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1 Introduction

Photonic crystal fibers are a new class of optical fiber, which guide light inside their
microstructured cladding [1]. The most widely used type are the microstructured
fibers (MFs), which consist of a pure-silica core surrounded by a periodic array of air-
holes that constitute the cladding [2]. The air-holes reduce the effective refractive
index of the cladding, allowing for light to propagate in the core. The microstructure
of the cladding can be varied in order to tailor the optical properties of the fiber [3].
Indeed, several fiber types have been developed, such as highly nonlinear [4], highly
birefringent [5], large mode-field area [6,7] and high numerical aperture MFs [8].
Photonic bandgap fibers are a special class of photonic crystal fibers, that confine
light due to a photonic bandgap of the cladding [9], allowing for guidance of light in
the low-index core of the fiber. Such fibers are very promising for, e.g., sensing of
gases [10].

One of the most important applications of microstructured fibers is the so-called
supercontinuum (SC) generation. When highly nonlinear MFs are pumped with
intense laser pulses, the spectral broadening can be so pronounced that the resulting
spectrum can span more than an optical octave. Supercontinuum generation in MFs
was first demonstrated in 1999 by Ranka et al. [11]. The physics behind the process
of SC generation in MFs has recently been extensively studied, and a good
understanding of the phenomena involved has been obtained [12-22]. The dominant
nonlinear effects in SC generation include self-phase modulation, stimulated Raman
scattering and soliton effects. Furthermore, a strong effort has been put towards
developing compact and cost-efficient SC sources [23-25]. Alternative approaches to
produce large-bandwidth continua have also emerged, e.g., short tapered fibers with
reduced effective area and, thus, enhanced nonlinearity [26].

Supercontinuum light has the properties of a laser, i.e., it can be easily collimated to a
beam or focused to a diffraction-limited spot, and its intensity can be very high.
Supercontinuum light sources find numerous novel applications in, e.g., optical
frequency metrology [27] and optical coherence tomography [28]. Efficient
generation of coherent white light in MFs has opened up new possibilities for
characterization of novel optical components. For example, SC light has already been
employed in gas spectroscopy for measurements of absorption lines [29] or
fluorescence imaging microscopy [30].

Photonic crystals (PCs) also in planar geometries are studied and developed for novel
ways to manipulate the flow of light and they have shown great potential for many
applications in the field of optics. These include low-loss waveguides with sharp
bends [31], omnidirectional mirrors [32,33], inhibition of spontaneous emission [34],
and various passive/active optical functions [35]. Characterization of the PCs has,
however, proven to be difficult due to the poor efficiency of coupling light into these
structures. Preferably the light should be brought to the PC waveguide using a fiber-
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based coupling setup. The PC waveguides are usually very thin, on the order of
hundreds of nanometers, to ensure pure transverse photonic bandgap guidance along
the PC region. This severely limits the coupling efficiency of light from standard
single-mode fibers since the dimensions of the output mode of standard fibers is quite
different from the waveguide input mode. Fiber tapering provides a way to reduce the
mode-field diameter of the fibers thereby allowing for a better coupling efficiency to
the input of the waveguide [36,37]. In particular, tapered MFs allow for the possibility
to conveniently reduce the mode-field diameter without significantly increasing the
fragility or requiring very strict manufacturing tolerances.

Nonlinear fiber resonators provide convenient means for all-optical signal processing
[38,39]. The high nonlinearity achieved in microstructured fibers has enabled to
reduce the required lengths of fiber or input intensities. In addition, they make it
possibile to tailor the dispersion properties of the fiber, thus allowing for optimization
of the performance of the resonator.

This thesis consists of two parts. In the first part, supercontinuum generation in
microstructured fibers is studied. Effects of various pump pulse and fiber parameters
on the continuum formation are analyzed in order to enhance the generated spectrum.
Moreover, a two-pump technique is developed for efficient broadband blue-light
generation. The second part of this work concentrates on novel applications of
supercontinuum light and microstructured fibers. In particular, application of
supercontinuum for characterization of novel optical components, a tapered MF as a
mode-field adapter, and all-optical switching based on a MF cavity are studied.



2 Photonic crystal fibers

Photonic crystal fibers (PCFs) are a novel type of optical fiber exhibiting a periodic
variation of the refractive index in the plane perpendicular to the direction of light
propagation. The first PCFs were proposed and manufactured in the seventies [1].
However, due to limitations in the fiber manufacturing technology, the breakthrough
demonstration of PCFs was reported only in 1996 [2]. Since then, fast progress has
been made and several different types of fibers with a microstructure have emerged
[40,41]. In this Chapter, photonic crystal fibers and their properties are discussed.

2.1 Classes of photonic crystal fibers

Photonic crystal fibers can be classified in two categories according to their guiding
principle: index-guiding microstructured fibers (MF) which guide light in the same
way as standard optical fibers, and photonic bandgap fibers (PBF) where the light is
confined through the bandgap effect [9]. Common to most photonic crystal fibers is
that they are fabricated by stacking glass capillary tubes inside a larger glass tube to
form a preform. Other techniques reported for creating the preform include drilling
and extrusion [41,42]. The preform is drawn into a hair-thin fiber after being heated to
~1900°C in a fiber drawing tower.

Microstructured fibers

The core of a microstructured fiber is of fused silica and the cladding is formed by air-
holes running along the entire length of the fiber. These air-holes lower the effective
refractive index of the cladding with respect to the core, allowing for light to be
guided inside the core by total internal reflection (see Fig. 2-1a). In such a MF, often
referred to as index-guiding MF, a small fraction of light propagates in the air-holes
as evanescent fields. Microstructured fibers exhibit unique optical properties
compared to standard fibers. For instance, for certain sizes and arrangements of the
air-holes, MFs can confine the guided light to one single mode for all wavelengths in
the visible and infrared [43]. Varying the air-hole size, arrangement and symmetry
also makes it possible to tailor the group-delay and thereby the dispersion properties
of the fiber [44]. Narrow-core MFs have been widely applied in nonlinear optics, e.g.,
in supercontinuum generation and parametric amplification, due to their enhanced
nonlinearity [13,45]. Large-core, endlessly single-mode MFs with high numerical
aperture have been developed for applications in telecommunications and for high
power delivery [46]. In particular, recent experiments have shown that it is possible to
manufacture a large mode-area MF with an extremely uniform structure [47]. On the
other hand, the structure can be made asymmetric in order to substantially increase the
birefringence of the fiber. Highly asymmetric MFs have the advantage of maintaining
the polarization state of light along propagation [5]. Several reports have also been
published on fiber lasers and amplifiers that include a doped-core large mode-area



microstructured fiber (LMA-MF) [48-52]. In order to obtain a LMA-MF with high
numerical aperture and large mode-area, a special design is needed, consisting of the
substitution of more than one capillary with solid silica rods in the center of the
preform [53]. This increases the core size while keeping the effective index of the
cladding unchanged. With this type of design, output powers of several hundreds of
watts from MF-based fiber lasers have been demonstrated [48].

a) b)

Ccore

___---/.EI

air-holes
Figure 2-1. Guidance principle of a) MF and b) PBF.

Photonic bandgap fibers

Photonic bandgap fibers differ from MFs by having a hollow core. In such a structure,
index guiding is prohibited due to the lower refractive index of the core, and,
therefore, PBFs guide light by consecutive constructive interferences of reflections
from the several air-silica interfaces (see Fig. 2-1b). Such a periodic air-silica
cladding exhibits a bandgap for photons in the radial direction, forcing the photons to
propagate inside the core [9,54]. The large overlap of the propagating mode with the
air core considerably lowers the nonlinearity of the fiber allowing for delivery of
extremely large power levels. These fibers are also beneficial for sensing applications
since a mode-field overlap larger than 98% with the air or gas in the core can be
obtained compared to a few percents in index-guiding MFs [10,55]. Furthermore,
bandgap fibers have high values of dispersion at the edge of the bandgap, which may
be conveniently applied for dispersion compensation. Filling of the central hole of
PBF with, e.g., liquid crystal material allows for formation of a new breed of in-line
optical components, which may be used for example for optical switching [56].

Another type of PBF is the so-called Fresnel-fiber [41]. The Fresnel fiber uses circular
symmetry whereas most other demonstrated bandgap designs exhibit hexagonal
symmetry. This simplifies the design and analysis of the fiber properties. In a Fresnel-
fiber, the rings of air-holes are placed at the Fresnel zones. Each ring has a Fresnel
focus in the propagating direction and guidance is obtained when the foci match. The
width of the bandgap can easily be tuned by simply varying the diameter of the
central hole. Furthermore, the Fresnel focus of the rings can be applied in the output
of the fiber to produce a small diffraction-limited spot, as with Fresnel lens [57].



