Core Photonic Crystal Fiber 

The 1-Dimensional thermal transfer model is a good approach to determine the 

requirement of optimum laser power and laser exposure time for fiber splicing, but it 

is inadequate to analyze the thermal energy distribution over the cross-section of the 

fiber. In this section, a 3-D thermal transfer model is introduced to analyze the heat 

flux inside the SMF and Single-Hollow-Core PCF, it also illustrates the back-

scattered light. Figure 5-12 shows the cross-section of these two types of fibers. 

Gaussian C02 Laser Beam 

+ L/2 

Single hollow 
core PCF 

Figure 5-12 Three-Dimensional Optical fiber comprising inner core of 
solid silica or air-hole and cladding layer 
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To analyze the thermal energy distribution over the cross-section of these fibers, we 

adopt the approach of Barton et al [42] where a laser beam is assumed to be fifth 

order corrected fundamental Gaussian beam impinging onto the fiber. The thermal 

transfer rate is determined by using the Maxwell's equation that gives the rate of 

energy change per unit volume by Poynting vector as follows: 

-» —» —»• 

S = E X H Equation 5-34 

Where E = Electric field intensity, H' = Complex conjugate of magnetic field intensity 

Absorption within the fiber is dependent on the fiber's permittivity (imaginary part) 

and can be determined by Maxwell's equation in frequency domain: 

VxH = -ia)(er+iej)E Equation 5-35 

V x E = -ioouH Equation 5-36 

The rate of energy change per unit volume can then defined as: 

V.S = V.(ExH*) 

= H ' . (VxE) -E . (VxH* ) Equation 5-37 

- ico(nH.H* - erE.E') - ooejE-E* 

Where er = real permittivity of silica; e-, - imaginary permittivity of silica 

The average rate of energy (qVoi) absorbed by the fiber per unit volume is dependent 

on the electric field strength and the imaginary part of the permittivity: 

q v o i = ^ E i E ' E 

Equation 5-38 
G> | C . 2 

= ^ e i | E l 
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Hence the Rate of heat generated per unit length can be expressed as 

Q«,urc.(z)dz = 
x r 

J|qvo)(r,e,2)rdrde dz Equation 5-39 

To determine the temperature distribution along the fiber, we assume the fiber to be 

divided into many segments of tiny cores of length of dz. With heat source given by 

equation 5-40, the 1-D thermal transfer model Equation 5-26 for each segment of 

fiber takes the form of 3-D heat transfer equation as given below: 

/32T rfT 
dQ^re. -dQconv^tion -dQradlJltlon + K - j - ; A d z = pcsp — A d z 

Equation 5-40 

The rate of energy absorption per unit volume is proportional to the square of electric 

field amplitude at a given point. In order to know the thermal distribution in the 

separate layers of fiber (e.g. inner layer i"i = core or air-hole and outer layer X2 = 

cladding), the electromagnetic field inside the fiber must be analyzed. 

The detailed treatment of heat flux distribution in the layered cylindrical fiber is 

illustrated in Appendix A4, where it is assumed that the Gaussian beam spread of CO2 

laser in a homogenous medium satisfies the vector Helmholtz equation. Figures 5-13, 

5.14 and 5.15 show the simulation results for the distribution of thermal energy over 

three types of fibers: (i) single mode fiber with core and cladding, (ii) PCF with small 

air-hole and (iii) PCF with single large air-hole. Due to a limitation in the software 

used, the simulation could be performed with the smallest air hole size of 5um. In the 

simulation process, the single small air-hole represents LMA-PCF and the large single 

air-hole represents NL-PCF. 
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Figure 5-13 Thermal Energy Distribution in the SMF cross section 
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Figure 5-14 Thermal Energy Distribution in the cross section of 
hollow core fiber with hole-size of 5um 
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Figure 5-15 Thermal Energy Distribution in the cross section of hollow 
core fiber with hole-size of 50um 

123 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



_75> Chapter 5 Modeling of Laser- Fiber Interaction 

A laser beam passing from the cladding to the core (or air hole) causes the 

temperatures of the fiber to rise rapidly, but back-scattering is observed in three types 

of fibers including single mode fiber, 5um hollow core fiber and 50jim hollow core 

fiber are shown in Figures 5-13, 5.14 and 5-15 respectively. In the simulation, the 

assumption is made that the CO2 laser is transparent to air hole of PCF. Figure 5-13 

shows that the heat generation in the Ge-doped core of SMF is generally higher than 

in its cladding. However the hottest spot in the SMF is not within the core, rather it is 

found at a spot in the lower section of the cladding directly opposite to the incident 

laser beam. This spot occurs due to the lensing effect of the core that causes the 

propagating laser beam to be focused at the lower section of the cladding. For the 

hollow core fibers, their hottest spot is near to the air-hole under the laser beam as 

shown in Figure 5-14 and Figure 5-15. The hottest spot in the small air-hole is much 

more obvious than in the large air-hole PCF. The above figures (Figures 5-13 to 5-

15) show that the temperature in the cladding near to the laser beam is lower than the 

rest of the fiber cross section. The smaller air-hole PCF has a strong back-scattered 

beam traveling opposite to the direction of incident laser beam and hence the cladding 

temperature is lower compared to that in large air-hole PCF. 

5.4 C02 Laser Interaction with Silica 

The laser absorption by the silica glass material is different from metals or 

semiconductors. In semiconductors, the absorption depends primarily on the band-gap 

energy (Efl) of the material and generally occurs if the photon energy (hv) is greater 

than the material band gap. Laser absorption in a dielectric is characterized not only 

by the material band-gap but also by a set of optical parameters such as frequency-
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dependent absorption coefficient, reflectivity, the concentration of dopants or free 

carriers and level of surface and bulk defects. The band-gap energy of the dielectric is 

typically above 3eV and that electrons in dielectrics are tightly bound in the valence 

bands, hence electron excitations are possible only at UV wavelengths. The following 

section presents results on the interaction of C02 laser (photon energy hv =0.112eV) 

with optical fibers (SMF and PCF) that generally have band-gap energies in the range 

of8.9eVtol2.6eV. 

5.4.1 Photonic Thermal Effects 

As is well known, a phonon represents quantization of lattice vibrations and the 

phonon energy is usually less than 0.1 eV. When a photon is absorbed, it may cause 

generation electrons, photons of different wavelength or phonons. The energy 

absorption by phonons occurring in fiber determines the fundamental quantum limit 

of attenuation. 

The basic structure of silica fiber is tetrahedral SiCU and it may be isolated as ortho-

silicate or combined with oxygen atom and another SiCMo form Si20?. [151, 152]. 

Silica has very strong absorption near to 10 urn wavelength, but has low absorption in 

the near IR wavelengths used in optical fiber communications. The high phonon 

absorption in silica is mainly caused by the valence bond stretching in Si-O-Si 

structure [153]. Silica fiber doped with Ge02, P2O5 or Be203, has several vibrational 

modes in the wavelength range of 8.7u.m ~ 12.9um. Also the Ge-doped core generally 

has higher absorption than its cladding. If the fiber is condensed, the laser absorption 

in the fiber is further enhanced during the splicing process due to the increased OH" 

ion content. 

, 2 5  
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For a silica fiber with condensation, the hydroxyl group may be bonded to the silica 

network (i.e. SiOH) and this may affect its optical properties. One of the overtones of 

the OFT absorption has a peak at A.=1.38um. Hence it affects the performance of 

optical communications in the wavelength range from 1300-1700nm. In laser-silica 

interaction, significant phonon generation may occur at long wavelengths even if the 

laser intensity is low. 

5.5 Computation of Laser Optical Breakdown 

Dielectric breakdown through optical absorption of laser radiation is also called 

optical breakdown or laser-induced breakdown. It can be either the partial or complete 

ionization, depending on the laser wavelength and the band-gap of the material. We 

have used 10.6p.rn CO2 laser for laser splicing of SMF to PCF, a laser plasma 

generation may occur during the fusion process. In this section, a model is presented 

to analyze the laser induced breakdown threshold in the silica fiber and the condensed 

fiber. 

We have used the model first developed by Kennedy [79] to calculate irradiance 

thresholds for laser-induced breakdown in condensed media including ocular and 

aqueous media. This model is primarily an extension of Shen's simple rate equation 

[64] and Keldysh model for the multi-photon ionization [80]. Several studies have 

been reported on the optical breakdown in the fluid and the occurrence of plasma 

decay in the cavitations bubble formation, but no studies have been reported for this 

effect in the silica fiber and condensed PCF. 
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Once the laser is absorbed by the dielectric, the optical breakdown can be caused by 

complete (direct) or partial (indirect) ionization depending on hv>Eg or hv<Eg 

respectively. The ionization results in plasma, which rapidly absorbs laser power 

through the inverse Bremsstrahlung process. The rapid heating of plasma can cause 

significant increase of temperature, plasma expansion, and emission of audible 

acoustics or visible plasma. Two laser-induced breakdown mechanisms are possible: 

one is through the direct ionization of the medium by multi-photon absorption and 

another is cascade ionization (or called avalanche ionization). Cascade absorption 

that is different from the multi-photon ionization requires one or more free electrons 

(also called seed electrons) to be present in the focal volume to begin the ionization. 

We believe that if me PCF is not contaminated with liquid or other material, the laser-

induced breakdown occurring in SMF and PCF should be quite similar. However, the 

capillary effect in the small air hole of PCF trapped with liquid can change the 

characteristics of optical breakdown during the laser splicing process as the impurities 

in the fiber may act as shallow donors of the seed electrons for cascade or multi-

photon absorption. Additionally, the resonance condition between the CO2 laser and 

silica material increases the temperature through the phonon absorption and hence it 

may further enhance the ionization through thermal induced collisions. Pure silica 

with energy gap of 9.6eV is usually considered to have no seed electron, therefore, it 

is impossible to generate direct ionization and also difficult to create multi-photon 

absorption in the laser interaction process with CO2 laser which has a low photon 

energy of 0.112eV. We assume that the phonon absorption initially dominates in the 

laser absorption process by increasing the energy of lattice vibrations. This process 

increases the temperature of silica and the probability of ionization by releasing more 
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free electrons to increase the carrier density; hence the probability of cascade 

breakdown or multi-photon ionization may increase significantly. 

In order to illustrate the complete process for the laser-induced breakdown, these two 

processes will be illustrated in the generic rate equation even though the multi-photon 

ionization may not be significant in our experiments. 

5.5.1 Rate Equation for Optical Breakdown 

To determine the irradiance required for producing optical breakdown, a generic rate 

equation [27] is used which describes the electron generation through multi-photon 

absorption (dp/dt)mp, cascade ionization (ricascp) and diffusion loss of electrons out of 

the focal volume (gp) and recombination losses ((T|recp2): 

+ T l c c P - 9 P - T W P z Equation 5-41 
dt dt 

T 2 

/'mp 

The cascade ionization rate, r|casc, is the probability that a free electron will 

encounter an ionization collision with the bound electron per unit time. 

The multi-photon absorption rate is determined by the density of bound electrons 

(pbound) having a binding energy Eion at time t, where the density of bound electrons is 

dependent on molecular density (pmoie) and the density of free carrier pfree-

f ] =TlmpPboUral(t) Equation 5-42 

Or, 
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dp 
dt = n m p ( n e P m o l e - P » ™ e ( t ) ) Equation 5-43 

mp 

For condensed media, the initial free carrier density is low (even during the 

breakdown) and can be neglected in the calculations [154]. Therefore, the rate 

equation can be simplified as: 

dp 
dt = TlmpPbound + n case P ~ 9 P ~ ^recP Equation 5-44 

dp 
dt - ( T l c w - g J p = ^mpPbound ~ HrecP Equation 5-45 

As the second term (T]^^ - g) on the L.H.S. and the R.H.S. terms of the rate equation 

are almost constants, the equation can be rewritten as 

d P - - a P = b Equation 5-46 

Where, a = (ri eme - g ) ; b = nmpPbound - »WP 

The solution for free carrier density is in the form of, 

P(t) = e r t jbe(,t,dt + C Equation 5-47 

P(t) = e-
b 

—e 
a 

+ C 
0 

Equation 5-48 

Where, C is a constant of integration. 

Assuming that the initial free carrier density p0 comes from thermal collisions, then, 
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C = p(0) = p0 Equation 5-49 

p(t) = p0e
at + f - ) ( e a t - l ) Equation 5-50 

'ImpPbound ^ r e c P p(t) = p0e*,+ lmpWhom* lrecH ( e " - l ) Equation 5-51 

Numerical simulation of the free carrier density can be obtained from the above 

equation. 

(1) Cascade Breakdown 

Cascade breakdown occurs easily in the condensed media, because the quasi-free 

electrons that are bound to a molecule or lattice site have enough kinetic energy to 

move through the lattice without being trapped by localized potential wells. Cascade 

ionization and electron multiplication would occur as long as these quasi-free 

electrons have sufficiently mobility to undergo collisions and absorb photons. 

