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ABSTRACT

Selective filling of photonic crystal fibers with different media enables
a plethora of possibilities in linear and nonlinear optics. Using the two-
photon direct laser writing technique we demonstrate full flexibility of
individual closing and subsequent filling of photonic crystal fibers with
highly nonlinear liquids.

We experimentally demonstrate a solitonic supercontinuum generation
over 600nm bandwidth using a compact femtosecond oscillator as
pump source.

A nonlinear optofluidic coupler is built based on the developed tech-
nique that shows power dependent switching and all-optical control
of the output. This device utilizes the ultrafast Kerr nonlinearity and
hence switching times below 1 ps are feasible. Exploiting the thermo-
optical properties of the liquids, the coupler can be tuned externally in
its switching characteristics by temperature.

To demonstrate the capabilities of our fiber devices to spatially control
the light, we present the formation of spatial solitons in a discrete
optofluidic nonlinear waveguide array, entering the field of discrete
optofluidics.

Our work is fundamentally important to the field of nonlinear effects
and underpins new applications in sensing and communication tech-
nology. Selective filling of various materials will be the basis of new
reconfigurable and versatile optical devices with unprecedented perfor-
mance. Our devices allow tailoring of the dispersion, spatial coupling
and spatial arrangement of a waveguide array, as well as the optical non-
linearity in a two-dimensional discrete system. Thus complete control
is given of the optical properties of these here presented devices.

viii



/' USAMMENFASSUNG

Selektives Befiillen von photonischen Kristallfasern mit verschieden-
sten Materialien eroffnet neue Moglichkeiten im Feld der linearen
und nichtlinearen Optik. Durch das Verfahren des Zwei-Photonen-
Schreibens erreichen wir volle Flexibilitdt beim individuellen Schlieffen
und nachfolgendem Befiillen der photonischen Kristallfaser mit hoch-
nichtlinearen Fliissigkeiten.

Wir zeigen experimentell die Erzeugung eines solitonischen Super-
continuums mit einer Bandbreite von 600 nm, wobei ein kompakter
Femtosekunden-Laseroszillator als Pumpquelle genutzt wurde.

Ein nichtlinearer optofluidischer Koppler wurde auf Grundlage der-
selben Technik hergestellt. Dieser zeigt intensitdtsabhédngiges Schalten
und rein optische Kontrolle des Ausgangs. Der Koppler nutzt dabei die
ultraschnelle Kerr-Nichtlinearitdt, die Schaltzeiten unter 1 ps erlaubt.
Dariiber hinaus konnen die thermo-optischen Eigenschaften der Fliis-
sigkeiten genutzt werden, um die Schaltcharakteristik zu beeinflussen.
Die Moglichkeiten der rdumlichen Kontrolle des Lichts in unseren
Fasern zeigen wir durch die Erzeugung von rdaumlichen Solitonen in
einem diskreten optofluidischen nichtlinearen Wellenleiterarray und
betreten damit das Feld der diskreten Optofluidik.

Unsere Arbeit ist fundamental fiir das Feld der nichtlinearen Optik
und bietet neue Moglichkeiten fiir Anwendungen im Bereich der Sen-
sorik und der Kommunikationstechnik. Selektives Befiillen mit un-
terschiedlichen Materialien ist die Grundlage fiir neue und vielseitige
optische Faserkomponenten mit noch nie dagewesenen Eigenschaften.
Mit diesen Fasern ist es moglich die Dispersion, die rdumliche Kop-
plung und Anordnung innerhalb eines Wellenleiterarrays genau den
experimentellen Anforderungen anzupassen. Durch die Fliissigkeiten
kann eine hohe optische Nichtlinearitét in einem 2D diskreten optischen
System erreicht werden. Daraus ergibt sich die komplette Kontrolle
tiber die optischen Eigenschaften durch die hier vorgestellten Faserkom-
ponenten.
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1. INTRODUCTION

In 1960 the field of nonlinear optics was founded by N. Bloembergen
and co-workers with the investigation of second harmonic generation in
crystals [8,9]. Several years later in 1981 he obtained the Nobel Prize for
his work, recognizing this landmark in optical physics which enables
numerous new insights into physics but also influences our personal
lives.

Developing the field of nonlinear optics further, in 1967 Shimizu [10]
demonstrated spectral broadening in liquids due to self-phase modula-
tion [11]. This was the starting point of the generation of supercontinua.
It is no surprise that first experiments were performed with liquids,
since some of them provide a nonlinearity which is several times larger
than that of fused silica. With the invention of pulsed laser systems
with much higher peak power, these small nonlinear effects become
more accessible.

However, the early experiments with liquids were limited, because the
liquid cells could only provide a propagation length of a few centime-
ters. The situation changed with the advent of optical fibers, providing
a nonlinear medium in which the light is confined over hundreds of
meters, increasing the interaction length by orders of magnitude. This
increase of interaction length was paid for by a decrease of the nonlin-
earity of the medium. This drawback could be counterbalanced by the
development of mode locked lasers [12,13]. Thus a new field of physics
arose: Nonlinear fiber optics [14]. Systematic research started revealing
numerous new effects, such as self-phase modulation in fibers [15,16],
parametric mixing processes [17,18] as well as solitons [19,20] and their
dynamics [21-23]. These discoveries accumulated in the generation of
supercontinua with ultrabroad spectra spanning across the complete
visible spectrum of light [24,25].

Nevertheless, this was not the end of discoveries in the field of nonlinear
tiber optics. In 1996 the invention of the photonic crystal fiber [26-30]




was a turning point in the field and reaccelerated the research. A
photonic crystal fiber consists of a waveguide core surrounded by a
photonic structure [31] which yields light confinement to the core [32,33].
Photonic crystal fibers are a versatile tool to investigate all kinds of
optical phenomena, since the optical properties of these fibers are
tailorable and offer a high degree of freedom to adjust them to the needs
of the experiments. In particular the dispersion can be controlled very
accurately in this system, which is crucial to generate a supercontinuum.
In the year 2000 Ranka et al. [34] demonstrated the first supercontinuum
in a photonic crystal fiber, benefiting from the capability of such devices
to tailor their optical properties.

Photonic crystal fibers are ideally suited to be filled with liquids. The
early fluid-filled fibers were completely filled with a specifically chosen
liquid. Although a simple procedure, this concept was very useful and
broadened the applicability of photonic crystal fibers even further. For
instance, complete filled fibers were used to influence the band structure
of the photonic structure and thus the dispersion properties [35] or
were utilized to build narrow all-fiber filters [36].

An obligatory step was to fill these structures selectively. A first tech-
nique and application of a selectively fluid-filled fiber was presented by
Kerbage et al. [37] in 2002. In this publication the concept was used to
introduce tunable birefringence.

Under the impression of the first supercontinuum generation in pho-
tonic crystal fibers by Ranka et al., researchers went back to the be-
ginnings of supercontinuum generation, where liquids were used as
nonlinear medium. The idea of filling these fibers with highly non-
linear liquids would even further enhance their potential in the field
of nonlinear fiber optics. First theoretical studies were published by
Zhang et al. [38] in 2006 which showed tremendous potential of the
combination of liquids and photonic crystal fibers for the generation of
a supercontinuum and temporal solitons.

Several techniques were presented aiming toward the fabrication of
selectively fluid-filled fibers [39,40]. Most of them were either not able
to indeed produce arbitrary patterns but rather only simple and limited
structures, or they could not be applied to different kinds of fibers.
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Especially fibers with a photonic structure consisting of holes with a
diameter close to the hole-to-hole distance present great difficulty for
those techniques. Unfortunately this kind of fiber is very important for
the generation of supercontinua.

In this thesis a new technique to selectively fill different kinds of fibers
with liquids in an arbitrary pattern is presented by combining the
direct laser writing technique [41-43] with the photonic crystal fiber.
Subsequently this technique is applied to demonstrate the first super-
continuum generation enhanced by the nonlinearity of the infiltrated
liquid, combined with the dispersion control provided by the photonic
crystal fiber.

The presented technique here is also enabling the fabrication of struc-
tures with more than a single waveguide. Therefore it is used to build
two coupled waveguides. These coupled structures benefit from the
properties of the liquid, either by its nonlinearity or by the tunability
due to the thermo-optical effect. In this coupled optofluidic devices
switching becomes possible based on the ultrafast Kerr nonlinearity,
which allows it to switch light on a time scale of picoseconds.

Parallel to the invention of the photonic crystal fiber, in 1988 a different
tield arose: the field of discrete optics [44,45]. It deals with waveguide
structures consisting of more than two coupled waveguides. These
structures reveal special behavior by the propagation of light and show
effects such as discrete diffraction [46,47], nonlinear light localization
(also known as spatial solitons) [48-51] as well as beam steering and
routing [52-55]. These concepts can be transferred to the selectively
fluid-filled fiber devices, which can incorporate several waveguides
with enhanced nonlinearity by the liquids in a single photonic crystal
fiber. This opens the gate to a new field of optics, namely the discrete
optofluidics. First investigations have already been carried out, most of
them in completely filled photonic crystal fibers [56-58]. Nevertheless,
discrete optics also profits from the ability to selectively infiltrate single
strands of a photonic crystal fiber in arbitrary spatial patterns. Here the
complete two-dimensional photonic structure can be utilized for true
two-dimensional discrete optics, which was not possible with previous
concepts.




The combination of spatial effects with temporal control would be the
next step. This will lead to the generation of optical bullets [59-61]
in optofluidic systems. This is still an open problem which awaits
realization. This thesis delivers the tools that are necessary for this step.
Switching, routing, and nonlinearities are the key to future photonic
networks. Nonlinear effects in the liquids utilize the ultrafast Kerr
effect, which provides switching times in the order of a few picosec-
onds. This allows to build all-optical devices that are capable to work
in future THz photonic networks. Further, controllable dispersion prop-
erties, enhanced interaction length, high nonlinearity, a large degree of
freedom in the spatial arrangement, and tailorable coupling strength
between the waveguides in two dimensions are the essential ingredients
for versatile optical fiber devices with a broad applicability for future
photonic circuits.

The possibility to construct such devices and the implementation of first
functionalities will be demonstrated in this thesis. Furthermore, this
thesis is devoted to discrete optofluidic devices, their fabrication and
application, offering a new technology to serve as versatile devices for
supercontinuum generation, tunable and ultrafast nonlinear switching,
and the generation of spatial solitons.

The thesis is structured as follows:

Chapter 2 covers the theoretical introduction to the temporal propaga-
tion behavior in a nonlinear fiber with a single core and develops all
important equations for the description of the following experimental
sections.