2.2 Modeling methods

The simple structure of standard single-mode telecommunication fibers (SMFs)
allows for analytical solutions of the propagating field to be calculated by solving a
simple Eigenvalue equation [58]. The microstructured cladding of PCFs complicates
the analysis significantly. The large refractive index contrast and strong contribution
of the cladding to the waveguiding properties prevents an analytical expression for the
propagating mode-field to be found. Therefore, in most cases, the mode structure and
properties of PCFs are analyzed through numerical simulations. In this section, some
of the numerical methods commonly applied to model the properties of PCFs are
presented. Their principle characteristics are summarized in Table 1.

Table 1. Characteristics of various methods employed for modeling MFs. MFD: mode-field
diameter, f: propagation constant, A4.: effective area, Ai: wavelength, Pol:
Polarization.

Method Modeled Model Limitations Computational
properties accuracy effort

Effective- MEFD,j Inaccurate at ~ Pol. analysis Low

index longer A impossible

Localized function | MFD,B,A Accurate Relatively High

expansion complex

Plane-wave MEFD,B,A Fair Infinite cladding  Intensive

expansion assumption

Multipole MFD,B, A Accurate Symmetric Intensive

expansion structures

Finite-difference MFD,B, A, Reliable Sums over all Very intensive

time domain Propagation excited modes

Finite-difference MFD,B, A, Reliable Sums over all High

frequency domain | Propagation excited modes

Beam propagation | MFD,B,A., Reliable Inefficient High
Propagation

Effective index method

In the effective-index method index-guiding MFs are modeled as step-index fibers
[59]. This is easiest done by taking the refractive index of the core of the equivalent
step-index fiber to be that of pure silica, and determining the index of the cladding
from the effective index of the so-called space-filling modes. The index of the space-
filling mode is found by solving the mode that propagates if the defect is removed,
i.e., if the cladding is assumed to be continuous and infinite. Knowing the propagation
constant fsrys associated with the space-filling mode, the effective refractive index of
the cladding of the equivalent fiber can be deduced from

n, (a)) _ Bsiu (a)) ’

L 2.1)

where ky=w/c is the wavenumber of light of angular frequency w propagating in free-
space. The MF can then be treated as an ordinary step-index fiber. It is important to



note that the effective index method is fairly accurate only when the fundamental
mode is well confined inside the core of the fiber. Nevertheless, the method permits
for obtaining a quick estimate of the waveguiding properties of the fiber.

Expansion methods

The most accurate way of simulating light field distribution in a waveguide is to
directly apply Maxwell's equations [60]. In order to simplify the calculations, the
structure or the field is often expanded into a sum of periodic functions, for which
Maxwell's equations are solved. The localized functions expansion method developed
for analyzing PCFs consists in expanding the electromagnetic field and the structure
of the fiber into an infinite number of Hermite polynomials [61,62]. For such a field,
the Maxwell's equations reduce to an algebraic Eigenvalue problem, which can be
solved analytically for many types of lattices. The accuracy of the technique scales
with the accuracy of the description of the refractive index profile. For this purpose, it
may be necessary to use a large number of polynomials, which drastically increases
the computational demands, particularly for larger and more complex structures.

In the multipole expansion method the electric field is expressed as a sum of Fourier-
expansions around the individual holes of the structure [63]. The actual field is
obtained from the boundary conditions on the hole surfaces. The mathematical
solution of the problem is then found by solving a set of matrix equations, which
limits the type of structures that can be simulated. Without symmetry, the
computation time approaches infinity. Nevertheless, for symmetrical structures, the
method is reasonably fast for a small number in terms of the Fourier-expansions. If
more terms are needed, the method becomes computationally intensive.

The plane-wave expansion method, widely used in simulating photonic crystal
structures, is based on finding the field of a periodic structure by operating in the
reciprocal space, which is obtained through Fourier-transform of the lattice [9,64].
Even though in some ideal cases these solutions may be found analytically, they
usually have to be obtained numerically by finding the Eigenvalues of a characteristic
equation. The method is accurate and fast for two-dimensional simulations and it is
particularly well suited for simulating the band structure of PBFs.

Finite-difference methods

Maxwell's equations can also be applied to simulation of light propagation in
waveguides. This leads to solving a number of differential equations which depend on
space and time. Two most general ways of doing this are the finite-difference time
domain and frequency domain methods [65,66]. Both techniques discretize the
modeled structure into homogenous cells, for which Maxwell's equations are solved
in a differentiated form. In the time domain method, the discretization of the
equations is done in time space, and in the frequency domain method in frequency
space. Both methods are well adapted for simulating PCFs, but the result of the



computation produces a sum of all propagating modes, and therefore individual
modes cannot be distinguished.

Beam propagation method

Finite-difference beam-propagation method (BPM) is a propagation algorithm, in
which the field in the transverse plane is divided into discrete cells and the
propagation is done in short steps. For each simulation step, a set of equations derived
from the Maxwell's equations are solved to produce the input field for the following
step [67]. This is repeated along the entire length of the structure. The beam-
propagation method can be extended to 3D simulations by using the alternating
direction implicit method [68]. The addition of polarization to the simulation requires
taking the vectorial nature of the electric field into account. In this case, the
propagation is performed by solving two coupled differential equations, one
corresponding to each basis polarization state.

The beam propagation method can be conveniently extended to solve the various
modes that can propagate in a 3D structure (i.e., in a z-invariant geometry).
Propagation in such a structure can equivalently be described in terms of modes and
propagation constants. For scalar fields, this corresponds to expressing the input field
E(x,y,z) as a superposition of the Eigenmodes of the structure

E(x,y,z)= Z%E; (x.7), 2.2)

where o; represents the contribution of each mode Ej(x,y). The input field is
subsequently inserted into the BPM algorithm with the exception that the distance z is
replaced by an imaginary distance iz [69]. As a consequence, along propagation, the
constant ¢, of the fundamental mode (the mode with the highest mode index) will
grow exponentially, dominating over all the other modes. Therefore, after a certain
distance z, only the mode pattern of the fundamental mode is retained. Higher-order
modes can also be obtained by repeating the propagation operation and suppressing
the modes of lower order than the one of interest from the input field.

2.3 Properties of index-guiding microstructured fibers

Modal behavior

The number of modes supported by a MF depends strongly on the hole diameter d,
pitch 4 and wavelength A. Similarly to standard fibers, one can using the effective-
index model define the V-parameter of MFs, known as the normalized frequency of
the fiber

2mp [ 2
V = ﬂ, ncore - ncladding > (23)



where p is the effective core radius of the fiber, and 7o and nciaaaing represent the
refractive indices of the core and cladding, respectively [58]. The effective core radius
is commonly approximated to be 0.62 times the radius of the silica core [70]. The
refractive index of the core is that of silica, and the index of the cladding is the
effective index of the space-filling mode. The V-parameter relates to the number of
modes supported by the fiber. In particular, for values of V' < 4.2, only the
fundamental mode will propagate along the MF, which is often desired in
telecommunication applications as multi-mode propagation induces temporal
broadening of light pulses (note that in standard fibers the single-mode cutoff is V' =
2.405). Examples of V-parameters calculated for MFs as a function of normalized
wavelength A/4 are illustrated in Fig. 2-2 for different values of the hole diameter to
pitch ratio d/A.
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Figure 2-2. Calculated V-parameter of microstructured fibers for different values of d/4. A =7
pm. The dashed horizontal line indicates the higher-order mode cutoff.

Contrarily to the standard step-index fibers, the refractive index of the microstructure
cladding is wavelength-dependent. This can be used for reducing the wavelength-
dependence of the V-parameter and thereby shortening the cutoff wavelength. For
MFs with a relative air-hole diameter d/4 smaller than ~0.48, the V-parameter shows
single-mode propagation from 400 to 1600 nm [43]. Such MFs are commonly
referred to as endlessly single-mode fibers and are of particular interest in, e.g.,
supercontinuum experiments where ultra-broadband coherent light can be generated
in a single-mode. Microstructured fibers with the relative air-hole diameter larger than
~0.48 are multi-mode. Distribution of the input light into the modes of the MF is
determined by the input coupling conditions. Examples of simulated intensity profiles
of the fundamental and a higher-order mode propagating in a multi-mode MF (4=7
um, d/A=0.5) for A=800 nm are presented in Fig. 2-3.



b)

Vertical Direction (um)

Vertical Direction (um)

Horizontal Direction (um) Horizontal Direction ()

Figure 2-3. Intensity profile of the a) fundamental, and b) first higher-order mode of a MF with
d=0.5 pm and A=7 pm simulated using the BPM method. The contour-lines are
spaced by 0.5 dB. /=800 nm.