In the classical model, a free electron of effective mass me and charge e interacts with 

an alternating electric field of frequency eo and r.m.s. field strength Erms that is 

similar application to a laser with laser frequency ©laser irradiating to the a dielectric, 

the change of electrons energy occurs due to field and also during collisions with 

atoms or molecules through the inverse Bremsstrahlung process at a rate given [155] 

dE ( P2F2 V 
U l -aain E C i - . . . 

-gain _ «> '-laser 

dt m e < 4 s e r 

^collision^laser 
2 2 

V ^laser + ^collision ) 

Equation 5-52 
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Where (altt,r = , and collision frequency to c o m 8 i o n =PatomueCTe ' s dependent 

on the at atomic density (or molecular density) patom, electron velocity o e and electron 

transport cross section a e . 

Irradiance lo , defined as the power per unit area (W/m2) of a light beam striking a 

surface of the target, is related to the rms field Ei a s e r by 

^toser = —~— Equation 5-53 
cne 0 

Where, C= speed of light, n = materials refractive index, permittivity for free space 80 

1 2 E W . " 1 onA tUv. o . , a ^ o r . < » n l o ^ n n 0 . , 0 - r r , , C — j<>" 8 . 8 5 4 x l O " u F m ' a n d t h e average electron energy E a v = 

If photon absorption does not occur due to electrons and the electrons do not collide 

with heavy particles (ions or molecules), then the electron energy loss can be 

expressed as 

dE,_ f2m ~lo»s 

dt v M 

wl«ser 
2 2 

\ ®laser + ^collslon J 
°>coiisionE.v Equation 5-54 

Where, M = Atomic or molecular mass. 

Therefore, the average rate of change of electron energy can be expressed as 

dE_ "Egain dE.--- . c 

— 5 . = — ^ !5=5- Equation 5-55 
dt dt dt 
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Substitution of Equation 5-52 and Equation 5-54 into Equation 5-55, gives 

dt 
** Haser^colllslon 

m e » f a s e r 

^^e m col l is lon^av 

M 
GO, laser 

2 2 
V. ̂ laser + ^collision J 

Equation 5-56 

An electron with kinetic energy close to the ionization energy Ej0n may produce 

another free electron. Dividing the above equation 5-56 by Ej0n gives the cascade 

ionization rate; 

Tlcasc = 
-ion 

/ _ 2 p 2 2 ^ 

M 

( 00 A 
laser 

2 2 
V ^laser + ^collision J 

Equation 5-57 

The electron mean time between collisions (or momentum transfer collision time) is 

given as 

T = • 

CO collision 

Equation 5-58 

Hence, the cascade ionization rate becomes 

e2L ' m e ® l a s e r * 

mecn60Elon j M 1 + °>faserT 2y 

Equation 5-59 

2TCC 

Where, coiaSer is the laser frequency at e0|aser = , n = material refractive index. 

(2) Multi-photon ionization 
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Ionization in the condensed media refers to an electron transition from the valence 

band to conduction or excitation band, creating an electron-hole pair. Ionizing an 

atom or molecule with an effective ionization energy E'i0n needs rihv photons, where 

rihv is defined as 

E-
•ho ~ 

ft0>....r 

Where h = — and h =Planck's constant 
2n 

nho « !5n_ + 1 Equation 5 -60 

The probability of multi-photon ionization in silica having band-gap of 9.6 ~12.6eV 

[156,157] due to CO2 laser (photon energy of 0.112eV) is very low, therefore the 

multi-photon ionization rate is assumed to be negligible in our analysis: 

T|mp = 0 Equation 5-61 

(3) Reduction in Electron Density 

The reduction in electron density is contributed from the recombination, trapping and 

diffusion. The recombination during the breakdown can be neglected if the electron 

lifetime > 10"8 s [79]. Due to the low binding energy (s0.5 eV) of cascading 

electrons, the high probability of re-ionization is high and the trapping effect would be 

insignificant. [158] 

With the above assumptions, the reduction in electron density is primarily contributed 

from the diffusion and the rate of diffusion of electrons, g is given as 
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9 
Electron Diffusion Coefficient 

(Diffusion Length)2 
^diffusion 

Equation 5-62 

Where, D = -ion 

3m ea) c o , l l 8 j0 n 

and 
^diffusion 

' 4.8 

^ "beam J 

1 
+ 

-rayleigh 

4.8 * ( 
Jbeam J 

AX 

V ^ b e a m y 

Where, dbeam = beam waist diameter, Zrayieigh= Rayleigh Length, X = laser 

wavelength 

Small focal volumes and spot sizes would produce higher rate of diffusion and cause a 

higher breakdown threshold for pulses longer than the diffusion time. The rate of 

diffusion of electrons can be written as 

9 = -Ion 

3 me ( 0colli5ion 

y 4.8 ] 
V "beam J 

2 

+ 
( AX ] 
v ^"beam J 

2 

Equation 5-63 

Alternatively, g can also be expressed as 

9 = IE jon 
" 3me 

y 4 - 8 1 
V "beam j 

2 

+ r AX ] 
Trri2 

^ / l ubeam J 

2" 

Equation 5-64 

Where i is the meantime between the electron-heavy particle collisions and is 

assumed to be slfs, dbeam is the Gaussian beam waist diameter and X is the optical 

wavelength. 
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5.5.2 Optical Breakdown by C02 laser 

In principle, any laser can provide sufficiently high energy density to create 

conditions for high temperature plasma, however, for the CO2 laser having a photon 

energy of 0.112eV, it is difficult to create direct ionization or partial ionization if the 

initial free carrier density of the targeted media is low. As mentioned, silica has high 

intrinsic absorption at the wavelength of 10.6pm. The initial free carrier density po of 

a focused media, may come from ionization of molecules in the medium, ionization of 

impurities, ionization of carriers in local shallow traps. The ionizing mechanisms are 

optical absorption of one or more photons or thermal excitation. In silica or condensed 

silica, thermal excitation can be due to the molecule-to-molecule collision or from the 

molecular interaction with lattice vibrations (i.e. phonon), hence the initial free carrier 

density of a focused media can be expressed as 

Po = Pthermai + Pmp Equation 5-65 

Initially, the ionization in silica may take place due to thermal excitation caused by 

the phonon absorption and hence the initial free carrier density would be given as: 

Po = Pthermai Equation 5-66 

The probability P r for the ionized electrons to be in the excited state is given by 

Maxwell-Boltzmann Distribution: 

Pr(e) = exp 
( E > 

Equation 5-67 
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lonisation Propabilrty by Thermal Excitation 
i i 
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Figure 5-16 Temperature dependence of Ionization Probability 

The initial electron density due to thermal excitation can be estimated by 

Pthermal - * r x Pbound Equation 5-68 

Where, the bound electrons density pbound is dependent on the existing electron 

density (ne) and molecular density (pmoi) of the medium 

Pbound - nePmol Equation 5-69 

Where pmoi for a material is given as 

Pmol _ 
Material Density(g/cm3)x Avogadro Constant 

Mole 
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(a) The molecular density of silica would be 

Prmx-smca = (2.29g/cm3 V6.02x1023molecules/mole)(1mole/60.09g) 

= 2.29 x 1022 molecules / cm3 

= 2.29 x1028 molecules /m3 

Since SiC>2 has a pair of such bound electrons, the net bound electron density is 

Pbound-smca = 2 x 2.29x1022 bound electrons/cm3 

= 4.58x1028 bound electrons/m3 

(b) The molecular density of water would be 

Pmoie-water = (lg/cm3)(1mole/18g))(6.02x 1023 molecules/mole) 

= 3.34 x 1022 molecules /cm3 

= 3.34 x 1028 molecules / m3 

Since water has a pair of such bound electrons, the net bound electron density is 

Pbound-water = 2 x3.34x102 2 bound electrons/cm3 

= 6.68x1028 bound electrons/m3 

(c) The molecular density of Si(OH)4 would be 

Pmoi«-si(OH)4 = (2-0g / cm3) (1mole / 45.098g)) (6.02 x 1023 molecule /mole) 

= 2.67 x 1022 molecule / cm3 

= 2.67x1028 molecule / m3 

Because of twin pairs of such bound electrons, the net bound electron density is 

Pbound-si(OH)4 =4x2.67x1028 bound electrons/m3 

= 10.68x1028 bound electrons/m3  
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5.53 Electron Density by Cascade Ionization in Condensed PCF 

If the recombination rate and multi-photon rate are negligible, then Rate of ionization 

^ - ( n M , c - g ) P = 0 Equation 5-70 

And electron density, p = p0 exp (r\cnc - g)t Equation 5-71 

Where, p©, die initial electron density is assumed to be caused by tiiermal excitation at 

1640K (with probability Pr=0.46), hence the initial density for silica, water and 

Si(OH)4 can be computed as 

Po(sinca) = Pthermai(Siiica) = 0.46 x 4.58 x 1028 free elecfrons/m3 

= 2.107 x 1028 free electrons/m3 

Po(w*.r> = Pth*nn,i(water) = 0.46 x 6.68 x 1028free electrons/m3 

= 3.073 x 1028 free electrons/m3 

PO(SIOH4) = Pthermai(sioH4) = 0.46 x 10.068 x 1028 free electrons/m3 

= 4.631 x 1028 free electrons/m3 

We use the above values to determine the electron density for laser-induced plasma 

effect in Silica, water and SiOHj. 
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The following data has been used to determine the cascade ionization in silica, water 

and S1OH4: 

Material band-gap energy E,on(sH«o= 9-6eV x(l.602 x10'19j) 

E,o«(wrter,= 5.6eVx(l .602x10-1 9 j ) 

Elon,s.OH4,= 5.6eVx(l .602x10-1 9 j ) 

Electron charge e = 1.602 x10"19C 

Irradiance laser power I = 5x101 0W/m2 ~5.5x101 0W/m2 

Electron mass m e = 9.109 x lO^kg 

Material mass of molecule Msmca =9-967 x1026kg 

Mw a t e r=3 x10-26kg 

M S , O H 4 = 7 . 4 9 x10"26kg 

Mean time between collisions T = 1 fS 

CO2 Laser frequency 2TIC 27ix3x108m/s __p . . - i s . . , 
®b««r = = rs = 1 •' < ° x ' 0 Hz 

• " " X 10.6x10^m 

For laser impinging on PCF or silica fiber, the electron density is dependent on 

cascade ionization as well as the diffusion loss. Every electron whose kinetic energy 

exceeds the ionization Ej0n energy (i.e. first term of Equation 5.65) would produce 

another quasi-free electron. Some energy loss may occur due to elastic collision 

between the electron and the molecule (i.e. second term of Equation 5.65), and the 

relationship between these two terms is shown in Figure 5-17. The Figure 5-17 shows 

that for irradiance below k 5.482 W/m2, cascade ionization for Si(OH)4 would not 

occur due to high elastic collision loss. 
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ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5 Modeling of Laser- Fiber Interaction 

Figure 5-17 Dependence of electron density on irradiance for Si(OH)4 
Cascade ionization may not occur if I< 5.482 W/m2 

The electron density of laser-induced material is dependent on the cascade ionization 

rate n.casc and electron diffusion rate g. For laser intensity > threshold intensity, ricasc 

> g, hence the electron density in irradiated volume rises rapidly with lasing time. For 

laser intensity < threshold intensity, r|casc < g, therefore the electron density declines 

rapidly with lasing time 

The electron density would increase if the elastic collision and electron diffusion 

effects are low, and the increase of laser intensity would increase the rate of cascade 

ionization as well as the electron density as shown in Figure 5-18. 
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x10* Cascade Ionization for SiOH4 
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10 

Figure 5-18 Dependence of electron density on irradiance for Si(OH)4 
with cascade ionization and diffusion loss 

Since PCF is easily condensed due to the capillary effect, the water condensation 

causes structural de-polymerization as given by the following reaction 

Si02 + 2H20 = 2 Si(OH)4 

The formation of silica hydroxide due to water vapor causes reduction of the viscosity 

and material degradation of silica fiber or PCF. This affects the optical properties of 

the fibers. 
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.X10 
28 Irradiation at5.0e+10W/m2 

0.4 0.6 
Time (sec) x10 

Figure 5-19 Electron density declines with time if the ionization rate 
is lower than the electron loss rate 

x10 
28 Irradiation at 5.5x1010W/m2 

0.4 0.6 
Time (sec) x10" 

Figure 5-20 The increase of electron density of condensed silica fiber 
is primarily contributed by the Si(OH)4 content. The electron densities of 
SiC>2 and water decline with time. 
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Figure 5-19 shows that the decrease of electron density is caused mainly by elastic 

collisions and Figure 5-10 shows that at higher irradiance power of laser, Si(OH)4 

would have higher electron density than SiCh and water. The net growth of electron 

density in Si(OH)4 occurs due to higher cascade ionization than the diffusion effect at 

the irradiance lo of 5.5xl010W/m2, even though electron densities of S1O2 and water 

decline with time. 

