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1 Introduction 
 
The development of photonic crystal fibers (PCFs) and their large number of potential 
applications have attracted a lot of interest since the middle of the nineties [1]. Photonic 
crystal fibers are commonly referred to as microstructured fibers (MFs), microstructured 
optical fibers (MOFs) or holey fibers (HFs). The word microstructure refers to the cross-
sectional structure of the fiber that typically consists of a periodic high-index contrast 
structure of silica and air on the length scale of the wavelength. The aforementioned terms 
are often used to describe an index-guiding PCF in which light is confined to a high-index 
core surrounded by an air-silica cladding with a lower effective refractive index. Another 
type of PCF is called photonic bandgap fiber (PBF). These fibers guide light in a low-index 
core through the photonic bandgap effect [2, 3]. 

The unique manufacturing technology of PCFs allows for the precise tuning of the optical 
properties by changing the size, shape and position of the cladding holes. Photonic crystal 
fibers provide extraordinary dispersion properties [4], endlessly single-mode guidance [5], 
light guidance in air [6], an order of magnitude higher birefringence [7] and enhanced 
nonlinear effects [8] compared with conventional optical fibers. These special properties 
have led to the development of several applications in the fields of optical communications 
[9, 10], nonlinear optics [8, 11], sensing [12-15], high power technology [16] and optical 
metrology [17]. In particular, the presence of air holes in the fiber structure and the use of 
single fabrication material are useful, e.g., in many sensing and interferometric applications. 

Optical fibers always exhibit small birefringence due to mechanical stress even if they have a 
circularly symmetric design. Birefringence is usually an undesirable property of optical 
fibers. Nevertheless, in many sensing applications and in applications requiring light to 
maintain a linear polarization state, a high level of birefringence is often desired. In order to 
build reliable fiber-based sensors and devices it is also important to consider the influence of 
environmental factors on the fiber characteristics. In particular, when high temperature 
variations are present, temperature effects may limit the operation of, e.g., fiber-optic 
gyroscopes and polarimetric sensors. Photonic crystal fibers could be good candidates for 
applications requiring high, temperature insensitive, birefringence. The high refractive index 
contrast between silica and air and the possibility of introducing large asymmetries in the 
PCF structure can be exploited to provide strong form birefringence [7]. Moreover, the use of 
single fabrication material alleviates the constraints caused by the thermal and mechanical 
incompatibility of different solid materials. On the other hand, large-mode area PCFs with 
stress applying elements could be employed in polarization-maintaining high-power 
applications requiring single-mode operation. In order to find out the suitability of PCFs for, 
e.g., sensing applications, an accurate characterization of birefringence properties has to be 
performed.  

Large mode-area (LMA) PCFs [18] are particularly suitable for high-power applications. 
Furthermore, LMA-PCFs may prove to be useful in optical communications due to their 
endlessly single-mode operation and low nonlinearity. In contrast to sensing applications, 
fibers used in optical communications require low values of birefringence and polarization-
mode dispersion (PMD). Polarization-mode dispersion is related to the random behavior of 
birefringence in optical fibers and is one of the main limitations on the data transmission rate 
in high bit-rate communication systems operating over long distances. In order for the LMA-
PCFs to be useful in telecommunication applications, the polarization characteristics of such 
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fibers need to be carefully investigated. Moreover, as the optical and mechanical properties 
of PCFs differ from conventional optical fibers, the suitability of standard measurement 
techniques has to be assessed in the case of PCFs.  

One of the earliest applications of PCFs is supercontinuum (SC) generation [8]. When 
temporally short high power pulses are coupled into a nonlinear medium, the bandwidth of 
the pulses can experience substantial spectral broadening. The small mode areas available 
with PCFs together with the special dispersion properties have allowed for significant 
increase of the SC bandwidth. In some applications, however, properties such as high 
spectral power density could be desired. The power limitation encountered in narrow-core 
PCFs due to the strong field confinement can be alleviated by employing LMA-PCFs. These 
fibers also provide the advantage of being truly single mode at all wavelengths and exhibit a 
small numerical aperture resulting in a small output beam divergence. Although their 
nonlinearity is much lower compared to narrow-core PCFs, LMA-PCFs typically exhibit 
smaller OH-losses and, thus, allow for the use of longer fiber lengths to compensate for the 
lower nonlinearity. Supercontinuum light sources find applications in optical frequency 
metrology [17], characterization of optical components [19, 20], optical coherence 
tomography [21, 22] and in optical communications [23]. 

The unique microstructure of PCFs can be exploited in sensing applications [12-15]. By 
filling the holes of index-guiding narrow-core PCFs with gases, molecular species can be 
detected via evanescent-field effects using absorption spectroscopy [14]. Apart from sensing, 
this special property can be utilized to develop novel light sources. By exploiting both the 
evanescent-field effect and the high nonlinearity of narrow-core PCFs, it is possible to 
combine a broadband light source and a reference gas cell in a single PCF. Such sources 
could find applications for instance in broadband characterization of optical components and 
in calibration of measurement devices. 

Air-guiding PBFs [6] allow for a substantial improvement in the overlap between the guided 
mode and the gas compared with index-guiding PCFs, thereby, reducing considerably the 
length of the fiber needed. Such fibers are, therefore, better suited for gas sensing 
applications. Gas-filled photonic bandgap fibers provide also a possibility for realizing 
compact optical wavelength references. With the long natural interaction length of the PBF, 
weak absorption lines can be used without the need for cumbersome multi-pass absorption 
cells. Photonic bandgap fiber based references may find applications in calibration of optical 
measurement instruments and in monitoring channel wavelengths in wavelength division 
multiplexing (WDM) systems.  

In addition to an introduction to PCFs, the thesis consists of three parts. In the first part, the 
polarization properties of both birefringent narrow-core PCFs and LMA-PCFs are 
investigated. Furthermore, the temperature and wavelength dependence of the polarization 
characteristics is discussed. The second part deals with SC generation in LMA-PCFs and 
narrow-core PCFs using nanosecond laser pulses. The last part concentrates on gas 
spectroscopy applications employing PCFs.  
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2 Photonic crystal fibers  
 
Photonic crystal fibers are novel optical waveguides that possess a periodic microstructured 
cladding around a solid or hollow core in the plane perpendicular to the fiber axis. Due to 
their unique geometrical structure, these fibers can exhibit a large number of optical 
properties not obtainable in conventional optical fibers. In this Chapter, the history, 
classification, fabrication and optical properties of PCFs are shortly discussed. 

 
2.1 History 
 
The idea of producing optical fibers from single low-loss material dates back to 1970’s when 
Kaiser et al. reported the fabrication of microstructured air-silica optical fibers at Bell 
Laboratories [24]. The motivation for this work originated from the belief that the doping of 
the fiber core would cause undesirable effects such as stress at the cladding-core interface 
and would also limit the minimum attainable fiber loss [25]. Due to the technological 
development of doped optical fibers mainly within the area of optical communications, the 
single-material fibers were not developed much further. The tremendous progress of PCFs 
took place only during the last decade when the manufacturing technology (e.g. stack-and-
draw method) was advanced enough to allow for the precise fabrication of complex silica-air 
structures [1]. In 1995, Russell and co-workers proposed an optical fiber that would guide 
light in a hollow core using a photonic bandgap cladding [26, 27]. One year later, in 1996, 
the first index-guiding PCF with a periodic air-silica cladding structure was presented [1]. 
This was followed by the first experimental demonstration of a PBF with a honeycomb 
lattice in 1998 [28]. In such a fiber, light is guided in a core which has a lower effective 
refractive index than the cladding. In the honeycomb design, the majority of the mode energy 
is still located in silica. In 1999, the first air-guiding PBF with a triangular cladding structure 
was introduced [6]. Such fibers can guide more than 98% of the power in the air-regions of 
the fiber. Some important development steps and applications of PCFs are listed on Table 1. 

 
  
Table 1.   Important development steps of photonic crystal fibers.  
 

Year Milestones 

1973 Microstructured air-silica optical fiber [24] 
1987 Idea of photonic bandgap structure [2, 3] 
1995 Hollow-core fiber with photonic bandgap cladding proposed [26] 
1996 First demonstration of a MF with a periodic air-silica cladding [1] 
1998 First demonstration of a photonic bandgap fiber [28] 
1998 Large mode area microstructured fiber [18] 
1999 Air-guiding photonic bandgap fiber [6] 
1999 Supercontinuum generation in a microstructured fiber [8] 
2000 Highly birefringent microstructured fiber [7] 
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2.2 Classification 
 
Photonic crystal fibers can be divided into two classes, index-guiding fibers [1, 27] and 
bandgap-guiding fibers [6, 27, 28], based on the light guiding mechanisms. The classification 
is presented in Fig. 1 and the different guiding mechanisms are illustrated in Fig. 2. Silica 
(n≈1.45) is most commonly used as the fabrication material of PCFs. 
 

 

Photonic Crystal Fiber (PCF)

Photonic Bandgap Fiber (PBF)

Microstructured Fiber (MF)

High Numerical 
Aperture 

Large Mode Area

Highly Nonlinear

Random-Hole

Holey Fiber (HF)
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Bragg Fiber
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Bandgap-guiding Fibers

 
   Figure 1. Classification of photonic crystal fibers [25].  
 
 
The main classes can be further divided into several subclasses on the grounds of the fiber 
structure and the optical properties. Index-guiding PCFs have a solid core and a periodic [1] 
or a random arrangement [29] of air holes in the fiber cladding. The air holes lower the 
effective refractive index of the cladding compared with that of the solid core. This allows 
for the light to be guided by total internal reflection as in conventional optical fibers  
(see Fig. 2a). The second class of PCFs is referred to as photonic bandgap fibers. In the case 
of the PBF, the periodic cladding microstructure results in a photonic bandgap that confines 
light inside a hollow core or in a core made of material with a refractive index lower than that 
of the effective index of the cladding. As a consequence, light can be guided in a gas-filled 
core [6, 11] or even in a solid core [30]. The bandgap is a result of multiple Bragg reflections 
[6], which leads to the wavelength dependence of light transmission (see Fig. 2b). The 
fabrication and optical properties of both PCF types are discussed in the following sections. 
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n1
n2

n1
n2

 

n2
n1

n2
n1

Figure 2. a) Index-guidance, n1=1.45 (silica) and 
                     n2=1 (air). 

 b)   Bandgap-guidance,  n1=1.45  (silica)  and 
       n2=1 (air). 

 
2.3 Fabrication 
 
Photonic crystal fibers are usually manufactured from silica by employing a so-called stack-
and-draw method [1, 25] that typically consists of three steps. The first step, the fabrication 
of a preform, differs from the manufacturing process of a conventional optical fiber using, 
e.g., a modified chemical vapor deposition technique [31]. In the case of PCFs, the preform is 
fabricated by stacking silica capillaries or rods to form the desired fiber structure. A preform 
of an air-guiding PBF can be manufactured by removing 4 [32], 7 [33, 34], 19 [6, 35] or  
37 [36] silica tubes from the center of the preform whereas in the case of an index-guiding 
PCF the core is typically formed by replacing one of the capillaries with a silica rod. After 
the preform is made, it is drawn to a number of canes that can be employed to produce 
different sized fibers. Subsequently, a cane is drawn to the final fiber length using a drawing 
tower while maintaining the initial structure [25, 27]. To avoid the collapse of the air holes, 
the drawing temperature of silica PCFs (∼1900 °C) is slightly lower compared with the one  
(∼2000 °C) used for conventional silica fibers. Usually, a polymer jacket is inserted on the 
outer surface of the fiber in the end of the manufacturing process to give strength and add 
mechanical flexibility. A schematic picture of the fabrication process of an air-guiding PBF 
is shown in Fig. 3.  

Centimeters Few hundred microns

Preform Preform is drawn to 
a fiber at ∼1900 °C

Final fiber

Centimeters Few hundred microns

Preform Preform is drawn to 
a fiber at ∼1900 °C

Final fiber

 

Figure 3. Schematic picture presenting the fabrication process of an air-guiding PBF. 
 
The stack-and-draw method provides high design flexibility. The technique allows for an 
accurate design of the core shape and size (∼1-50 µm) and gives a precise control over the 
refractive index profile of the cladding. This is particularly important to obtain the desired 
dispersion, nonlinear and polarization properties. Photonic crystal fibers can also be 
manufactured from compound glasses by employing an extrusion technique or from 
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polymers by capillary stacking method, extrusion, casting or injection molding [25, 37-47]. 
Compared with silica, soft glasses can provide a higher refractive index and nonlinearity, a 
lower fabrication temperature and a broader spectral operation range. 
 