The nonlinearity of the fiber is inversely proportional to the effective area of the
mode. Therefore, nonlinear MFs have very narrow cores, and thus, small values of the
mode-field diameter (MFD). The MFD of MFs is strongly dependent on the relative
air-hole diameter as shown in Fig. 2-4 for a fundamental mode of a triangular lattice
of circular holes at A=1500 nm [71]. The tendency of the MFD to increase for small
values of 4 and d/A can be explained as leaking of the mode into the cladding through
the silica bridges in the cladding microstructure. For this reason, most fibers designed
to have small MFD have very high values of d/4. As the outcome, these fibers are
multi-mode, but with careful coupling of the pump light into the fiber single-mode
guidance may be obtained for short lengths of fiber.

—_—

A [pm]

Figure 2-4. Calculated relation between pitch and output mode-field diameter of MFs with
triangular array of circular holes for different values of the relative air-hole
diameter d/A. 2=1.5 pm.

Dispersion

Frequency-dependence of the refractive index of silica, i.e., dependence of the
propagation velocity on frequency, is commonly referred to as material dispersion.
The difference in the refractive index between the core and cladding induces another
type of dispersion known as waveguide dispersion. The total dispersion of the fiber is
the sum of the material and waveguide dispersion [72]. The effects of dispersion on



pulse propagation in optical fibers are typically accounted for by expanding the
propagation constant § into a power series around the carrier frequency wy of the
pulse:

plo)= 3 Lal=0) 4
m=1 .
where
d" B
B = 45" : 2.5)

In Eq. (2.4) the coefficient f; indicates the group delay (GD) and its inverse 8, the
group velocity (GV) of the pulse, i.e., the propagation speed of the pulse envelope
inside the fiber. The group-velocity dispersion (GVD) parameter S, expresses that
different frequency components of the pulse propagate at different speeds. This effect
is responsible for broadening of the time intensity profile of a pulse during
propagation along the fiber. Depending on its sign the group-velocity dispersion in
optical fibers can be divided into two categories: it is called normal, when $,>0 and
anomalous, when /,<0. The wavelength at which £, = 0 is referred to as the zero-
dispersion wavelength Azp (Azp ® 1.3 um for conventional optical fibers). In the
anomalous dispersion region, shorter wavelengths travel faster than longer
wavelengths, and vice-versa in the region of normal dispersion. Another common
parameter used to describe the effects of dispersion in optical fibers is the dispersion
parameter D defined as

2mc
D= —(7jﬁz, (2.6)

where 4 is the wavelength and c the speed of light in vacuum. The value of D is often
given in units of ps/(nm-km).

In MFs, the effective index of refraction of the cladding and of the core are
determined by the pitch 4 and the relative air-hole diameter d/A of the structure [73].
Therefore, varying the characteristic dimensions of the fiber permits tailoring of the
waveguide dispersion in a wide range. For comparison, the dispersion profile of a
conventional single-mode telecommunication fiber (SMF) and that of several MF
designs for different values of d/A are plotted in Fig. 2-5. The dispersion profiles of
the MFs were calculated using the effective-index method. For large values of d/A,
the effective refractive index of the cladding is close to 1. This induces higher values
for the waveguide dispersion compared to conventional fibers, resulting in the shift of
the Azp to the visible, followed by the emerging of a second, infrared Azp. This type of
dispersion profile is particularly suitable for efficient supercontinuum generation, and
it is further discussed in Chapter 3.
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Figure 2-5. Calculated dispersion profile of SMF and several MFs for different values of 4 and
d/A.

Attenuation

The usable wavelength range of MFs is limited by both the intrinsic material losses
and micro/macro-bending losses of the fiber. The main loss mechanisms in MFs
originate from scattering and absorption [46]. Rayleigh scattering is the main loss
mechanism in the wavelength range of 500-1600 nm with a cross-section proportional
to A*. Below 500 nm, the ultraviolet absorption of silica becomes dominant. At
wavelengths above 1600 nm, the transmission of the fiber is limited by the strong
infrared absorption of silica. A strong absorption peak is located at around 1400 nm
resulting from vibrational resonance of the OH-molecules that remain in the fiber
after the manufacturing process. In order to reduce the OH-losses, the fiber preform
can be flushed with an inert gas or liquid before the drawing. In practice, losses of
MFs may be reduced below 1 dB/km at 1550 nm. Further advances are theoretically
possible with air-guiding photonic bandgap fibers, since Rayleigh scattering is
negligible in these.

In addition to scattering and absorption, the transmission bandwidth of MFs is also
limited by micro-and macro-bending losses. Macro-bending losses present in MFs are
induced by bending or spooling of the fiber to a small diameter [74]. Spooling of a
large mode-field area MF to a radius of 8 cm reduces the bandwidth significantly by
introducing spatial asymmetry into the effective index of the cladding. Micro-
deformation-induced losses are caused by scattering from interfaces of small
irregularities of the fiber or by residual stress of the coating [75]. These two loss
mechanisms severely limit the usable bandwidth to a few hundred nanometers for
fibers with small values of the relative air-hole diameter.
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3 Light sources based on microstructured fibers

The first observation of the dramatic broadening of ultrashort pulses into a
supercontinuum (SC) was made in 1970 when pulses from a high-power Nd:glass-
laser were targeted into a piece of borosilicate glass [76]. Since then, this effect has
been studied extensively in several materials using free-space optics and a wide
variety of laser sources (see, e.g., [77,78]). Parameters of some of the demonstrated
SC sources are summarized in Table 2. The field of nonlinear fiber-optics began to
evolve rapidly in the 1980s as the long effective interaction length provided by low-
loss optical fibers significantly reduced the required power levels to generate SC.
Indeed, already in 1987 SC generation was demonstrated in a multi-mode fiber [79].
Subsequent research concentrated on designing fibers with dispersion profiles tailored
for obtaining broader SC spectra [80]. Supercontinuum generation was also
demonstrated in tapered standard fibers with reduced mode-field diameters, and,
thereby, enhanced nonlinearity [26]. Highly nonlinear MFs with the zero-dispersion
wavelength Azp in the visible were introduced in 1999 [81]. These fibers could
conveniently be pumped with a mode-locked Ti:Sapphire laser, which provides
femtosecond pulses with tens of kilowatts of peak power at a wavelength in the 700-
1000 nm range. When launched into a highly nonlinear MF with anomalous
dispersion at the pump wavelength Ap, these pulses evolve into a SC that can span
more than an optical octave [11]. Such intense coherent broadband radiation has
several applications, e.g., in the fields of optical frequency metrology and
spectroscopy [82]. The mechanisms behind SC generation in MFs have been found to
strongly depend on the choice of the fiber and the pump laser [13-15,18]. Since the
work by Ranka et al., SC generation in MFs has been extensively studied for various
pumping schemes. Continuum in MFs made of specialty glass have also been
obtained [42,83]. The use of pico- and nanosecond pump pulses generated by compact
and cost-efficient lasers recently been demonstrated [84].

Table 2. Comparison of supercontinuum sources. MMF=Multi-mode fiber, DSF=Dispersion-
shifted fiber, MF=Microstructured fiber.

Year Medium Pump laser i::ll(ppi::;l:_sity / iacn-dzv?'i(;?h
1970 [76) Borosilicate Nd:Glass 1 GW/cm? 300 nm
1977 111 Water YAIG:Nd 45 MW 600 nm
1983 (78] Ethylene glycol =~ Rh6G dye laser 3GW 130 nm
1987 79] MMF Nd:YAG 1.5 GW/em® 60 nm
1995 [s0] DSF Er* fiber laser 1.2 kW 300 nm
1999 (11 MF Ti:Sapphire 8 kW 1200 nm

In the first section of this Chapter, basics of nonlinear fiber optics are briefly
introduced. The second section highlights the steps leading to SC generation in MFs
for different pump sources and dispersion characteristics of the fiber at the pump
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wavelength. Enhancement of the SC bandwidth with optimized fiber designs is
discussed in Chapter 3.3. A novel concept for broadband blue light generation with
average pump power of only a fraction of that needed for SC generation are presented
in the final section of this Chapter.