The material absorption of the CO2 laser in fibers is assumed to be a constant in the 

above simulation. In reality, the CO2 laser absorption is time dependent, and it would 

increase with laser exposure time. With higher exposure time, the laser absorption is 

likely to be enhanced due to plasma generation in the fiber, and from the simulation 

results, an irradiance exceeding 5.482xl010W/m2 is necessary to create plasma in 

condensed PCF. However, in our experiments, plasma effect is observed with an 

irradiance of =3.585x108 W/m2 on the NL-PCF, which may be due to the lensing 

effect possibly created by various effects including shape of surrounding plasma, 

molten material and capillaries in the PCF. Based on the simulation results shown in 

Figure 5-13 to Figure 5-15, the lensing effect may change the irradiance in the optical 

fibers to be 1011 ~1012 W/m2, hence plasma effect may occur. 

The critical electron density for Inverse Bremsstrahlung is given as 

1.1 x1021 , 
n c r = - T 2 C m 

-̂laser 

Where, A-î er = laser wavelength (urn) 

143 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



_5$£ Chapter 5 Modeling of Laser- Fiber Interaction 

Hence the critical electron density induced by C02 laser in optical fiber should be 

slO cm" . For electron density exceeding the critical value, the damping of light 

does not occur, hence, for efficient thermal effect due to laser plasma, the number of 

electrons should be below the critical electron density. 

Inverse Bremsstrahlung arises from electrons that have gained energy from laser and 

lose this energy by collisions with ions. In the cascade ionization, the increase of laser 

irradiance would increase me density of electron cloud that gives rise of plasma 

effect. Once the laser is removed, the plasma effectively damps the light wave and 

heats up the materials. 

In conclusion, splicing of SMF to PCF depends on the laser intensity (Po), higher P0 

shortens the splicing time based on 1-D thermal transfer model. As the structure of 

PCF is different from that of SMF, it is necessary to offset the laser by a few 

micrometers towards the end face of SMF. 1-D thermal transfer model is an effective 

model to determine the required laser power and laser exposure time to meet the 

optimum splice, but it is not sufficient to illustrate the thermal transport mechanism 

within the fiber. Therefore 3D thermal model for optical fibers (SMF and hollow core 

Fiber) based on electromagnetic wave theory is used to study the beam propagation 

and beam scattering mechanisms within the fibers when the laser is absorbed. Finally, 

rate equations have been used to emphasize the rise of inverse Bremsstrahlung. The 

increase of electron density occurs only if the rate of cascade ionization is higher than 

the rate of electron loss. The condensation in optical fibers modifies the optical 

property of fiber and affects laser absorption accordingly. 
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CHAPTER 6 EXPERIMENTAL INVESTIGATIONS, RESULTS 

AND DISCUSSIONS 

This chapter presents the experimental investigations performed for splicing of 

various types of photonic crystal fibers (PCFs) to the standard single mode fiber 

(SMF). First, the limitations and problems encountered for splicing of PCF to SMF 

with commercial electric arc splicing systems are described. This is followed by the 

introduction of the laser splicing technique for obtaining high performance splicing of 

these types of fibers. The laser induced splicing of PCF is a type of laser-fiber 

interaction process with a very high probability for involvement of laser induced 

plasma effects. Hence it is imperative to study these possible laser plasma effects 

observed on PCF. 

6.1 Introduction 

In majority of PCF applications, it is necessary to splice photonic crystal fibers (PCF) 

to standard single mode optical fibers and the choice of implementation of a specific 

technique is yet to be resolved. Some models of electric arc splicing machine may 

splice the PCF to SMF but deformation of air holes is always unavoidable, which may 

cause serious problems for certain applications [4]. In the following sections, we 

describe the use of the electric arc splicing machine in our laboratory to perform 

splicing of PCF to SMF and also demonstrate the feasibility of laser fusion for 

splicing of SMF-to-PCF. An in-house developed laser-splicing system has been 
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developed to perform these studies. Fusion of PCF using laser is not just a simple 

melting process; it is very likely that a complex interaction between laser and 

condensed silica would occur and it is important that such phenomena should be 

studied to better understand the laser processing of PCF. 

The energy transfer from a material consisting of atoms or molecules occurs mainly 

through three mechanisms: rotational, vibration, and electron transition [ 159, 161] 

For a high power laser irradiating a material, the high photon flux increases the 

possibility of cascade ionization and absorption. The degree of freedom of a molecule 

is dependent on the level of laser excitation determined by the irradiating wavelength 

and the energy level in the targeted material such as silica, water moisture or 

methanol. Therefore in the laser splicing process for fusing SMF-to-PCF, the 

effectiveness of laser-fiber coupling is largely determined by the matching between 

photon energy and energies for various transitions in the material. 

The requirement of cleaning of PCF prior to splicing may condense the air holes and 

may complicate the laser interaction process. Methanol, a commonly used cleaning 

solvent, like water, has vibration energy relaxation, which is complex due to the broad 

stretching transitions [159, 160]. The molecule may de-localize as the OH excitation 

may undergo rapid intermolecular hopping to nearby condensation site, hence optical 

breakdown in the condensed silica is possible at low laser intensities. If the liquid is 

trapped inside the air holes of PCF, laser scans across the fiber end-face can be 

employed to minimize the trapped water droplets, but there is no guarantee that the 

liquid particles would be completely eliminated, especially if the liquid is trapped far 

away from the fiber end. Once the condensed fiber absorbs sufficient laser energy 

during the splicing process, there is very high possibility for occurrence of plasma 
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effect. The increased kinetic energy of electrons in the plasma would further enhance 

the laser absorption in the material and hence speed up the melting process. If laser 

power is too high, it may cause damage to the PCF and degrade the splice joint. 

The required steps those must be completed prior to laser splicing are (i) cleaning of 

fibers (ii) proper cleaving of fiber ends and (iii) precise fiber-to-fiber alignment. 

During the splicing process by C02 laser, the parameters such as overlapped stroke, 

beam's positioning, laser power and laser exposure time must be carefully controlled. 

6.1.1 Types of PCFs and their Specifications used in this project 

The photonic crystal fibers are new products and have become available in the market 

only in the recent years. During the progress of our experimental investigations, only 

limited types of PCFs were available. Another problem was their extremely high cost 

which restricted us to acquire only a small quantity of these fibers. However, we have 

attempted to get PCFs from different sources including corporations and research 

organizations. We are thankful to some of these organizations for providing us with 

free samples. Mainly four types of PCFs have been used in our experiments. The first 

two types were provided by the Research Centers from China (Sample l) and Taiwan 

(Sample 2). The sample 1 consists of large air holes and sample 2 has much smaller 

air holes, they are named as LPCFC and SPCFT respectively in our experimental 

studies. Subsequently, we purchased the Large Mode Area photonic crystal fiber and 

highly non-linear photonic crystal fiber from the manufacturers termed as LMA-PCF 

and NL-PCF respectively. 

The two samples LPCFC and SPCFT do not have regular sizes of air-holes traveling 

along the length of the fiber especially for LPCFc. Their losses are relatively high, but 

147 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Experimental Investigations, Results and Discussions 

they have been useful for the fiber splicing investigations in the initial stages when we 

were not able to get adequate support from the commercial suppliers. The 

configuration of LPCFC and SPCFT are shown in Figure 6-1 and Figure 6-5 

respectively. The LMA-PCF and NL-PCF, have low losses and uniform structure, 

therefore we have concentrated our studies on these fibers. The characteristics of 

these four types of PCFs are summarized in the table below. It must be emphasized 

that information about several parameters (e.g. pitch, number of air-holes) were not 

provided by the suppliers and we had to estimate these parameters using SEM and 

other techniques: 

Type LPCFc SPCFT LMA-PCF NL-PCF 

Core diameter a 9.584um * 10.3um 10.5 ±lum* 2.6um* 

Cladding 
diameter 

=100um =125um 125um* 125um* 

No of air­
holes 

14 36 30 >120 

Hole size (d) »8.33um « 2.5 um 2.2um ~2.6um 

Pitch (A) wl5.83um M 8.33um ~7um ~4.8um 

Image of 
Fiber 

Figure 6-1 Figure 6-5 Figure 6-6 Figure 6-8 

Fiber Loss Not available Not available <20dB/km* at 
A^off̂ OO- lOOOnm) 

0.67dB/km* at 
zero dispersion 
wavelength 

Features Very large air 
holes 

Small air-holes Small air holes Strut-width to 
pitch Ratio =0.6, 
Air-filling 
fraction = 87% 

(*) Provided by manufacturers 

148 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Experimental Investigations, Results and Discussions 

Fiber splicing technology is not new, but splicing of PCF is very different from the 

splicing of solid core fiber SMF or erbium-doped fiber. The following section 

describes the problems encountered to splice PCF to SMF with the electric arc fusion 

technology. 

6.2 PCF-to-SMF Splicing by Electric Arc Method 

The electric arc fusion machine is designed for splicing of standard silica fibers but 

not for PCF. In electric-arc method, high electric field generated by two electrodes at 

the fiber joint melt the fibers. Even though, this technique has been proven to be 

effective for SMF splicing, it is not found very suitable for splicing PCF. In the 

following section, we describe the experimental studies on splicing of PCF-to-SMF 

by electric arc machine and relevant results are presented. 

6.2.1 Technical Limitations on Electric Arc Splicing System 

Majority of electric arc splicing machines currently available in the market are either 

based on core-to-core profile alignment or macro-bending alignment method. [97]. 

As mentioned in Chapter 4, photonic crystal fiber (PCF) consists of an array of air 

capillaries along the entire fiber length. Its core (or defect) is made up of pure solid 

silica (without any doped impurity) surrounded by cladding comprising of staggered 

capillary tubes. In our attempts to splice the PCF-to-SMF by electric-arc machine, we 

have, like many others, have encountered serious problems to identify the core-

images of PCF using the CCD cameras of the machine. Without clear identification of 

the core image, most of the existing splicing machines fail to recognize the PCF and 
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hence fiber alignment by profile projection cannot be performed. Even if the splicing 

system employs macro-bending alignment technique, it is not highly recommended 

for PCF alignment since this method may not be applied to all types of PCF. Till now, 

fiber profile alignment is probably one of the best solutions to align two dissimilar 

fibers. We also realize that the large heating zone generated by the arcing is another 

problem with the electrical arc splicing technique [35] as it causes a severe 

deformation of PCF air holes that may result in very high splice loss at SMF-to-PCF 

joint. 

6.2.2 Experimental Results for Electric Arc Splicing of SMF-to-PCF 

Before splicing, the normal stripping, cleaning and cleaving processes are carried out 

on the fibers. Although the cleaning tissue is only dipped with a thin layer of 

methanol, die capillary effect in PCF will cause a small amount of liquid to be sucked 

into the air holes of the PCF. This problem is unavoidable as long as the fiber ends are 

not sealed. In the splicing process, the SMF and PCF are placed onto the electric arc 

splicing machine and the standard automated procedures are carried out. We have 

observed mat after fiber alignment and triggering of the arc by me electrodes, the air 

bubble grew bigger witii substantial increase of size in the splicing region as shown in 

Figure 6-1. At the same time, the electric-arc machine halts suddenly. We have used 

several models of electric arc splicing machines; unfortunately most of them failed to 

recognize the PCF. 
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Figure 6-1 (a) Type of PCF used for splicing (b) Bubble formation at the 
fiber ends in the electric arc splicing process 
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6.2.3 Discussion on Electric Arc Splicing of SMF-to-PCF 

The heat transfer rate and heat propagation in electric-arc generated thermal energy 

are very much different from the laser-induced fusion in the optical fibers. The heat 

generated by two electrodes positioned across the splicing region propagates from 

fiber's cladding surface to the core based on the conductivity of the materials. The 

electric arc temperature (T) affects the thermal conductivities of silica (Ksio2) and air 

Ka,r as given by the following relationships [69]: 

Ks«* =0.78-0.054expfT + 3 7 9 l + 0.165expfT + 3 7 9 l Equation 6-1 
\̂  354 J \ 4U5 J 

K.lr « 4.675 x 1 (T4 VT Equation 6-2 

Using the above expressions, the thermal conductivities for silica and air at the 

temperature of T=1573 K are estimated to be KSi = 8 Wm'K"1 and Kair =1.87xl0"2 

Wnf'K"1 respectively, whereas the thermal conductivity of methanol, Km, is given to 

be approximately 0.18 Wm'K"1 [163]. The data show that the heat generated on the 

silica surface has higher resistance to pass to the core as the transmission medium is 

air, or air-holes filled with liquid. Therefore it is difficult to maintain a constant 

temperature over the cross-section of the fiber within a short period. With increase in 

the number of air-holes and size of air hole, the heat transfer rate from outer silica-

surface to inner core would be significantly lower especially if it is condensed. 