2.4 Optical properties 
 
Microstructured fibers have received significant attention due to their unique optical 
properties. More specifically, such fibers can provide special dispersion properties [4], 
enhanced nonlinearity [8] and higher birefringence compared with conventional optical fibers 
[7, 48]. Furthermore, the possibility of guiding light in air makes PBFs attractive for many 
sensing applications. The main optical characteristics of PCFs are shortly described below. 
 
Transmission loss 

The rapid development of the PCF manufacturing process over the past few years has led to a 
considerable improvement in the transmission characteristics of the fibers. Fiber loss can be 
reduced by enhancing the structural uniformity of the fiber in both transversal and 
longitudinal direction as well as by reducing material contamination and the surface 
roughness of the holes. The loss of the state-of-the-art index-guiding PCFs is 0.28 dB/km at 
1550 nm [49] whereas conventional single-mode fibers (SMFs) exhibit a loss of less than 0.2 
dB/km at 1550 nm. Air-guiding PBFs have potential to exhibit even lower losses than SMFs 
as most of the light is guided in an air core and, therefore, losses are not limited by Rayleigh 
scattering and silica absorption in the same way as in conventional optical fibers [35, 50-52]. 
A loss of 1.2 dB/km at 1620 nm has been reported for a 19-cell PBF [35] and a loss of 13 
dB/km at 1500 nm for a 7-cell PBF [33]. Although, the loss is still much higher when 
compared with the loss of SMFs, the pace of the loss reduction has been very fast for PBFs. 
In PBFs, losses are mainly caused by leakage loss, light scattering and coupling to surface 
and cladding modes while the limiting loss mechanism is surface capillary waves [35]. In 
addition to optical communications, the relatively low loss of PBFs could be beneficial in 
sensing applications requiring long optical path lengths. 
 
Dispersion 

Material dispersion refers to the wavelength dependence of the refractive index of material 
caused by the interaction between the light and ions, molecules or electrons in material [31, 
50, 53]. Apart from material dispersion, another important dispersion type in optical fibers is 
waveguide dispersion [31, 50, 53]. Waveguide dispersion depends among others on the core 
diameter and on the refractive index contrast between the core and the cladding. Generally, 
conventional optical fibers have dispersion characteristics close to the material dispersion of 
silica due to their small waveguide dispersion resulting from a low index contrast between 
the core and the cladding.  

In contrast, PCFs offer new possibilities for dispersion control due to their tailorable 
waveguide dispersion. The dispersion profile of PCFs can be tuned by changing the pitch (Λ) 
and the air-hole size (d). The effect of waveguide dispersion is particularly strong for PCFs 
with a high air-filling fraction (d/Λ) and small dimensions. By properly choosing the 
structural parameters, the zero-dispersion wavelength (λZD) can be shifted from the near 
infrared to visible wavelengths [4]. It is also possible to obtain very high dispersion values 
which are of interest in dispersion compensation [54-56] as well as nearly flat dispersion 
profiles with low dispersion values [57-59]. Furthermore, for an appropriate choice of the 
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pitch and air-hole size, PCFs can exhibit two λZDs [60]. For illustration, the dispersion profile 
of a SMF and three PCFs [P2, P4] employed in the thesis are presented in Fig. 4. The profiles 
of PCFs were calculated using a beam propagation method [61]. The dispersion profile of the 
10.8 µm core PCF is close to that of the SMF whereas the 2 µm core PCF exhibits a λZD at 
the visible and near infrared regions due to high waveguide dispersion. Dispersion causes 
temporal broadening of a pulse traveling along a fiber as the different spectral components of 
the pulse propagate at different velocities [50]. 
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Figure 4. Calculated dispersion profile for a standard SMF, a 2 µm core (Λ=1.4 µm, d/Λ=0.65),

a 3.2 µm core (Λ=2.1 µm, d/Λ=0.45) and a 10.8 µm core (Λ=7.1 µm, d/Λ=0.45) PCF.  
 
Birefringence and polarization-mode dispersion 

Birefringence in optical fibers results from small variations in the cylindrical symmetry of 
the fiber and from asymmetrical stress distribution [50, 53]. Due to the local fluctuations in 
the core shape and stress distribution in the fiber, birefringence changes randomly along the 
fiber. This phenomenon is commonly referred to as polarization-mode dispersion [50, 53] 
and can limit the data transmission in long distance high bit-rate communication systems.  

The large refractive index contrast of PCFs enables high form birefringence whereas the 
unique manufacturing process gives a precise control over the cross-sectional index profile. 
The birefringence in PCFs is usually based on the asymmetrical shape of the core or the 
cladding microstructure [7, 48] and birefringence of more than an order of magnitude higher 
compared with conventional optical fibers has been reported [54]. Moreover, the 
birefringence in PCFs is robust against temperature variations due to the single fabrication 
material. This unique property can be exploited in, e.g., gyroscopes, interferometers and 
polarimetric sensors. Furthermore, it is possible to induce stress birefringence in PCFs, which 
allows for the realization of polarization-maintaining single-mode large-mode area fibers. 

Nonlinearity 

The manufacturing process of PCFs allows for the fabrication of fibers with a very small core 
diameter (∼1-2 µm) and a high air-filling fraction. Consequently, the propagating modes can 
exhibit very small effective mode areas compared with conventional fibers [62-64]. As the 
magnitude of the nonlinear coefficient is inversely proportional to the mode area [31], 
narrow-core PCFs can exhibit high nonlinearities [63]. The high nonlinearity combined with 
the special dispersion properties of PCFs provides new possibilities in nonlinear optics. 
Furthermore, the mode area of PCFs can be wavelength dependent. This can be exploited in 
the realization of wavelength dependent nonlinear effects [65]. On the other hand, PCFs with 
a large mode area [18, 66] and, thus, low nonlinearity have also been reported. 
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3 Polarization properties of microstructured fibers 
 

The polarization characteristics of optical fibers play an important role in, e.g., optical 
communications and measurement science. In various sensing and device applications, a high 
degree of birefringence is often desirable whereas in optical communications it is necessary 
to employ fibers exhibiting low birefringence and polarization-mode dispersion (PMD). 
While the polarization properties of conventional optical fibers have been studied thoroughly, 
increasing attention has only recently been turned towards the polarization effects in photonic 
crystal fibers [7, 48]. Furthermore, the special structure and properties of such fibers may 
prevent the use of conventional measurement techniques to evaluate the amount of 
birefringence and PMD [7]. 

In the first and second section of this Chapter, the polarization properties of optical fibers and 
the traditional measurement methods commonly employed are shortly discussed. The third 
section introduces different techniques used to induce birefringence in standard optical fibers 
and microstructured fibers. Furthermore, the polarization characteristics of narrow-core and 
polarization-maintaining large-mode area MFs are discussed. The last section of this Chapter 
deals with the PMD of large-mode area MFs.  

 
3.1 Birefringence and polarization-mode dispersion 
 
Birefringence 

In general, optical fibers possess two orthogonal polarization modes [50, 67]. In an ideal 
optical fiber with a perfectly circular core, these modes are degenerate and their propagation 
constants are equal. In practice, geometrical asymmetries and non-uniform stress distribution 
lift the degeneracy. As a result, the polarization modes have different propagation constants 
and group velocities. In a uniformly birefringent fiber, the polarization modes correspond to 
the fast and the slow birefringence axes of the fiber. The axis with the larger/lower mode 
index is called the slow/fast axis. Consequently, the mode with a propagation constant βs, 
corresponding to the slow axis of the fiber, possesses a smaller group velocity than the one 
corresponding to the fast axis (βf). The modal (phase) birefringence is defined as the 
difference between the propagation constants or mode indices of the slow and the fast 
polarization mode [50, 68] 

 
( )

n
c

nn fs
fs ∆

λ
πω

βββ∆ 2=
−

=−= , (1) 

where ω is the angular frequency of the light, c  represents the speed of light in vacuum, ∆n 
is the difference between the mode indices of the orthogonally polarized modes and λ 
denotes the wavelength of light in vacuum. Other important parameters describing the 
polarization properties of an optical fiber are beat length, differential group delay and PMD. 
The beat length (Lb) is the distance over which the two orthogonal polarization modes 
experience a relative phase change of 2π [50, 69] 

 n∆λβ∆πLb == 2 . (2) 
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The phase delay between the polarization modes (∆τp) can be presented using the definition 
of the beat length as 

bcLLcnLp λ∆τ∆ == , (3) 

where L denotes the fiber length. For a typical SMF with a beat length of 25 m, a value of 
∆τp normalized with a fiber length L is ∼0.2 fs/m at 1550 nm. 

Differential group delay 

The difference between the propagation constants of the polarization modes is associated 
with a difference in the group velocities (νg=(dβ/dω)-1). As a consequence, the modes split as 
they propagate through a birefringent section with a length, L. The time separation between 
the modes (∆τg) is referred to as differential group delay (DGD) and is defined as [50, 67] 
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Alternatively, DGD can be written in terms of the phase delay as 
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Figure 5 illustrates the splitting of a pulse in a birefringent fiber when a linear input 
polarization state is at an angle of 45° to the slow and fast axis. At the input, the electric field 
of the light resolves into two polarization modes which then separate due to birefringence. 
  

∆τg

Fast axis

Slow axis

∆τg

Fast axis

Slow axis

 
Figure 5. Influence of birefringence on pulse propagation in a polarization-maintaining fiber when 

both axes are equally excited with a linear input polarization state. 
 
Polarization-mode dispersion 

The birefringence in optical fibers changes randomly due to variations in the core size and 
stress distribution in the fiber. In a long optical fiber, the birefringence is associated with 
random polarization mode coupling [67-76]. Such a fiber can be represented as a 
concatenation of random length fiber sections with randomly oriented principal axes of 
polarization and varying degree of birefringence [53]. Figure 6 presents the principle of 
polarization mode coupling in the case of two sections A and B. In long fiber spans, coupling 
is repeated a large number of times along the fiber length. A short light pulse exciting both 
the fast and slow polarization mode of the section A is coupled to the fiber. After propagating 
through the first uniformly birefringent fiber segment, the polarization modes are split. At the 
output of the fiber section, the electric field of the modes is projected onto the polarization 
modes of the subsequent segment [53]. The local birefringence in the second section then 
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causes the modes to split apart as can be seen in Fig. 6. As a result of randomly changing 
birefringence and polarization mode coupling, the light pulse broadens with propagation. 
This phenomenon is commonly referred to as polarization-mode dispersion (PMD) [67-77]. 
As differential group delay varies randomly with time, temperature and wavelength, PMD 
must be treated statistically [53, 70, 74, 77]. Generally, PMD is expressed as either the mean 
DGD (〈∆τg 〉) or the root-mean-square value of the DGD (〈∆τg

2 〉1/2) over a particular 
wavelength range of interest. These are related by [53]  

 .τ∆πτ∆ g

/

g 8
3212 =   (6) 

In long optical fibers with strong mode coupling, PMD increases with the square root of the 
fiber length whereas in short fibers it is directly proportional to the fiber length [31, 73]. 
Polarization-mode dispersion is commonly characterized by a PMD coefficient given in units 
of ps/km1/2. 

Mode coupling

Birefringent section A Birefringent section B

Mode coupling

Birefringent section A Birefringent section B  
Figure 6. Effect of birefringence and polarization mode coupling to pulse propagation. Dashed 

line represents the slow polarization mode and the solid line the fast mode of the 
section A and B.  

 

3.2 Measurement of birefringence and polarization-mode dispersion 
 
Various techniques have been developed to measure birefringence and polarization-mode 
dispersion in optical fibers. The measurement techniques and devices employed in the thesis 
(optical frequency-domain reflectometer, Jones Matrix Eigenanalysis, fixed analyzer method, 
twist method) are shortly introduced in this section [P1, 53]. Furthermore, the effect of a 
limited measurement bandwidth on the accuracy of PMD measurements is discussed. Special 
care has to be taken in the selection of the measurement methods as it has been shown that all 
conventional measurement techniques do not work properly with MFs [7]. 
  