3.1 Nonlinear propagation in microstructured fibers

Propagation of an electromagnetic wave in a waveguide can be described by the
scalar wave equation [72]

3.1

where E is the electric field, P is the polarization induced in the medium by the
electric field, uy is the permittivity of vacuum, and c is the speed of light in vacuum.
Weak electric fields induce a linear polarization P. For more intense laser radiation,
the polarization is composed of a linear part and an intensity dependent nonlinear part
as

P= 50(1(1)E+Z(2)E2 +;((3)E3 +...), (3.2)

where & is the vacuum permittivity, and 7 describes the /™ order susceptibility of the
medium. In silica, due to the inversion-symmetry of the lattice crystal, the even-order
susceptibilities are negligible. Moreover, susceptibilities of order higher than three are
typically very low and thus insignificant. Therefore, most nonlinear effects present in
silica fibers are induced by 4 [72]. These effects include elastic processes such as
self-phase modulation (SPM) [85], cross-phase modulation (XPM) [72,86], four-wave
mixing (FWM) [87], self-steepening [88], third-harmonic generation, and inelastic
nonlinear scattering mechanisms, such as Raman [89,90], and Brillouin scatterings. In
practice third-harmonic generation is relatively inefficient in optical fibers due to the
required strict phase-matching condition. Brillouin scattering is negligible for sub-
nanosecond pulses. Therefore, these two effects are not discussed further in this work.

Assuming an electric field of the form
E(z,T)=A(z,T)e """, (3.3)

where 4 is the slowly varying envelope of the field and f represents the propagation
constant of the mode at the carrier frequency wy, and using the perturbation theory in
Eq. (3.1) with the polarization P given by Eq. (3.2), one can derive the well-known
nonlinear Schrédinger equation (NSE) which describes pulse propagation in the fiber.
In a frame of reference moving at the group velocity of the pulse the NSE can be
expressed as [72]
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Here a is the fiber loss, f; are the coefficients of the Taylor-series expansion of the
propagation constant £ around wy, and y is the nonlinearity of the fiber. The parameter
R(T)=(1-fg)-0T+frhr(T) represents the nonlinear response function of the fiber, where
Jfr 1s the fractional contribution of the delayed response 4z induced by Raman
scattering and is taken to be 0.18 for silica fibers. The Dirac function 07 expresses the
instantaneous response of the medium and is responsible for effects such as SPM,
XPM and FWM. The left-hand side of the equation accounts for linear effects, such as
attenuation and dispersion, and the right-hand side represents the nonlinear effects.

Solitonic effects

Equation (3.4) has no analytical solution in its full form. However, when neglecting
the higher-order dispersion terms (i.e., the terms with S, £>3) and attenuation, and
assuming a pure instantaneous response, it can be expressed as

04 1 0’4 2
lgzzsng(ﬂZ)F—N2A|A| ) 3.5)

where sgn refers to the sign function and N is defined as

L P.T;
N=/D=7P0_ (3.6)
LNL |ﬂ2|

Here Lp=T;/|fs|° and Ly,=1/yPp define the dispersion and nonlinear lengths,
respectively. The parameter Ty=Trwun/1.76 is the temporal width of the pulse (Trwuy
is the full width at half maximum of the pulse). Equation (3.5) has analytical solutions
(commonly referred to as optical solitons) for negative values of f», i.e., when the
dispersion is anomalous [72,91,92]. These solutions can be sought for using the
inverse scattering method [93]. A particular solution to the equation is the so-called
solitary wave which may be expressed as

A(T, z= 0) =N- Sech[lJ R 3.7
T()

where the integer value closest to N is the soliton order. The solution with N=1
represents the fundamental soliton, i.e., a state where the effects of anomalous
dispersion and SPM cancel out, allowing for the pulse to propagate in the medium
undistorted. For values of N higher than 1, the energy of the input pulse is divided
between N fundamental solitons so that the peak power and duration of the ™ pulse
(k<N) are given by [94,95]
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The group velocities of the fundamental solitons that constitute a higher-order soliton
are equal, and thus the pulses propagate together. No energy is exchanged between
the pulses. Moreover, these sub-pulses interfere along propagation, resulting in a
periodic evolution of the time trace, with the soliton period given by Lpn/2 [72]. A
higher-order soliton is, however, not stable. Even a small perturbation can break the
degeneracy of the group velocities of the N constituents, leading to subsequent
separation of the constituents. Examples of such perturbations include stimulated
Raman scattering, self-steepening, or higher-order dispersion [94-96].

The Raman gain significantly overlaps the pulse spectrum of a femtosecond soliton.
As a consequence, the leading edge of the soliton corresponding to the blue part of the
spectrum acts as a pump for the trailing edge of the pulse corresponding to the red
side, thus shifting the center wavelength of the pulse towards longer wavelengths
[97]. This effect is known as the soliton self-frequency shift (SSFS) and the
magnitude of the shift is proportional to 1/7,’. When a soliton experiences loss, it
reshapes to compensate for the lost peak power, i.e., its width increases. Therefore,
even a small loss significantly reduces the SSFS. Eventually, the SSFS process ends
when the Raman gain does not overlap anymore with the pulse spectrum.
Theoretically, this effect is not limited solely to solitons. Indeed, it was recently
predicted that Raman-induced frequency shift should also occur for Gaussian pulses
in the normal-dispersion region [98]. However, the effect is in this case very
inefficient due to the rapid temporal broadening of the pulse by dispersion.

The wave-number of a soliton is constant throughout the pulse spectrum. Therefore, a
possibility exists for a resonance between a soliton and a linear dispersive wave
(DW), whose center wavelength lies in the normal dispersion region. This possibility
can be expressed through a phase-matching condition as

AB = ﬂ(wp)_ﬂ(a’z)w): (l_f;')y(a)P)PP _Zwﬂn(wP): 0. (3.10)
nx2 .

Here wp and wpw refer to the frequencies of the soliton and the dispersive waves,
respectively. If the pulse spectrum of the soliton overlaps with the resonance, the
overlapping part of the soliton spectrum is then shed into the DW [99]. The
magnitude of the energy flow is determined by the overlap of the soliton spectrum and
the resonance [100]. If, for example, the soliton loses energy from the blue side the
spectrum to the DW, the energy within the soliton is redistributed and the net result is
a red shift of its spectrum. This in turn reduces the overlap with the DW and
eventually the energy transfer between the two waves ceases.
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3.2 Fundamentals of supercontinuum generation

The sequence of events in supercontinuum generation depends strongly on the
parameters of the pump pulse and the fiber characteristics. The most significant
parameter is the dispersion at Ap (anomalous or normal). Furthermore, the relative
importance of the effects is different for femtosecond and pico/nanosecond pump

pulses. Therefore, the spectrum can be tailored by a proper choice of the pump laser
and the fiber.

In Fig. 3-1 spectra generated in three different MFs are plotted. The supercontinuum
shown in Fig. 3-1a was generated by launching the 80 MHz train of 100 fs pulses
from a mode-locked Ti:Sapphire laser into a 75 cm long MF with anomalous
dispersion at the pump wavelength A/,=800 nm. The 2-um core MF possesses a zero-
dispersion wavelength Azp at around 760 nm. With 100 mW of input power the SC
spectrum spans from 500 to 1600 nm. Figure 3-1b shows the spectrum recorded when
the same pulse-train was launched into a MF with 1zp= 940 nm and normal-dispersion
at Ap. Supercontinuum shown in Fig. 3-1c was generated by launching pulses at a
repetition rate of 30 kHz obtained from a diode-pumped Q-switched Nd:YAG laser
into a 20 m long MF with anomalous dispersion at Ap. This laser produces nanosecond
pulses with a maximum average power of 180 mW at 1064 nm. The core size of the
MF is 4.8 um yielding a zero-dispersion wavelength located at around 1040 nm. From
Fig. 3-1 it is clear that the SC spectrum can vary substantially depending on the initial
pump pulse parameters. In the following paragraphs the mechanisms leading to the
formation of SC in these cases will be addressed by presenting simulation results
obtained by solving Eq. (3.4) numerically using a standard split-step algorithm.
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Figure 3-1. Measured spectra of the fs supercontinuum with A, in the a) anomalous and b)
normal dispersion region. ¢) Supercontinuum generated with ns pump pulses and 4,
in the anomalous dispersion region. The dashed vertical lines mark 4,.