Although the thermal conductivity of the silica is about =40 times larger than that of 

the methanol, its vaporization temperature s21 times higher. In the Figure 6-1, the 

volume expansion of PCF is obvious. Thermal expansion AV of PCF is dependent on 
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the thermal expansivity (P) and temperature (T) and is given as AV=Vo(T), where Vo 

is the initial volume . The volume expansion for liquid is much higher than that of the 

solid. The thermal expansivities for silica, methane alcohol, and water are 

0si=1.2xl(r6/oC, pm=1.19xlO"3/°C, and pH2o=2.1xlO-4/°C respectively. If a constant 

temperature of 1300°C is assumed across the full cross-section of the fiber, the 

volume expansion at of PCF in silica should be 1031 and 167 times lower than 

methanol and water respectively. The rate of heat flow drops slightly towards the core 

due to air holes, but the overall temperature still remains high. At high temperature, 

the methanol is vaporized with rapid volume expansion that forces the bubble out of 

the fiber end as shown in Figure 6-1. The process has been observed more than 10 

times and no splicing could be performed. Successful splicing could only be obtained 

by using the laser fusion system as shown in Figure 6-2. Detailed explanation of laser 

splicing process and phenomena will be discussed in the later sections. 
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Figure 6-2 First successful splice obtained between non-standard diameter 
LPCFC and SMF by laser splicing system 
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6.3 PCF-to-SMF Splicing Using Laser Fusion Technique 

Laser interaction in photonic crystal fibers (PCF) is a complicated coupling process 

due the micro-structural cross section of the PCF. The regimes for laser interactions to 

PCF and SMF may include: air on fiber's surface or above the fiber's surface, silica 

and air hole layers as discussed in Chapter 5. Every type of PCF has its unique air­

hole size, hole-to-hole spacing, and hole pattern according to its functionality and 

applications; therefore it is not an easy task to have standard parameters for splicing 

of PCF. In the following experiments, we report the results on splicing of SPCFT 

(similar type to LMA-PCF), LMA-PCF and NL-PCF with the standard single mode 

fiber of diameter = 125u.m. The LPCFC with large air-holes is quite similar in structure 

to NL-PCF, hence the experimental results obtained from this fiber may provide a 

good basis for explaining effects in NL-PCF. However, a 0.2m long of LPCFc given 

by the institution has been completely utilized for experiments with electric arc 

splicing process. The SPCFT and LMA-PCF have low air-filled fraction, hole-to-hole 

spacing larger than the air-hole diameter, and core diameter comparable to SMF; 

therefore it is much easier to splice these types of fibers compared to the NL-PCF. 

The NL-PCF consists of high air-filled fraction with thin silica strut, which can be 

easily damaged during the splicing process and may result in high splice loss. Also, 

due to its small core diameter of NL-PCF, core-to-core alignment between this fiber 

and SMF is extremely difficult to achieve and a slight core-to-core mismatch would 

further worsen the splicing performance. 

Trapping of moisture or methanol inside the air holes of PCF is a common problem. 

In addition to introducing high transmission loss due to OH" ion absorption, this 

contamination also affects the fiber-melting threshold and temperature distribution 
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over the fiber cross-section. Hence, the studies of laser power interactions with the 

PCF and condensed PCF would provide us a better understanding of temperature 

changes and thermal effects in these fibers. 

In this project, a 10W CO2 laser with a Gaussian beam diameter of =500 urn is used to 

splice the fibers. The required laser power in the splicing process is varied between 

1W to 5W. With a view to obtain a good splice joint and keeping in mind the various 

problems in fusing of dissimilar fibers, the following steps have been implemented: 

• While cleaning the fiber tips by wet tissue, the quantity of methanol is kept 

to minimum and the wiping is done as swiftly as possible. This should 

reduce migration of cleaning solvent into the air holes of PCF. 

• Once the fibers are placed on the xyz alignment stages, a laser beam with a 

power of 1 W is irradiated onto the fiber end-faces or scanned axially 

along the length of the fibers for ~ 1 second. This step should reduce 

condensation trapped inside the air holes. If the condensation is excessive, 

this section of fiber should be cut and removed. 

• Condensation might be more serious for PCFs with large air-holes than 

those PCFs with smaller air holes. Also large air hole PCF usually has thin 

strut width and therefore control of laser power would be more critical. 

• In the case for splicing of similar fibers, a slight alignment mismatch is 

compensated easily due to self-alignment during the fusion process and 

splice loss may not increase significantly. For the dissimilar fibers like 

SMF and PCF, self-alignment is very limited, and even with slight 

misalignment between two fibers ends, the increase in splice loss can be 

severe. Hence, the cleaved surfaces for SMF and PCF must be extremely 
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flat and smooth to prevent fibers slipping against each other which 

otherwise can cause serious alignment mismatch during the splicing 

process. The situation is further complicated due to necessity of 

maintaining the fiber-overlapped stroke in the laser splicing process. 

• For a PCF with higher air-filled fraction, the overlapped stroke can be 

lower. For example, the fiber end-face overlaps for NL-PCF and LMA-

PCF are 3um and 5pm respectively. 

• Laser is placed more towards the SMF than the PCF from the joint at the 

fiber end-faces. This is to maintain low deformation of air-hole since the 

laser power to melt SMF is generally higher than that for the PCF. 

In the splicing process, stripping and cleaving steps of PCF are similar to those used 

for standard single mode silica fibers. After cleaning, about 0.5cm long fiber ends are 

cleaved and even then, there is no guarantee that condensation would not be left 

inside the air capillaries. Based on the common occurrence of bubble formation 

during the electric arc splicing, we believe that low condensation still remains inside 

the capillaries. These tiny water droplets cannot be easily detected under the 

microscope. In order to understand the laser-interaction in the PCF, we have used a 

high-speed camera with 1000 fps (frame per second) to capture the real time images 

of the splicing process as shown in Figure 6-3. 
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Figure 6-3 High Speed Camera with recording time lOOOfps is placed 
horizontally towards the spliced fibers 
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6.3.1 Experimental Results on Laser Splicing of SPCFT/LMA-PCF to 

SMF 

As the required laser power to melt the fiber is only a few watts, it might seem that 

the size of CO2 laser can be reduced significantly. However, this, in reality, is not true 

as the majority of commercially available CO2 lasers have a minimum output power 

of 10 W. The size of the CO2 laser, in general, increases with its output power and we 

did manage to acquire a custom made 5W CO2 laser with a physical size of 

300x100x100mm3 for our laser splicing system. Due to the poor stability of output 

power of this laser, we could not use it for our system. If a stable and reliable laser 

operating at a wavelength of 10.6u.rn with an output power <5W, then the size of laser 

splicing system can be reduced significantly. In our experiments with a 10W CO2 

laser having a beam size of 500 urn, a typical power of 3W is required to splice the 

fibers. With the hope that C02 lasers with 5 W (or lower) power would be available in 

the future. In our experiments, we have employed 3-5 W of power for splicing of 

SPCFj-to-SMF and LMA-PCFT-to-SMF, which will be described in the following 

section. Depending on the beam diameter, the power requirement to melt the fiber 

may be different compared to the above values. 

(a) Laser splicing of SPCFT using low laser power 

The SPCFy used in this experiment is quite similar to the LMA-PCF with small 

size of air-hole (dhole), index profile dhoie/A= 0.388 and period A =9.01 urn. A 

3.1W laser beam is positioned with an offset of about 5-10um towards the SMF 

than PCF from the fiber joint. The complete splicing process is summarized in 

Figure 6-4 and the total time for splicing of these fibers is about 3 - 4 seconds, 
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including the time required for preheating (~lsec), fusing (~2sec) and annealing 

(~1 sec). 

The image of the spliced fiber is shown in Figure 6-5, which illustrates the air hole 

deformation in the SPCFT to be quite small and the capillary section near to the 

spliced region can still be seen. The overall splice loss is obtained for these types 

of fibers is about 0.6-09dB if the excluding discrepancy due to MFDs. 

-500 

Lasing time in ms 
^-23 i • ' • 

Preheat by Laser 

500 1000 1500 2000 2 

A: End-face Contact 

D: Splicing & Annealing 

Figure 6-4 A complete Splicing Process for Splicing of SPCFT to SMF 
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(a) 

(b) 

Figure 6-5 (a) Top image illustrates the cross-section of SPCFT with an 
index profile of dhoie/A = 0.388 and period A =8.5um. (b) Bottom image 
shows the SPCFT -to-SMF splice joint. 
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(b) Time Reduction on Splicing of SMF-to-LMA-PCF by Higher Laser Power 

For very low laser power, melting of fibers and splicing may not occur at all. 

Similarly the fibers may completely evaporate at very high power from the laser. 

However, we have observed that, splicing of fibers would occur at several power 

levels, but a low laser power (approximately 3W) requires longer splicing time. 

Hence, to improve the efficiency of splicing, experiments have been performed with 

high laser power of 4.4 W and a set up involving high-speed camera has been used to 

monitor a complete splicing process. 

Based on the theoretical simulation results obtained in Chapter 5, approximately 

120msec of exposure time is required for splicing of LMA-PCF (Figure 6-6) to SMF 

with a 4.4 W power from the CO2 laser. The laser beam is positioned with an offset is 

about ~5pjn towards the SMF which to bring the fibers to the desired [125] semi-

liquid state having a temperature of about 1640K. 

A real time imaging (Figure 6-7) performed during the splicing of SMF-to-LMA-PCF 

shows that the time required for reaching the semi-liquid state in the fibers is 110ms 

to 120ms. This is in good agreement with the theoretically calculated value of 120ms 

and also gives a good splice joint with very little air-hole deformation. 

In the SMF-to-SMF splicing, if laser exposure time is slightly higher (120-140ms) 

and due to the absence of capillaries, this does not have any adverse affect on the 

splice performance as compared to the splicing of PCF- to-SMF. In order to optimize 

the laser exposure time and minimize the deformation of PCF, we have utilized high­

speed camera as a tool to determine the best splice based on the images taken within a 
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time frame of every millisecond. From the images, it is observed that the air hole 

deformation occurs only near the upper section of fiber surface where the laser beam 

impinges with an exposure time greater than 120ms. A slight collapse of air holes 

(2-4 air holes nearest to the fiber surface) is observed far away from the defect and 

the measured splice loss of about l.OdB has been obtained. This shows that the splice 

loss is not seriously affected due to air-hole collapse as the splice loss is affected by 

many factors such as alignment, laser stability etc.. PCF is very sensitive to 

fluctuation of laser power; a slight variation of power can affect the fiber temperature 

and hence the splicing performance. Therefore, the laser power and laser exposure 

time must be determined correctly to prevent collapse of air-holes. 

Figure 6-6 Configuration of Large mode area - PCF (LMA-PCF) 
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110ms 120ms 130ms 180ms 

Figure 6-7 Time resolved fiber splicing process under the 4.382W laser 
irradiation 

6.3.2 Experimental Results on Laser Splicing of NL-PCF-to-SMF 

The core diameter of NL-PCF used in this experiment is =2.6um, which is about 1/3 

of SMF diameter; and its direct fiber end-face coupling loss to SMF end-face is 

simulated by the FDTD is about 5.686dB. Furthermore, the large air-holes of NL-PCF 

generally traps more of the cleaning solvent (than the LMA-PCF), therefore to reduce 

the condensation, it is recommended that the fiber ends be exposed for more than 1 

second with 1~1.2W of laser power. In this experiment, an Optical Spectrum Analyzer 

is used to measure the fiber-to-fiber coupling loss caused by condensation. In Figure 

6-9, the transmission signals over the wavelength of 1200-1700nm are almost lost if 

the air holes of PCF are seriously trapped with methanol. Further, Figure 6-10 shows 

improvement in the transmitted signal by ~6dB (at A.=1315nm) after scanning the 

fiber ends with sl.2W of laser power. This experiment gives a good indication about 

the level of laser power that can reduce the moisture trapped in air holes. 
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Figure 6-8 Configuration of Highly Non-Linear PCF (NL-PCF) 
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Figure 6-9 Transmitted signal over the wavelength of 1200-1700nm is 
almost absorbed by methanol. 
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Figure 6-10 Improvement in the Transmitted power due to Reduced 
Condensation 

Based on the simulation results, it is derived that the peak intensity of 4.4W laser 

beam should be positioned with an offset of about 29 u.m towards the SMF from the 

fiber joint, and a fiber-overlapped stroke of «3u,m should be introduced before 

splicing. On certain occasions it has been observed that, a gradual increase of laser 

power prevents fiber end-faces slipping against each other when the laser impinges 

onto the overlapped fibers. For example, a laser power of 2.5 W with an exposure time 

of 100ms softens the fiber ends and gradually brings the two fibers closer. 

Subsequently, a laser of 4.4W with exposure time of=120ms is used to splice the two 

fibers with minimum splice loss. The high-speed imaging system mentioned earlier 

records the complete process to confirm the simulated values given in Chapter 5. 