Chapter 3 gives a theoretical introduction to the field of discrete optics.
By following the path from simple to complex, the chapter starts with
a description of the linear coupler and then extends this theory to the
nonlinear waveguide arrays.

Chapter 4 presents all the materials which will be used in the exper-
iments and lists all the parameters necessary for the experimental
sections.

Chapter 5 is devoted to the fabrication process of the selectively fluid-
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filled photonic crystal fibers. The setup and all major steps of this novel
technique are introduced here followed by some examples of structured
and selectively filled photonic crystal fibers.

Chapter 6 briefly describes the setup that is used for the characterization
of the fluid-filled fibers. All aspects of the setups, which are common
for all experiments, are presented here.

Chapter 7 is the first experimental chapter. It describes supercontinuum
generation in a photonic crystal fiber selectively fluid-filled with a
highly nonlinear liquid. Special focus is given to the dispersion control,
which is a result of liquid choice and fiber geometry.

Chapter 8 enters the field of nonlinear discrete optics in fluid-filled
fibers. The simplest structure consists of two waveguides forming a
nonlinear optofluidic coupler. Ultrafast nonlinear switching will be
demonstrated. Exploiting the thermal properties of the liquid, the
coupler can be tuned, which is also shown therein.

Chapter 9 extends the situation of the two waveguides for the nonlinear
coupler to a nonlinear waveguide array built by several nonlinear
optofluidic waveguides within a single photonic crystal fiber. Nonlinear
light localization which results in a spatial soliton is shown in this
configuration.




2. THEORY OF LIGHT PROPAGATION
IN SINGLE CORE FIBERS

In this chapter the theory of propagating light in a single waveguide
is described. It starts with the linear propagation in standard optical
fibers. This description can be transferred to photonic crystal fibers
(PCF) and the theory is extended to nonlinear propagation. Finally the
important propagation equation, the nonlinear Schrodinger equation
(NLSE), is developed and main effects covered by this equation are
qualitatively described.

The following presentation is mainly restricted to issues which are
necessary for the explanation of the experiments. In general this chapter
is based on references [14], where a more detailed derivation can be
found.

2.1. Linear propagation in optical fibers

n(r)

Figure 2.1.: Schematic fiber cross section and radial refractive index distri-
bution.
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An optical fiber consists at least of two parts which are illustrated in
Fig. 2.1. Firstly the core region where most of the light is confined
usually has a diameter of a few micrometers. Secondly, the enclosing
cladding region has an overall diameter of 125 ym for standard fibers.
Usually the core has a higher refractive index than the cladding as
depicted in Fig. 2.1, and the light is guided by total internal reflection.
One exception is given by the PCF, where the core and cladding material
possess the same refractive index. Just the photonic structure of the
cladding made from glass provides confining properties. These fibers
are presented in more detail in Section 2.3. The differences in the
guiding mechanism and the similarities in the description of light
propagation are explained there as well.

As all light phenomena, the description of light propagation in all sorts
of fibers starts from Maxwell’s equations, here given in the mks-system:

JoB
VXH:]+%L 2.2)
V-B=0, (2.4)

where E and H are the electric and magnetic field vectors, respectively,
and D and B are their corresponding electric and magnetic flux density
vectors. The current density vector J and the charge density ps are
the sources of the electro-magnetic fields. In optical fibers made from
non-metallic materials such as fused silica, no free charges exist and
therefore ] = 0 and p; = 0 is valid.

The electric and magnetic fields are connected to the properties of
the material, the polarizability P, and the magnetization M, by the
equations

B = joH + M. (2.6)

Here, ¢y denotes the dielectric constant and ¢ the magnetic perme-
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ability. In non-magnetic materials such as fused silica M is equal to
Zero.

To obtain the so-called wave equation, the curl operator is applied to
Eq. (2.1) and subsequently Eq. (2.2) is inserted. The resulting wave
equation reads as follows:

10°E 9P
VxVxE:—C—za—tz—yoa—tz (2.7)
with ¢ being the vacuum speed of light. For a complete description it
is necessary to find a relationship between the polarizability P and the
electric field E. This is only possible in a classical framework in the
absence of any material resonance in the considered frequency range.
Throughout this thesis this assumption is well justified because all
investigated materials are transparent for wavelengths between 400 nm
and 2000 nm (for more details on the absorption spectrum of the used
liquid see Appendix A). The polarizability can be split up into a part

linear to E and a nonlinear part:
P(I‘, t) = PL(I‘, t) + PNL(I‘, t) (28)

Thus both parts of the polarizability are connected to the electrical field
E via

(o]

Py (r,t) = so/ xD(t =) E(r,t)dt = (X(l) * E) (2.9)

Pni(r, t) :eo/ X (=t t =ty t—t3)...
—o0 (2.10)
.. .EE(I‘, tl)E(I‘, tz)E(I’, t3>dt1dt2dt3.

In these equations the susceptibilities XU and x® are introduced.
They are tensors and for isotropic materials x(!) have only one inde-
pendent element unequal to zero. From the 21 elements of x(®), which
are unequal to zero, just three are independent from each other. Fur-
thermore, from symmetry considerations it follows that for isotropic
materials such as glasses and liquids, the formally expected x(? term
vanishes [62]. Higher orders of the polarizability x are not taken into
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account.

For linear propagation in optical fibers PNy, = 0. For this case P is linear
in E and Eq. (2.7) can be rewritten with Eq. (2.9) to

1 0’E ? [
VXVXE:—C—Za—tZ—yoa—t2<X()*E). (2.11)
Using the operator relation V x V x E = V(V - E) — V2E together with
the Maxwell Eq. (2.3), Eq. (2.11) yields

V2E(r,w) = —e(w)—E(r,w) (2.12)
which is known as the Helmholtz equation. The tilde (~) denotes the
Fourier transform of the quantities. The change to Fourier space allows
to write the convolution of Eq. (2.9) as normal product. In the absence
of absorption, the real part of the dielectric function is connected to the
refractive index via

e(w) =1+ 7V (w) = no(w)?. (2.13)

For the solution of the Helmholtz equation it is advantageous to use
the cylindrical coordinates p, ¢, and z. It follows:

2F B 2F 2F
%+%2—§+%%§+%+n5(w)k51§:0 (2.14)
with kg = w/c.
A similar equation can be found for the Fourier transformed magnetic
field H. Due to the Maxwell equations only two components are inde-
pendent and all other components can then be calculated via Eq. (2.3)
to Eq. (2.2). It is common to choose E, and H, as the independent
components. In the following only the solution for the electric field
component is presented. H, can be deduced analogously.

To solve this equation an ansatz is chosen to separate the variables:

E.(p,¢,z,w) = A(z,w)F(p) exp(im¢) exp(ipz). (2.15)




2.1. LINEAR PROPAGATION IN OPTICAL FIBERS

Here, A(w) is a normalization function only dependent on w, F(p) is
the radial distribution of the electric field, m is an integer and f is the
propagation constant, which has to be determined. By inserting this
ansatz into the Helmholtz equation the Bessel differential equation for
the radial part F(p) is obtained:

d’F 1dF (22 ) m2>
b 4+ (nAE B - )F=0 (2.16)

whose solutions are given by the Bessel functions. Depending on the
sign of k? = njk3 — B> the solutions read as

F(p) = Al (p,/n(z)k(z) —[32> + BY,, (p,/n%k(z) —[32> 2 >0 217)
= CLy, <p\/‘B2 — n%k%) + DKy (p\/ﬁz —n%ké) 2<0

with J,;; and Y, denoting the Bessel function of the first and second kind,
whereas I, and K, are the corresponding modified Bessel functions.
A,B,C, and D are constants.

For an optical fiber with a core radius a, two sets of solutions are
obtained separated at the radial distance p = a: One is for the inner
core region with the refractive index ny and a second one is for the outer
cladding region with the refractive index np. Due to the requirement
that for p = 0 the field remains finite and drops sufficiently fast for
large p, the terms including the Bessel functions Y and I vanish and
become

F(p) = {A]m(PKl) p<a 218

DK, (px2) p>a

Sh 2 — 2K2 B2 2 _ 242
with k7 = ntkg — B° and x5 = B — ngkg.
From the continuity conditions of the two sets of solutions at the
intersection point p = a an eigenvalue equation is obtained for the

10



2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

determination of the propagation constant p:

(Iin(m) L Kiy(0) ) ( Jw(aa) i K, (x0) )

K1lm(k18) | 1K (i2a) ) \ aJm(k1a) 1 koK (1020)

| (mﬁko(nl2 — né))z. (2.19)

ak3xany
A prime (') denotes the derivative regarding the argument. Every
eigenvalue of B(w) corresponds to a propagating mode of the fiber. In
general Eq. (2.19) has more than one eigenvalue of B(w) as a solution
for a certain m due to the degeneracy of several modes.

Eq. (2.19) and its solution describe the full problem of light propagating
in an optical fiber. With the propagation constant p the radial electric
field distribution F(p) is given (except a constant factor), and therefore
the z-component of the electric field E; is also known. All other field
components can easily be deduced with the help of Maxwell’s equation.

There are several other computational possibilities to access the modes
of an optical fiber. Most of them are solving the Helmholtz Eq. (2.12)
directly by a finite-difference [63-65] or a finite-element [65,66] scheme.
These methods are not more accurate and they are very memory intense
and slow. For single strand fibers it is easier to solve the eigenvalue
Eq. (2.19) on a desktop computer. For more complex structures different
numerical techniques have to be applied.

2.2. Group-velocity dispersion

For very short pulses, even if nonlinear effects can be neglected, several
wavelengths are propagating in the fiber simultaneously. For different
wavelengths Eq. (2.19) has different solutions. The wavelength depen-
dence of the propagation constant S(w) is called dispersion. Developing
B(w) in a Taylor series yields

B(w) = Bo+ B1(w — wy) —1—%,32(w—w0)2~|—... (2.20)

11



2.3. PROPAGATION IN PHOTONIC CRYSTAL FIBERS

with

dwk

By = <dkﬁ(“’)> (k=0,1,2,...). (2.21)

Here, B is equal to the inverse of the group velocity vg. Together with
the definition of B, it becomes

T dw " dwogw) | oldw’ @222)

Ba(w)

This indicates that the group velocity dispersion (GVD) is the change
of the group velocity with frequency. It is important to distinguish
two different dispersion regions. For B, > 0 in the so-called normal
dispersion regime, the red components travel faster than the blue. The
opposite holds for the region with B, < 0 in the anomalous dispersion
regime. The wavelength at which B, is zero is called zero-dispersion
wavelength (ZDW). In the following experiments it will be crucial to tai-
lor the GVD for the different applications. Throughout the description
another definition of the GVD is also used:

D= —@ﬁz (2.23)

2
with A denoting the wavelength. Higher orders have to be considered
when the pulses are very short (i. e., the pulses are spectrally broad) or
the central wavelength is very close to the ZDW.