Supercontinuum generation with femtosecond pump pulses

Supercontinuum generation with femtosecond pump pulses and anomalous dispersion
at the pump wavelength is initiated by decay of a higher order soliton [12,13,16,19].
The Gaussian input pulse (4p=800 nm, Azp=<690 nm, P,,=60 mW, Trwm~200 fs),
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containing energy sufficient to form a higher-order soliton, splits into the constituents
of different durations 7} and peak powers P; given by Eqgs. (3.8) and (3.9). Spectra of
the narrowest solitons then extend to the normal-dispersion region (the extension
being enhanced by self-steepening) and fulfill the phase-matching condition of Eq.
(3.10), therefore resulting in the generation of DWs in the blue wavelength side (Fig.
3-2a). Subsequently, each of the solitons experiences the SSFS, which extends the SC
spectrum towards red wavelengths (see Fig. 3-2b) [13]. The rate of the frequency shift
is different for each soliton due to the difference in the initial pulse constituents
parameters.
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Figure 3-2. Calculated spectrograms of SC generation with a,b) anomalous and c¢,d) normal
dispersion at the pump wavelength (reproduced from [P1] and Ref. [13]). The red
color indicates maximum intensity and deep-blue color is 30 dB below maximum.

The spectrum of the supercontinuum can be tailored by changing the pump pulse
parameters, such as pump wavelength Ap, peak power Pp and pump-pulse duration
Trwuyv [13,101]. The further Apis tuned from Azp, the further to the blue the DWs will
be formed as the resonant wavelength is changed. This commonly results in a gap in
the spectrum located around Azp [P3]. Moreover, for a longer Ap, SSFS shifts the
solitons further into the infrared, the exact magnitude of the shift strongly depending

on the dispersion and loss profiles of the fiber. The soliton order N varies with ~,/ P, ,

and, therefore, increase of the pump power results in higher number of generated
solitons. A higher number of the solitons is also increasing the amount of DWs. For a
fixed value of average input power (and consequently, fixed pulse energy), varying
Trwuym changes Pp, thus affecting strongly the N value. Short (~10-30 fs) pump pulses
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result in a small number of solitons widely separated in the spectrum, and longer
pump pulses (~100 fs) generate a smoother spectrum with reduced bandwith.

When the wavelength of the pump pulse resides in the normal dispersion region of the
fiber as in Fig 3-1b (4p=831 nm, 17,p~940 nm, P,,=120 mW, Trwm~130 fs), the initial
broadening is caused by SPM [13]. The magnitude of the SPM-induced broadening is
mainly determined by Pp. If the spectrum extends over Azp into the anomalous
dispersion region, this part of the pulse reshapes into multiple fundamental solitons
(Fig. 3-2c¢,d) which subsequently experience the SSFS.

Supercontinuum generation with pico and nanosecond pump pulses

Cost-efficient and compact pico and nanosecond pulse lasers provide few kilohertz
pulse trains with peak power in the kW range which may readily be applied for
supercontinuum generation [15,16,84]. A typical example is a Q-switched Nd:YAG
laser, which provides hundreds of milliwatts of average power [25]. When pumping
with picosecond pulses, supercontinuum generation is mostly based on FWM [15].
Stimulated Raman scattering subsequently amplifies the long-wavelength side of the
spectrum. When /p is on the anomalous dispersion side and pump pulse duration is in
the nanosecond regime the main broadening mechanisms are FWM followed by
Raman scattering [25]. FWM breaks the pulse into multiple solitons, each of which
subsequently experiences SSFS.

3.3 Enhancement of supercontinuum bandwidth

The supercontinuum spectrum can be tailored by changing the MF parameters. With
specially designed fibers, the SC bandwidth may be extended through, e.g., cross-
phase modulation or infrared zero-dispersion wavelength. Furthermore, a highly-
birefringent MF has two optical axes with different dispersion properties. These
enhancements are discussed in the following paragraphs.

Influence of cross-phase modulation

In the final stages of SC generation with femtosecond pump pulses and anomalous
dispersion at the pump wavelength, the SSFS shifts the solitons to longer wavelengths
reducing the GV of the solitons to be slower than that of the DWs. Therefore, the
DWs catch up with the solitons, allowing for interaction through XPM [P1] (Fig. 3-
2b). Due to the sign of the GV mismatch between solitons and DWs, the dominant
broadening induced by the soliton on the DW spectral components occurs towards the
blue wavelengths extending the supercontinuum bandwidth [P1]. Note that the peak
power of the solitons exceeds by far that of the DW. Consequently, the XPM
broadening is mainly induced by the solitons onto the DWs and not vise versa.

Similar behavior is observed in the case of normal dispersion pumping. Again, the
solitons are delayed with respect to the part of the pulse spectrum which lies in the
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normal dispersion region, inducing XPM broadening of the spectrum towards shorter
wavelengths (Fig. 3-2d).

Enhanced bandwidth due to infrared zero-dispersion wavelength

In most experiments performed with Ap around 800 nm, the longest wavelengths
obtained on the infrared side of the supercontinuum have been limited to around 1500
due to the strong OH-absorption at 1400 nm. This absorption reduces the energy of
the solitons (thus increasing their temporal width) and thereby limiting the SSFS.
Several approaches have been undertaken to extend the SC to longer wavelengths. For
instance, tuning Ap to longer wavelengths [13] or using a fiber made of highly
nonlinear glass [42] may provide hundreds of nanometers of more bandwidth.

By reducing the core-size of MFs the second Azp is pushed to shorter wavelengths at
around 1500 nm. When the wavelength of the solitons is shifted into the vicinity of
the second Azp by SSFS, the spectrum of the solitons may overlap with that of the
dispersive waves on the long-wavelength side of the infrared 1, given by Eq. (3.10).
Energy is then shed by the solitons to the dispersive waves, extending the spectrum to
longer-wavelengths [P2]. This is clearly seen also in the experimental results shown
in Fig. 3-3, obtained when pumping a MF with 4zp at 690 and 1390 nm. The average
input power for the train of 27 fs pulses at 1p=790 nm was 118 mW.

Recently it was suggested by Hilligsee e al. in [102], that this mechanism is different
if the two Azps are spaced by only a few hundred nm. Their analysis, based on the
continuous-wave theory of FWM, suggests, that in this case SPM and FWM are the
causes for formation of two sidebands located symmetrically with respect to the Azp.
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Figure 3-3. Supercontinuum generated in a MF with a second Az in the infrared. The dashed
vertical lines mark the A,ps.

Highly-birefringent microstructured fiber

Controlling the input polarization is of great importance in SC generation when using
a fiber with a highly-birefringent core [P3]. In such a fiber, the polarization state of
the input light can be decomposed onto the principal axes of the fiber. Due to the high
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GD difference between the two axes (birefringence), both modes propagate without
mutual interaction after only a few mm of propagation so that the continuum at the
fiber output is essentially the linear superposition of the individual SC generated
along each axis. Since the two axes exhibit different dispersion characteristics, they
also allow generation of SC with different spectral features by simply tuning the
polarization of the input light. For example, the phase-matching condition for the DW
generation is different for the two axes (and thus the spectral features of the SC may
be varied by changing the input polarization). Figure 3-4 shows SC spectra measured
for different linear input polarizations for input pulse powers corresponding to N=1.5
(for the dispersion value of the fast axis) and anomalous dispersion at Ap. The zero-
dispersion wavelengths Azp of this fiber (fiber core dimensions 1.5%2.3 umz) are
located at 635 and 700 nm for the fast and slow axis, respectively. Therefore, when
the pump pulse polarization is rotated from the fast towards the slow axis, the soliton
formed on the fast axis (marked with F in the figure) experiences reduced SSFS since
a greater fraction of the power is coupled to the slow axis. Also, pump pulse power
that excited a fundamental soliton for the dispersion value of the fast axis at Ap is
sufficient to excite a second-order soliton for the slow axis dispersion, which has a
lower value.

Furthermore, the phase-matching condition for DW generation is different for the two
axes. The overlap of the soliton with the dispersive waves is larger on the slow axis
than on the fast axis where Azp is 60 nm more detuned from the Ap. Therefore, the
intensity of the generated DW 1s much higher when the pump pulse polarization is
aligned with the slow axis. Finally, by aligning the input polarization along one of the
two axes, it i1s possible to have all of the input light contributing to the SC, thus
maximizing the SC bandwidth [P3]. After publication of [P3], similar results have
been reported by, e.g., Proulx ef al. in [103].
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Figure 3-4. Experimental spectra showing the effect of input polarization on SC generation.
@ pol is the angle of the input polarization with respect to the fast axis of the fiber.