Even though, the ideal exposure time for splicing is estimated to be 120 ms, a higher 

laser exposure time of 300ms has been employed to monitor and efficiently capture 

the complete splicing process as illustrated in Figure 6-11. 
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Figure 6-11 Real time imaging of laser splicing process for joining of 
Time resolved splicing process of SMF to NL-PCF 

167. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Experimental Investigations, Results and Discussions 

The effective splicing of fibers with an exposure time of «120ms is in good agreement 

with the calculated value based on the 1-D thermal transfer model. For exposure time 

> 130ms, we observe that the plasma grows from the center of splice joint and moves 

axially towards the NL-PCF as shown in Figure 6-11. As lasing time increases, the 

plasma moves farther away from the splice region and the extra bending of air 

capillaries is observed near to the uppermost layer of air-capillaries. 

In order to fully understand the movement of plasma, another experiment with an 

extended laser exposure time =1 second has been carried out. A serious deformation 

of the NL-PCF is observed far away from the fiber joint, which is out of the field of 

view (FOV) of the high speed camera; hence its image (Figure 6-12) is captured by 

one of the cameras in the laser splicing system. The deformation is more severe at the 

uppermost surface compared to the lower surface of PCF. 

Figure 6-12 Air holes of NL-PCF are compressed and deformed far away 
from the center of the laser beam spot placed ~30u.m away from the fiber 
joint at the SMF. The image shows the migration of the hottest spot by 
115.7 urn away from the fiber joint. 
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From the above experiments, it is noted that, as the laser exposure time increases, the 

fiber's hottest spot in the PCF is shifted away from the center of the laser beam spot. 

Based on the images shown in Figure 6-11, the shift of air-hole deformation for laser 

exposure times of 220ms and 300ms are at 53.8u.rn and 71.42u.rn respectively; hence 

the velocity of the shift is 0.22mm/sec approximately assuming linear behavior. 

6.4 Discussions and Analysis 

A good splice between PCF-to-SMF is achievable if the fiber contamination and fiber 

alignment mismatch are kept in minimum. As it has been mentioned in the last 

chapter, the laser interaction with PCF might involve any of the three layers of PCF 

(i.e. atmospheric layer, silica layer and air-hole layer). If the surface of optical fiber is 

clean, the atmospheric layer above it should be transparent to CO2 laser and hence the 

top layer of silica fiber absorbs laser directly. The resonance between laser 

frequency and silica lattice enhances the thermal energy propagation in the silica 

layers of the PCF as air holes are transparent to laser, therefore the heat transfers 

rapidly into the fibers. This process enhances the temperature distribution over the 

fiber-cross section consequently reduces the air-hole deformation of PCF and 

strengthens the fiber joint if the PCF is not condensed. 

In the splicing process, it is not easy to check that whether the PCF to be spliced is 

condensed or not, especially if the PCF consists of large sized air-holes. If PCF is 

trapped with liquid, laser interaction with PCF is not only at the silica layer, but also 

extends to the condensed layer. 
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With increased condensation in PCF, the optical breakdown threshold declines and 

the liquid affects the splicing process, making it difficult to get a good splice. The 

condensation in PCF increases the rate of absorption of laser, resulting in increased 

kinetic energy of existing (seed) electrons and enabling them to knock out additional 

electrons from the lattice. Continuation of this process would lead to generation of 

plasma, which further enhances the laser absorption in the PCF. 

In the following sections, analysis of the splice results obtained on splicing of 

commercial available PCF fibers (i.e. LMA-PCF and NL-PCF) to SMF is carried out. 

Subsequently, the analysis on the splicing of condensed PCF and effects observed 

with high laser power are reported. 

6.4.1 Splicing Results 

In general, the C02 laser impinging on optical fiber generates thermal energy with 

uniform spread across the fiber cross-section and hence it is effective and efficient 

process to splice PCF to SMF. Our experimental results confirm the formation of 

good splices between LMA-PCF-to-SMF and NL-PCF-to-SMF using 4.4W laser 

beam with exposure time of 115~120ms and beam offset of 2-5mm and 29mm 

respectively. In practice, a slight fiber-to-fiber misalignment or imperfect fiber-

cleaved angles may be present prior to splicing. Hence, it is necessary to consider the 

possible coupling losses caused by mode field diameter (MFD) mismatch, tilt angle, 

and the axial misalignment between PCFs to SMF. Table 6-11 summarizes the 

simulated coupling losses of PCFs-to-SMF. In addition the attenuation losses for 

PCFs are included. 
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Table 6-1 Possible Losses in the Splicing of PCF-to-SMF 

X. Status 

Coupling^. 

ofSMF-to- \ 

5° tilt 

(dB) 

0.2um 
Axial 

Misalignment 
(dB) 

Direct 
Coupling 

Loss 
(dB) 

PCF 
Attenuation 

Loss 

(dB/km) 

LMA-PCF 

Core diameter = 
10.5±1.0fim 

0.001 0.05 0.09 20 

NL-PCF 
Core diameter = 

2.6um 
0.004 0.25 5.735 41 

Table 6-2 Practical Results for Splicing of PCF-to-SMF 

Splicing SMF-to- Beam 

Offset 

Recommended 

Overlapped Stuffing 

Measured 

Splice loss 

LMA-PCF «5um «4~5fim 0.6~0.9dB 

NL-PCF «29pjn «3um 7.9 -9.3 dB 

Quantitative loss estimation for SMF-to-SMF splice is simpler than PCF-to-SMF 

splice as the possible splice loss for the latter is affected much more by core-to-core 

misalignment and the fiber deformation at the splice regime. Also, the splice loss of 

PCF-to-SMF is not so straightforward since they are dissimilar fibers with different 

MFD, different refractive indices etc. The objective of achieving a good splice of 
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PCF-to-SMF is to maintain the original structure of PCF and SMF; hence it is 

imperative to maintain low deformation of PCF in order to achieve a low splice loss. 

The direct coupling loss caused by MFD mismatch for LMA-PCF-to-SMF is low as 

seen from me simulation result. However, this loss is very high for NL-PCF to SMF 

joint. High splice loss is mainly contributed by fiber-to-fiber misalignment and 

deformation of PCF and SMF. The following example illustrates the method used for 

determining the splice loss. 

Example: Splice loss of LMA-PCF-to-SMF 

Direct measured loss after splicing = 0.88dB 

Based on the simulation result, the direct coupling loss = 0.09dB (since MFDLMA-PCF 

= MFDSMF ) 

Actual Splice loss = Actual loss - Direct coupling loss =0.88dB - 0.09dB = 0.7 ldB 

Therefore, the splice loss of 0.71 dB is caused by fiber-to-fiber misalignment, fiber 

deformation and other unknown losses due to unknown factors in the splicing process. 

Table 6-2 shows the splice losses of LMA-PCF-to-SMF and NL-PCF-to-SMF. The 

splice loss for SPCFT-to-SMF is around 1.3-2.8 dB. The splice loss calculations for 

LPCFc are not performed due to its non-uniform hole-sizes along the length of fiber 

and extremely high attenuation fiber loss. 
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6.4.2 Volume Expansion and Compression in PCF During the Splicing 

Process 

In this section, we examine the impact on splicing of PCF-to-SMF if the PCF is 

seriously condensed. In the electric arc splicing, we observe the formation of a single 

bubble at the fiber joint because the electric arc induced thermal energy propagates 

from the top surface towards the inner core of the fiber and the condensation 

vaporizes slowly. However, we have never observed a single bubble escaping out 

from the PCF-to-SMF interface during the laser splicing process. Laser interaction 

with the fiber is a process of inverse Bremsstrahlung (IB) absorption, which depends 

on the kinetic energy of electrons and electron density in the plasma. If the fiber is 

condensed, the laser interaction with the PCF easily leads to the generation of quasi-

free electrons in the conduction band. The photon absorption does not result in direct 

conversion to thermal energy; therefore, the depth of penetration of fiber keyhole is 

not only caused by the thermal conductivity but also due to the damping of electrons 

during the IB absorption. The thermal coupling is efficient if the electron density is 

lower than the critical level of 1018 electrons/cm2. 

In this section, we focus on the laser induced heating process for the splicing of SMF-

to-condensed PCF and explore the formation of any bubbles in the laser fusion 

technique. This experiment was carried out before we acquired the commercial PCFs. 

In order to monitor the laser-fiber interaction effect, a LPCFC having large air-holes 

over the fiber cross-section has been fused with SMF by using a 3.8W laser pulse 

having an exposure time of 50 ms. Two such laser pulses are sufficient to join the 

fibers together and no bubble formation is observed (Figure 6-13a) but the spliced 

joint is weak and contains trapped solvent. This demonstrates that the laser-induced 

thermal energy rapidly penetrates into the PCF, vaporizes and clears the condensation 
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near to the edge of fiber ends, but leaves some solvent in the fiber section far away 

from the fiber edge. In order to confirm the trapping of condensation inside the PCF, a 

few more pulses of laser are applied to the fiber joint. In this process, we observe a 

gradual volume expansion of PCF as the laser exposure time increases due to the 

trapping of vaporized liquid inside the air-holes is unable to escape through the fiber 

joint. Figure 6-13(b) shows the presence of bubble pockets in the PCF, which has 

been captured by one of the cameras in the laser system. A continual laser power 

applied to the fiber joint would burst the bubble pockets as shown in Figure 6-13(c, 

d). After the release of trapped liquid (Figure 6-13e), a lump is formed at the fiber 

joint in the direction of the laser beam as shown in Figure 6-13(f)-

This above experiment confirms that the laser-induced thermal energy spreads faster 

into the fiber-joint compared to the electric arc induced thermal energy. 
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Figure 6-13 (a) The interface between LPCFC and SMF is joined but it 
is weak, (b) Few more laser pulses cause the trapped water to expand 
faster than the silica capillaries, bubble-Pockets are formed within the 
PCF. (c) Water bubble is formed and gradually bursts out to the ambience 
(d) Water bubble disappears (e) Last two process repeat as more laser 
pulses apply, less water is trapped, (f) Water bubble is pushed into the 
lump after molten silica compressed. 

175. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Experimental Investigations, Results and Discussions 

Why the lump is formed in the direction of laser and not in other directions? Perhaps 

this is due to two types of plasma acceleration processes [164, 165.] during the laser 

fusion processes namely, Forward Plasma Acceleration and Reflection Plasma 

Acceleration. Forward plasma acceleration is the plasma formation accelerating in the 

direction of laser beam and from the lower surface of the fiber. However, the 

reflection plasma acceleration is the plasma induced on the target fiber and 

accelerated against the incident laser pulse. These two types of plasma formations 

may occur in the condensed PCF due to the unstable characteristics of liquid in the air 

holes. The laser pulse first generates forward plasma acceleration at the silica layer 

and subsequently causes thermal breakdown in liquid with a strong reflective 

acceleration. This phenomenon is observed when the laser pulses are continuously 

applied to the splicing region and the keyhole at the deformation region does not go 

deeper. 

In a normal electric heating process, the increase of temperature vaporizes the liquid 

and the expansion of volume depends on random movement of molecules. However, 

laser induced heating onto the condensed silica is caused initially through phonon 

absorption followed by the IB absorption as explained in the previous chapter. The 

rapid increase of temperature in the close vicinity of the spot induces a sudden 

vaporization and ionization of material along the narrow channel of keyhole along the 

beam axis. The increase of temperature gives rise to the photon absorption and speeds 

up the fusion process. If the air holes are not completely free of condensation, the 

light source quickly interacts with the lower forbidden band-gap of liquid near to the 

SMF-to-PCF splicing region. The molten silica and liquid diffuse rapidly, followed by 

their rapid cooling after the laser power is removed. The process of redistribution of 
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the solute most likely freezes up the molten glass and hence no volume expansion 

occurs in the PCF. The sudden drop of temperature reduces the inner pressure within 

the air holes, hence compresses the fiber joint to generate a lump at the splice regime, 

which have observed in our experiments. 

The SPCFT has smaller air-holes and thicker silica layer than the LPCFC , therefore 

the amount of trapped liquid and the resulting volume expansion is much smaller. 

With longer laser exposure time, the trapped liquid inside the PCF vaporizes to the 

atmosphere, hence compression, instead of expansion is observed in the PCF during 

the splicing process. 