2.3. Propagation in photonic crystal fibers

The photonic crystal fibers schematically depicted in Fig. 2.2 are a
special kind of fibers. As already mentioned in the introduction their
core region is surrounded by a photonic structure that is running along
the complete length of the fiber [26,27,30,67]. This photonic structure
consists of a mostly hexagonal pattern of air channels inside the host
medium fused silica with a diameter of usually a few micrometers
(up to about 10 ym). Other types of a PCF with different photonic

12



2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

Figure 2.2.: Schematic picture of a photonic crystal fiber with hole diame-
ter d and pitch A. The blue circle indicates the lattice defect acting as
core for the propagation.

structures [29,32] and whose photonic structure consists of high index
glasses, polymers, or other materials are possible as well and have been
presented in literature [68-71].

Depending on the photonic structure and the core, two guiding mecha-
nisms are possible in the PCF to maintain light confinement to the core.
First, especially important for hollow-core fibers with an air strand as
core, photonic band gap guiding can take place [29,72]. For a specific
wavelength within a narrow wavelength band the outer photonic struc-
ture possesses a photonic band gap. The core acts as a defect within
the photonic crystal. All the light is reflected back into the core region
and no light can escape, resulting in the confinement of light inside the
core.

The second mechanism is called modified internal reflection. The air
channels reduce the average refractive index in the holey region. The
solid glass core then possesses a higher refractive index compared to
the average of the surrounding structure, and total internal reflection
can take place. All the fibers used in the experiments of this thesis rely
on the modified internal reflection.

Based on this comparison of a PCF with a standard optical fiber [73,74],
an effective refractive index of the cladding can be calculated depending
on the hole-to-hole distance of next neighboring holes A, also referred

13
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Figure 2.3.: Effective refractive index of the cladding of a PCF and disper-
sion relation for different wavelengths. - (a) The averaged refractive
index of the photonic structure of a PCF calculated with Eq. (2.24) for
different d/A combinations. (b) Group velocity dispersion of a PCF
with varying d/ A parameter. It can be clearly seen that the zero disper-
sion wavelength can be tailored by adjusting the structural geometry.

to as pitch, and the hole diameter d. An eigenvalue equation for the
effective index n.¢ was derived in [75-77], which is here given for the
fundamental mode:

L(w) _ ng
Thw) w 2P (”@) -
Lyt (1- 15 ) o,
LW Zp u nZH HZH ’ ( )

with the dimensionless fiber parameters u and w given by
4u* = K3d*(nd — n%;) (2.25)
dw? = K3d* (nPg — nfy). (2.26)

Here, ng is the refractive index of the scaffold material and ny the
refractive index of the material inside the holes. The functions p(u) and

14



2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

f(u, w) incorporated in Eq. (2.24) read as follows:

(Jo(u) = +J1()) Y1 (Gu) — (Yo(u) — 5 Y1(u))]1(5u)
J1(u)Y1 (Gu) = Y1 ()1 (Gu)

p(u) = %
(2.27)

2 2
flu,w) = (% + %) (% + %) : (2.28)

In all equations J and Y stand for the Bessel functions of the first and
second kind, respectively, and I for the modified Bessel functions of
the first kind. With this formula the average effective refractive index
of the cladding region can be calculated as depicted in Fig. 2.3(a).
Together with Eq. (2.19) the propagation characteristics of a PCF can
be reduced to the problem of a standard optical fiber. In Fig. 2.3(b)
different dispersion curves are simulated with the described method. It
is clearly visible that the dispersion can be tuned over a wide range and
thus can be adjusted to the application. It is mandatory for nonlinear
experiments that the ZDW of a fiber is suited to the wavelength of the
laser. The reason for this will be explained in the next sections.

2.4. Nonlinear propagation and
supercontinuum generation

For the linear propagation it was assumed in the former chapter that
PN = 0. From now on nonlinearities will be included and their
influence on propagation will be described. Starting from the wave
Eq. (2.7), in combination with the already mentioned operator relation,

one obtains ) ) )
1 0°E 0Py 0PN
- = = — 2.29
2or ~Mor TR (2.29)
where the relationships of polarization and the E-field given in Eq. (2.9)
and Eq. (2.10).

To solve Eq. (2.29) some assumptions and simplifications are useful:
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2.4. NONLINEAR PROPAGATION AND SUPERCONTINUUM GENERATION

e The nonlinear part of the polarization Py, has to be small to be
treated as perturbation of Py.

e The slowly varying envelope approximation (SVEA) is applied
to separate the fast oscillating part of the field from the slowly
varying envelope.

e The electric field should be polarized along a certain axis. Without
loss of generality the electric field is in the following chosen to
be constantly polarized along the x-axis. This allows a scalar
approach for the solution.

With these assumptions the electric field and the linear and nonlinear
polarization read as

1 .
E(r,f) = % (E(r,t)e’wof n c.c.) (2.30)
1 .
Py (rt) = 532 (PL(r, t)e'ol + c.c.) (2.31)
1 .
Pai(rt) = 5% (PNL(r,t)eWOf n c.c.) (2.32)

with c.c. for the complex conjugated. The linear polarization can then
be written in the Fourier domain as:

B = ety (@) E(w) (2.33)

For the determination of Py, the response of the material is regarded
as instantaneous. This assumption is valid only for nonlinearity caused
by fast electron oscillations and will be relaxed later. Slower processes
causing nonlinearities are neglected. With this assumption the nonlinear
polarization is obtained as follows:

3 3
Pnp = ZEOX’("C)” |E(x, 1,‘)|2 E(r,t) (2.34)
= S()SNLE(I', i’) (2.35)

defining the nonlinear dielectric function enp, = % X,((?)xx |E(x, t) |2.
All these results allow transforming Eq. (2.29) into the Fourier domain
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2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

and the Helmholtz Eq. (2.12) is obtained again. Now for the nonlinear
case, the complete dielectric function reads as

~(1 2
e(w) =1+ 7 +ent = (no(w) +nY |E(r, t)|2> (2.36)
with the relation for the linear and nonlinear refractive index result

from a comparison with Eq. (2.13). Both refractive indices can then be
extracted to

nd(w) =1+ 74 (2.37)
3
=g nOXJ(c?c)xx/ (2.38)

assuming n5 < np. In terms of the intensity Eq. (2.36) can be rewritten
as
fi(w) = ng + nl. (2.39)

For the solution of the Helmholtz equation the following ansatz is
chosen:

E(r,w — wp) = MF(x,y)A(z,w — wp) exp(iBoz). (2.40)

Here, By is the first Taylor coefficient of the propagation constant, F(x,y)
is the radial distribution of the field, M is a normalization constant,
and A is the slowly varying envelope along the fiber depending on
the frequency w. This ansatz provides the ability to decouple the
differential equation resulting in

o’F  9%F

ot ot (e(w)kg — B2) F =0 (2.41)
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2.4. NONLINEAR PROPAGATION AND SUPERCONTINUUM GENERATION

for the radial components and

2io’ + (B~ ) A = e42)
= 21'5088—’: +2B0 (B—Po) A=0 (2.43)

0A .~ -

g—z(ﬁ—ﬁo)Azo (2.44)

for the z-component. Because A is a slowly varying function, the second
derivative with respect to z is neglected. For the linear case f must be
equal to B. For the nonlinear case f is identified as the propagation
constant B plus a small perturbation:

B(w) = B(w) + AB. (2.45)
First order perturbation theory gives an expression for Ap:

c"”2\M|2 ff (x,y)|*dxdy
I rny|2dxdy

A2 (2.46)

The radial field distribution F(x,y) remains unchanged in first order
perturbation theory, and Eq. (2.44) can be rewritten to

%—‘3 =i (Z i"‘ (w — wp)k +Aﬁ) A, (2.47)

where the expansion of the propagation constant into a Taylor series
(Eq. (2.20)) is used. After back transformation with the inverse Fourier
transformation and inserting Eq. (2.46) and Eq. (2.36), the so-called
Nonlinear Schrodinger Equation is obtained:

Z kk, E)tk = iv| A2 A. (2.48)
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2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

Here the nonlinear parameter 7 is introduced as:

__néam

— 2.49
CAeff (2.49)

with n£ as nonlinear refractive index. The effective mode area A is

defined as
2
(U prasy) -

T ey e
depending on the refractive index difference between core and clad-
ding. Hence for a PCF the effective mode area which influences the
nonlinearity 7 is connected to the fiber parameters pitch and hole diam-
eter [78,79]. The value of the mode area can be simply approximated
by a variational approach with a Gaussian approximation of the funda-
mental mode [80,81] that is used in the simulations and calculations of
this thesis.

Two different kinds of nonlinear refractive indices nI2 and nlzE are used
throughout this derivation. They are connected via:

€ocnp ¢

E_
ny =M.

(2.51)

The remaining unknown normalization constant M can be determined
from these results to be

1 1 i
IR = 3500 //_ |F(x,y)|*dxdy, (2.52)

such that the quantity |A|? represents the optical power in units of
Watts.

The name of the NLSE originates from the equality with the Schrédin-
ger equation of quantum mechanics with a nonlinearity in the potential
(also known as Gross-Pitaevskii equation). Only the time and space
coordinates are interchanged.

For the deviation of the NLSE the response of the material was taken
to be instantaneous. This omits the effect of Raman scattering. The
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2.4. NONLINEAR PROPAGATION AND SUPERCONTINUUM GENERATION

effect describes the stimulated inelastic scattering of photons on optical
phonons. In a spectrally broader pulse this effect transfers energy from
shorter wavelength to longer wavelength, causing the pulse to shift
towards the red. The effect can be included into the NLSE by allowing
a non-instantaneous response. Eq. (2.34) has to be modified to

3 t
Par = ZEOXJ(C?C)XJCE(I'/ ) / R(t — t")|E(x, t)[*dt’ (2.53)

with R(t) denoting the retarded response of the material normalized
such that [ R(t)dt = 1. This function has to be measured separately or
can be looked up for few materials in literature [14,82-84].