Optical frequency domain reflectometer 
 
A polarization-sensitive optical frequency-domain reflectometer (OFDR) is based on a high-
resolution coherent reflectometric technique which is used to evaluate the Lb of the fiber [78, 
79]. A beat signal between distributed reflections from a fiber under test and a fixed Fresnel 
reflection from a local oscillator is detected while the frequency of the laser is swept in linear 
steps. This allows for mapping the measured beat frequencies on a distance scale and, 
subsequently, determining the fiber reflectivity at a given distance. In a birefringent fiber, the 
polarization state of the light changes periodically as the light propagates along the fiber. 
This change translates into oscillations in the detected signal. One oscillation period 
corresponds to the Lb. When compared with an optical time domain reflectometer, the OFDR 
provides a higher spatial resolution, sensitivity and dynamic range. The precision of the 
OFDR measurement is ∼1 %/8 % for fibers with low/high polarization mode coupling [79]. 
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Fixed analyzer method 

In the fixed analyzer (FA) method, light from a broadband or a tunable narrowband source is 
coupled into a device under test (DUT) through a polarizer [53]. Subsequently, the output 
spectrum after the DUT and another polarizer referred to as an analyzer is measured with, 
e.g., an optical spectrum analyzer. As the polarization states for different wavelengths evolve 
in different ways along the fiber, the measured transmission spectrum typically exhibits 
peaks and valleys. The mean DGD can be calculated from the number of extrema within the 
spectrum when the mode-coupling factor k (k=1 for weak coupling and k=0.824 for strong 
coupling) is known [53]. The k-factor describes the wavelength dependence of the principal 
states of polarization. Detection of the output polarization with a polarimeter makes the 
measurements less sensitive towards the changes of optical power and launch polarization. 

Jones matrix eigenanalysis 

The Jones Matrix Eigenanalysis (JME) technique [53, 75] typically employs a tunable laser, 
a polarizer, a polarimeter and a computer to calculate the Jones matrix of the DUT. A 
polarized signal can be represented as a Jones vector, which describes the amplitude and the 
polarization state of the signal. The Jones matrix can be obtained from the response of the 
DUT to three polarization states. It relates the input and output Jones vectors together and 
characterizes the polarization transforming characteristics of the DUT to within a complex 
constant that represents the absolute propagation delay. The absolute delay is not involved in 
the determination of the DGD. The DGD at a certain wavelength can be obtained by solving 
the eigenvalues of the matrix product given in Ref. 75. The JME technique provides a higher 
accuracy and dynamic range (∼1 fs-1000 ps) compared with the FA method (∼0.05-400 ps). 

Twist method 

The twist method [80, 81] utilizes the JME technique to measure DGDs at the different twist 
rates of the fiber and, as a result, provides both the phase and group birefringence for an 
untwisted fiber. Twisting the fiber induces circular birefringence and mode coupling between 
the polarization modes. For low twist rates, the coupling leads to a drop in the DGD, whereas 
the DGD starts to increase again for large twist rates as the additional circular birefringence 
becomes dominant. For this method to be practical, the Lb should be within ∼5 mm to 1 m. 

Measurement limitation of polarization-mode dispersion 

The intrinsic PMD measurement limitation stems from the fact that the DGD is a statistical 
quantity due to random mode coupling and variations in local birefringence. The value of the 
DGD is wavelength sensitive and DGD at one wavelength changes over time due to varying 
environmental conditions. A finite measurement bandwidth imposes a limitation on the 
accuracy of the PMD measurements. The measurement limitation common for all the 
measurement methods that average DGD over a wavelength range can be expressed as [74] 

 )901(
ω∆PMD

.PMDPMD
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±⋅= ,    (7) 

where PMDmeas denotes the measured PMD value, PMDtheo is the theoretical mean PMD and 
∆ω the measurement bandwidth. Consequently, for a small PMD value, the employed 
measurement range needs to be sufficiently broad in order to determine the PMD precisely. 
The accuracy of modern commercial measurement instruments is close to the 
abovementioned theoretical limitation. 
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3.3 Birefringent microstructured fibers  
 

The hexagonal cladding structure of MFs should not allow for inherent birefringence due to 
symmetry constraints [82]. In practice, as is the case with conventional optical fibers, the 
fiber structure is always to some degree asymmetric leading to local birefringence. Moreover, 
the flexibility in the design of MFs offers the possibility of manufacturing structures that 
exhibit high degree of birefringence. In this section, the methods utilized to induce 
birefringence in optical fibers are briefly introduced. Subsequently, the polarization 
properties of narrow-core and stress-birefringent MFs are discussed. It is shown that the 
birefringence characteristics of these fiber types can be qualitatively different in comparison 
with conventional optical fibers and, consequently, special attention is required when 
predicting the polarization properties of MFs. 
 

Polarization-maintaining conventional and microstructured fibers 
 
Several techniques can be applied to induce form and stress birefringence in optical fibers  
[31, 50]. The most commonly used methods are either based on an elliptical core design or 
on stress applying parts positioned in the cladding close to the fiber core [83-85]. In the first 
case, the degree of birefringence depends on the square of the refractive index difference 
between the core and cladding and on the core size and ellipticity [86] whereas in the latter 
case it depends on the stress-optic coefficient of the fiber material and on the position, shape, 
size and material of the stress elements [84, 85]. In Fig. 7, schematic pictures of a) form- and 
b, c) stress-birefringent fibers are illustrated. In general, conventional polarization-
maintaining fibers exhibit phase birefringence (∆n) on the order of ∼ 10-4 [50]. Such fibers 
are commonly used in applications requiring light to preserve a linear polarization state. 

 

The stack-and-draw method and the high refractive index contrast between silica and air 
allow for the fabrication of highly birefringent MFs [7, 48, 54, 87]. To date, the highest 
reported values for phase and group birefringence are 4.5⋅10-3 and 7.5⋅10-3, respectively [54]. 
Different MF designs with elliptical cladding holes [88], an asymmetrical core [48, 89], 
different sized cladding holes adjacent to the core [7, 87, 90] and hybrid material MFs with 
tunable birefringence [91] have been proposed and demonstrated. While these fibers exhibit 
high birefringence, they also possess a relatively small core size that causes a power 

Slow axis

Fast axis

Stress Applying regionsElliptical core

a) b) c)

Slow axis

Fast axis

Stress Applying regionsElliptical core

a) b) c)

 
Figure 7. Polarization-maintaining optical fibers: a) elliptical core, b) Panda and c) Bow-tie fiber. 



 13 

limitation and makes the use of the fibers difficult. A combination of a large-mode area and a 
relatively high birefringence (∆n≈10-4) can be obtained by employing MFs with stress 
applying elements [92, P1]. Such a fiber can also provide single-mode operation over a wide 
wavelength range. In addition, PCFs that guide only one polarization mode of a light signal 
have been realized [93]. Moreover, the birefringence in single-material MFs is resilient 
towards temperature changes making them good candidates for sensing applications [P1, 94]. 
Optical microscope images of a stress-birefringent and an elliptical core MF are shown in 
Fig. 8. The polarization properties of PBFs [96] are beyond the scope of this thesis and only 
the properties of index-guiding MFs will be discussed in the following.  
 

                       

Figure 8. Cross-section of a MF with stress applying parts (left) [P1] and an elliptical narrow-core 
MF (right) [95]. In both cases the slow axis is oriented horizontally. 

 
Group and phase birefringence in microstructured fibers 
 
In the presence of strong form birefringence, differential group and phase delays have 
typically different values although at a specific wavelength they can be of the equal 
magnitude [81]. On the other hand, in the presence of large stress-induced birefringence, the 
differential group and phase delays are of the same magnitude and their ratio is nearly 
constant with wavelength [81]. Consequently, the ratio of group and phase birefringence can 
indicate whether the birefringence is due to form or stress contributions. In particular, MFs 
are known to exhibit accidental form birefringence and strongly wavelength dependent 
optical characteristics and, therefore, the usual assumption of equal group and phase 
birefringence in optical fibers may not always be true for MFs. To date, only a few 
experimental studies of the polarization properties of MFs including results on both the 
differential group and phase delay have been reported [e.g. 81, 97, 98]. As is shown later in 
Section 3.4, it is possible to manufacture LMA-MFs with low birefringence and PMD [P2]. 
However, it is more complicated to obtain low birefringence in narrow-core MFs as they 
easily suffer from rather strong unintentional form birefringence. This arises as a result of 
accidental geometrical imperfections occurring during the fiber fabrication.  

In Paper P1, the phase and group birefringence of narrow-core MFs with unintentional 
birefringence and PANDA MFs were investigated and compared with that of a standard 
PANDA fiber. The same type of boron-doped silica stress elements were used in all PANDA 
fibers. Also, the robustness of birefringence to changes in environmental conditions was 
studied. The differential phase delay (∆τp) and group delay (∆τg) of Eqs. (3) and (4) 
normalized with the fiber length were used to evaluate the corresponding type of 
birefringence. Table 2 summarizes the characteristics of the fiber samples and gives the 
corresponding ratios of differential group to phase delay at a wavelength of 1550 nm.  
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Table 2.  Characteristics and ratio of normalized differential group to phase delay @ 1550 nm for 
                 narrow-core and PANDA MFs. d: air-hole diameter and Λ: pitch.  

 

 MF-1 MF-2  PANDA-1 PANDA-2 PANDA-3 Standard 
 PANDA 

Core size [µm] 2 3.5 4.9 7 9.1 10.5 
Λ [µm] 1.4 2.3 3.2 4.4 5.9  
d/Λ 0.6 0.4 0.48 0.48 0.48  
∆τg, n / ∆τp, n 0.38 1.27 1.61 1.30 1.09 1.1 

 

All the studied MFs were found to exhibit strong phase and group birefringence although 
their birefringence was lower compared with a standard PANDA fiber [P1]. In most cases, 
the ratio of differential group to phase delay differs from one indicating the presence of form 
birefringence [81]. A ratio close to one was only found for the standard PANDA fiber and 
the largest PANDA MF suggesting that the contribution of form birefringence is very small 
in these fibers. This is consistent with the fact that the influence of accidental form 
birefringence decreases with increasing core size [99]. As a matter of fact, one observes a 
monotonic decrease in the ratio of differential group to phase delay with increasing core size 
for PANDA MFs. The results illustrate the difficulty in fabricating narrow core MFs with a 
low accidental form birefringence and that the commonly used assumption of equal group 
and phase birefringence does not always hold in the case of MFs. Consequently, special care 
has to be taken when predicting the birefringence characteristics of MFs. 

Wavelength dependence of polarization characteristics 
 
In order to investigate the presence of form birefringence in more detail, the wavelength 
dependence of birefringence was studied in Paper P1. The differential phase delay of narrow-
core MFs was observed to increase nearly linearly with wavelength, which agrees with other 
experimental and numerical results [e. g. 97, 99-103]. However, the wavelength dependence 
of the DGD was different for the narrow-core MFs. For the 2 micron core MF, the DGD 
decreased with wavelength whereas for the 3.5 micron core MF it increased with wavelength 
indicating that the delays strongly depend on the fiber geometry. For the largest PANDA MF, 
the wavelength dependence of the differential group and phase delays was small and the 
delays were of equal magnitude. In contrast, for the smallest PANDA MF, the DGD was 
observed to increase with wavelength and its magnitude was different from the value of the 
differential phase delay. 

The ratio ∆τg, n/∆τp, n is plotted in Fig. 9 as a function of wavelength for two narrow-core and 
PANDA MFs. In the case of the narrow-core MFs and the smallest PANDA MF, the ratio 
differs from one and changes significantly with wavelength indicating the presence of form 
birefringence. The ratio is close to one and nearly constant with wavelength only for the 
largest PANDA MF. As a consequence, such a fiber seems to be more suitable for 
applications requiring a small wavelength dependence of birefringence. The results indicate 
that the largest PANDA MF exhibits similar polarization properties as a standard PANDA 
fiber while it is expected that the smallest PANDA MF is subject to some amount of form 
birefringence and, thus, its polarization characteristics are somewhere between the narrow-
core MFs and standard PANDA fibers. 
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Figure 9.  Ratio of normalized differential group to phase delay as a  function of  wavelength  for    

a) narrow-core  and b) PANDA MFs. 

Temperature dependence of polarization characteristics 
 
In polarization-maintaining applications and polarimetric fiber sensors, it is important to take 
into account the sensitivity of the polarization properties to changes in environmental 
conditions. In particular, temperature fluctuations can affect the stability of many fiber-based 
systems. In contrast to conventional optical fibers, MFs fabricated from a single material do 
not suffer from a temperature sensitive internal birefringence resulting from the different 
chemical compositions of the core and the cladding. The small temperature dependence of 
the birefringence results mainly from a change in the effective refractive index difference 
between the core and the cladding [101, 102]. The refractive index of the core grows more 
rapidly with temperature than the effective index of the cladding that is influenced by the 
refractive index of air. In the case of PANDA fibers, birefringence is introduced by placing 
two boron-doped silica stress parts, with a larger thermal expansion coefficient than that of 
silica, outside the holey cladding. The birefringence arises from a stress field which is 
induced while the fiber is cooled during the fabrication. These fibers are, therefore, more 
sensitive to temperature variations. 