6.4.3 Asymmetrical Air hole Deformation in PCF 

Thermal transfer in optical fiber satisfies the thermal thinness conditions hence the 1 -

D thermal transfer mechanism has been used to analyze the fiber temperature. The 

temperature distribution over the fiber ends is found to be uniform [143, 166, 167] for 

laser exposure time longer than 2u.s x = Fiber Diameter d A 
Fiber This 

4 x Thermal Diffusivity K 

implies that any expansion or compression in the fiber joint should be symmetrical 

and uniform. However, the experiments show that the slight deformation at the upper 

surface of PCF in the silica capillary layers for slightly longer laser exposure time. In 

order to explain this phenomenon, a 3D thermal transfer simulation program 

described in the previous chapter is useful to determine the temperature distribution 

over the SMF and hollow air-core PCF. Figure 6-4 and Figure 6-5 illustrate the 

temperature distributions in SMF, small single hollow core PCF (representing the size 

of air hole LMF-PCF or SPCFT) and large single hollow core PCF (representing the 
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size of air hole for NL-PCF or SPCFT). Based on these three images, it is obvious that 

the strength of backscattered beam is strongest for single air hole PCF, followed by 

large single air-hole PCF and the SMF has the weakest backscattered beam. The 

temperature on the uppermost layer of PCF exposed directly to the laser is lower than 

bottom layer of the PCF. 

In convection, heat transfer occurring by flow of gas or liquid is also affected by 

surface tension. With uneven temperature distribution, hotter surface fluid is pulled 

toward colder surface fluid. Figure 6-11 shows that the temperature distribution over 

the fiber cross-section is not uniform especially near to the fiber upper surface in the 

direction of laser beam. The deformation occurs only at the outer layer of air 

capillaries. The inner layer of air holes under the laser beam (or called active region) 

is compressed and deformed. The air hole deformation of PCF near to the surface of 

fiber perhaps is due to the rapid change of temperature or the surface tension driven 

convection (or called oscillation mechanism in the thermo-capillary flow) [168]. The 

non-symmetrical heat distribution is caused by the rise of heat flux that goes beyond 

the critical value and results the heat flow to be oscillatory. This type of convection 

has been explained as thermo-capillary convection by the team of NASA scientists 

[169]. The heat flow along the fiber length is called surface flow and the flow toward 

the heated region in the interior is called the return flow as shown in Figure 6-14. The 

fluid particles move back and forth in the azimuthal direction as the laser beam is 

scattered unevenly to the fiber's surface and cause the heat flow to be oscillatory. The 

heated region is relatively small and the fluid velocity is large, therefore the 

convection time scale in the region is small compared to the overall convection time. 

The small convection time causes the rapid change of surface flow in the heated 
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region, and the return flow would not respond immediately, therefore the surface at 

active region must deform first to generate sufficient pressure gradient due to this 

time lag of return flow. There is more heat transported out of the active region, so that 

the temperature outside the region increases and heat propagates towards the cold 

wall, driven by the radial temperature gradient near to the surface. This convection of 

hot fluid toward the cold wall is clearly seen in the image captured by the high-speed 

camera during the process of splicing. In Kamotani's oscillatory thermo-capillary 

[168] flows experiment in the open cylindrical container induced by CO2 laser 

heating, it is also explained that the surface deformation is due to time lag of return 

flow. The sizes of cylindrical container under test are 1.2cm to 2cm, which are very 

different from the optical fibers with diameter of 125u.m. For the small diameter of 

cylindrical optical fiber, the return flow of heat should not be an issue. However, the 

l~2u,m air holes spread over the LMA-PCF's cross-section may cause the reflection 

of impinging laser beam in the active region as a form of scattering loss. In the 3 D 

thermal transfer model, a single air hole at the center of the fiber (hollow core fiber) is 

used to simulate to propagation of heat energy within the fiber and determine the 

strong back-scattering (equivalent to return flow) with smaller air hole, the back-

scattered beam is stronger (Figure 6-14). Since LMA-PCF has many small air holes in 

the cross-section, the strong return flow causes rapid change of temperature near to 

the fiber surface. High ambient temperature results in high-pressure acting onto 

interface of the SMF and PCF. Only the air capillaries cannot withstand pressure, 

therefore the compression occurs in the air hole and a bending near to the fiber 

interface as shown in Figure 6-14. 

179. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Experimental Investigations, Results and Discussions 

Laser Beam 
scattering 

Laser 

SMF Hollow core fiber 
(it represents LMA-PCF) 

Figure 6-14 Inner-surface (air-holes) deformation at active region due to 
failure of the air capillaries to sustain the pressure caused by the rapid 
change of temperature near the fiber surface closer to the impinging laser. 
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Figure 6-15 Laser plasma speeds up heat flow and results in the further 
azimuthal shift of air hole deformation away from the center of beam 

The NL-PCF having large air holes would have weaker back-scattered beam in the 

direction of laser (Top-right image of Figure 6-15). As shown in bottom image of 

Figure 6-15, the plasma is generated at the center of NL-PCF with slight condensation 

in the splicing region and the growth of plasma accelerates the surface heat flow 

azimuthally. Therefore, the plasma travels azimuthally away from the laser beam and 

causes the deformation of air holes far way from the peak of laser beam spot. If the air 
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holes are condensed, the quick absorption of laser by the trapped liquid leads to 

inverses Bremsstrahlung (IB) effect. IB arises from electrons and further increases 

the laser absorption in the condensed medium. In the cascade ionization, the high 

laser power at the condensed fiber increases the density of electron cloud, and once 

plasma is damped it heats up rapidly. As the lasing time prolongs, the plasma shields 

the laser and the shift of fiber collapse is observed far away from the laser beam as 

shown in the shown in Figure below. 

CO2 LaserGaussion Beam 
slOum offset towards the SMF 

Gas atmospheric layer 

Temperature near to splice region is much 
higher than the vaporized temperature of 
the trapped liquid 

C02 Laser Beam 

Figure 6-16 Collapse of air holes far away from the peak of laser beam spot 
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6.4.4 Periodic Fringes Inside the Fiber Cross-section 

The study on the formation of lump at the spliced region caused by high laser 

irradiation is not our main objective; however it may worth reporting the results that 

we have obtained in this phenomenon that is observed during our investigations with 

laser splicing of PCF. 

Figure 6-17 (a) High laser power at the splicing region squeezes a silica 
lump (b) Cross section of PCF near the spliced region, (c) Magnified view 
of periodic fringes seen moving towards the center of the PCF 

As Wang et. Al [58] has reported that when a laser impinges onto the silica substrate 

coated with a thin layer of paint or gold, periodic parallel fringes and circular fringes 

appear on the upper surface of substrate. Similar phenomenon is also observed at the 

cross-section of NL-PCF near to the spliced region where the lump is formed. The 

main difference is the position of fringes, the ring of fringes on the substrate 

mentioned above propagates perpendicular to the direction of laser beam, whereas the 
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fringes in the cross-section of PCF is observed to be rippling along the direction of 

laser beam as shown in Figure 6-17. The period of fringes is almost equivalent to the 

radius of air-hole, hence we believe that it may be caused by the periodical 

microstructure of the PCF. According to some reported articles, the characteristics of 

fringes is dependent on the intensity of laser and the backside effect [58] caused by 

the strong reflection of the molten materials such as condensed silica, however, not 

much information has been provided on the above effect. We believe that the backside 

effect observed in our experiments is perhaps a type of reflective plasma acceleration 

created during the laser irradiation of the NL-PCF. With condensed PCF, the forward 

plasma acceleration is likely to be slower than the reflective acceleration; hence the 

depth of penetration by the laser appears to be limited even if the laser pulses are still 

continuously incident to the splice region. Strong reflective plasma acceleration is 

likely to occur during the fusion process to gradually push the molten silica upwards 

and hence a lump formation is observed above the fiber's surface. 
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 

This chapter presents the conclusion on the work done for this project and gives some 

recommendations for future work that may be undertaken for project upgrading, 

development and applications. The achievement of laser-splicing technique for 

splicing of photonic crystal fiber to standard single mode fiber shows great promise 

and we are optimistic about its potential for practical applications. 

7.1 Conclusion 

Optical fiber splicing is an essential process in the field of optical fiber 

communications and fiber-based products [20, 170, 171]. Most of the splicing work 

for joining of two fiber ends is commonly performed by electric arc fusion or epoxy 

injection technique and it is very rare to find the use of CO2 laser fusion technique for 

this purpose. CO2 lasers have been extensively used in material processing 

applications such as welding, soldering, and marking etc., and its potential for splicing 

of standard optical fibers has been realized, however, no serious efforts have been 

made to implement and deploy it commercially. As a result, the research activity on 

this topic has been scarce since early 90s. The advent of photonic crystal fibers leads 

us to put more attention on the laser splicing technique than the current electric arc 

splicing systems due to some limitations those have been observed with the use of 

electric-arc technique for splicing of SMF to PCF. 
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So far, no published work is found in the literature that presents work on the laser 

splicing of PCF-to-SMF and currently no such commercial system is available in the 

market. In 1999, one report demonstrated the measured splice loss of PCF to be 1.5dB 

[100] and another report showed the simulated splice loss of SMF-to-PCF to be 1.7dB 

[99], but no detailed description has been given on the practical methodology to 

achieve the splice. In 2004, B. Bourliaguet [172] was the first to present a detailed 

description on the practical aspects on the splicing of SMF and PCF using 

conventional electric arc technique. His approach was to use a low power electric arc 

with short pulses to join PCF to SMF with collapse of air-holes in the PCF at the 

spliced region. The collapse of air holes for the kind of PCF used in his experiment 

did not cause serious splice loss, but this technique is not always suitable or feasible 

to other types of PCF. Based on his paper, we further confirm that electric arc fusion 

causes the significant collapse of air holes and therefore the laser splicing technique is 

a better solution for splicing of various types of PCF. Some of the advantages for 

laser-splicing technique include localized heating by delivery of intense energy over a 

small area due to small beam diameter of the laser, precise control of laser power and 

uniform temperature distribution over the fiber cross-section. The melting 

temperatures of silica material in PCF and SMF are very close, but each of these 

fibers may need different laser power due to difference in their structure. In general, 

PCF needs lower laser power than SMF, and the amount of laser power for melting 

the fiber depends on the total volume of the air holes in the PCF - larger air hole 

needs lower laser power. In order to estimate optical lasing parameters for given 

fibers, a simple 1-Dimensional thermal transfer model has been established to 

determine the optimal laser power and laser exposure time. Laser exposure time can 

be reduced from few seconds to about a hundred milliseconds if the laser power 
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increases from 3.1W to 4.4 W. In the 1-D thermal transfer model, it is assumed that 

the air holes of PCF are transparent to CO2 laser and simulation results for laser 

power and laser exposure time are in agreement with the experimental results. Since 

there is only one laser source impinging onto end faces of the SMF as well as the 

PCF, the optimized solution is to offset the laser beam more towards the SMF than at 

the PCF. For splicing of LMA-PCF to SMF and NL-PCF to SMF, the theoretical 

simulation results show that the respective offsets should be of the order of 5 \xm and 

30p.m. 

The 3-D thermal transfer model represents an extension of 1-D model for analyzing 

the heat distribution over the fiber cross-section. The 3-D model simply depicts the 

thermal energy distribution for SMF and hollow core PCF as the laser beam runs 

across the fiber cross-section. The simulation shows that the back-scattered beam 

from an optical fiber with small single air hole may cause the rise of ambient 

temperature at the upper surface of the optical fiber. The rapid change of thermal 

conditions across the fibers causes collapse of the air holes near to the upper surface 

of PCF. Due to sudden changes in temperature, the air capillaries in LMA-PCF would 

not withstand the rise of ambient pressure on its surface; therefore asymmetrical 

deformation of air hole is observed. The deformation appears near to the surface of 

PCF and far away from the defect (or core) and may affect the splice loss. 

Some unique phenomena have been observed in the CO2 laser induced splicing of 

PCF. Splicing of two different types of fibers is considerably more complex than it 

may appear at a first glance. Extensive studies have been carried out to characterize 

the laser splicing parameters as well as to study the laser-silica interaction. The rate 

equation has been used for this purpose. 
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The laser-interaction in SMF and PCF depends on laser intensity and laser exposure 

time that gives rise to different electron densities. If the cascade ionization is higher 

than the rate of electron loss that would cause rapid absorption through inverse 

Bremsstrahlung effect if the electron density near to lO'Vcm3, plasma shields the laser 

beam when electron density exceeds the critical density at higher laser irradiance. 

Imaging witii high-speed camera in our experiments has been useful to further 

confirm the information about the optimum laser exposure time to achieve best 

possible splice results. 

Generally, for studies on laser dielectric interaction, YAG, excimer or He-Cd laser 

have been used. Laser with shorter wavelength (high photon energy) may easily cause 

multi-photon ionization or direct ionization in the dielectrics, and long wavelength 

CO2 laser has been rarely used for processing of high band-gap materials. However, 

CO2 laser is strongly absorbed by the silica material through photon-phonon 

interaction, and therefore is a good candidate for splicing of silica fibers. The generic 

rate equation has been used to analyze the electron density in silica (SiCh), hydroxyl 

group in Si(OH)4, and water content. It is more difficult to clear the moisture in the 

larger air holes, for example in the case of NL-PCF. Time resolved recorded images 

show that the rise of plasma begins from the hottest spot (i.e. center) of the fiber and 

spreads azimuthally away from the fiber interface towards the PCF. This is also 

partially due to the rise of electron density that forces the shielding plasma away from 

the laser beam. Therefore the deformation on the PCF does not occur directly below 

the laser beam, but at a distance away from the center of the beam spot. On top of 

this, the back-scattered beam brings the air hole deformation near to the fiber's upper 

surface, and such a similar deformation is also observed with NL-PCF in our 
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experiments. However, compare to LMA-PC, this deformation in NL-PCF is shifted 

farther away from the spliced region due to the plasma effect. 