While the assumption of an instantaneous response is justified for solids
and not too short optical pulses, it cannot be applied to liquids. Here it
is very important to take the retarded response into account to obtain
simulation results in good agreement to the experimental data. The
reason for the retarded response in liquids is the topic of Section 2.6.
Without any further derivation the generalized nonlinear Schrodinger
equation (GNLSE) is given, including Raman effects and also the effect
of self-steepening [14]:

iy (1+wio%) (A(z, T) /°° R(F)|A(z, T — t’)\zdt’) (2.54)

in a co-propagating time frame with T = t — z/vg. This Eq. (2.54) is
being used in this thesis to simulate the propagation in the selectively
filled PCF. It is solved numerically with a split-step Fourier method by
plugging in all the parameters of the fibers used in the experiments
such as the calculated dispersion coefficients fj, retarded response
R(t) of the liquids as well as the nonlinearity 7. The simulations show
good agreement with experiments for optical fibers and, as shown in
Chapter 7, also for propagation in single liquid strands scaffolded by a
PCFE.

The simulation tool for solving the GNLSE was provided by S. Pricking
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2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

[85].
In the following the nonlinear refractive index regarding the intensity
n} is used. For simplicity the nonlinear refractive index is then just

called n,.

2.5. Qualitative explanation of
supercontinuum generation

The generalized nonlinear Schrodinger equation (2.54) describes the
complete problem of nonlinear propagation of light through a fiber. It
is also suitable to explain the mechanism underlying the generation of
a supercontinuum. In the following the effects which contribute to the
broadening of the spectrum are qualitatively explained.

A fundamental consequence of the dependence of the refractive index
on intensity is the influence on the phase ¢ of the light wave by the
light itself. Therefore this effect is called self-phase modulation (SPM).
The phase of a propagating wave inside a medium is dependent on
the refractive index. Together with the nonlinear part of the refractive
index given by Eq. (2.39) the complete expression for the phase yields

¢ = nkoz = (no + n21)koz. (2.55)

With the relation between phase and frequency

w=wy— aa—(f (2.56)

the frequency shift due to SPM is obtained to:

a—('b X —konzgz. (257)

Aw=—3 ot

New frequencies are generated by temporal change of the intensity.
For np > 0 it follows that for a rising intensity red-shifted frequency
components are generated, whereas for a declining intensity blue-
shifted components are generated.
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2.5. QUALITATIVE EXPLANATION OF SUPERCONTINUUM GENERATION

If only the GVD is considered in Eq. (2.48) a stable solution of Eq. (2.48)
can be found. In the anomalous dispersion regime effects of SPM
and GVD can be balanced out. In this case a fundamental soliton has
formed, propagating temporally and spectrally unchanged along the
fiber. Solitons were first discovered by Mollenauer et al. [19]. Different
orders of solitons can be generated with the order given by

’)/PoTz
N =4/ |ﬁ2|0 , (2.58)

with 7y denoting the initial pulse length and Py the peak power. These
higher order solitons undergo a temporal and spectral oscillation during
their propagation.

If now higher order terms of the dispersion, Raman processes, or simply
noise are included into considerations, the higher N-order solitons
can break up into N fundamental solitons [21,86]. First fundamental
solitons generated by fission possess higher peak power and, due
to Eq. (2.58), a shorter temporal duration 7, and propagate with a
higher group velocity [20]. These solitons become red-shifted by the
soliton self-frequency shift proportional to T~# [22,23]. Simultaneously
non-solitonic radiation (NSR) is emitted in the blue wavelength regime.
Analogously to Cerenkov radiation, this serves as channel to lose energy
to fulfill the phase-matching conditions for the red-shifting solitons [87].
Several other effects such as four-wave mixing and cross-phase modula-
tion are able to fill the remaining gaps in the spectrum. Thus with the
correct fiber parameters a flat and ultra-broad spectrum can be achieved,
spanning from deep blue wavelengths (400 nm) to the infrared (about
2000 nm). The superposition of these wavelength appears as white light.

In a closer view it turns out that different spectral components are gen-
erated at different times or travel through the fiber with different group
velocities. To measure this temporal behavior the so-called frequency-
resolved optical gating (FROG) [88] or cross-correlated frequency-
resolved optical gating (XROG) [89] have to be used.

The conditions for an efficient supercontinuum generation in optical
fibers, PCFs, or liquid-filled fibers are recapitulated in the following
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2. THEORY OF LIGHT PROPAGATION IN SINGLE CORE FIBERS

points:
e Short pulses are desired. For longer pulses the maximum peak
power is too small to cause nonlinear effects.

e The central wavelength should be in the anomalous dispersion
regime and close to the ZDW. SPM can then easily compensate for
the effects caused by the dispersion. Also for small GVD higher
order terms play a significant role, mandatory for soliton fission
and subsequent supercontiuum generation.

e The length of the fiber must not be shorter than a minimum length,
as mixing processes need to fill up the gaps in the spectrum. Also
solitons require a minimum length to form and subsequently
break up.

e The effective mode area A.¢ should be as small as possible to
achieve a maximum nonlinearity -y. This can be influenced by the
refractive index difference between cladding and core size. These
parameters also affect the dispersion curve and a trade-off has to
be found.

e The core should consist of a material with a high nonlinear refrac-
tive index n,.

All these requirements can be fulfilled by liquid-filled photonic crystal
tibers. In comparison to standard optical fibers and PCFs, the liquid-
tilled PCF fibers are ideal for the very efficient generation of a broad
supercontinuum. This is provided by the much higher nonlinear refrac-
tive index 1, in the liquid core, very small mode areas by strong light
confinement to the core, and the correct dispersion characteristics due
to the fiber structure.

2.6. Nonlinearities in liquids

The retarded response of the nonlinear material is described by the
function R(t) in the generalized nonlinear Schrodinger Eq. (2.54). Sev-
eral physical effects contribute to the response function R(t) and for
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2.6. NONLINEARITIES IN LIQUIDS

the main constituents the function can be written as [90,91]:
R(t) == fe(s(t) +thR(t) +fmhm(t) (259)

The first contribution results from the electron motion caused by the
incoming light. Since the electrons are tightly bound, the response
follows within a few femtoseconds. For the illumination of the material
with pulses of the length of several hundred femtoseconds, this effect
can be taken as instantaneous and the temporal dependence can be
written as J-function.

The second part is given by Raman effects. The function hg(t) describes
the temporal response. It is a property of the material as well and
in [92] a general form of hg(t) is suggested as

2+ 17
hr(t) = 1’(1‘(22 exp(—t/1)sin(t/1), (2.60)
2

with the parameters 73 and 7> given by the Raman line shift and line
width, respectively.

The third part is caused by the molecular reorientation. This effect can
only happen in gases and liquids. The thermally oriented molecules in
the medium are aligned by the incoming light and then provide a much
higher polarizability [93,94]. For different liquids the delay varies from
several femtoseconds to a few picoseconds [90,95-98].

The coefficients f., fr, and fm give the ratio of these effects. In liquids
the reorientational effect dominates and, for example, in CS; has a
ratio of about 90% [96,97]. This huge influence of the molecular reori-
entation explains the high nonlinearity of some liquids compared to
solids, where only the electronic part contributes. The dynamics of the
molecular motion depend on the molecular structure. The resulting
nonlinear refractive index can be 10 to 100 times higher than that of
fused silica.

The influence of the retarded response of liquids in fluid-filled fibers to
the soliton dynamics has been investigated in more detail in [99].
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3. THEORY OF LINEAR AND
NONLINEAR FIBER ARRAYS

In the former chapter the temporal behavior of light propagating
through a waveguide has been described, resulting in the nonlinear
Schrodinger equation. Only the effective mode area has a minor spatial
influence on the propagation. The light is confined by the surrounding
structure and stays constant for a given input power over the propaga-
tion length.

This situation changes dramatically when a second waveguide is placed
in close proximity. Light can now propagate in both waveguides in-
dividually. For an asymmetrical excitation of this structure, the light
can escape from one waveguide to the other. Coupling occurs and for
longer propagation length a back and forth switching of the light can
be observed in this coupler device [80,100-106]. The explanation and
description of this effect including the main parameters will be the first
part of this chapter.

The situation can be extended and nonlinear effects can be included
into the description. This leads to a device called the nonlinear coupler
(NLC) and will be demonstrated theoretically in the following section
[107-111] as well.

A more general approach is given by adding more waveguides to
the investigated system. This opens the road to a completely new
tield of optics, namely discrete optics with a plethora new phenomena
[44,45,50,112]. Some aspects of discrete optics will be shown in the last
part of this chapter to provide the basis for the following experiments.
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Waveguides Refractive index
profile
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Figure 3.1.: Refractive index profile of an optical coupler. Two waveguides
with the core index n; represent a coupled waveguide system with a
conjoint cladding with refractive index np.

3.1. Linear coupler

The linear optical coupler consists of two waveguides surrounded by
a conjoint cladding as depicted in Fig. 3.1. The distance of the two
waveguide cores is about several micrometers, but of course strongly
depends on the cladding’s structure.

The formal description of an optical coupler can be deduced from cou-
pled mode theory [80,104]. For two independent waveguides infinitely
far away from each other, the amplitudes a; and a; of the modes propa-
gate along the z direction unperturbed and independently with their
propagation constants 1 and ;. They obey the equations

%01(2) = ipyai(z) and
%ﬂz(z) = ifaaz(z). 3.1)

When the waveguides are brought together they interact via their
evanescent field. The mode amplitude of one waveguide is influenced
by the presence of the other waveguide and the modes couple. For weak
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coupling, the coupled equations can be written as [102-105,113,114]

%al( ) = ip1a1(z) + x12a2(z) and
%az(z) = iBoaz(z) + x1a1(z2), (3.2)

with x;; as coupling strength defined by the modal overlap of the two
waveguides. This coupling strength can be written [115]

K1p = 26 // 2VFf (x,y)F(x,y)dxdy, (3.3)

with F;(x,y) (i = 1,2) denoting the radial distribution of the mode, 1o
the refractive index of the background material, and n; the refractive
index of the waveguide core medium. Here 8 stands for the average
of the individual propagation constants, i. e., B = 3(81 + B2). The
expression for xp; can be derived by interchanging the waveguide
indices.

Figure 3.2.: Schematic picture of mode splitting in the supermode for-
malism. 1, denote the individual modes, B their average, f* the
symmetric and the anti-symmetric collective mode. «;; is the coupling
constant.

Another interpretation of the coupling is given in the frame of super-
mode theory. The two individual modes together form a symmetric
and an anti-symmetric collective supermode. The mode is hybridized
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as shown in Fig. 3.2. The coupling strength « is then interpreted as a
perturbation of the individual modes and gives the value for the mode
splitting. This offers an easy way to determine the coupling strength,
simply by numerically calculating the two supermodes and their cor-
responding propagation constants B and . This can be carried out
using a commercial finite element mode solver (FEM, Comsol). The
coupling strength is then simply given by the equation

k== (B"—p") (3.4)

obtained from Fig. 3.2. Here and in the following description two
identical waveguides are assumed leading to B = B2 = B and xjp =
Ko1 — K.