The dependence of the phase birefringence on the temperature can be quantified through the 
parameter KT =∂(∆β) /∂Τ whereas the temperature dependence of the group birefringence can 
be characterized by Kτ=∂(∆τg) /∂Τ  [P1]. The values of KT and Kτ normalized with ∆β (phase 
birefringence in radians) and ∆τg can be used as the figures of merit for the temperature 
dependence of the phase and group birefringence, a smaller value corresponding to a less 
temperature sensitive birefringence. The normalized values of KT and Kτ for a narrow-core 
MF and different PANDA fibers are presented in Table 3. 

Table 3.  Normalized temperature sensitivities of phase birefringence (∆β) and differential 
 group delay (∆τg) @ 1550 nm. 

 
 MF-1 PANDA-1 PANDA-3 Standard 

 PANDA 
KT /∆β [1/K] 1.66⋅10-5 -1.65⋅10-3 -1.38⋅10-3 -1.37⋅10-3 
Kτ  /∆τg [1/K] 1.2⋅10-4 -1.47⋅10-3 -1.44⋅10-3 -1.3⋅10-3 
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Compared with the PANDA fibers, the relative temperature sensitivities of the phase and 
group birefringence for the narrow-core fiber are smaller by a factor of 100 and 10, 
respectively. Furthermore, the relative change of the differential group delay with 
temperature is roughly seven times larger than that of the differential phase delay in the 
narrow-core fiber. The normalized KT values are almost identical for the three PANDA 
fibers. This can be explained by the fact that the same type of stress elements are used in all 
these fibers leading to an equal change of stress with temperature. Although the birefringence 
resulting from the asymmetric stress field differs among the fibers, its relative change with 
temperature remains the same. Also, the normalized Kτ values for the PANDA fibers are of 
the same magnitude. The results show that narrow-core MFs are promising candidates for 
temperature insensitive sensor and interferometer applications [101, 104, 105] whereas 
single-mode LMA PANDA MFs could be useful in polarization-maintaining high-power 
applications which do not possess so strict temperature requirements [106]. 
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3.4 Polarization-mode dispersion of large-mode area microstructured fibers 
 

Improvements in manufacturing technology have allowed for the fabrication of long MFs 
with a uniform structure and low loss at the optical telecommunications window [10, 49]. 
This progress has made MFs attractive candidates also for optical communications. In 
particular, the possibility of fabricating endlessly single-mode LMA-MFs is interesting from 
many aspects [5, 18, 107, 108]. For example, the large core area reduces the risk of material 
damage and the impairments arising from various nonlinear effects [16]. Larger dimensions 
allow also for a better control of the microstructure during the manufacturing process and 
reduce the possibility of accidental birefringence which is likely to occur for smaller size of 
the structure. In long optical fibers, local birefringence is combined with random polarization 
mode coupling leading to PMD. In particular, fibers exhibiting low birefringence and PMD 
are required in high bit-rate communication systems operating over long distances. 

In Paper P2, the PMD and birefringence of LMA-MFs were studied using the measurement 
techniques described in Section 3.2 [53, 68]. Table 4 shows the fiber characteristics. The 
ratio of the hole diameter, d, to the pitch of the structure, Λ, is in the range of 0.45-0.50 for 
all the fibers, which ensures single-mode guidance from visible to infrared wavelengths 
[108]. The intensity profiles of the fundamental mode propagating in LMA-MFs simulated 
using a beam propagation method (BPM) [61] are shown in Fig. 10 for a wavelength of 1500 
nm. The simulations show that the fundamental mode is well confined within the core for all 
the fibers. Therefore, it is expected that the symmetry of the innermost cladding-hole ring has 
the greatest impact on birefringence. 

Table 4. Properties of LMA-MFs @ 1550 nm. Λ: pitch, Lb: beat length, λZD: zero-dispersion wavelength. 
  

 LMA-1 LMA-2  LMA-3 
Core size [µm] 10.8 14.8 19.4 
Λ [µm] 7.1 9.7 12.7 
Length [m]  102 101 101 
Lb [m] 0.73 21 1.6 
λZD [nm] ∼1175 ∼1215 ∼1230 

 
          a)                                         b)                                           c) 

  
Figure 10. a) Contour plots of the fundamental mode propagating in a) LMA-1, b) LMA-2 

      and c) LMA-3 at 1500 nm simulated using the BPM method. Contour lines are spaced by 
                     0.05 dB. 
 
Figure 11 displays several DGD measurements for the 10 micron core MF performed using 
the JME method. The measurements show that there are only small variations from one 
measurement to another while the external conditions are kept unchanged (∆T= 2 °C). All the 
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traces exhibit strong variations of DGD with wavelength, which is a clear indication of 
strong polarization-mode coupling. This was further confirmed by the PMD values obtained 
with the FA method, which agreed better with the JME results when assuming strong 
polarization mode coupling (k=0.824) [P2]. The measurements conducted with the 15 and 20 
micron core fibers showed also variations of DGD with wavelength suggesting that such 
fibers are prone to mode coupling. 
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Figure 11. Series of eight DGD measurements performed over a test period of 19 days for 

  a 10 µm core MF. PMD values of the measurements vary between 0.427-0.435 ps. 
 
Although fairly large mode coupling was observed for all the fibers, the 15 micron core fiber 
was found to exhibit low local birefringence [P2]. The beat length (Lb) of the fiber was 21 m 
(1550 nm) and varied only slightly with distance. The long beat length results in 
birefringence (∆n) of ∼7.4⋅10-8. Both the Lb and ∆n are close to the values reported for SMFs 
(Lb≈20-30 m, ∆n≈10-7) [50, 81]. Also, the PMD coefficient of the fiber (∼0.02 ps/km1/2) was 
comparable to the ones of the state-of-the-art SMFs (∼0.05 ps/km1/2 [31]). A microscope 
image of the 15 micron core fiber is presented in Fig. 12. The image shows a high degree of 
symmetry in the hole structure, which is typical for fibers with low form birefringence. 

9.7 µm9.7 µm9.7 µm
 

Figure 12. Optical microscope image of the core and the nearest cladding rings of the 15 µm core MF.

In order to assess the reliability of the PMD measurement techniques applied to MFs, PMD 
measurements of LMA-MFs were conducted at three different places (Helsinki University of 
Technology, University of Geneva and Crystal Fibre A/S). As could be expected for the 
fibers exhibiting strong polarization mode coupling, the measurements performed at the same 
place agreed well together whereas the agreement was somewhat worse for the 
measurements conducted at different facilities. Nevertheless, the PMD values were still 
within the intrinsic measurement limitation [P2, 74]. The consistency of the results suggests 
that the employed measurement techniques work reliably. The lowest measured PMD values 
were in the order of 5-10 fs for a 100 m long 15 micron core MF whereas the other 100 m 
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long samples exhibited PMD values in the range of 150-450 fs. The low birefringence and 
PMD of the 15 micron core MF indicate an excellent symmetry in the fiber structure over a 
long length. Therefore, it is expected that LMA-MFs could find use also in optical 
communication applications. Besides manufacturing fibers with a high structural symmetry 
and, consequently, low form birefringence, PMD can be reduced by introducing spin into the 
fiber during the draw. This increases light coupling between the polarization modes and, 
thereby, levels off the propagation times of the modes. The effect of spin on PMD is not 
studied in this thesis, however, it has been later demonstrated that spinning can be exploited 
to further reduce PMD in LMA-MFs [109]. 

Temperature dependence of polarization-mode dispersion 
 
As mentioned earlier, the total birefringence in an optical fiber is a combination of a 
geometrical (form) and stress-induced birefringence [50]. In addition, the stress birefringence 
can be sensitive to the temperature. Although MFs are made from a single material having a 
uniform composition, coating material can induce stress in optical fibers [110] and change 
the PMD characteristics. The coating of the LMA-MFs is a single-layer acrylate coating, in 
contrast to conventional dual-layer coatings with a soft buffer layer between the glass 
cladding and acrylate [P2]. Hence, the glass of the fiber is in direct contact with the coating 
material and, therefore, poorly shielded from externally applied pressure and stresses in the 
coating. As the coating has a much higher thermal expansion coefficient [P2] than silica, the 
stress caused by the thermal contraction mismatch between silica and coating material may 
induce birefringence and change the polarization mode coupling. 

In Paper P2, the effect of temperature on the PMD characteristics of single-coated LMA-MFs 
was studied. The experimental setup and a typical temperature dependence of the PMD for 
the 10 micron core MF are shown in Fig. 13. The variation of the PMD with temperature 
occurs in two distinct stages. First, the PMD decreases while the temperature rises until the 
temperature reaches ∼40 °C. For higher temperature values, the PMD stays almost constant. 
The results obtained with both the FA and JME methods confirmed this behavior. Similar 
results were also obtained with the 20 micron core MF. However, the PMD of the 15 micron 
core MF was too low to allow for accurate measurements. These results indicate that the 
coating induces thermal stress on the fiber at low temperatures whereas increasing the 
temperature above ∼40 °C eliminates partly the external contributions to the total stress. The 
results presented in Paper P2 indicate the possibility of fabricating LMA-MFs exhibiting, to a 
large extent, temperature insensitive PMD by employing more advanced coating structures. 
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Figure 13. a) Experimental   setup   for   measuring   the   temperature   dependence  of  the   PMD. 

b) Temperature dependence of the PMD for a 10 µm core MF (k=0.824 for FA method). 
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4 Supercontinuum generation using nanosecond pulses 

 
The propagation of high power light pulses in a nonlinear medium can lead to substantial 
spectral broadening of the input pulse bandwidth. The broad spectrum resulting from 
cascaded nonlinear processes is often referred to as supercontinuum (SC) [111]. 
Supercontinuum was first demonstrated in a borosilicate glass sample in 1970 [112]. This 
was followed by SC generation in liquids [113], gases [114] and in optical  
fibers [115, 116]. An important step towards ultra broadband SC generation was taken by the 
introduction of MFs. Microstructured fibers can exhibit special dispersion characteristics and 
strong field confinement which results in enhanced nonlinear properties that allow for 
improving the spectral bandwidth of the SC [8, 117, 118]. The first SC in a highly nonlinear 
MF was demonstrated in 1999 [8, 119]. Large-bandwidth continua have also been generated 
by employing tapered fibers which possess a reduced effective area and, therefore, enhanced 
nonlinearity [120]. Supercontinuum sources find applications in various areas including 
optical frequency metrology [17, 121], coherent optical tomography [21, 22], optical 
component characterization [19, 20, 122] and optical communications [23].  

The first section of this Chapter briefly introduces the nonlinear mechanisms involved in the 
SC generation using nanosecond pulses. In the second and third sections, the SC formation in 
LMA-MFs [P3] and narrow-core MFs is discussed. Supercontinuum generated in narrow-
core MFs is applied in Section 5.3 where the combination of a broadband light source and a 
gas cell in a single MF is demonstrated [P4]. 

 
4.1 Physics of supercontinuum generation using nanosecond pulses 
 
In the following, the physical mechanisms responsible for SC generation using ns pump 
pulses are shortly discussed. Since the peak power of these pulses is usually lower than in the 
case of fs pulses, several meters of fiber are typically needed to generate the SC [123-125]. 
Also, the influence of self-phase modulation in the SC generation is negligible as the 
temporal pulse width is broad [31]. The mechanisms involved in the SC formation depend on 
whether the pump wavelength (λp) is located in the normal or anomalous dispersion region of 
the fiber. The two cases are reviewed below. 