For PCF splicing, the rapid heating by CO2 laser should effectively splice the fibers to 

minimize the deformation of air holes, hence further investigations may be useful to 

obtain additional process details. The development of laser splicing system is a multi-

disciplinary project, which involves work on electronic circuit design, image 

processing, computer interfacing, micro-alignment and laser technology. Additional 

studies on the heat transfer mechanism and the inverse Bremsstrahlung effect between 

CO2 laser and silica should be useful to further improve the characteristics of laser 

spliced PCF. 

7.2 Recommendations 

A complete laser splicing system [173], has been developed for splicing of standard 

single mode and photonic crystal fibers and this is shown in Figure 7-1. The splicing 

of LMA-PCF-to-SMF and NL-PCF-to-SMF has been successfully demonstrated. 

Considering variation and encounters during the progress of this project, the following 

recommendations are suggested for further improvements and modifications based on 

the limitations involved in this project: 

a) Laser Beam Shaping or Scanning at Different Laser Power Levels 

It may be possible to improve the results on splicing of SMF-to-PCF by using 

beam shaping or scanning of the CO2 laser as this may assist in satisfying the 

requirement of different laser intensities for two different types of fibers. The 
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beam size after reshaping must be small to ensure that only the small-spiced 

region is exposed to the laser (Figure 7.2). This should be beneficial especially 

for certain types of PCF such as the NL-PCF with thin strut width. Another 

possible approach to provide varying laser intensities to the spliced region is to 

rapidly scan a laser beam of smaller diameter (<50um) across the spliced region 

as shown in Figure 7-3. 

Figure 7-1 CO2 Laser Splicing System 
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C02 Laser 

Reshaped 
beam 

SMF 

Beam 
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Lens 
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Figure 7-2 Beam shaping may provide different laser intensities 
to different types of fibers 

CO2 Laser 

Laser head 

Scanning Line 
Beam 

SMF PCF 

Figure 7-3 Beam scanning to obtain varying laser intensities 
across different fibers 
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b) Tapered Core Fiber 

The MFD discrepancy between SMF and NL-PCF contributes to very high 

coupling loss and also introduces high misalignment loss among them due to its 

relatively small core diameter. To minimize this mismatch, it is best to introduce a 

tapered-core fiber as a buffer between SMF and PCF as shown in Figure 7-4. 

Currently only the tapered fibers and not the tapered-core fibers are available in 

the market. 

Figure 7-4 Tapered-core fiber can be used as a buffer to match the 
different mode field diameters between SMF and NL-PCF 

c) Powerful PC 

Based on the current capacity of personal computer (PC), the 3D thermal transfer 

model for hollow core fiber can only be simulated with minimum air hole diameter 

of 5um. For smaller air-hole diameter, the present PC fails to calculate the heat 

distribution over the cross section. A more powerful PC is needed to simulate the 

3D heat distribution for PCF. 
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d) Intensity fluctuation ofCC>2 laser 

The laser resonator determines the stability of laser beam. To reduce uncertainty in 

the splice results due the intensity fluctuations (typically 10%) of commercially 

available CO2 lasers, it is highly desirable to put additional efforts to improve the 

stability of the laser beam. 

e) Stand-alone System using micro-controller 

PC is not portable and it is not a cost effective for field usable laser-splicing 

system. A combination of micro-controller, miniature CCD cameras, and LCD 

screens powered by portable re-chargeable batteries is recommended to replace 

the PC based laser splicing system for field use. 

In summary, a complete laser splicing system has been developed and built that is 

suitable for the laboratory use. In future, with availability of better components for the 

imaging, laser control and alignment subsystems; the overall system can be fabricated 

with small size and improved performance. 
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Appendix A-1- C02 Laser Power Table 

Laser Power 

<%) First Trial (w) Second Trial (w) Third Trial (w) Average (w) 

l 0.01 0.01 0.01 0.01 

2 0.03 0.03 0.03 0.03 
5 0.42 0.41 0.40 0.41 

10 1.26 1.20 1.11 1.19 
15 2.20 2.20 2.20 2.20 

20 3.10 3.05 3.11 3.09 

25 3.75 3.83 3.93 3.84 

30 4.83 4.66 4.70 4.73 

35 5.53 5.60 5.58 5.57 

40 6.40 6.48 6.43 6.44 

45 7.05 7.03 7.17 7.08 

50 7.82 7.50 7.63 7.65 

55 8.07 8.57 8.27 8.30 

60 8.80 8.90 8.83 8.84 

65 9.03 9.16 9.60 9.26 

70 10.03 10.30 10.04 10.12 

75 10.38 10.72 10.89 10.66 

80 10.78 11.34 11.05 11.06 

85 11.09 11.60 11.59 11.43 

90 11.57 12.03 12.00 11.87 

95 12.96 13.00 12.73 12.90 

100 12.78 12.70 12.95 12.81 

14 -r 

12 -i 

. - 1 0 ^ 

0 
_2 (!) 10 20 30 40 50 60 70 80 90 100 

percentage 

Figure A - 1- Laser Power 
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Appendix A- 2 Imaging System 

Matrox Imaging Library Version 4.0 was used as a primary instrument for image 

processing in this project. It has various functions like character recognition, object 

detection, thresholding and digitizing that is applicable to most types of images. 

(a) Edge Detection 

Edges can be defined as pixel intensity discontinuities within an image. These may be 

different surfaces of the object, or perhaps a boundary between light and shadow 

falling on a single surface. The quality of edge detection is limited by what is in the 

image and are affected by noise present in an image. 

The simplest edge detector is a filter that is to take a weighted sum of pixels around 

the current pixel in order to determine its new value. This is termed Discrete 

Convolutional Filtering [177]. The filter mask (or kernel) that is used in the 

development of the imaging software (Alignment.exe) is a 3x3 "Sobel Templates" of 

the form 

for horizontal edge detection 

-1 -2 -1 

0 0 0 

and 

-1 0 1 

-2 0 2 for vertical edge detection. 

A diagrammatic illustration of Discrete Convolutional Filtering is shown below. 
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flew value = T I V H +T2 XI2 + T3-x-r3lf T4 
Template ,--''' 

J7--PT8X 18 + T9 x 19 
raeF-' a 

Image 

, 2 3 

4 5 6 

7 8 9 

xI6 

3x3 Sobel 
Template 

1 2 3 

4 5 6 

7 8 9 

Local image 
neighborhood 

Figure A-2: Discrete Convolutional Filtering 

The filter mask (kernel) is applied to every pixel in the image. It is easy to work out 

that in continous areas the above results in a total of zero and when the mask spans 

different colour values it sums to different values. The discrete convolution technique 

[9] can be written in the form: 

^ mn ' 2J 2J tim>n' \Jm-m\ n-n' 
m - -r n = -r 

where G' = convolved image, G = original image, H = kernel, m (or m') = row 

and n (or n') = column 
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In order to apply Discrete Convolutional Filtering using programming language C++, 

the image is first digitized using MilDigitizer( ) function and the geometry 

coordinates of the fiber image is stored into a 2D buffer array using MbufGet2d( ) 

function from Matrox Imaging Library. Both horizontal and vertical edges are found 

after the conversion of each image bits to a new value using the "Sobel" template. An 

example of edge detection image with strategic crosses marked is shown in Figure 6.2 

below. 

Figure A-3 (i) Core Profile Alignment Single mode fibers (ii) Cladding Profile 
Alignment for SMF to PCF 

(b) Image Thresholding 

In order to detect the edges of the fibers accurately and sharply, the image needs to be 

filtered to get rid of the effect of noise and to improve the signal-to-noise ratio. 
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Thresholding is a popular image segmentation method that converts a grey-level 

image into a binary image. By selecting a certain threshold value, and setting all pixel 

values below it to one (white), and all pixel values above it to zero (black), a black 

and white binary image can be obtained. 

The selection of gray-scale intensity used for thresholding is arbitrary and it can be 

controlled. It is hard to find a way for automatic selection of a good threshold value 

because this project deals with live images. However, the selection of the best 

threshold value can be quickly found manually by changing the buffer value of the 

filter from 0 to 255. 

The actual programming involves using Matrox Imaging Library function 

MimBinarize( ) which has 8 bits thresholding value (0 to 255) that is controllable. 

Examples of different threshold value of a two-fibers image are shown in Figure A-4. 

Figure A -4 Images for fiber profiles at different thresholds 
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Appendix A- 3: Thermal Parameters for Silica Fibre 

Diameter of fiber d, Temperature T is in Kelvin. 

Specific Heat, csp (unit is in 

-2x10 5 +T . _ „_•>/-,- _ „_.;\ 
csp = 0 0 ^ ^ T+1.7x10-3(T + 8x105) sp 23.1992+ T v > 

Convection heat transfer coefficient, h<-(>n>oc,i0„ 

K [o.OaS+O.iatog^vepATJ+O.OirioglvtPAT)]2] 

''convection — j "•' 

where 

K̂ r = 3.84 x 10"3 + 7.66 x 10"5T-1.54 xlO^T2 

(T-273.15/ \ . H--273.15/ \ 

y = 101x106e l / 5 0 7 )+43.5x106e l A™ 

Extinction coefficient, K\.U 

It determines the depth of radiation penetration being absorbed by fiber 

Kext=1.82x10-2+10.1x1(r5(T-273.15) 

Thermal Conductivity Ke (in unit of Wm"1 K"1) 

fT+379/ \ /T+379/ \ 

Ke = 0.78 - 0.054el /354J +0.165el Ao5> K 

Refractive index of silica fiber, n 

n = 2 ± 0.2 at wavelength X =10.6jj.m 
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Emissivity of cylindrical fiber, 8 

8 = 4.445xl0-2(x04859)-2.508xl0^(x,4859) + 7.593xl0-7(x24859) 

dxT 
where Y = 

A 500 

Density of fiber p i> 

PD = 2200kgm~3 
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Appendix A- 4: Three Dimensional Heat Transfer Model 

Three-dimensional heat equation is an expansion of one dimensional heat equation. 

(a) Rate of Energy Generation inside a Particle 

The flow of energy and direction of the electromagnetic wave propagation are 

represented by Poynting vector as 

s-ExH' \.\ 

Where the asterisk denotes the complex conjugate, E and H are complex electric and 

magnetic fields, respectively. 

Based on Maxwell's equation in frequency domain as 

VxH = -i(o(er + iei)E A-2 

Vx£ = /coui/ A-3 

The rate of energy change per unit volume can then be defined as 

V-s = V-(ExH') 

= / T - ( V X £ ) - £ - ( V X / / * ) A-4 

= iccyjH • H* - erE • E*)- cosrE • E* 

where sr and Ej are real and imaginary permittivity of the material. 

For convenience, we define the real and the imaginary permittivity for the particle as 

etr and Stf. The average rate of energy absorbed by the particle per unit volume is 
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Z A-5 

(b) Electromagnetic Field Strength inside an Infinite Length Cylinder 

As the rate of energy absorbed by the particle per unit volume is dependant on E and 

imaginary permittivity. Hence, it is necessary to obtain the electric field strength 

inside the fiber. J.P. Barton [175,176] shows the Internal and near-surface 

electromagnetic fields for an infinite cylinder illuminated by an arbitrary focused 

beam, and we extend his study to a layered cylinder such as optical fiber consists of 

core and cladding. 

The electromagnetic interaction of an arbitrary monochromatic focused beam with an 

infinite layered circular cylinder located within an infinite, non-absorbing surrounding 

medium is considered. The cylinder and the surrounding medium are individually 

homogeneous, isotropic, and nonmagnetic (u.= 1). An implicit time dependence of 

(e ) is assumed. The incident field (designated by the superscript i) is assumed 

known, and the electromagnetic fields within the layer (designated by the superscript 

I), the core (designated by the superscript w), and the electromagnetic field scattered 

from the particle (designated by the superscript s) are to be determined. 

The solution is formulated in cylindrical coordinates, (r,0,z), with thez-axis oriented 

along the length of the cylinder and the origin of the coordinate system located within 

the core and near the center of the particle. The layer, core, and scattered 

electromagnetic fields are expressed in terms of series expansions over products of 

cylindrical functions. The coefficients for the series expansions are then related to the 

known incident field by application of appropriate boundary conditions at the layer-
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external medium and core-layer interfaces. The boundary conditions are matched 

with a cylindrical coordinate version of the boundary-matching method first 

introduced in [176]. The boundary-matching method is best suited for the analysis of 

near-circular geometries that have no sharp corners. 