Egs. (3.2) can be solved analytically. The power of each waveguide
is given by |a1(z)|> = Pi(z) and |ax(z)|*> = P»(z). It is common to
illuminate only the input of one waveguide, i. e., P;(z = 0) = Py and
Py(z = 0) = 0. Thus the solution for the power transfer of the linear
coupler consisting of two identical waveguides coupled together with
the coupling strength of x has the form

Pi(z) = Pycos?(kz) and

P(z) = Pysin®(xz). (3.5)

A visualization of this solution is given in Fig. 3.3. The sinusoidal back
and forth coupling of the light between the two cores is obvious. The
propagation distance is given in units of the coupling length L, which
defines the length for a complete power transfer from one core to the
other. Mathematically speaking, L. is defined as

L= = (3.6)

The linear coupler can be used as fiber-based beamsplitter. The splitting
ratio depends on the parameters « and the length of the coupler L.
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Figure 3.3.: Solution for the linear coupler given in Eq. (3.5) over propaga-
tion distance in units of the coupling length L.

3.2. Directional nonlinear coupler

For the linear coupler the output ratio is determined only by the length
of the coupler and the coupling strength. The coupling strength itself
is a function of the difference of the refractive index between the core
medium and the surrounding cladding (see Eq. (3.3)). For the descrip-
tion of the linear case, all included refractive indices were taken as
constant. No nonlinearity is included. If the power of the incoupled
light is increased, nonlinear effects have to be considered. The refractive
index then changes accordingly to Eq. (2.39), and an additional phase
term has to be added to the coupler Eq. (3.2) to take the nonlinear
effects into account [44,107]:

L a1(2) = ibar(2) + xma(2) +7lar (2) Pr(2) + plar(2) Pen(2) - and
d

1%2(2) = ipax(2) + xa1(2) + 7|22(2) Pax(2) + plar (2)*a2(2). - (37)

The nonlinear coefficient vy is defined in Eq. (2.49), and p describes the
induced phase by the nonlinear interaction of one mode with the mode
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3.2. DIRECTIONAL NONLINEAR COUPLER

in the adjacent waveguide [107]. The dominating nonlinear influence
is given by the self-induced nonlinear phase. Hence we can set y = 0
from now on.

The Egs. (3.7) can be solved analytically, which was carried out by
Jensen [107] for the approximation shown here, i. e., for weak coupling
considering only the amplitudes. The solution for the case that only one
input channel is illuminated, as was already described for the linear
solution, reads as

Pi(z) = Pi(z = O)% (14 en(2kz|m)) (3.8)
with )
m= P;OZ) (3.9)

and cn denoting a Jacobi elliptical function [116]. The critical power P
is defined in this model by

_
"

P, (3.10)

In Fig. 3.4 the three different regimes of the nonlinear coupler are
shown. For low powers the solution (3.8) evolves into the solution of
the linear coupler. Hence sinusoidal coupling characteristics appear
(blue line in Fig. 3.4). For increased power the parameter m is also
increased. This results in a slightly longer coupling length and the
solution starts to deviate from the linear case (see the green and red
lines in Fig. 3.4). If the incoupled power P(0) is equal to the critical
power P, the coupling length becomes infinite and the coupler ends
up in a fifty-fifty distribution of the light (see the bright blue line in
Fig. 3.4). If more light is brought into the coupler, the two waveguides
cannot couple anymore because of the large phase-mismatch due to
the induced phase by the nonlinear effects. The light does not couple
completely from one waveguide to the other, but remains mainly in the
core in which it is launched initially into (i. e., pink and yellow lines in
Fig. 3.4).

Another more elucidating presentation is given by the plot of the solu-
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Propagation length kz
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Figure 3.4.: Plot of the solution for one strand given in Eq. (3.8) for
different input power in units of the critical power over the propagation
length z given in multiples of the coupling strength «.
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Figure 3.5.: Solution of the nonlinear coupler for a fixed length as function
of power for the two strands S; and S,.
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3.2. DIRECTIONAL NONLINEAR COUPLER

tion versus power for a certain coupler length, because this corresponds
to the data which are accessible by the measurements. In Fig. 3.5 such a
representation is displayed. It becomes obvious that the output ratio for
such a nonlinear coupler can be controlled by the incoupled light power.
This offers the possibility to use a nonlinear coupler as an all-optical
switch in photonic circuits. The three regimes of linear coupling, the
critical power, and the nonlinear detuning or nonlinear decoupling are
visible in this simulation.

As stated before, the Jensen model deals only with the amplitudes in
the waveguides. A more precise solution is given by the solution of
the complete two-dimensional spatial Schrodinger equation, that takes
into account the whole spatial landscape of the linear and nonlinear
refractive index. The equation reads as [3,59,61,117]

27
— —_—— 2 —_— —,—,——
i ype na(x,y)AlA| /\nOG(x,y)A,

(3.11)

with x,y being the transverse coordinates, z being the propagation
coordinate, and A being the amplitude. A denotes the wavelength as
usual, and ng is the background linear refractive index. The nonlinear
refractive index n,(x,y) is a function of the transverse coordinates, as
well as the local linear refractive index perturbation G(x,y), which
accounts for the complete photonic structure (in terms of the deviation
from the background index np). This becomes more important if
the cladding is not homogeneous anymore, but possesses a complex
structure as in the case for PCFs (see Chapter 8).

QA A 82A+82A 2
dxz  9y? Anp

Because in Eq. 3.11 the complete photonic structure is incorporated,
the equation is also valid for more complex systems like nonlinear
waveguide arrays, which are the topic of the next section.

All equations describing the nonlinear coupler as well as the nonlinear-
ity itself incorporated here do not include any time dependence. If the
time is included numerous further effects appear. First, the formation of
temporal solitons becomes possible. This would have a strong influence
on the coupling dynamics [108,118-120]. Also the Kerr nonlinearity ex-
hibits time dependence. For the complete model this retarded material
response has to be included as well. This can influence the required
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3. THEORY OF LINEAR AND NONLINEAR FIBER ARRAYS

critical power P [5] and thus changes the coupler characteristics [121].
The spatial nonlinear Schrodinger Eq. (3.11) can be easily extended
to include all kinds of temporal effects [5,14] similar to the GNLSE.
The numerical calculation then becomes then very difficult if the time
dependence as well as the two-dimensional spatial dependence are
considered.

3.3. Nonlinear waveguide arrays and effects of
discreteness

Figure 3.6.: Etched waveguide array on a substrate [47].

For the directional coupler in the previous sections the coupling device
consisted of only two waveguides. This is the simplest case for observ-
ing coupling between waveguides. The situation can be extended to
several waveguides next to each other, forming a waveguide array. In
Fig. 3.6 such an array is shown where the waveguides are arranged
along a line. The waveguides are coupled to each other. In the following
description it is assumed that only next neighbors couple together. Then
the formalism presented for the 2-waveguide coupler can be applied to
this new configuration by including the newly added waveguides.
For the linear case the coupled equation for 2N + 1 waveguides can be
written as

%an (z) = iBan(z) + k (ay41(2) +a,-1(2)), (3.12)

where 7 is the waveguide number running from —N to N. For this
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equation it is assumed that all waveguides are identical and the coupling
strength x is constant in the complete waveguide array. In the formalism
of the supermode theory new hybridization states occur. For an array
with 2N + 1 waveguides, 2N + 1 supermodes also exist (neglecting the
degenerate ones). This leads to a complex behavior of the linear modes
of such an array, but it can be determined by the solution of the mode
amplitude coupling Eq. (3.12) [122-125].

Analogous to the derivation of Eq. (3.7), the nonlinear term can also be
added in the case of the waveguide array. The nonlinear influence of
one waveguide to the next neighbor is neglected. The equation then
reads as [44,48,126]

_Zan(z) =
e 1By (2) + x (a41(2) + an_1(2)) + Y|an(z)*an(z) (3.13)

with the same notation as before. This equation is also known as
Discrete Nonlinear Schrodinger Equation (DNLSE) [48,127,128].
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Figure 3.7.: Solution of the discrete nonlinear Schrédinger equation for
the waveguide array - (a) Linear case and (b) nonlinear case, where a
spatial soliton has formed.

The solution for the linear waveguide array can be calculated in the
special case where the initial condition obeys the condition that ag(z =
0) = Ap and ay,,(z = 0) = 0 with m # 0. For the linear case the solution
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3. THEORY OF LINEAR AND NONLINEAR FIBER ARRAYS

is [48]
an(z) = Api" exp(iBz)]n(2x2) (3.14)

which is depicted in Fig. 3.7(a). Nonlinearity does not play a role. The
two side lobes which appear in the solution are a direct result of the
discreteness of the waveguide structure. This effect is therefore called
"discrete diffraction" [46,47]. The two side wings are only visible in the
case of an array with no reflection at its side boundaries (ay =a_ny =0
for all z). Otherwise this clear signature of discrete diffraction is washed
out.

If the incoupled power is increased, nonlinear effects start to affect the
propagation pattern. Above a certain power threshold a stable solution
for Eq. (3.13) can be found. The solution has the form [48]

an(z) = Agexp(i(2x + B)z)sech (i—ﬁ) (3.15)

with X, being the position of the n" waveguide and X, being the
characteristic spatial soliton width. An example is plotted in Fig. 3.7(b).
The power along the waveguides remains constant over the complete
propagation distance. This effect is called a "spatial soliton" and is the
result of balancing the discrete diffraction and nonlinear self-focusing
effects [45,50,129]. For the formation of spatial solitons it is not nec-
essary to use several tens of waveguides. The effect also occurs in a
nonlinear array with only three waveguides [44].

The complete description so far only regards linear spatially arranged
waveguide arrays. The situation becomes much more complex if the
waveguides are arranged in a 2D pattern. The physical realization of
these structures require new fabrication methods. Fibers and especially
PCFs provide a perfect platform to enter this field and make new
physics and novel effects accessible. A lot of theoretical work has
already been invested to these new structures [130-134], and recently
also experiments have been conducted in this area [60].
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3.4. NUMERICAL METHODS

3.4. Numerical methods

To calculate the amplitudes in each waveguide of an array, Eq. (3.13)
has to be solved. Therefore the equation can be rewritten as

L n(2) = (B + 1an(@) P)an(2) + & (@rs1(2) + aya(z)  (3.16)

dz
where the nonlinear phase term including v is regarded as a perturba-
tion of the individual waveguide. Then the equation can be transformed
into a matrix equation as

d

&a(z) = iMa (3.17)
with B+ v|a,(z)|> = B, a as amplitude vector and M as the (2N + 1) x
(2N + 1) coupling matrix. The form of the matrix M depends on the
structure of the array. For a linear array the matrix reads as

A O

o By @N

However, not only linear distributions can be treated with this method.
For example, for three waveguides arranged in a triangle the matrix
looks like

A A
—

B1
Mtriangular - K
K

K
B2
K

) 2020

oy
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3. THEORY OF LINEAR AND NONLINEAR FIBER ARRAYS

All other kinds of spatial arrangement of waveguides can also be in-
cluded into this formalism by adapting the coupling matrix M to the
particular problem.