Pump wavelength in normal dispersion 

When the pump wavelength is located in the normal dispersion region, the formation of the 
SC is initiated by cascaded stimulated Raman scattering (SRS) [31, 126]. In SRS, energy is 
transferred from a pump wave to a Stokes wave at a longer wavelength. If only the pump 
wave is traveling along the fiber, quantum noise sources (shot noise and spontaneous Raman 
scattering) act as a probe and are, subsequently, amplified with propagation. Energy can also 
be transferred to anti-Stokes waves (lower wavelengths) but the process is less efficient in 
this case [31] 

  2ωp → ωas + ωst ,       (8) 

where ωp is the angular frequency of the pump photon and ωas and ωst  represent the angular 
frequencies of the anti-Stokes and Stokes photons, respectively. Stimulated Raman scattering 
is a broadband effect and can influence signals as far as 40 THz away from the pump. The 
peak of the gain is located 13.2 THz from the pump [127]. When the pump power exceeds 
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the Raman threshold [31], the frequency component determined by the maximum gain builds 
up rapidly. In a similar way, this Stokes wave can act as a pump wave to generate a second-
order Stokes wave and so forth, resulting in the generation of multiple Raman lines that are 
separated by 13.2 THz and extend towards longer wavelengths [31]. An example of this 
process is illustrated in Fig. 14 where ns pulses at 1064 nm were launched into the normal 
dispersion region of a LMA-MF. 
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Figure 14. First two Raman lines generated in a 20 µm core MF measured with an optical spectrum 

analyzer by employing a nanosecond Nd:YAG laser as the pump source. Location of lines 
agrees well with the 13.2 THz frequency shift induced by Raman scattering. 

 
If the pump power is high enough so that the Raman lines with lower frequencies fall into the 
anomalous dispersion region of the fiber, these lines can efficiently seed degenerate four-
wave mixing (FWM) processes [125, 127, 128] and, thereby, transfer a substantial amount of 
energy to the anomalous dispersion region. Stimulated Raman scattering and FWM modulate 
the temporal envelope of the initial pump pulse and break the pulse into multiple subpulses 
[128, 129]. The subpulses corresponding to the frequency components transferred to the 
anomalous dispersion region subsequently undergo soliton dynamics. More specifically, 
these dynamics include the soliton self-frequency shift (SSFS) [130] and the generation of 
dispersive waves (DWs) [131]. The SSFS arises from the fact that the spectral bandwidth of 
the sub-pulses can exceed several THz and, therefore, overlap with the Raman gain. 
Stimulated Raman scattering then constantly transfers energy from the high-frequency to the 
low-frequency side of these sub-pulse spectra. Consequently, the center frequencies of the 
sub-pulse spectra experience shift towards the infrared wavelengths with propagation, which 
leads to a smooth continuum for wavelengths above the zero-dispersion wavelength  
[127-129]. Furthermore, when the zero-dispersion wavelength is located in the vicinity of the 
pump wavelength, non-phase-matched FWM can also occur within the normal dispersion 
regime of the fiber, which initiates broadening of the SC towards blue wavelengths 
[125, 132, 133]. Also, cross-phase modulation (XPM) between the solitons experiencing the 
SSFS and the frequency components located in the normal dispersion region extend the SC 
further to the blue wavelengths [134, P3]. 

Pump wavelength in anomalous dispersion 

When the pump wavelength resides in the anomalous dispersion region, the SC formation is 
initiated by modulation instability (MI) [125, 128, 129] which refers to the exponential 
amplification of small perturbations to the steady state. As a result of modulation instability, 
a fast modulation develops on the top of the temporal envelope of the input pulse. The 
modulation instability phenomenon is equivalently described in the frequency domain by the 
degenerate FWM theory of continuous wave fields. In degenerate FWM, two pump  



 22 

photons (ωp) are annihilated and two new photons, a Stokes and an anti-Stokes photon, are 
generated at the frequencies of ωst and ωas  [31] 

 2ωp = ωas + ωst.        (9) 

As every wave mixing process, FWM is strongly dependent on the relative phase of the 
mixing components. The phase matching condition for this process to be efficient is [31]  

 pstasp Pγβββ 22 ++= ,  (10) 

where βj are the propagation constants of the pump, anti-Stokes and Stokes waves. The 
frequency shift between the pump and the sidebands, Ωs, can be obtained from Eqs. (9) and 
(10) by expanding βas(ω) and βst(ω) in a Taylor series about the pump frequency while 
retaining up to terms that are quadratic in Ωs [31]  

 
2

2
β
γ

ωωωωΩ p
passtps

P
=−=−= ,  (11) 

where γ  is the nonlinear coefficient of the fiber, Pp is the peak power of the pump pulse and 
β2 represents the group velocity dispersion coefficient at the pump frequency ωp. The 
aforementioned condition is readily fulfilled in the anomalous dispersion region of fibers and 
results in the growth of sidebands symmetrically located around the pump wavelength. As in 
the case of SRS, noise serves as seed for MI/FWM processes. When the strength of the 
modulation is large, or equivalently when the spectral sidebands have been substantially 
amplified, the broad input pulse breaks into multiple extremely short sub-pulses which 
experience soliton dynamics (SSFS, DWs, XPM) [130, 131, 134]. If the λp is substantially 
detuned from λZD, the DWs and XPM are absent and the expansion of the continuum 
spectrum occurs solely towards infrared wavelengths. 

 
4.2 Supercontinuum generation in large mode-area microstructured fibers 

 
Supercontinua have been typically generated in tens of centimeters-long narrow-core MFs by 
employing femtosecond laser pulses [8] and in several meter-long narrow-core MFs using 
picosecond or nanosecond pulses [124, 125]. The power limitation encountered in narrow-
core MFs results from the strong field confinement which leads to a high local intensity that 
can damage the fiber [66]. As an example, the damage threshold of silica is 500W/µm2 for a 
pulse width of one nanosecond [135]. Consequently, the threshold is exceeded with less than 
2 kW of peak power in the case of a typical narrow-core MF with a 2 micron core diameter 
[66]. The small core size of narrow-core MFs results also in a large attenuation at the 
wavelengths of the order of and larger than the core dimension [136]. This can limit the 
maximum output power and infrared bandwidth obtainable. Furthermore, narrow-core MFs 
possess a high numerical aperture that leads to a large output beam divergence and, thus, 
additional optics is required to couple light into optical components. These fibers can also 
suffer from multi-mode operation and high birefringence [99] that can decrease the efficiency 
of SC generation. One way to overcome these problems is to employ LMA-MFs in SC 
generation. Even though their nonlinearity is much lower compared with narrow-core MFs, 
LMA-MFs typically exhibit lower OH-losses [66, 125, 137] and, thus, allow for the use of 
longer fiber lengths to compensate for the low nonlinearity. Moreover, LMA-MFs can 
combine a large core and a low numerical aperture with an endlessly single-mode operation 
[18, 25]. Large dimensions are easier to control during the fabrication resulting in highly 
symmetrical structures and, thereby, in low form birefringence and polarization dependence 
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of the generated SC [P2, 95]. In addition, the relatively large core-size of LMA-MFs 
facilitates practical handling of fibers. Consequently, LMA fibers can be directly 
connectorized and spliced to standard SMFs.  

Supercontinuum generation in LMA-MFs using ns pump pulses was studied in Paper P3. The 
light source employed in the experiments was a compact, passively Q-switched Nd:YAG 
laser operating at 1064 nm [123]. Consequently, the λp is located in the normal dispersion 
region of the LMA-MFs employed (see Table 4) and the mechanism leading to the SC 
formation is similar to that described in the beginning of the previous section. Typical SC 
spectra generated in LMA-MFs are shown in Fig. 15. By launching pulses with a higher peak 
power (2.7 ns pulse width, 5 kHz repetition rate, ∼20 mW average coupled power), the 
bandwidth of the SC is substantially increased for a 15 and 20 micron core fiber compared 
with the results presented in Paper P3 [66]. For the 20 micron LMA-MF, macrobending 
losses were observed to limit the SC bandwidth on the short wavelength side [25]. This is in 
contrast to conventional optical fibers which exhibit macrobending loss at long wavelengths. 
However, conventional fibers are multi-mode at short wavelengths, which is not desirable in 
SC generation. When the 20 micron core fiber was wound on a spool with a 16 cm radius, the 
continuum extended from 700 nm to beyond 1750 nm (-20 dB bandwidth), the optical 
spectrum analyzer (OSA) limiting the measurable wavelength range. Except for the remains 
of the pump at 1064 nm, the amplitude variations in the spectrum do not exceed 3 dB over a 
700 nm range (920 to 1670 nm). The magnitude of the water peak at 1390 nm for a 90 m 
long fiber was only ∼1 dB which is a clear advantage over narrow-core fibers that typically 
exhibit much higher OH-losses (see Fig. 16). To illustrate the advantage of the LMA-MFs in 
high-energy SC generation, the abovementioned experiment was performed with a 2 micron 
core MF. The tip of the fiber was damaged as the pulse energy was too high indicating that 
high-energy SC may be difficult to obtain with narrow-core MFs [66]. Large mode-area MF 
supercontinuum sources may find use in applications requiring high-power single-mode 
broadband sources with low polarization dependence and low output beam divergence. 
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Figure 15. Supercontinuum generated in MFs with a 10, 15 and 20 µm core diameter measured 

with an optical spectrum analyzer by employing a Nd:YAG laser as the light source. 
Effect of bending radius R is shown for the 20 µm core fiber. The dashed lines show the 
location of the λZDs.  
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4.3 Supercontinuum generation in narrow-core microstructured fibers 
 
In the case of narrow-core MFs studied in Paper P4, λp was located in the anomalous 
dispersion region of the fiber. A typical SC generated in a 15 m long 2 µm core MF is shown 
in Fig. 16 (∼3 ns pulse width, 30 kHz repetition rate, ∼30 mW average power coupled). The 
peak at ∼1390 nm is due to OH-absorption. The scenario was confirmed through simulations 
which are plotted in Fig. 17 with the same resolution used in the experiment. For 
computation time considerations, the initial pulse width was chosen to be 1 ns and the fiber 
length 10 m. An extended nonlinear Schrödinger equation including the full propagation 
constant and the delayed Raman response of the fiber as well as the self-steepening effect 
was used to model the pulse propagation along the fiber [P4, 138]. The simulation reproduces 
qualitatively the features seen in the experimental spectrum and also shows the generation of 
short sub-pulses [P4]. The main consequence in neglecting the fiber losses is the absence of 
the water peak.  
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Figure 16. Supercontinuum generated in a  
2 µm core MF with λZDs at ∼750 
and 1670 nm (resolution 10 nm).

   Figure 17. a) Numerical simulation of SC generated  
in a 10 m long 2 µm core MF for an 
initial pulse width of 1 ns.
b)  Simulation of the time trace of the SC. 
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5 Gas spectroscopy using photonic crystal fibers 

 
The photonic crystal fiber technology has opened up new opportunities in the field of 
sensing. In particular, the possibility of infiltrating gases or liquids into the holes of PCFs has 
attracted increasing attention [11-15]. Photonic crystal fibers filled with fluids can offer 
simultaneously strong light confinement and very long optical interaction lengths in compact 
fashion. The interaction between light and the gas sample can be exploited in two different 
ways depending on the fiber type employed. In index-guiding fibers, the evanescent field of 
the light interacts with the gas present in the holes [12] whereas in air-guiding PBFs ∼98% of 
the mode energy can propagate in a gas-filled hollow core [35].  

This Chapter deals with gas spectroscopy using PCFs. In the first and second section of this 
Chapter, the basics of the absorption spectroscopy and the vacuum system employed in the 
experiments are briefly discussed. The combination of a broadband light source and a gas 
cell in a single narrow-core MF is presented in the third section. Section 5.4 focuses on the 
use of PBFs in gas detection. The last section of this Chapter introduces an optical 
wavelength reference based on a gas-filled PBF. 

 
5.1 Introduction to absorption spectroscopy 
 
When a light beam is propagating in gas, the energy of the photons can excite molecules to 
higher energy levels. Each level is quantized and consists of a combination of vibrational, 
rotational and spin energy levels. Consequently, molecules can only absorb discrete amounts 
of energy resulting in the loss of light at specific absorption wavelengths. Each molecular 
species has a unique absorption spectrum from which they can be identified. A typical 
absorption spectrum consists of absorption bands that again comprise a number of closely 
spaced absorption lines. The wavelength ranges of the absorption spectra of various 
molecules in the near infrared region are presented in Fig. 18 [139-141]. The figure also 
marks the locations of optical telecommunication bands which are discussed later in the 
Section 5.5. Generally, in absorption spectroscopy, light transmission through a sample is 
measured as a function of frequency or wavelength. This can be done by utilizing a 
monochromatic tunable light source and a detector or a broadband source such as a light 
emitting diode (LED) and an OSA. Information about the molecule concentration or the 
molecular content of the gas is, subsequently, retrieved from the measured absorption. 
According to the Beer-Lambert law, the transmitted (IT) and incident power (I0) are related 
by [142] 

 pL
T eII ⋅−⋅= α

0 ,         (12) 

where Lp  represents the path length, and α denotes the absorption coefficient. More 
specifically, the absorption coefficient at frequency ν0 is described by 

 ( ) ( )00 ννννα −⋅⋅=− gS
Tk

p

B

,      (13) 

where p is the pressure, T represents the absolute temperature, kB is the Boltzmann’s 
constant, S denotes the line strength of the given line and g(ν− ν0) is the area normalized line 
shape function at frequency ν0. Absorption spectroscopy can be conveniently applied for 
selective gas sensing, diagnostics, process and emission control and trace gas monitoring. 
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Usually, fundamental absorption bands in the mid-infrared region have been used in gas 
monitoring [143, 144]. The availability of tunable and compact diode lasers and low loss 
optical waveguides in the 1300 and 1500 nm regions have led to the increasing interest in the 
use of overtone bands which exhibit weaker transitions. The weaker absorption strength 
results in a reduced sensitivity and, thus, one may need to use complex multi-pass 
configurations or advanced measurement techniques to compensate for the reduced signal 
strength. In addition to the abovementioned alternatives, improved signal strength could also 
be obtained by exploiting the long optical path length available with PCFs. 
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Figure 18. The wavelength ranges of the absorption spectra of several gases and optical  

communication bands [139-141]. 
 