F=soliton propagating along the fast axis, S,=first soliton split from the input pulse
propagating on the slow axis, S,;=second soliton on the slow axis.
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3.4 Broadband blue light generation

Ultraviolet and deep blue light is widely used in several applications ranging from
spectroscopy to biomedical analysis. The availability of broad light sources for this
wavelength region is very limited, and most compact sources consist of an LED or a
diode laser emitting in the red with light frequency doubled to the blue. Since the
introduction of broadband SC generated in MFs, there has been keen interest to
extend the spectrum further into the blue wavelength region. Using only one pump
pulse from, e.g., a Ti:Sapphire laser, relatively high input power is required in order to
generate light below 500 nm. Moreover, in SC generation the highest fraction of the
input power is transferred to infrared wavelengths. In [P4], improvement of the
efficiency of blue light conversion using a two-pump scheme is proposed, and the
prerequisites of the technique are presented below.

Dual pumping and cross-phase modulation

In Chapter 3.3 and in [P1] XPM was shown to enhance the bandwidth of the SC
towards blue due to the group-delay difference of the frequency shifted solitons and
the blue DWs. Similar effect should also occur if, e.g., a pulse and its second
harmonic obtained from a mode-locked Ti:Sapphire laser as proposed in [P4] or from
a compact diode-pumped Nd:YAG laser are coupled into the fiber. Here, these pulses
are referred to as the pump (soliton) and the probe (second harmonic) pulse. The
proposed setup for generating the pulses and to tune their relative initial delay is
shown in Fig. 3-5a.
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Figure 3-5. a) Proposed experimental setup for efficient generation of broadband blue light.
b) Calculated relative delay of pump and signal pulses for different values of fiber
length L. A positive value of the delay stands for signal trailing the pump.

Efficient broadening of the second-harmonic pulse requires the GD-difference of the
pulses to vary [86]. This can be realized experimentally if the pump pulse corresponds
to a soliton and experiences the SSFS. This condition sets the lower limit for P» and
Trwrwm of the input pulse, i.e., the pump pulse has to fulfill N>0.5. In order to obtain
efficient broadening of the probe spectrum to both red and blue directions from its
center wavelength, the dispersion profile of the MF should be such that the soliton
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first accelerates compared to the probe (inducing redshift), and subsequently
decelerates due to SSFS (inducing blueshift) as shown in Fig 3-5b. In practice, even a
nanosecond pulse can form multiple solitons due to modulation instability if the pump
pulse spectrum lies in the anomalous dispersion region of the fiber, and they may thus
be also applied for efficient blue-light generation [24,104].

The initial delay between the pump and probe pulses has significant effect on the
induced frequency shift. If the two pulses do not entirely pass through each other
along the propagation inside the MF, the XPM-induced chirp induced by the
leading/trailing edge of the pump pulse onto the trailing/leading edge of the probe
pulse is only partly compensated for. Therefore, by proper selection of the input delay
and fiber length, one may induce mainly red, blue, or symmetrical broadening.
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4 Spectral characterization of optical components

Transmission and absorption are fundamental properties of optical components
requiring accurate characterization as they may substantially affect the performance of
the setup in which the components are utilized. Several techniques have been
developed for the characterization of the transmission/absorption properties of fiber-
optic components [105]. Light sources widely applied for transmission or absorption
measurements include light bulbs, laser diodes, LEDs and tunable lasers depending on
the measurement wavelength range desired. For instance, Xenon and Tungsten-
Halogen lamps are commonly employed as broad-band sources for measuring the
attenuation spectrum of optical fibers as well as the absorption spectra of doped
fibers. However, the incoherence of the source drastically limits the dynamic range of
the measurements due to the poor coupling to the fiber. In contrast, laser diodes or
tunable lasers exhibit higher spectral density and better coupling efficiency to fibers
but suffer from a narrow bandwidth or limited wavelength tuning range. Therefore,
the characterization might prove to be difficult in the case of high absorption or low
transmission values and if a large measurement wavelength range is needed.
Supercontinuum, as white laser light, combines the ease of collimation and focusing
of lasers with the broad bandwidth of LEDs and light bulbs. Moreover, SC may be
generated in a polarization-maintaining MF [P3], therefore allowing for the study of
polarization effects in components. Some key parameters of typical broadband
sources are summarized in Table 3.

In Paper [P4] SC radiation generated using two different pump lasers was applied to
characterize the absorption or transmission of three novel fiber-optic components. The
supercontinuum radiation was butt-coupled into the device under test with a coupling
efficiency of ca. 50%. The output spectrum was recorded with an optical spectrum
analyzer and was compared to the input SC in order to obtain the
transmission/absorption spectrum of the component.

Table 3. Comparison of broadband sources.

Source Bandwidth Spectral density  Focusing Polarization
Light bulb visible and IR low very poor unpolarized
Broadband LED ~100 nm medium poor unpolarized
Tunable laser ~200 nm (wningrangey ~ Monochromatic excellent linear
Supercontinuum 400-1600 nm high excellent linear

Erbium-doped fibers

Erbium-doped fibers are manufactured similarly to single-mode fibers by doping the
core of an otherwise pure-silica fiber with impurity atoms. In these fibers, the dopants
are Er’" ions, often accompanied by co-dopants to reduce the inevitable clustering of
the ions [106]. Erbium-doped fibers are the basic medium of amplifiers in optical
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telecommunications since Er’* provides conveniently gain at around 1530 nm when
pumped at 980 nm or 1480 nm. The length of fiber needed to obtain a fixed value of
gain is determined by the amount of absorption at these wavelengths. The absorption
of modern high-concentration doped fibers is far too high to be measured using a
conventional broadband source for reasonable lengths of fiber. However, using SC
radiation the transmission spectrum of two high concentration Erbium-doped fibers
could easily be obtained over a broad range [P5].

The absorption spectrum of Er'" consists of several lines, corresponding to one
transition from the ground state 4115/2 to higher energy states [106]. The relevant
energy level structure of Er’” in a solid host is shown in Fig. 4-1.
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Figure 4-1. Energy level structure of Er’".

In addition to transitions involving absorption of a single photon from the light field,
processes where an ion in an excited state is further transferred to a higher energy
excited state by absorbing a second photon are also possible. Such step-wise two-
photon transitions are difficult to study, since a large number of pump photons is
required at exotic wavelengths, for which it is difficult to find a laser source. Here SC
turns out to be very useful, since by coupling the SC light into the fiber, all the
absorption transitions are excited simultaneously. In [P5] it was found that this is
indeed the case when a ns pulse pumped SC source is used, as the high energy of the
ns SC pulses was sufficient to allow many new excited-state absorption transitions. In
particular, strong absorption was observed at 709 nm and 845 nm and a weak blue
emission peak located at around 480 nm, as shown in Fig. 4-2 for a highly-doped fiber
sample. Also, it was noticed that the relative magnitude of these peaks was strongly
intensity-dependent, which is typical for two-photon absorption. Indeed, the energy
difference between the *1;3, and *F+, levels of Er** corresponds to around 710 nm and
the energy difference between the *F7, level and the ground state is nearly equal to
480 nm. The peak at around 845 nm as well as the peak at 790 nm correspond to
absorption from an excited state of Ert (4113/2 - 2H11/2 and 4113/2 - 483/2,
respectively).
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Figure 4-2. Absorption spectrum of a highly-doped fiber sample measured using a nanosecond
supercontinuum as the light source.

Transmission spectrum of photonic bandgap fibers

The characterization of the transmission spectrum of photonic bandgap fibers is
hindered by the incoherence of lamps commonly employed as broadband sources for
these studies. In [P5], supercontinuum light allowed not only to characterize the
transmission band of the fiber, but also to study light coupling to short-wavelength
cladding modes by careful control of the input misalignment [107]. In Fig. 4-3, the
transmission spectrum of a 5 m piece of PBF measured by using supercontinuum
illumination is shown when the input beam is misaligned. Accurate characterization

of these effects is required in order to further optimize the design of low-loss bandgap
fibers.
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Figure 4-3. Measured fundamental bandgap and cladding guidance in PBFs.