The numerical solution of matrix Eq. (3.17) at the position z is found
iteratively. First, all unperturbed propagation constants j are calculated.
In a next step 1, is determined. In the first step the excited waveguide
is used as the initial condition for z = 0. With this all 3, are known and
the differential Eq. (3.17) is solved using the standard method by finding
the eigenvalue of the matrix M. The amplitudes a are used in the next
spatial step along z for the new calculation of ;. For sufficiently small
spatial steps along z and small changes of the amplitude from one
spatial step to the next, the solution converges to the exact solution of
the problem.
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Figure 3.8.: Simulation results (a) for a linear waveguide array with 41
waveguides showing discrete diffraction and (b) comparison for a
nonlinear coupler simulation between the full model and amplitude
model.

In Fig. 3.8(a) a linear waveguide array consisting of 41 waveguides
is simulated. The result is in excellent agreement with the analytical
solution of Eq. (3.12) which is shown in Fig. 3.7(a). For 10000 spatial
steps the algorithm requires 70 sec in Matlab on a desktop computer.

The simulation of the amplitude model of a nonlinear coupler is shown
in Fig. 3.8(b) in comparison to the results of the full model described
by Eq. (3.11). This simulation takes 150 sec for 3600 spatial steps and

37



3.4. NUMERICAL METHODS

300 power steps. An excellent agreement with the complete model also
for the nonlinear case could be achieved. Only for input powers above
the critical power, oscillations appear in the amplitude approximation.
However, the approximation reproduces the results of the full model in
good accordance.

The scheme presented here for calculating the amplitudes of each wave-
guide in an array cannot include any time dependence. Further, it does
not contain the complete spatial structure. The cladding has to be taken
as average material determined by Eq. (2.24) with all disadvantages aris-
ing from that fact. Especially no information can be deduced about the
appearance of the modes themselves except of course their amplitude.

On the other hand this method is very fast, easy to implement, and
very accurate with respect to the mode amplitudes. Main parts of the
program can be found in Appendix B.

The solution of the full model given by Eq. (3.11) and the simulation
technique presented here are both used throughout the following chap-
ters. Which method is specifically used will be stated in the text as
appropriate. The numerical calculation of Eq. (3.11) has been carried
out by Y. Kartashov at ICFO Barcelona, using a finite-difference solver.
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This chapter is devoted to the different materials used in the experi-
ments. Two different applications will be demonstrated experimentally;
the supercontinuum generation in a single strand and nonlinear spatial
coupling either in two strands or in a waveguide array. In the previous
chapter a variety of prerequisites were theoretically deduced, which
have to be fulfilled regarding the individual application of the fiber and
the liquids used.

In the following chapter possible candidates of photonic crystal fibers
and highly nonlinear liquids will be demonstrated and their properties
will be explained and compared with each other.

4.1. Photonic crystal fibers

While photonic crystal fibers exist in a huge number of different forms
and structures, it is important to choose the parameters such that the
resulting optical properties are well suited to the experimental purpose.
The main influence on the optical properties of PCFs are given by the
hole diameter d and the hole-to-hole distance A as already mentioned
in Section 2.3.

To observe nonlinear effects, the intensity inside the core medium has
to be as high as possible. To reduce the demands on the pump laser
source, it is feasible to engineer the difference of the refractive index
between core and cladding such that the light is mainly confined inside
the nonlinear medium of the core to achieve a small effective mode
area Aef. To increase the intensity inside the core further, the core size
can be decreased to reduce the effective mode area. This is only valid
down to a value, below which the mode area starts to increase with
decreasing core size [135,136].

Unfortunately the refractive index difference also affects the GVD as
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4.1. PHOTONIC CRYSTAL FIBERS

well as the coupling strength in the nonlinear coupling experiments.
Here a trade-off has to be found resulting in the use of two kinds of
fibers for the different experiments. The choice of the fibers is restricted
to commercially available fibers.

For the generation of a supercontinuum, it is crucial to tailor the disper-
sion. For an efficient generation it is necessary to be in the anomalous
dispersion regime and to have a low |B;| value to easily generate soli-
tons and provide conditions where they can break up again. As shown
in Fig. 2.3(b) and mentioned above, PCFs allow it to shift the ZDW
substantially by tailoring the structural parameter d and A.

4.1.1. NL-2.3-790

20 um
—

Figure 4.1.: Microscope image of an NL-2.3-790 fiber from NKT Photonics
with a hole diameter of d = 2.5 ym and a pitch of A = 2.6 ym.

For the experiments the fiber NL-2.3-790 from NKT Photonics has been
used with a hole diameter of d = 2.5ym and a pitch of A = 2.6 yum
[137]. A microscopic picture of the fiber is shown in Fig. 4.1. The core
diameter is not important for the application presented here because
the liquid filled strands take over this function and hence the liquid
core has the size of a fiber hole. The number of rings is also not
influential. The confinement loss decreases exponentially with the
number of surrounding rings. Only for fibers with small d/A values,
the leakage has to be considered [74,138].
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The NL-2.3-790 fiber is usually used as highly nonlinear fiber for the
supercontinuum generation, suited for pumping at a wavelength of
800nm (the common wavelength of Ti:Sapphire oscillators). The d/A
value is close to one and strong light confinement to the core is achieved.
Hence the intensity inside the fiber core is increased (or alternatively
the effective mode area is decreased, increasing the nonlinearity ).
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Figure 4.2.: GVD curve of the NL-2.3-790 photonic crystal fiber with a hole
diameter of d = 2.5 ym and a pitch of A = 2.6 ym under propagation
through the glass core. As comparison the GVD curve of a single strand
infiltrated with CCly is also plotted here with a liquid core diameter of
2.5 ym.

In Fig. 4.2 the dispersion curve of the NL-2.3-790 fiber is shown. The
ZDW for this configuration is approximately 790 nm. Pumping the fiber
with a wavelength above this value provides an anomalous dispersion.
Also shown in Fig. 4.2 is the GVD curve for the NL-2.3-790 filled with
a single strand of CCly as comparison. For this combination the ZDW
shifts to longer wavelengths.

The fiber length for the supercontinuum generation has been extracted
from numerical simulations. A length of 10 to 20 cm should be sufficient
to generate white light. However, the fiber should be as long as possible.
If the fiber is too short, i. e., shorter than the soliton fission length, no
supercontinuum will be generated [99].
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4.1.2. LMA-8

30 um 20 pm
 —

Figure 4.3.: Microscope image of an LMA-8 fiber from NKT Photonics
with a hole diameter of d = 2.7 ym and a pitch of A = 5.6 ym. The
glass core has a diameter of dy = 8um. (a) and (b) show different
realizations of the same fiber.

The LMA-8 fiber is not suitable for supercontinuum generation at a
wavelength of 1000 nm because the ZDW is shifted due to the geometry
of the fiber to longer wavelength deeper in the IR-region. The LMA-8
tiber is usually used as a large-mode area fiber to deliver high powers
without exceeding the damage threshold of glass. The guiding mecha-
nism is modified internal reflection. In Fig. 4.3 two microscopic images
of the LMA-8 fiber are shown. The holes of the fiber have a diameter
of d = 2.7 ym and a hole-to-hole distance of A = 5.6 ym [139]. The
diameter of the core itself is dy = 8 yum. The mode properties of the
tiber allow it to have only the fundamental mode propagating over a
broad spectral region [28].

The LMA-8 exists in two types, differing only in the number of hole
rings and formation of the outer ring. Fig. 4.3 shows both types. For the
experiments it is not important which type of LMA-8 is being used. The
positioning of the liquid waveguides within the fiber structure might
differ, but without any physical effect.

In the following experimental sections the LMA-8 fiber is used for the
spatial and coupling experiments because it turns out that the coupling
strength of two coupled waveguides within the photonic structure can
give a coupling length (see Eq. (3.6)) which is in the range of a few
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Figure 4.4.: Different coupler geometries within the same fiber with
reducing the coupling strength from (a) to (c).

centimeters. This value differs for different infiltrated liquids but, as
shown in Fig. 4.4, various possibilities exist to control the coupling
strength by a reasonable choice of the waveguide separation. It can be
shown by integration of Eq. (3.3) that the coupling strength depends ex-
ponentially on the distance between the waveguides. Thus the coupling
strength can be tuned by the three different configurations plotted in
Fig. 4.4 over a wide region and it will be possible to find a combination
with a liquid which is suitable for the setup and experiment.

In contrast to that, if one would try to use the NL-2.3-790 fiber for the
coupling experiments, it would be found that two next neighboring
filled holes would give a way too strong coupling or simply a collective
mode. However, the corresponding structure to Fig. 4.4(b) or (c) in a
NL-2.3-790 would give a way too weak coupling due to the very good
mode confinement in the NL-2.3-790. This would require very long
device lengths because of very long coupling lengths.

4.2. Liquids

The second part besides the fibers of the optofluidic fiber device are
liquids. The liquids used in these experiments must possess some
specific properties to allow the observation of nonlinear effects. In
addition to being highly nonlinear of course, they also have to be
transparent in the wavelength region of interest. A last point important
especially for the experiments is that these liquids should not be too
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toxic since necessary safety measures would increase the experimental
effort unreasonable. These requirements will exclude some candidates
from the list.

A wide variety of liquids provide a high nonlinear refractive index
[140,141]. Most of them have in common that they are organic solvents
and transparent [142]. Because they do not have any oxygen in the
molecule, no OH-overtones can absorb the pump light in the NIR.

An incomplete list of highly nonlinear liquids can be found in Tab. 4.1.
Also included as comparison is fused silica. The material with the
highest nonlinear refractive index, salol (C;3H;¢O3), has several OH-
groups and therefore strong absorption will occur in the NIR, which
makes this liquid not usable for optical experiments. Also nitrobenzene,
chloroform and toluene show absorption directly around the pump
wavelength. Only CCly and CS; are almost perfectly transparent in the
complete wavelength range of interest.
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Figure 4.5.: Refractive index of different selected liquids and of fused
silica as function of the wavelength (see Tab. 4.1 for references).