5.2 Vacuum system for gas spectroscopy 
 
A photograph of the vacuum chamber constructed for evacuation and filling of PCF samples 
is displayed in Fig. 19. The chamber consists of the main body made from brass and end-
plates with a fiber feed through [145]. A gas inlet and an outlet for a pump were incorporated 
in the main body. The chamber was evacuated by utilizing a rotary pump with a pumping 
rate of 45 l/s. A pressure gauge and a needle valve system allowed for obtaining the desired 
gas pressure in the fibers. In a typical experiment, one end of a PCF was spliced to a SMF 
and the open end was butt-coupled to a multi-mode fiber using a V-groove for aligning the 
fibers. Subsequently, the fibers and the groove were placed inside the vacuum chamber. A 
small gap (∼50 µm) between the fibers allowed for the evacuation and filling of the PCF.  
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Figure 19. Vacuum chamber for evacuation and filling of fiber samples. 
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5.3 Supercontinuum and gas cell in a single microstructured fiber  
 
 
The index-guiding mechanism and the holey structure of MFs offer a means to partially 
guide light in the cladding holes. The cladding holes can be filled with gases or liquids, 
thereby, providing a long optical interaction path between light and the fluids in the  
holes [12-14]. Moreover, MFs allow for an efficient SC generation due to their special 
dispersion and enhanced nonlinear properties. In Paper P4, both the high nonlinearity and the 
holey structure of MFs were exploited to combine a supercontinuum and a gas cell in a single 
narrow-core MF. A broadband SC was generated by launching nanosecond pulses from a 
compact passively Q-switched Nd:YAG laser operating at 1064 nm into an acetylene-filled 
MF. The basics of SC generation using ns pulses were presented in  
Chapter 4. The efficiency of the light-gas interaction in narrow-core MFs and potential 
means to enhance the strength of the absorption lines as well as the suitable molecule 
candidates are shortly discussed below. 

 
Evanescent field effect in microstructured fibers 
 
The percentage of power traveling inside the holes of MFs is a critical parameter affecting 
the efficiency of evanescent field devices. In order to obtain a strong light-gas interaction, a 
significant percentage of modal power must be located in the holes of a MF at the 
wavelength range of the gas absorption [12, 13]. The percentage of power effectively located 
within the holes (Ph) of different narrow-core MFs exhibiting a triangular cladding-hole 
structure and calculated using a beam propagation method [61] is displayed in Fig. 20. The 
corresponding characteristics of the MFs are summarized in Table 5. Also, the values of Ph at 
the wavelengths of 1310, 1530 and 1670 nm are presented as acetylene (1530 nm) [146] and 
methane (1310 and 1670 nm) [139, 147] have absorption lines near these particular 
wavelengths. The simulations show that an overlap of ∼30% could be obtained at 1670 nm 
with a 1.2 micron core MF whereas the overlap reduces to less than 1% for a 4.8 micron core 
fiber over the whole wavelength range. 
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the holes for four MFs with 
different core sizes.  

Figure 21. Simulated fundamental mode at 1500 nm 
for a 2.0 (left), 3.2 (middle) and 10.8 µm 
(right) core MF. Note different scaling.  
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Table 5. Characteristics of four MFs. d: air-hole diameter and Λ: pitch. 
 

 MF-1 MF-2 MF-3 MF-4 

Core size [µm] 1.2 2 3.2 4.8 
Λ [µm] 1 1.4 2.1 3.2 
d/Λ 0.9 0.65 0.45 0.5 
Ph,1310 nm [%]  15 2.7 1.1 0.3 
Ph,1530 nm [%] 23 4.5 1.8 0.5 
Ph,1670 nm [%] 29 6.1 2.4 0.6 

The amount of power in the holes increases with wavelength and decreases for larger core 
sizes. This behavior can be explained by the facts that the mode-field diameter increases with 
the wavelength and that the mode sees the cladding holes for smaller air-filling fractions. The 
simulation of the mode-fields for MF-2 and MF-3 at 1500 nm indicates (see Fig. 21) that, for 
narrow-core MFs, the fundamental mode overlaps with the first ring of holes. As a 
comparison, a contour plot of the fundamental mode in a 10.8 micron core LMA-MF at 1500 
nm is shown. In this case, the mode is well confined in the core resulting in a negligible 
modal overlap with the air holes which limits the use of this type of fiber for evanescent field 
applications. 

Supercontinuum and gas cell 

A typical SC spectrum generated in a 2 micron core MF filled with acetylene at a pressure of 
1260 mbar is plotted in Fig. 22. The percentage of power located in the holes at 1530 nm is 
estimated to be around 4.5%. The SC was generated by launching ∼3 ns pulses from a 
Nd:YAG laser at a repetition rate of 30 kHz into the MF. For an average output power of  
~30 mW, the spectrum extends from 1 µm to beyond 1.7 µm. The SC light interacts with gas 
molecules as it is generated along the fiber giving rise to absorption lines at specific 
wavelengths in the spectrum. The gas-light interaction can be observed from the spectrum. 
The first peak close to 1390 nm corresponds to the OH-absorption whereas the second peak 
at 1530 nm results from acetylene absorption (resolution 10 nm). The inset shows the fine 
structure of the R- and P-branches of the ν1 + v3 band of 12C2H2 observed using a higher 
measurement resolution of 0.1 nm. The maximum absorption line strength is ∼4 dB.  
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Figure 22. Supercontinuum generated in a 15 meter long 2 µm core MF filled with acetylene at 
1260 mbar. Inset: Fine structure of the R- and P-branches of the ν1 + v3 band of 12C2H2. 
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It is possible to improve the percentage of power located within the holes significantly by 
utilizing MFs with a core diameter in the order of a micrometer and an air-filling fraction of 
∼0.9 (MF-1). Nevertheless, the strength of the absorption line is a trade-off between the 
overlap and the formation of the continuum. In particular, for a given input peak power, the 
generation of the SC depends both on the dispersion profile and the nonlinear coefficient of 
the MF. As a result, the spectral components near the different absorption bands of a 
particular gas species are generated at the different stage of the propagation depending on the 
exact value of the aforementioned parameters. This in turn affects the interaction length 
between the light and gas and, consequently, the strength of the lines. According to Eq. (11), 
high dispersion values at the pump wavelength could reduce the efficiency of SC generation 
indicating that flat dispersion profiles and low dispersion values may be preferable. 
Furthermore, MFs with very small core dimensions typically exhibit two λZDs and, therefore, 
a rather narrow anomalous dispersion region. Consequently, the spectral region which can be 
covered by the SSFS is limited and the bandwidth of the SC generated in this type of fiber 
may be reduced.  

It is expected that the strength of the absorption lines can be enhanced by increasing the peak 
power of pulses or the fiber length. Furthermore, it is anticipated that the use of ps or fs pump 
lasers [8, 134] would result in enhanced absorption strength because of the longer interaction 
length, as supercontinua generated with these types of lasers are typically formed within 
much shorter lengths compared with ns pump lasers. However, this comes with the expense 
of making the system more expensive and larger.  

In general, the technique can be applied to various gases absorbing at different wavelengths. 
A source with multiple reference bands at desired wavelengths could be realized by filling a 
fiber with non-reactive gases at different partial pressures chosen according to their 
absorption strengths and locations of the absorption bands. In other words, for a given fiber 
length, a higher gas pressure is usually required in the case of weakly absorbing gases. In 
order to extend the spectral range beyond the region covered by acetylene (12C2H2, 13C2H2), 
MFs could be filled with multiple gases such as hydrogen cyanide (HCN), carbon monoxide 
(CO), carbon dioxide (CO2), hydrogen sulfide (H2S), methane (CH4) and ethylene (C2H4) 
[139-142, 148]. Suitable reference molecules are further discussed in Section 5.5 (see also 
Fig. 18). Gas-filled narrow-core MFs in combination with compact lasers could provide 
small-sized, simple and cost-effective broadband sources that are self-referenced to the 
absorption lines of the gas employed. Such sources may find applications for instance in 
characterization of optical components and calibration of measurement instruments. In 
addition, the same technique could be applied to enhance the bandwidth of the SC by 
selecting a suitable nonlinear fluid. 
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5.4 Gas detection using photonic bandgap fibers 
 
Monitoring gaseous emissions is important due to the tight environmental and health and 
safety regulations. Gas measurements are also used to provide feedback for different 
production processes to improve their efficiency. Gas detection techniques have been 
traditionally based on dyes that change color when exposed to gases, catalytic interactions in 
materials, electrochemically active materials that change their conductivity in the presence of 
gases, photo acoustic detection and spectroscopic techniques [149-151]. In the following, gas 
detection using optical waveguides, and in particular PBFs, is discussed.  

The fast development of fiber optics during the last few decades has revolutionized not only 
the telecommunications technology but also given rise to many advances in sensing 
technology. Fiber-optic gas sensors offer many advantages such as immunity to 
electromagnetic interference, small size, low cost, light weight, resistance to high 
temperatures and vibrations, large bandwidth and the possibility to perform safe remote and 
distributed measurements [150, 152]. Different fiber and waveguide designs including fibers 
with a small hole in the center of the core [153], D-shaped optical fibers [154, 155], 
microbent optical fibers [156], hollow optical waveguides [157], fiber gratings [158], fibers 
and tapers with porous cladding layers [159, 160] and index-guiding  
MFs [12, 14, 161, 162] have been exploited in gas sensing previously. Sensors based on 
evanescent field effect suffer typically from a poor overlap between gas and light resulting in 
reduced sensitivity [154, 161] whereas hollow waveguides often exhibit high losses and 
multi-mode behavior [157]. Furthermore, many of the designs are complicated, difficult to 
fabricate and are only suitable for the detection of a single gas species. Recently, a new class 
of optical waveguides called air-guiding PBFs has emerged. Such fibers offer promising 
alternatives for a range of sensing applications due to their large overlap between the hollow-
core and the mode field [163, 164], low macrobending loss [34], wide operation range  
[165, 166], relatively large core size [36] and low transmission loss [35]. In this section, the 
basic properties of hollow optical waveguides, D-shaped optical fibers and index-guiding 
MFs are briefly described. Moreover, the characteristics of air-guiding PBFs and the 
possibility of employing PBFs in gas detection are discussed. 

Hollow optical waveguides 
 
Hollow optical waveguides are usually fabricated from metal, plastic or glass tubes which are 
deposited with highly reflective coatings from the inside of the tubes [157]. Typically, the 
bore is 200 to 1000 µm in diameter. The optical and mechanical characteristics of these 
waveguides are generally inferior to optical fibers made from silica. In particular, such 
waveguides are often multi-mode and exhibit high losses limiting the practical waveguide 
length to a few meters. Hollow waveguides can be employed in short-distance high-power 
delivery and chemical sensing applications [157]. 
 
D-shaped optical fibers 

Optical fibers with D-shaped cross-sections are generally manufactured by pulling the fiber 
from a D-shaped polished preform [155]. The flat surface of these fibers provides a direct 
access to the evanescent field of the light guided in the core. The sensitivity of the D-shaped 
optical fibers is typically only 0.1-0.2% compared with the sensitivity of an open-path gas 
cell [154]. Small improvements in the detection sensitivity can be obtained by coating the flat 
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surface with high-index films. D-shaped optical fibers find applications in distributed gas 
detection but are not very suitable for single-point sensing [154]. 
 