High-finesse fiber cavity

High-finesse fiber-cavities can be realized by depositing several thin-film layers onto
the fiber connectors which then form high-reflectivity mirrors. High-finesse fiber
cavities have attractive possibilities. For instance, if the core of the fiber is exposed
from the middle of the cavity by etching or by tapering, the long ring-down time
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allows for efficient evanescent-wave sensing [108]. Moreover, high power oscillating
inside the cavity opens up possibilities for several nonlinear applications, such as
switching by optical bistability. However, characterization of the broadband mirrors
employed in high-finesse fiber cavities is difficult using incoherent sources such as
light bulbs. Supercontinuum light can easily be coupled through the fiber cavity,
directly giving access to the transmission spectrum of the component [P5].

Transmission spectrum of a fiber cavity is determined by the Airy-function as

(4.1)

where £ is the propagation constant of the fiber, L is the cavity length, and F' is the
cavity finesse given by

Fo N _mIR
_§fy ~I-R’

2

4.2)

where Af=c/2nL is the frequency spacing between two consecutive transmission
maxima and df;,=(1-R)c/2znLR"* is the full-width at half maximum of the
transmission peak. R is the mirror reflectivity. Total power transmitted through one
period of the transmission spectrum of a high-finesse cavity is then P,,,=P;.(1-
R)/4R"*=nP,,/4F. If the cavity is illuminated using a broadband source (such as SC),
and the spectrum is measured using a device which measures the power with
resolution much broader than the FSR (such as an optical spectrum analyzer), the
average power measured for each sample is then also obtained from the same
equation. In [P5], we used this relation to characterize the reflectivity of the cavity
mirrors using a SC as the light source.
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5 Optical components based on microstructured fibers

Microstructured fibers have opened up the road for numerous applications and
components. In this Chapter, application of tapered MFs for coupling to photonic
crystal waveguides and a MF based all-optical switch are discussed.

5.1 Tapered microstructured fibers for coupling to photonic crystals

Photonic crystals (PCs) allow for novel ways to manipulate the flow of light and have
shown great potential for many applications in the field of optics. These include low-
loss waveguides with sharp bends, omnidirectional mirrors, inhibition of spontaneous
emission, and various passive/active optical functions [35]. For practical handling
considerations, PCs are typically manufactured on chips of larger dimensions and
waveguides are channeled from the edges of the chip to allow coupling of light into
the PC. A major issue is then the efficiency of the coupling. Preferably the light
should be launched into the waveguide by using a fiber-based coupling setup. The PC
waveguides are usually very thin, on the order of hundreds of nanometers, in order to
ensure pure transverse photonic bandgap guidance along the PC region. This severely
limits the coupling efficiency of light from SMFs since the dimensions of the SMF
output mode and the waveguide input mode are quite different.

Coupling techniques

The simplest way of coupling light from a standard fiber into a PC waveguide consists
of focusing a free-space beam with a lens or using a specially tailored fiber spliced to
the end of the standard fiber [57]. Tailored waveguides may also be used as a mode-
converter. The fiber-end of such a waveguide is of larger dimensions for better
coupling efficiency from fiber to waveguide, and the width of the other end of the
waveguide is reduced to the dimensions of the defect of the PC [109,110]. A similar
structure can also be used in the output end of the PC to provide good extraction
efficiency. It has also been demonstrated that it is possible to taper the height of the
input waveguide [111]. The resulting input facet of the waveguide is square,
providing large overlap with the fundamental mode of a standard optical fiber, thus
reducing the coupling losses. Increasing the input mode-field diameter of the PC may
also be achieved by tapering the width of the PC waveguide so that it is larger closer
to the input [112,113]. The manufacturing is, however, difficult since the
waveguiding parameters of the PC change as more holes are removed or shifted to
form a larger defect. Such a technique would thus require a rather complex analysis.

The large difference between the areas of the fiber core and the fundamental mode
propagating in the waveguide results a in poor mode-overlap. The overlap can be
improved if a taper is used as an adapter between the SMF and the PC waveguide.
The diameter of a tapered fiber is gradually reduced, so that the MFD of the
propagating mode adiabatically reduces [114]. This can be realized, e.g., by
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simultaneously heating the fiber with a flame or a high-power laser and elongating it
[115]. It is possible to manufacture a taper spliced from the input end to a SMF with
negligible losses, and of which the diameter in the output end has been reduced to the
dimensions of the PC waveguide [36,116,117]. In practice, the MFD of a tapered fiber
can be decreased down to 200 nm although diameters below 1 pm require more
complex techniques than the standard laser or flame heating and pulling [118]. A
major problem with small-diameter tapered SMF is the fact that the taper mode is
only confined by the silica-air interface. This makes the handling of tapered standard
fibers difficult, since any physical contact or obstacle in the vicinity of the tapered
section disturbs the propagating field, thus increasing the losses. Tapers have been
used in experiments and several studies have been conducted in order to minimize the
transition length of the taper, making the component more robust and rigid (see, e.g.,
[119,120]). Another problem associated with tapers with extremely small dimensions
is that the more the diameter is reduced, the more fragile the taper becomes. This is a
known consequence of the increasing number of heat/melt/cool cycles in the tapering
process, which eventually leads to crystallization of the silica [121,122].

Reducing the diameter of a standard fiber to the order of a few micrometers results in
a transition of the guided mode from the core-cladding interface to the silica-air
interface [60]. Most of the field energy then propagates in the evanescent field which
decays exponentially in the air surrounding the taper. Several applications have been
developed for such tapered fibers, e.g., fiber couplers and coupling to whispering-
gallery resonators [123,124]. The evanescent field of a tapered standard fiber has
recently been applied for coupling light from a fiber to a PC-waveguide. In such a
coupling system, the tapered fiber is positioned a few micrometers above the
waveguide so that the evanescent fields of the propagating mode of the taper and that
of the PC are in resonance. The theoretical limit for the coupling efficiency is 100%,
and recently a coupling efficiency of 94% was obtained experimentally [125-127].

Tapered microstructured fiber

Fiber tapering provides a convenient way to reduce the mode-field diameter (MFD) of
fibers and may therefore allow for a better coupling efficiency to a PC waveguide
[36,37]. In the case of tapered SMFs, light leaks out of the core of the fiber and is
guided inside the whole cladding due to the refractive index difference between silica
and the surrounding air [119]. Consequently, in order to obtain a small MFD in the
output, a large reduction factor of the initial outer diameter of the fiber is required
resulting in a structure that is fragile and difficult to handle. This can be improved by
tapering a MF [128,129]. The main advantage of MFs over SMFs lies in the fact that
the microstructure of MFs is preserved during the tapering process and, therefore,
light remains guided inside the core [129]. This difference between tapered SMFs and
MFs is crucial as the MFD at the output of the tapered MF scales as the reduction of
the initial core diameter. Therefore, the diameter of the fiber needs to be decreased by
only a factor of 10 of the original diameter to obtain a MFD as small as 1 um
compared to a factor of 100 in the case of a SMF. Robustness of the taper is
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consequently greatly improved and handling is expected to be much easier. Moreover,
another direct consequence lies in the possibility of reducing substantially the length
of the transition region of tapered MFs compared to tapered SMFs [128]. The MFD
can be adiabatically reduced along a tapered MF provided the taper profile is properly
designed [119,130]. An important benefit of tapered MFs compared to SMF is, that
the output mode-field can be made asymmetric by simply tailoring the
microstructured cladding of the fiber.

Setup for coupling to photonic crystal waveguide

Paper [P6] deals with the possibility of employing a tapered MF for efficient light
coupling from a standard SMF to the rectangular input of a waveguide of dimensions
5 um x 200 nm used as a channel for a PC. The coupling setup is depicted in Fig. 5-1.
A SMF is directly spliced to the input of a tapered MF in front of the input waveguide
of the PC. The PC into which coupling is studied consists of a silicon-on-insulator
chip with an etched triangular array of air-holes (pitch Apc=2 pum, hole diameter
dpc=0.8 um). Light is confined in the vertical direction by the insulator layer and air.
The guiding layer is 200 nm thick, resulting in a strong ellipticity of the propagating
modes (e > 99% ). The width and height of the input ridge waveguides are w=5 um
and d=200 nm, respectively.

SMF Tapered MF Waveguide PC

N

air holes

Silicon

Figure 5-1. Tapered microstructured fiber for coupling between SMF and PC waveguide.