Besides the nonlinear properties, the linear refractive index plays an
important role for the waveguiding and of course for the dispersion
properties, which are essential for the supercontinuum generation.
Therefore, in Tab. 4.1 the linear refractive indices are also listed and
plotted over the wavelength in Fig. 4.5. If the waveguide should only
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support the fundamental mode, it is crucial to have liquids with a linear
refractive index close to the value of fused silica. This is also important
for the coupling of two waveguides. A huge difference of the refractive
index between core and cladding region confines the light very strongly
to the core region and hence the coupling strength will be lowered.

It should be mentioned that one major advantage of liquids is their
possibility for them to be mixed and thus to control the linear properties
[143,144]. Suitable combination of liquids can adjust the linear refractive
index to the demands of the individual experiments and even spread
their applicability further.

Several liquids were tested in different experiments, but it turned
out that especially CCly seems to be a good starting point for the
investigations of the nonlinear properties of these novel optofluidic
devices. CCly has only a 5 times larger nonlinear refractive index
ny [91,98,141] than fused silica but it is almost transparent up to a
wavelength of about 1.4 ym (see Appendix A) and it is not as toxic as
CS,, which would be the best alternative.

As stated in Section 2.6 different molecular properties are described
with the delayed response function in Eq. (2.54) resulting in different
optical nonlinear behaviors. A detailed overview of the effects caused by
the different molecular responses of the liquids is presented in [85,99]
and in the references therein. Also included there is the influence on
the soliton dynamics and the switching behavior in two-waveguide
coupled systems. The molecular properties of the liquid CCly, which is
used in the following, can be found in the references [82,84,95].

For a measured dispersion curve as well as an absorption spectrum of
CCly, see Appendix A.

Another intriguing feature of liquids is their thermo-optical properties.
The thermo-optical coefficients of the selected liquids are also listed
in Tab. 4.1 together with the value for fused silica. The dependence
of the refractive index of the liquid on the temperature can be two
orders of magnitude stronger than in fused silica. This effect can be
used to control in situ the difference between the glass cladding and the
liquid core and allows adjusting the guiding properties by influencing
the guided mode. Hence in the case of coupled systems, the coupling
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Linear refractive

Nonlinear refractive

Thermo-optical

Name Chem. formula index ng index 1y effect
at 1040 nm in (1072 m?/W) in 1074K~!
Water H,O 1.3266 [145] 1.3 [141] -1.00 [140]
Ethanol CyHgO 1.3556 [146] 7.6 [141] -4.00 [140]
Toluene Ce¢HsCH3 1.4816 [147] 170 [96,141,148] | -5.51 [140]
Nitrobenzene CeHsNO, 1.5292 [38] 685 [141] -4.60 [140]
Carbon tetrachloride CCly 1.4503 [149,150] 15 [82,141] -5.40 [140]
Chloroform CHCl; 1.4365 [147] 31 [141] -5.30 [140]
Carbon disulfid CS, 1.5956 [147,150] | 514 [141,148] -7.80 [140]
Fused Silica SiO; 1.4500 [14,151] 2.6 [14,15] 0.11 [140]
Salol C13H1003 1.2500 [152] 1540 [141]

Table 4.1.: Linear and nonlinear optical properties of selected liquids in comparison to fused silica.
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strength can be altered by the temperature that will be utilized in the
following chapters.
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FIBERS

The present chapter is dedicated to the fabrication process of the se-
lectively fluid-filled fibers. In the first two sections two methods for
the selective closing of single holes are described. Examples of what
becomes possible with the technique developed here are given through-
out the following chapters. In the last section the filling procedure is
briefly described. This chapter is limited to the main results and steps
of this process. A detailed explanation of the complete procedure is
given in [153,154].

With the invention of the PCF in 1996 [26] a system was developed
which was ideally suited to be filled with liquids. Four years later
first publications became available which presented the combination
of liquids and PCF [35]. Several experiments utilized complete filled
fibers for different applications such as anti-resonant high index inclu-
sion photonic crystal fiber (ARROW-fiber) [155], influencing the band
gap [156,157], photochemistry [158] and discrete optics [58,117,159].
However, it was an obvious step to try to fill only single holes selec-
tively to broaden further the applicability of photonic crystal fibers and
create novel devices. Not so obvious was how to do it. First ideas used
large fiber structures that were partially tapered down but still had
nozzles to fill the device [36,37]. The most promising approach without
tapering the fiber down was demonstrated by [39,40] and used a fusion
splicer to collapse and seal holes. The structures possible were limited
to only concentric patterns, because the holey structure collapses from
the outer to the inner region. Nevertheless, single strand structures
could be fabricated. To overcome the limitation of concentric patterns,
lateral access to the capillaries was intended to solve this problem either
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by the fusion splicer or by micro-machining with a femtosecond laser
source [160,161].

All present techniques are unable to fabricate the desired structures
with single selected holes within a complex spatial arrangement. Thus
the following procedures are a major step forward and they fulfill
all demands to really make this new family of optofluidic devices
applicable.

5.1. Structuring of a selectively closed
photonic crystal fiber

(a) (b)

uv TPA

Figure 5.1.: Cross section of a the laser beam. The blue color indicates the
region where the polymer is polymerized (a) for the UV technique and
(b) for the two-photon absorption technique.

Historically the development of the structuring of a selectively closed
photonic crystal fiber starts with the simple approach of covering a
cleaved end of a fiber with a UV-curable polymer and illuminating
it locally with a spot of a focused UV laser [153]. The situation is
illustrated in Fig. 5.1(a). Unfortunately the doses in the polymer next to
the desired holes accumulate and hence the polymerization also starts
in these holes after exposure of several neighboring holes. The fiber
cannot be structured and therefore a selectively filled PCF cannot be
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fabricated with this method. Of course there might be special conditions
where this method works out well, but it is not a general approach.

®

®
)

Figure 5.2.: Image of the fabrication setup - 1 Laser source, 2 incoupling
of the laser beam into the microscope, 3 focusing optics, 4 motorized
stage to move the fiber, 5 camera to observe and control the process, 6
setup for the needle method.

Starting from this, two techniques are presented in the following which
are able to fabricate arbitrary patterns of selectively filled strands within
a PCE. Both of them use the setup depicted in Fig. 5.2.

5.1.1. The two-photon absorption method

The general technique uses the two-photon absorption in the UV-curable
polymer [41,42,162]. Thus the curing volume is determined by the
laser power and the focus size and it can be controlled spatially in all
three dimensions. The region in which the polymer is polymerized is
illustrated in Fig. 5.1(b). This technique is called the direct laser writing
technique and is used to produce very small optical structures and
metamaterials e.g. in [163,164], but it has never been used before in
combination with fibers and photonic crystal fibers [1, 6].
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Figure 5.3.: [llustration of the fabrication setup. M - mirrors, P - prisms,
BS - beam splitter.

The setup is shown in Fig. 5.2 and schematically drawn in Fig. 5.3. It
uses 8 W laser light from a Nd:YVO, diode pumped cw Verdi [165] from
Coherent Ltd. to pump a Tsunami Ti:Sapphire laser [166] that produces
pulses with a duration of 190 fs, a repetition rate of 82 MHz, and 1W
average power. The polymer has its sensitivity peak at around 385 nm,
therefore the Ti:Sapphire oscillator is tuned to the doubled wavelength
of about 770 nm. The laser light is attenuated to a reasonable value by
a filter. For the writing process only a low power of about 35 mW is
needed. The remaining light is coupled into the microscope, focused
down by the microscope objectives (usually a 100x objective with a
numerical aperture (NA) of 0.85) and illuminates the cleaved end of the
tiber, which is covered by the polymer. The fiber and the illumination
are observed and controlled by a CCD camera. The fiber is moved by a
piezostage. The whole writing process is automated and stabilized [154].

The standard photoresist SU-8 is used [167] as polymer. The SU-8 is
applied by simply dipping the fiber into a drop of the polymer and
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Figure 5.4.: (a) Clean cleaved NL-2.3-790 fiber. (b) Coated fiber with SU-8.

then carefully tipping the fiber against a clean glass plate. In Fig. 5.4
the result of this method is shown. The fiber is homogeneously covered
with a thin layer of polymer. The thickness of this layer can be estimated
by the fringes (see Fig. 5.4(b)). Typically a thickness of below 5 ym can
be achieved.

The coated fiber is then illuminated hole by hole to selectively close
them. The beam is moved vertically at each hole for a distance of about
75 ym around the fiber surface with a velocity of 100 ym/s to make sure
to seal the holes properly. After illumination, the polymer is treated
in the standard way which means that it is hard backed for 2min and
then developed. In the last step all unexposed SU-8 is washed away.
Finally the desired structure is written into the fiber and the fiber is
ready to be filled in a subsequent step.

Typical results are shown in Fig. 5.5. This method also works for fibers
with a hole to pitch ratio close to one. The checkerboard pattern is the
most challenging pattern, but also for this structure the two-photon
absorption technique presented here works well.

The drawback of this technique is that there are sometimes plugged
holes, which could not be opened during the developing process. Fur-
ther, the technique has high demands on the stability of the setup and
on the precision of the hole addressing which could be solved by a
stabilization by image recognition [6,154].
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10 pm 10 um

Figure 5.5.: Typical results of the two-photon technique - (a) Scanning
electron microscope image of the checkerboard pattern (blue - glass
core, yellow - sealed air voids). (b) Checkerboard pattern image. (c)
Name of the institute written as structure.

5.1.2. The needle method

In addition to the two-photon absorption technique, another way to
selectively close single holes of a PCF was developed. This technique
uses a thin glass needle which has a diameter at its end of about 10 um,
usually used in biology for the artificial insemination of egg cells. With
this needle little drops of UV curable polymer are positioned manually
under the observation by a microscope on top of the fiber end. Thus
the holey structure of the fiber is partially covered with the polymer.
With a UV lamp the polymer is polymerized and the holes are sealed.
These steps are repeated until all holes are closed except the desired
structure. This procedure is described in more detail in [157,168]. It
is inherently limited to simple structures consisting of connected hole
areas. These hole areas themselves can of course have arbitrary shapes.

In Fig. 5.6(a) an image of the needle together with the end of a fiber is
shown as a microscope image. Also visible in this image is a large drop
of polymer. As polymer the commercially available UV-glue Dymax
OP-4-20632 is usually used, but the process works as well with different
polymers. Fig. 5.6(b) shows a typical result achieved with the presented
method. A single hole is left open. All other holes are covered and
hence sealed by cured polymer.

This technique is a low cost and fast alternative to the two-photon
absorption technique presented above. For simple structures, within
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Figure 5.6.: Needle method - (a) Size comparison between the fiber cross-
section and the needle. (b) Result of a single strand structure made
with the needle method at a NL-2.3-790 photonic crystal fiber.

the limitations of the method, it is the preferable technique to fabricate
selectively closed PCF which can be filled with a liquid in a subsequent
step.