Index-guiding microstructured fibers 
 
The gas detection sensitivity of index-guiding MFs is determined by the fractional power 
carried by the evanescent wave in the air holes. In general, these fibers exhibit less than 1% 
of the modal power in the holes but with an optimized fiber design the overlap at a particular 
wavelength can be ∼30% (see Fig. 20). Issues affecting the modal overlap with the holes are 
discussed in Section 5.3. Another limitation of this type of fiber in gas sensing arises from 
the small-sized air holes which limit gas exchange and, thus, response times of the fibers. 
 
Photonic bandgap fibers 
 
In comparison to evanescent field devices [12, 153, 154, 161], the overlap between the gas 
and the mode field of light can be considerably improved using air-guiding PBFs [6]. As a 
matter of fact, such fibers can guide more than 98% of the power in the air-regions of the 
fiber, thus, reducing the influence of material parameters (e.g. nonlinearity, absorption, 
Rayleigh scattering) on the optical properties of the fiber [35, 163, 164]. By filling the holes 
of a PBF with gas, the fiber provides high gas detection sensitivity and a long optical path 
length. Moreover, only a small gas volume is required to fill the holes. The transmission band 
of an air-guiding PBF is typically ∼100 to 200 nm wide [34], however, such fibers can 
exhibit multiple transmission bands and are available in a wavelength range from ∼400 to 
3100 nm [166]. This broad wavelength range gives potential to detect a large number of 
gases (see Fig. 18). Furthermore, light guidance at mid- to far-infrared wavelengths where 
gases exhibit stronger absorption bands may be obtained by employing special compound 
glasses such as chalcogenides [165]. Photonic bandgap fibers can also be integrated with 
more conventional fiber technology using splicing techniques and are insensitive to 
macrobending, which allows for the construction of compact sensing devices [34]. In 
addition to sensing, air-guiding PBFs could find applications in, e.g., high-power beam and 
short-pulse delivery [164, 167], nonlinear optics [11, 168] and particle guidance [169]. 
 
Setup for gas measurements 
 
In Paper P5, the detection of both strongly and weakly absorbing gases using air-guiding 
PBFs was studied. The characteristics of the PBFs employed in the experiments are shown in 
Table 6. The fiber cores were formed by removing seven silica tubes from the centers of the 
fiber preforms. Furthermore, one end of both PBFs was spliced to a SMF for easy light 
coupling and improved stability. 

Table 6. Characteristics of air-guiding PBFs. Λ: pitch. 
  

 PBF-1 PBF-2  
Core size [µm] 10 11.6 
Λ [µm] 3 3.1 
Length [m]  1 10 
Loss [dB/m]   ∼ 0.2 ∼ 0.1 
Transmission 
band [nm]  1400-1600 1240-1460 
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The absorption measurements were conducted either using a tunable laser or an LED as the 
light source by employing the measurement setup depicted in Fig. 23. The vacuum system 
and the arrangement of the fibers were described in Section 5.2. In the case of the tunable 
laser, the absorption spectrum was measured with a germanium photodetector and a 
wavemeter whereas in the LED measurements, the spectrum was recorded using an OSA. 
While a tunable laser provides higher measurement resolution, the use of an LED allows for 
faster measurements. 
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Figure 23. Experimental setup for gas detection [P5]. Normalized spectral transmission for a 3 m long 

PBF guiding at 1500 nm is shown in the upper right-hand corner. MMF: multi-mode fiber, 
PBF: photonic bandgap fiber. 

 

Absorption measurements 
 
By utilizing the setup depicted above, it is possible to detect gases such as acetylene (C2H2), 
hydrogen cyanide (HCN), methane (CH4) and ammonia (NH3) [P5, 150]. These gases are 
important to be monitored for, e.g., health and safety reasons. Examples of typical absorption 
measurements conducted using LEDs and tunable lasers as light sources are presented below.  

In most cases, moderate wavelength accuracy is sufficient to identify molecular species so 
that an LED can be utilized as the light source to measure the absorption spectra. Figure 24a 
shows the R- and P-branch of the 2ν3 band of H13CN at ∼80 mbar measured using an LED 
and an OSA. The measurement was conducted by employing a 1 m long PBF guiding around 
1500 nm. For this fiber, ∼97% of power was propagating inside the core. The double branch 
shape seen in the figure is characteristic to the absorption spectrum of a large number of 
gases. Both of the branches consist of more than 20 vibration-rotation absorption lines in the 
1520-1565 nm wavelength region which can be conveniently used for gas detection. The 
H13CN molecule exhibits a permanent dipole moment. The dipole moment makes the 
molecule prone to adhere to the walls of the glass capillaries leading to a decreasing gas 
pressure inside a fiber as molecules leave the gas phase [170]. A similar behavior is expected 
for other molecules with permanent dipole moments such as ammonia. As a consequence, the 
detection of these molecules may require special attention as the pressure inside the fiber 
may not be able to respond to variations in the pressure outside the fiber. 
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Figure 24. a) Absorption spectrum of H13CN at ∼80 mbar in a 1 m long PBF guiding around 

1500 nm. b) Absorption spectrum of CH4 at 700 mbar in a 10 m long PBF guiding 
around 1300 nm. 

 
Long path lengths are difficult to realize using conventional absorption cells as they require 
careful alignment and well collimated light beams. Consequently, interaction lengths in gas 
cells are usually limited to a few meters even when complex multi-pass cells are used. In 
Paper P5, it was demonstrated that PBFs also provide long enough interaction length to allow 
for the detection of weakly absorbing gases such as methane. A typical absorption spectrum 
of the R-, Q- and P-branch of ν2+2ν3 band of methane at 700 mbar in a 10 m long PBF is 
displayed in Fig. 24b. The measurement was performed using an LED and an OSA. The 
spectrum consists of multiplets which are not resolved in the LED measurement. The 
branches can, however, be partly resolved using a tunable laser [P6]. The strongest dip in the 
spectrum close to 1330 nm represents the Q-branch. Although the fine structure can not be 
fully observed from the measurement, the Q-branch feature is unique for gas detection 
purposes and the use of an LED will generally be sufficient. 

Laser measurements allow for an improved spectral resolution and are, therefore, better 
suited for the detection of molecules which exhibit congested absorption spectra as is the 
case with for instance ammonia in the 1500 nm wavelength range. Such measurements can 
also be exploited to distinguish between weak absorption bands of molecules such as 12C2H2 
which are located in the same spectral region [P6]. Figure 25a displays an absorption 
spectrum of the P-branch of 

12C2H2 (10 mbar) in a 1 m long PBF measured using a tunable 
laser as the light source. The strongest absorption lines of the measurement exceed 25 dB and 
clearly show the potential of PBFs for gas detection. For comparison, a reference 
measurement performed using a 1 m long conventional absorption cell is displayed in Fig. 
25b. Compared with the absorption cell, the fiber measurement exhibits a higher background 
noise which is attributed to the polarization characteristics of the fiber. In the case of the gas 
cell, Brewster windows eliminate the undesired interference effects. However, the use of 
such windows makes the cell design more complicated and requires also a careful control of 
the polarization of light in order to minimize coupling losses. Moreover, in the case of the 
PBF, the absorption line strength can be easily increased by using a longer fiber length. This 
is in contrast to the use of bulky multi-pass gas cells that can be cumbersome to operate.  
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Figure 25. a) Absorption spectrum of P-branch of 12C2H2 in a 1 m long PBF. b) Absorption 
spectrum of P- branch of 12C2H2 in a 1 m long gas cell. Measurements were conducted 
at a gas pressure of 10 mbar using a tunable laser as the light source (1 pm step size). 

 
Photonic bandgap fibers have the potential to provide compact and cost-effective sensors 
which can be integrated with standard fiber-optic systems using splicing techniques. Due to 
the low loss of PBFs and the high overlap between the mode and the gas-filled core, it is 
possible to obtain very long effective interaction lengths [35]. This allows for the detection of 
weakly absorbing gases or weak absorption lines as the absorption strength can be increased 
by using a longer fiber length. In practice, reflection measurements could be preferable as 
they require only a single transmission fiber. Air-guiding PBFs may find applications for 
instance in analyzing gas samples using small gas volumes and in remote gas detection. 
However, many issues need to be considered before the full potential of PBFs can be 
exploited. Although the loss of the state-of-the-art air-guiding PBFs is already low at 1500 
nm region, low loss fibers do not yet widely exist for other wavelength regions. Furthermore, 
the polarization characteristics [171, 172] may limit the operation of PBF based devices and 
systems especially when long fiber lengths are required. Despite the aforementioned 
challenges, PBFs should offer promising opportunities for sensing applications in the near 
future. 
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5.5 Gas-filled photonic bandgap fiber as a wavelength reference 
 

Accurate knowledge of the wavelength of an optical source is important in a number of 
applications in optical communications and metrology [146, 173]. Consequently, there is a 
need for reliable wavelength standards that can be used in the calibration of measurement 
instruments and for the frequency stabilization of lasers. Wavelength references are divided 
into absolute, also known as primary, standards (e.g. molecular references) and relative 
wavelength standards (e.g. Fabry-Pérot interferometer). Absolute references provide very 
accurate calibration wavelengths, have a very small and accurately quantified environmental 
sensitivity and can be reproduced anywhere in the world. Absolute references are not 
available in all wavelength regions and, therefore, relative references are also needed. Such 
references can provide tunability and reference points at arbitrary wavelengths within a broad 
wavelength range but are sensitive to temperature, pressure and strain and need to be 
calibrated against absolute references on a regular basis. To date, various devices and 
materials have been proposed to realize both types of references [146, 174-176]. 

In this Chapter, some commonly employed relative and absolute wavelength references are 
briefly described. Moreover, an optical wavelength reference based on a gas-filled PBF is 
discussed [P6]. By utilizing lock-in technique, the output frequency of a tunable laser was 
successfully stabilized to a number of weak absorption lines of acetylene, which coincide 
well with wavelength division multiplexing (WDM) channels [P6].  
 
Fiber Bragg grating 
 
A fiber Bragg grating is a short length of fiber exhibiting a periodic change of the refractive 
index of the core along its length [177]. The grating period is proportional to the reflected 
Bragg wavelength which can be used for reference purposes [175]. Such gratings provide 
cost-effective references but are usually prone towards changes in environmental conditions. 
 
Fabry-Pérot interferometer 
 
A Fabry-Pérot interferometer is an optical resonator which consists of two reflective surfaces 
[178-180]. The interference effect generates a transmission spectrum with periodic maxima 
that can be employed as tunable references over a broad wavelength range [179, 180]. 
 
Molecular references 
 
Molecular absorption lines provide stable and accurate references as the wavelengths of the 
lines are determined by fundamental constants [146, 181]. Many parameters need to be 
considered when selecting molecular species for reference purposes: the location and width 
of the bands, number of absorption lines, strength of lines, pressure, absorption length, 
availability, hazards, etc. Although molecular references are very accurate, small shifts in the 
wavelengths and widths of the absorption lines can result from changes in pressure, 
temperature and electric or magnetic fields [141, 142]. In addition, Doppler-broadening 
increases the wavelength uncertainty of the lines. The Doppler-effect can be overcome by 
applying saturated absorption spectroscopy. This allows for improving the accuracy and 
stability by typically two orders of magnitude [146, 182, 183]. Saturated absorption is not 
discussed here but a few experiments have been reported using PBFs [170, 184, 185].  
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Wavelength references for optical telecommunications 
 
The need for accurate, compact and cost-effective optical wavelength references is increasing 
as the channel spacing is reduced and the number of data carrying channels is increased in 
optical communication systems. The discussion below concentrates on molecular wavelength 
references. Molecular references are an attractive choice as there is a large number of gas 
species having accurately characterized absorption lines located at telecom bands and such 
references are typically easy to implement. The International Telecommunication Union 
(ITU) has designated the optical spectrum according to ITU-T SG.15. The WDM channels 
are specified by the ITU recommendations to operate near the gain region of erbium doped 
fiber amplifiers with an inter-channel spacing of 12.5, 25, 50, 100 and 200 GHz [173]. The 
WDM frequency grids are anchored to 193.1 THz. The recommended maximum frequency 
drift from the channel center is 20 GHz for the 100 GHz WDM system [186]. Extensive 
research has been carried out to find molecular absorption lines that coincide with the WDM 
channels with accuracy better than 2 GHz thus being an order of magnitude better than the 
maximum drift [139, 140, 146]. The wavelength ranges of the absorption spectra of various 
molecules in the optical communications bands are presented in Fig. 18. In order to get a 
good coverage of the C-band, it is possible to use gases such as acetylene (12C2H2, 13C2H2) 
and hydrogen cyanide (HCN) [140]. On the other hand, to cover the L- and U-bands carbon 
monoxide (CO), carbon dioxide (CO2), hydrogen sulfide (H2S), methane (CH4) and ethylene 
(C2H4) can be employed [139-141, 148]. Ethylene has absorption lines near 1625 nm. 
Consequently, these lines could be used as references for the supervisory telecom channel. 
Other possible molecules for the 1500 nm wavelength range are hydrogen iodide (HI), 
ammonia (NH3) and hydrogen chloride (HCl) [162] whereas suitable candidates for the 1300 
nm region include hydrogen fluoride (HF), hydrogen bromide (HBr) and methane (CH4) 
[162]. Although many of these molecules have favorably located lines, some lines are very 
weak and, therefore, a long path length is required to identify them. 