The coupling efficiency to the waveguide is increased for smaller values of output
mode-field diameter MFD,,; as seen in the simulation results obtained using the
beam-propagation method (see Fig. 5-2a). However, due to its large width the
waveguide is highly multimode and part of the energy propagates in higher-order
modes. Coupling light mainly to the fundamental mode of the waveguide is essential
due to the modal behavior of the PC. Indeed, the coupling efficiency from the input
waveguide to the PC itself is optimal only when light propagates in the fundamental
mode of the input waveguide. If various modes are excited in the waveguide, the
mode-field distribution of the output of the waveguide may be complex and
propagation inside the PC severely perturbed. The distribution of power to different
modes is shown in Fig. 5-2b for some of the TE-modes that can propagate in the
waveguide. The fundamental mode will be solely excited only if the dimensions of
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MFD,,; and that of the waveguide are on the same order (see Fig. 5-2b), which is not
the case for small MFD,,; values.
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Figure 5-2. a) Simulated coupling efficiency to the waveguide including all losses (dashed-
dotted line) and coupling efficiency to the fundamental mode of the waveguide
(solid line). The dashed horizontal line shows the coupling efficiency obtained using
SMF. b) Simulated distribution of the coupled power over different modes of the
waveguide. In both figures the dotted vertical lines show the minimum attainable
MFD,, for MFs with d/A of 0.5 and 0.7.

The main limitation to the coupling efficiency originates from the mismatch between
the vertical dimensions of the TEy modes of the waveguide and the tapered MF. This
mismatch may be reduced by tapering an elliptic-core MF, e.g., a highly birefringent
MFs [5]. Even though this will also increase the splice loss with the SMF at the input
of the tapered MF, matching the smaller dimension of the core of the MF with the
core diameter of the SMF should, however, result only in a slight increase of the loss.
Another advantage of the elliptical-core MFs lies in the preservation of the
polarization [131], which may be crucial for proper functioning of the PC as it is
extremely sensitive to the input polarization.

5.2 Microstructured fiber based switch

Nonlinear fiber cavities, formed by a piece of fiber with mirrors in both ends or by
forming a fiber loop using couplers, can lead to several interesting phenomena such as
optical bistability, self pulsing, period doubling, power limiting, and chaos [132].
Some of these may find applications in optical communications. For example,
switching [38] and flip-flop operation in standard fiber based cavities have been
demonstrated [39].

Optical bistability in nonlinear cavities

The transmission spectrum of a nonlinear fiber cavity is determined by the cavity
length, dispersion of the fiber and optical power oscillating in the cavity. For
continuous wave input signals, maximal transmission is obtained when the frequency
of the signal is offset by a frequency difference which compensates for the nonlinear
phase-shift ¢,, induced by the power oscillating in the cavity (see Fig. 5-3)
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where the nonlinear coefficient y is given by

(5.2)

Here n; is the nonlinear refractive index of silica, @ marks the angular frequency, ¢
denotes the speed of light, and A, is the effective area of the propagating mode. The
dependence of the transmission function of the cavity on input power results in
bistable behavior [133]. The exact shape of the transmission function is not solely
determined by the cavity length and nonlinearity, but also by the cavity loss. Efficient
operation of any bistable component requires either minimization of losses in the
cavity, or addition of an amplifier inside the cavity. Bistability is, indeed, often
observed in high-power lasers such as, e.g., CO; lasers [134]. When the input power
of a bistable cavity is increased beyond the value corresponding to the maximum
transmission level, the transmission function becomes very unstable, which is often
referred to as optical chaos or Ikeda instability.

There are two main types of fiber cavities. The first type is typically constructed from
a piece of fiber and one or two fiber couplers forming a fiber loop. An optical isolator
is usually placed in the cavity in order to ensure unidirectional propagation.
Furthermore, the isolator also suppresses stimulated Brillouin scattering, which
otherwise would limit the efficiency of the device. The second type is based on
forming two mirrors in both ends of a short piece of fiber. Current manufacturing
technologies allow to deposit dielectric mirrors with reflectivities higher than 0.99 at
the end facets of standard fiber connectors. Both cavity types exhibit bistable behavior
at high input powers. The analysis of the latter type is, however, somewhat more
complex, since the counter propagating beams must be included.

Optical bistability using continuous-wave signals has only a small number of
applications. With pulsed input, the hysteresis of the cavity can, e.g., be used for pulse
compression or optical switching. In this case, the behavior depends on the relative
magnitudes of the cavity round-trip time 7., and the bit rate/pulse duration. If 7.,
equals the bit rate of the input signal, only the part of the pulse exceeding the bistable
switching threshold power is amplified, which reduces the pulse duration. If the input
pulse duration is significantly longer than z.,,, then the shape of the transmitted pulse
may be very complex and requires the use of numerical analysis.
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Figure 5-3  Effect of nonlinearity on the transmission spectrum of a high-finesse fiber cavity. fp
denotes the pump frequency.

All-optical flip-flop

In paper [P7] a highly nonlinear MF based bistable cavity in a loop configuration with
two couplers is proposed. The loop configuration was chosen due to the simplicity of
the analysis, i.e., only unidirectional propagation needed to be considered if an
isolator is inserted in the cavity. The application of the cavity as an all-optical flip-
flop was numerically simulated. The switch operates with a continuous wave bias
with frequency slightly detuned from the maximum of the transmission spectrum, and
switches signal from the input to one of the two outputs of the loop cavity. The active
output is selected by introducing either a high or a low pulse to the bias signal.
Similar components have previously been demonstrated using standard fibers.
However, their efficiency has been significantly limited due to the required long fiber
length or high pump powers. High nonlinearity of MFs suppresses these limitations,
making nonlinear MF based cavities very attractive components for optical signal
processing.

32



6 Summary

This dissertation presents several novel applications of microstructured fibers
developed within the Fiber-Optics Group of Helsinki University of Technology
during the years 2002-2005. The first half of the thesis is dedicated to broadband light
sources based on microstructured fibers. In [P1], soliton-induced cross-phase
modulation was identified as the effect responsible for creating new frequency
components in the final stages of supercontinuum generation. Furthermore, two
tailored fiber designs were studied within this work. In particular, a second zero-
dispersion wavelength in the infrared region was found to extend the supercontinuum
spectrum due to leakage of dispersive radiation from a frequency-shifted soliton to a
resonant wavelength. This reduces the required pump power for efficient continuum
generation [P2]. Moreover, use of a highly-birefringent polarization maintaining fiber
in supercontinuum generation allows for tuning of the spectral characteristics of the
continuum by choosing the distribution of the input power along the principal
polarization axes of the fiber [P3]. In [P4], generation of broadband radiation covering
more than 1000 nm is predicted when pumping a microstructured fiber with a tailored
dispersion profile using two pump pulses. The pump power required for the process is
20 dB less than in supercontinuum generation, thus allowing for the development of
miniaturized coherent broadband sources. Since the appearance of [P4], Konorov et
al. have published experimental results [135], which are in good agreement with the
predictions.

The second half of the work considers new applications for microstructured fibers and
supercontinuum light. In [P5], supercontinuum radiation generated in microstructured
fibers is applied to characterization of the transmission or absorption of various
optical components. In particular, nanosecond-pulse pumped supercontinuum
permitted for observing several excited-state absorption transitions of Er’*, which
were otherwise unavailable due to lack of sources at these wavelengths. The intense
supercontinuum spectrum was also found to be valuable when studying the
transmission spectrum of a photonic bandgap fiber and a high-finesse fiber cavity.
Both of these components have strong variations in their transmission spectrum
immeasurable using conventional white-light sources.

The possibility of employing a tapered microstructured fiber for efficient light
coupling from a standard SMF to the rectangular input of a waveguide of dimensions
5 um x 200 nm was investigated in [P6]. Such waveguide is used for example as a
channel to couple efficiently to photonic crystals. Numerical simulations were
performed using beam-propagation method to design the profile of the taper in order
to minimize the losses along the taper transition. Using the same method, the coupling
efficiency to the waveguide was subsequently simulated and the relative distribution
of the power coupled into different modes of the waveguide was studied. An optimum
diameter was found for the core of the tapered MF to maximize the coupling
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efficiency to the fundamental mode of the waveguide. In order to further increase the
coupling efficiency limited by the small vertical dimension of the waveguide, a
tapered MF with an elliptical core was suggested. Finally, the effect of misalignment
between the tapered MF and the waveguide were investigated.

Paper [P7] considers a nonlinear microstructured fiber based loop cavity.
Transmission of such a cavity is strongly intensity dependent exhibiting bistable
behavior. A novel design is proposed for an all-optical microstructured fiber-based
flip flop. The switching threshold of the component is significantly lower than in
previously demonstrated setups due to higher nonlinearity of the microstructured
fiber.
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