Important parameters for the analysis include the dielectric constant of the external 

medium (eexl); the complex relative refractive index of the layer («2 =yj£^/£ell ); the 

complex relative refractive index of the core ( r^ = yfel / £al ); the particle size 

parameter {2nal X^, where a is the characteristic radius of the outer particle surface 

and X^ is the external medium wavelength); and the various parameters associated 

with the propagation direction, polarization orientation, and general character of the 

incident field. The incident beam has a beam waist radius of co0 and a focal point 

location of(x0,y0,z0). 

i ̂  X 

*• —4—; 

1 r 

Figure A-l Laser beam strikes at arbitrary angle. 
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Within a source free, homogenous medium, both electric field E and magnetic field H 

are solenoidal and satisfy the vector Helmholtz equation: 

V2E + *2E = 0 A-6 

V2H + *2H = 0 A-7 

Following the approach of Stratton, independent solenoidal vector solutions M and N 

of the vector Helmholtz can be obtained from the scalar solution y/ of the scalar 

Helmholtz equation by the following vector operations: 

M = V x ( e ^ j A-8 

N = - V x M A-9 
k 

where Vfy + k2y/ = 0 

the cylindrical coordinates becomes 

r{ dr ) r2 dG2 a-2 dz2 

A separation of variables to equation (A-10) provides scalar Eigen functions if the 

form 

vM-ZAKrV-e*6 A-11 

where m is an integer index, -oo < m < QO and kr is related to kz by 

* 2 = * 2 - * 2 A-12 
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For bounded solutions, kz must be real, but otherwise -oo < kz < oo . The generic 

function Zm can be the cylindrical Bessel function of the first kind,7m the cylindrical 

Bessel function of the second kind, Nm, the Hankel function of the first kind, 

H^ = J* + iNm, or the Hankel function of the second kind, H^ = Jm -iNm. 

Vector eigen functions that correspond to the scalar eigen function given in equation 

(A-7) can be determined by use of equations (A-3) and (A-4). For the scattered field, 

e general expressions for the electric field is then 

E(l)(r,M=I 1 
om(kz)^(kz,r) 

+ft.(*,)Mi:>(*x,r) 
xe 

lk-z dk. ̂ e 
imtt A-13 

where 

M£>ft.r)-|i*«flJ>[if>r][P 

+ {-^iiff'^rp+IO]; 

^ ( M ^ T p r ^ ^ ? ^ ] } ; 

i f i 

+ 

^j-i-W?[UV]}9 

A-14 

A- 15 

In equations (A-14) and (A-15) the Hankel function of the first kind,//„ , is chosen 

for the radial function since, in the limit of large r, this function corresponds to an 

outgoing traveling wave, which is the appropriate form for the scattered-field 
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solution. An expression for the scattered magnetic field can be derived from equation 

(A-13), from H = -(z7£0)VxE with additional relationships 

VxM = *N and Vx N = AM: 

m=-ao 

Similarly for the internal field, 

I +bm(k,)rf?(k„r) 
xdk-2dk. t,n" A-16 

EW(r,M=Z J 
cm{K)^ {kz,r) 

+dm{k,)*t:\kt,r) 
xe,k'zdk. ?e 

inu) 

U^(r,0,z) = -i^£i 

r 

00 00 

z< J 
m=-co -co 

k 

cm{kt)*£:\k„r) ' 

+dm(kz)N^(k:,r\ 
xe *•' dk. re 

where 

A- 17 

A- 18 

MWft,r).|ita/.[*«r]j 

+H^[*J*P+[o]i 

N<;)(*I,r)=^{/^V.,[eV]}r 
1 I 1 

+ 
1 

-W.[*,W'] * 

iM^-W 

A- 19 

A-20 

In equations (A-19) and (A-20) the cylindrical Bessel function of the first kind, Jm, is 

chosen as the radial function for the internal field, since Nm is unbounded as r = 0. 
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Similarly for the layer field, 

Ew(r,<SU)=2 I 
+f.{k,)M<?(k„r) 

xe*''dk. >e 
M 

H<"(r,ft2) = - i» l > /* -I 

where 

1 
+/„(*2)N<;>(*z,r) 

+U*-K2>(*r,r) 
^a)N<:2>(^r)_ 

x e ' v 4 ' C 
imfi 

A-21 

A-22 

M?ft,r)« W.[*5°r] 

{-^Jm'[k^r]}e+[o]l 

Mi2)(kz,r)=\^imNm[^r]u 

+ {-^Nm[k?r]}e + lO] 

^\K,r) = ^\jm{k^fr 

1 
M {k^Jm[k?r]}l 

^o {*<'>X[*!'V]} 

A-23 

A-24 
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In equations (A-23) and (A-24) the cylindrical Bessel function of the first kind, Jm, 

and the cylindrical Bessel function of the second kind, Nm, are chosen as the radial 

function for the layer field, since Jm and Nm are bounded. 

The incident field E(i), H{i) (in this case, a focused beam) is assumed known. The 

unknown expansion coefficients for the scattered field, am(kz) and bm(kz) , the 

internal field, cm{kz) and dm{kz) and the layer field 

em(kz), fm(kz), gm(kz), and hm(kz) are determined by applying the boundary 

conditions associated with the continuity of the tangential components of the 

electromagnetic field at the surface of the circular cylinder and at the interface 

between internal and layer. At the layer-external medium interface, r = r2 

E^-E^ = E^\ A-25 

Ef -E? = Ei\ A-26 

//(')-//<*) =//<'>, A-27 

H^-Hls)=H{jK A-28 

At the internal-layer medium interface, r = rx 

E^-Ef=Q, A-29 

E(;]-Ef=Q, A-30 

HM-H{?=0, A-31 
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//<w)-//< ; )=0. A-32 

With use of general expansions of equations (A-13), (A-16), - (A-18), (A-21)„ and 

(A-24), equations (A-25) - (A-32) are each multiplied by e~ik'e~ime dzdO, integrated 

over the variable limits, -co < z < oo and 0 < 6 < 2n , and then matched mode by 

mode. The result is the following set of eight linear algebraic equations that, for each 

m, kz combination, can be used to solve for coefficients of the scattered field, 

am{kz) and bm(kz) , the internal field, cm(kz) and dm{kz) , and the layer field 

em(kz),fm(kz), gm(kz), and hm(kz). 

A-33 

-{*?'.{&*}/.&) -{k«Nm[kUr2]}hm(kz) A-34 

1 
+ k<'\ 

4i^^[«?>ra]kft)-C.ft)/(/V^) 
A-35 
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A-36 

A-37 

- y ^ A [^ijk (M-U^A. [*J°»i]|& ft) 

•{^V. ' [ ^ > . ft) +{5?^ t^Jft, ft) 

4^^A[^]}/ .(*J+|^<^[^]|^(^) 
-{^w)-/m

 ,[*J")»i]}c. ft)-(p^r*^w- [ * ^ ] k ft)=o 

A-38 

A-39 

A-40 
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where 
Appendices 

(2^-) oL-i 

M * * ) = 7 T V J )E'g{r2,0,z)e-^dz t~d0, 
\2n) o L-i 

C - ( * . ) = 7 T L T 1 )H[{r2,e,z)e-^dz e^dO, 
(2^r) oL-i 

A-41 

A-42 

A-43 

D-(*.) = 7r-Tj iHfaAzydz e-"dO, A-44 
(2*) o " 

(c) Laser Beam TEMooz Mode 

For a linearly polarized, fundamental Gaussian beam (i.e., a TEM00z mode beam), the 

incident electromagnetic field components required in equations (A-40 - A-44) can be 

determined from the fifth-order algebraic expressions given by [15] 

E] = E0{l + s2(-p2Q2 + ip'Q3-2^2Q2) 

+ sA[+2p*Q* -3//>605 - O V 0 6 

+ (8/>204 -Vp'tf)?]}^"2 

A-45 

K = -E0{s\-2QlZTi) + s4[{*p2Qt-2ip*&)fr]}V'oe-'C"1 A-46 
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+ s5[(-20p*&+l0ip('Q6
+p*Q1)t]}v,0e-i"2 

Appendices 

A-47 

H] =^E0{s2(-2Q2ZrJ) + si[(Zp2Q* -2ip<Q5)£r,]}y,Qe-*i°2 A-48 

H'y =-yfeE0{\ + s2(-p2Q2 +1^0 -2rj2Q2) 

+ s4[+2pAQ4-3ip6Q5-0.5p*Q6 

+ {*p2QA-2ip4&WWoe-ilsi 

/ / > ^ 0 W - 2 g 7 7 ) + 5
3[(+6p2e3-2/ye4)/7] 

+ s5[(-20p4Q5 +\0ip6Q6 +p*Q7)Tj]}v0e-K's2 

A-49 

A-50 

where 

(i \ 

s = 2n V ^ o y 

e=7rLi\>P = J?+*t>Q=-K2)' i + 2£ 

El = 
7^<»0

2(l + ^+1.554) 

A-51 

(d) TEMooy Mode 

For a linearly polarized, fundamental Gaussian beam (i.e., a TEM00 mode beam), the 

incident electromagnetic field components required in equations (A-41-A-44) can be 

determined from the fifth-order algebraic expressions given by [15] 
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+ s4[+2p4Q4-3ip6Q5-0.5p*Q6 

+ ^p2QA-2ip4Qi)42]}Woe-lih 

A-52 

E'z = E0{s2(-2Q2{r,) + s4[(Zp2Q4 -2i p4 Q^r,\}¥^ A-53 

+ 55[(-2(V>4£5 +10/>6e6 +p 8 0 7 ) ^ ]Ke^ / j 2 
A-54 

/ / > V 7 £ 0 { > $
2 ( - 2 e 2 ^ ) + 5 4 [ ( 8 p 2 e 4 - 2 / p 4 e 5 ) ^ ] } ^ ^ 2 A-55 

where 

+ 54[+2yo4e4-3/p6e5-O.5/9
806 

+ (8 / 7
2 e 4 -2 /p 4 e 5 )^ 2 ]}^ -/£/.^ 

H\ =-yJ7E0{s(-2QZ) + s3[(+6p2Qi -2ip4Q*)£] 

+ s5[(-20p4Q5+l0ip6Q6 +p*Q7)t]}y0e-KIS 

A-56 

A-57 

f 1 \ 

s = -2n \<°»J Oi0 O)0 

C = 77LT\>P = ylt2+i2>Q=-K2)' 
16//0P 

j + 2£ 

E2 = 0 ^ ^ ( I + ^ + L S * 4 ) 

A-58 
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Numerical Manipulation 

Even though the methods proposed by J.P. Barton to calculate the internal field in the 

single cylinder is simple and elegant, in practice the calculation is very tedious. Even 

more tedious is our model because there are two layered cylinder. 

In our model described above, there are 4 double integrations to calculate the value of 

Am (kz), Bm (kz), Cm (kz), and Dm (kz). There are 8 simultaneous linear equations 

involving Bessel functions to be solved to find am(kz) and bm(kz), the internal field, 

cm(kz) and dm(kz) , and the layer field em(kz), fm(kz), gm{kz), and hm{kz) . Then, 

there 6 summation and integration to determine the final ES,EW,E' and HS,HW,H'. 

All of the integration can not be performed analytically because the Gaussian Beam 

that we are using is very complicated. 

Using MATLAB, all of these steps could be accomplished within weeks. It takes so 

much time to calculate double integration as well as solving simultaneously 8 

equations involving Bessel functions. To reduce the time taken, a new approach has 

been taken. This approach is a very good approximation and can be completed in a 

few minutes using MATLAB. 

Am(k„m) = —-j-J \E'z{r2,0,z)e-k>*dz 
\2n) 

9dB A-59 

1 Am{k„m) = —j\ \E'z(r2,9,z)e'n^dz 
-iix—-e 

2z dO, 

(2*)2 V z l 2 , } {2TC)2 2n 2n 

A-60 
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where E' is the scaled Fourier transform. 

In MATLAB, Fourier transform is evaluated using discrete Fast Fourier Transform 

Algorithm which takes only a few second to accomplish. Similarly, we can find Bm 

(kz), Cm (kz), and Dm (kz) is similar manner. 

Using the same approach, the following summation and integration can be evaluated 

using inverse Fourier transform. 

E'{r,0,z)= ± )[am(k,)Nj'\k,,r)+bm(kt)Mj'\kt,r)xe^dz]e^ 

= t l a.(K)NjA&.rhK(K)M®(k..r)xea**> 

= Z-l[am(k2)Nj°\kz,r) + bm(kz)M^(k2,r)] 

7 ^X 

A-61 

Inverse Fourier Transform too can be evaluated in MATLAB using fast Fourier 

transform algorithm. 
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Appendix A- 5: Axial Offset between LMA-PCF and SMF 
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Appendix A- 6: Tilt Offset between LMA-PCF and SMF 
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