Wavelength reference based on a gas-filled photonic bandgap fiber 
 
Molecular references are usually based on 5 to 20 cm long gas-filled glass cells. The gas 
pressure depends on the molecular species and the cell design. In general, low pressure is 
desired to avoid the excess pressure broadening and pressure shift of the absorption lines. 
Thus, for weakly absorbing molecules, one might need to increase the interaction length 
between light and gas in order to obtain a sufficient signal level. The optical path length can 
be increased by using a multi-pass configuration but it will usually be limited to around one 
meter when a portable wavelength reference is desired. In addition, such multi-pass cells 
demand careful beam control and alignment which can make the cell design complex. 
Therefore, to ensure an adequate strength of the absorption lines, a compromise between the 
gas pressure and the optical path length is to be made. 

Air-guiding PBFs provide a means to efficiently exploit the interaction between light and gas 
in a fiber as most of the power travels in the fiber core. Due to the low loss guiding 
mechanism provided by PBFs and the small natural size of fibers, length and size constraints 
encountered with gas cells can be alleviated. Furthermore, since PBFs have relatively low 
bending loss, compact wavelength artifacts can be realized while at the same time only a 
small gas quantity is required to fill the core and cladding voids. A photograph comparing the 
size of a typical gas cell with that of an optical fiber is shown in Fig. 26. In the case of PBFs, 
the use of a low gas pressure and, consequently, reduced absorption line strength can be 
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compensated for by employing a longer fiber length. This provides a large selection of 
potential reference molecules. In Fig. 27, the absorption spectrum of a 15 cm long glass cell 
and a 5 m long PBF filled with 12C2H2 at 30 mbar and 1 mbar are presented. Measurements 
were conducted using a tunable laser as the light source (resolution 1 pm). The absorption 
lines of the fiber measurement are stronger although the gas pressure is 30 times lower. As 
the pressure shift and the collision broadening are proportional to the gas pressure with 
typical coefficients in the range of -0.2 to -0.5 MHz/mbar and ∼2-10 MHz/mbar [140], 
respectively, the accuracy of a reference may be improved by using a PBF as a gas cell. 
However, compared with a conventional cell, additional collision broadening may occur in 
PBFs due to the relatively small core dimension [185]. 
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Figure 26. Photograph of a 15 cm long cell and 
a 5 m long fiber illustrating the 
small size of fiber-based devices. 

Figure 27. a) P-branch of 12C2H2 at 30 mbar in a 
15 cm long cell. b) P-branch of 
12C2H2 at 1 mbar in a 5 m long PBF. 

 

In Paper P6, the use of gas-filled PBFs as optical wavelength references was investigated. 
The high sensitivity and long interaction length provided by PBFs allows for the use of 
molecules with weak absorption lines coinciding with the WDM channels. By utilizing a 5 m 
long PBF, four acetylene lines located within 500 to 1000 MHz from the nearest WDM 
channel were observed [P6]. One of the lines belongs to the ν1 + v3 + ν4

1 - ν4
1 hot band and 

three of the lines to the ν1 + v3 12C13CH2 band of 12C2H2 (1.1% natural abundance of 13C). To 
the best of our knowledge, these lines have not been suggested to be used as WDM channel 
references. As an example, other candidate reference lines for the ITU-channels coinciding 
with the mixed isotope lines are offset several GHz from the respective channel centers 
[186]. Three of the abovementioned lines at 20 mbar pressure measured using a tunable laser 
as the light source (1 pm resolution) are shown in Fig. 28. The pressure shift and broadening 
of the lines depend on the line number and are less than 0.1 and 2 pm, respectively, at this 
pressure [141, 142]. In order to exploit the full capacity of optical communication systems, it 
is essential that the lasers assigned for the WDM-channels stay close to the channel centers. 
In Paper 6, the output frequency of the external cavity laser was successfully stabilized to the 
center point of the abovementioned weak absorption lines coinciding with the ITU-channels. 
The center point was preferred instead of the slope of the absorption line as this makes the 
line wavelength values straightforward to compare with the literature. The laser frequency 
stayed within 100 MHz from the center points of the absorption lines [P6]. Consequently, 
these absorption lines could be exploited in the frequency stabilization of lasers to provide 
accurate and stable laser sources for dense WDM systems [173, 187].  
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Figure 28. Absorption spectrum of acetylene at 20 mbar in a 5 m long PBF. P(13) and P(18) lines of 

ν1 + v3 12C13CH2 band and Pe(14) line of ν1 + v3 + ν4
1 - ν4

1 hot band of 12C2H2 (1.1% 
natural abundance of 13C) are marked by arrows. 

 

In order to cover the entire useful transmission band of optical fibers, references are also 
needed in other wavelength regions. One possible reference candidate for the 1300 nm region 
is methane [139]. For wavelength referencing purposes, it is important to choose a single line 
to obtain high accuracy. Using a 10 m long fiber guiding at 1300nm (see Table 7) and a 
tunable laser as the light source, a suitable single line belonging to the R-branch of the 
ν2+2ν3 combination band near 1314 nm was observed [P6]. The experiments reported in 
Paper P6, Ref. 188 and by Benabid et al. in Ref. 189 show that gas-filled PBFs are promising 
candidates for monitoring and calibrating channels in WDM systems, frequency stabilization 
of lasers and calibration of measurement instruments.  
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6 Summary 
 

In this dissertation, the optical properties and novel applications of photonic crystal fibers 
have been investigated and developed. The first part of the thesis deals with polarization 
characteristics of index-guiding microstructured fibers. In Paper P1, the polarization 
properties of different types of birefringent microstructured fibers were studied with 
emphasis on the sensitivity of these characteristics to temperature and wavelength. The study 
indicates that in the presence of strong form birefringence, the differential group and phase 
delays can have very different values and their ratio can also be strongly wavelength 
dependent. This is often the case with narrow-core microstructured fibers which can exhibit 
high unintentional form birefringence. Furthermore, it was found that the relative 
temperature sensitivities of the phase and group birefringence for single-material narrow-core 
microstructured fibers are smaller by a factor of 100 and 10, respectively, compared with 
fibers with stress-induced birefringence. Such fibers are, thus, promising candidates for 
temperature insensitive sensors and interferometers whereas single-mode large mode-area 
microstructured fibers with stress birefringence could be useful in polarization-maintaining 
high-power applications. In Paper P2, the polarization-mode dispersion of large mode-area 
microstructured fibers was investigated. The results show that the conventional measurement 
techniques employed work reliably also with microstructured fibers. In addition, the 
polarization-mode dispersion and birefringence values comparable to the state-of-the-art 
single-mode fibers were observed for one microstructured fiber sample indicating an 
excellent symmetry in the microstructure both in the transversal and longitudinal direction of 
the fiber.  

The second part of the thesis deals with supercontinuum generation using nanosecond pulses. 
In Paper P3, supercontinuum generation is demonstrated in large mode-area microstructured 
fibers by launching into the fibers nanosecond pulses from a passively Q-switched Nd:YAG 
laser. Nonlinear phenomena such as Raman scattering and four-wave mixing processes were 
observed to contribute to the formation of the broad spectrum. The special properties of large 
mode-area microstructured fibers can be exploited to provide single-mode high-power 
supercontinuum sources with low output beam divergence and polarization dependence. In 
the third part of the thesis, the possibility of employing a single acetylene-filled 
microstructured fiber as a gas cell and nonlinear medium for supercontinuum generation was 
investigated using a passively Q-switched Nd:YAG laser [P4]. The evanescent field of the 
light interacts with the gas located in the holes resulting in light absorption at specific 
wavelengths in the output spectrum. The approach provides a compact and cost-effective 
supercontinuum source that is self-referenced to the acetylene lines in the 1500 nm region. A 
small core dimension and a high air-filling fraction were found to result in efficient 
interaction between light and gas and, consequently, in stronger absorption lines. Such a SC 
source may find applications in characterization of optical components and in calibration of 
measurement instruments. The technique could also be applied to various gases absorbing at 
different wavelengths. 

The third part of the work focuses also on applications based on photonic bandgap fibers. 
Air-guiding photonic bandgap fibers have attracted growing interest for sensor applications 
as they can guide more than 98% of the power in the hollow core of the fiber which can be 
filled with sample fluids. In this thesis, two novel photonic bandgap fiber-based devices were 
investigated. In Paper P5, gas detection using air-guiding photonic bandgap fibers was 
demonstrated. In particular, these fibers were applied to characterize absorption lines of 
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several gases such as acetylene and hydrogen cyanide by employing tunable lasers or LEDs 
as the light sources. The long interaction length and the strong light-gas interaction were 
found to be valuable in the detection of weakly absorbing gases such as methane. Photonic 
bandgap fibers could find applications in analyzing gas samples using small gas volumes and 
in remote gas detection. In Paper P6, a compact optical wavelength reference based on a gas-
filled photonic bandgap fiber was realized. These fibers allow for the use of weak absorption 
lines without the need for cumbersome multi-pass absorption cells. In particular, it was 
demonstrated that such fibers filled with gas can provide references for optical 
communications and calibration purposes. Four weak absorption lines belonging to the hot 
and mixed isotope bands of acetylene were identified and suggested to be used as references 
in wavelength division multiplexing systems. The lines are located within 1 GHz from the 
nearest channel centers. By utilizing lock-in technique, the output frequency of a tunable 
external cavity laser was successfully stabilized to these weak absorption lines.  
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List of acronyms and symbols  

 
BPM Beam propagation method 
DGD Differential group delay 
DUT  Device under test 
DW  Dispersive wave 
FA Fixed analyzer 
FWM  Four-wave mixing 
HF Holey fiber 
ITU International Telecommunication Union 
JME Jones Matrix Eigenanalysis 
LED Light emitting diode 
LMA Large mode-area 
MF  Microstructured fiber 
MI Modulation instability 
MMF  Multi-mode fiber 
MOF Microstructured optical fiber 
OFDR Optical frequency-domain reflectometer 
OSA  Optical spectrum analyzer 
PBF  Photonic bandgap fiber 
PCF  Photonic crystal fiber 
PMD Polarization-mode dispersion 
SC  Supercontinuum 
SMF Single-mode fiber  
SRS  Stimulated Raman scattering 
SSFS  Soliton self-frequency shift 
WDM Wavelength division multiplexing 
XPM  Cross-phase modulation 
 
c  speed of light in vacuum 
d  hole diameter 
g area normalized line shape function 
k mode-coupling factor 
kB Boltzmann’s constant 
n  refractive index 
nf  mode index of the fast polarization mode  
ns  mode index of the slow polarization mode 
p  pressure 
 
I0 incident power 
IT transmitted power 
KT temperature dependence of the phase birefringence 
Kτ temperature dependence of the group birefringence 
L  fiber length 
Lp path length 
Lb  beat length 
Pp  peak power 
Pav  average power 
Ph power effectively located within the holes 
R bending radius 
S line strength 
T temperature 
 
α absorption coefficient 
β  propagation constant 
βas propagation constant of the anti-Stokes wave 
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βf  propagation constant of the fast polarization mode  
βp propagation constant of the pump 
βs   propagation constant of the slow polarization mode 
βst propagation constant of the Stokes wave 
β2 group velocity dispersion coefficient 
γ nonlinear coefficient 
λ wavelength 
λp  pump wavelength 
λZD  zero-dispersion wavelength 
νg group velocity 
ν0  center frequency of the field 
ω  angular frequency 
ωas anti-Stokes frequency 
ωp  pump frequency 
ωst  Stokes frequency 
∆β phase birefringence in radians 
∆n phase birefringence 
∆τg differential group delay 
∆τp differential phase delay 
∆τg,n normalized differential group delay 
∆τp,n normalized differential phase delay 
∆ω measurement bandwidth 
Λ  pitch of the lattice 
ΩS frequency shift between the pump and the Stokes or anti-Stokes bands 
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