5.2. Filling of a selectively closed photonic
crystal fiber

Liquid

Container
Liquid
Fiber

|/

Glass
Plate

Figure 5.7.: Schematic drawing of the liquid container in a cross section.

After the structuring process described in the former sections, the fiber
can be filled with the nonlinear liquids. Therefore the fiber is put into
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the liquid with the structured end.

The fiber is filled by the capillary force [169]. For very short pieces
of fiber in the range of a few centimeters, it takes less than a minute.
For the fiber used for the supercontinuum generation with a length of
26 cm, it took 30 min until the liquid appears on the opposite side. The
maximum filling height can be determined by

_ 20cos®
pEr

Neo (5.1)

with o being the surface tension of the liquid, ® being the contact angle,
p its density, and g being the gravitational acceleration. With typical
parameters of the liquids used and a capillary diameter r of 2.7 ym, the
maximum filling height determines to be in the order of a few meters.
The liquid is stored in a specially designed liquid container in which the
fiber is kept during the experiments. A cross section of the container is
illustrated in Fig. 5.7. The fiber is not sealed to the container. The hole
where the fiber fits through has a diameter of about 250 ym. Almost
no liquid leaks out and the fiber is stable over several days (if the
evaporated liquid is refilled, much longer times can be achieved). The
light coming out at the end of the fiber leaves the liquid container
through the glass window and is collected by a microscope objective
(see Chapter 6). This method has the advantage that the incoupling of
the light in the experiment can be done through a clean cleaved end of
the fiber.

In Fig. 5.8 an example is shown for the filling of a complex structure —
a ring structure. In Fig. 5.8(a) the structured side after the two-photon
absorption writing process is shown. In Fig. 5.8(b) the opposite end of
the fiber is imaged, where the filled strands are clearly visible.

In conclusion the methods presented here are very versatile and all
possible patterns can be written to all kinds of fibers. The key to this
versatility is the combination of the direct laser writing technique to the
PCF. Due to the incorporated two-photon absorption process the cured
volume can be controlled in a very accurate way, such that selective
writing becomes possible.

55



5.2. FILLING OF A SELECTIVELY CLOSED PHOTONIC CRYSTAL FIBER

30 um 30 um
P e |

Figure 5.8.: Ring structure - (a) The written side fabricated by the two-
photon absorption method. (b) Opposite end with the liquid in the
open strands.

Since the development of the direct laser writing technique presented
here, several new and different techniques were invented for different
purposes. All of them suffer either from a lack of versatility because
they can not be applied to all kinds of fibers (such as the femtosecond
laser-assisted infiltration of PCF [160,170,171] or a technique based on a
UV-laser source [172]), or from their practicability when they use costly
ion beam techniques [173].

The filling of the structured fiber then is an easy step and the solution
is provided by nature itself with the capillary force.

Of course structures of selectively closed fibers can not only be filled
with nonlinear liquids but also with different kinds of materials, such
as gases [174,175], semiconductors [172,176], liquid crystals [177,178],
as well as other materials.
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6. EXPERIMENTAL SETUP

In this chapter the experimental setup for the characterization of the
selectively fluid-filled fibers is presented. It is, at first glance, a standard
setup for incoupling light into fibers. The challenge arises here from
the precision which is needed to address single holes exclusively with
the laser light. Hence special focus lies on techniques to control the
incoupling condition and to keep position and temperature constant.

6.1. Propagation and characterization setup

M1
Laser E
Fiber
OSA/ & =
ccp Q Q P M
L2 L1 i

Cccb

Figure 6.1.: Illustration of the setup - M1 and M2 are mirrors, BS is a
beam splitter, L1 and L2 are the incoupling and outcoupling lenses
respectively. OSA stands for optical spectrum analyzer.

In Fig. 6.1 a schematic illustration of the setup is shown. As light source
a homebuilt pulsed laser oscillator is used. Two different types of lasers
are used [179,180] in the following experiments. The parameters are
listed in the table below. The laser used is explicitly named in the
description of each experiment.
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Parameter Laser1 | Laser2
medium Yb:KGW | Yb:Glass
wavelength 1026nm | 1040nm
pulse duration 250 fs 180 fs
max peak power | 60kW 110 kW
max avg. power 1.2W 0.8W
rep. rate 42MHz | 20MHz

Table 6.1.: Laser parameter of the two laser oscillators used.

From the laser the light is guided by mirrors to the 3D fiber launch
stage manufactured by Elliot Scientific Ltd. [181] that provides position
control with micrometer accuracy. Depending on the length of the fiber
device a second fiber stage is used for the outcoupling.

Water
Cooling
Connector

- Fiber
Liquid
\ antainer Holder

Qutcouplin i
ObJect'\E)eg\ l / l(glgﬁ%uc%l\llgg

e

e
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Water )V

Cooling Peltier Element
Connector Connectors

Figure 6.2.: Picture of the experimental setup with the fiber holder and
the incoupling and outcoupling optics. The complete fiber with the
liquid container is located on a Peltier element for the temperature
control.

Fig. 6.2 shows a picture of the experiment. In this image a very short
fiber is used which is held by the fiber holder. Therefore no additional
outcoupling stage is used and the end of the fiber enclosed in the liquid
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Figure 6.3.: Image recorded by the incoupling observation to maintain
the right incoupling conditions, showing the glass core, the two liquid
waveguides and the laser spot.

container is also located on the fiber stage. Only the outcoupling lens
(L2) is mounted separately. With this lens (L2) the light is recollimated
from the fiber end and is imaged by a CCD camera. To avoid overexpo-
sure of the camera, suitable neutral density filters are used to attenuate
the intensity appropriately. The camera is read out by a computer
controlled by the program MatLab.

For all following experiments it is crucial to couple most of the light
into a single liquid waveguide. This requires an incoupling lens (L1)
which is capable of focusing the laser beam to a spot with a size close
to the hole diameter, but not larger than the hole-to-hole distance of the
fiber. This is especially important if several waveguides are present. The
disadvantage is that it introduces an NA mismatch and some power is
lost at the incoupling. If only a single waveguide is used, a trade-off
between focus size and NA mismatch has to be found. It turned out that
a 20x (NA = 0.5) microscope objective for the single strand experiments
and a 60x (NA = 0.65) microscope objective for the other experiments
are the best choices.

Not only the correct spot size has to be assured. Also the correct posi-
tion is of importance to guarantee the correct incoupling. Therefore a
beam splitter (BS) is placed on the incoupling side of the fiber setup.
The light reflected back from the fiber surface is reflected by the beam
splitter and recorded by a CCD camera. If the fiber is illuminated
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by a lamp from the backside, both the laser spot as well as the fiber
structure can be observed simultaneously. By careful control of the fiber
position, the laser spot is placed at the desired liquid waveguide. Thus
the correct incoupling condition is maintained. A picture recorded by
the incoupling observation camera is shown in Fig. 6.3. For the mea-
surement the beam splitter is removed to achieve the highest possible
power at the fiber.

Due to the optical elements, which are necessary to guide the laser
beam, losses add up. The main loss is induced by the obligatory
Faraday isolator. At the incoupling position, right before the incoupling
objective (L1), only a fraction of the initial peak power is provided.
For the Yb:KGW laser an average power of 600 mW is made available.
Because of several improvements of the setup, the maximum average

power that can be used for incoupling with the Yb:Glass laser is around
540 mW.

The power is controlled by a A/2-waveplate in front of the Faraday
isolator. In the experiments with the Yb:KGW laser, 4% of the beam is
reflected at a glass plate and this 4% of laser light is measured and can
be connected to the light which is coupled into the fiber device.

In the case of the Yb:Glass laser being used, the losses due to the glass
plate are avoided. The end cap of the Faraday isolator has been removed
and the outcoming light from the entrance polarizer of the isolator is
measured. The thus measured power can be connected to the power at
the incoupling stage.

The transmission through the fiber is limited by the losses stemming
from the incoupling, the material, and the confinement inside the fiber.
Particularly the incoupling is influenced by the fact that the liquid at
the liquid-air transition forms a meniscus. This non-uniform incoupling
surface leads to large losses. Thus the resulting transmission is usually
at about 15-20%, but might differ for different samples. The material
losses are diminished by the choice of the liquid.
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6.2. Temperature setup

In the following experiments the temperature will be used to exploit the
huge thermo-optical effect of the liquids inside the fiber (see Chapter 4).
Thus the setup has to be temperature controllable. For a good thermal
conductivity the mounting plate is made from copper and the fiber
holder and the liquid container are thermally connected to the copper
base plate by heat-transfer paste.

For a stable temperature two different techniques for cooling and heat-
ing are combined in the setup (see Fig. 6.2). For the rough temperature
setting, the mounting plate of the fiber holder and the liquid container
is water-cooled by a chiller. Because the temperature of the chiller varies
within few degrees over time, two Peltier elements are added with a
thermal power of 38 W each. The temperature is controlled by a resis-
tive thermal sensor (PT100) in combination with a thermo-controller
LDT-5910B from ILXLightwave. This controller can quickly adjust the
temperature and can thus balance out the oscillations of the chiller. The
combination of these two systems provides a tuning range from 3 °C
up to 45 °C with a precision of +0.03°C.

Even for measurement at a single temperature, this system is used to
compensate variations of the temperature caused by an inappropriate
climate system in the laboratory.
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7. SUPERCONTINUUM GENERATION
IN SELECTIVELY FILLED
PHOTONIC CRYSTAL FIBERS

In Chapter 2 it is shown how the light propagates in a nonlinear
fiber and the pulse is temporally and spectrally altered by the inter-
action of the light with the nonlinear medium. The following section
demonstrates how to utilize this knowledge to tailor a nonlinear system
consisting of a photonic crystal fiber selectively filled with a highly
nonlinear liquid to gain spectral broadening at very low powers.

The generation of a broadened spectrum is well known since the 1960’s.
As already mentioned in the introduction, first investigations were
made in liquids such as CS; [10]. With the advent of the optical fiber,
it was a relatively short step to use simple quartz fibers as a system
to observe spectral broadening [15, 18] because they can compensate
the reduced nonlinearity by a much longer interaction length. The
development underwent another boost by the invention of the mode-
coupling technique, which suddenly provided femtosecond pulses with
high peak power. On the fiber side, in 1996 the PCF was invented [26]
and in the year 2000 supercontinuum generation in such a fiber was
presented [34]. The development went on and in the meantime white-
light laser sources became commercially available and have become a
big market [24].

Looking at the beginning of this historical way of the supercontinuum,
it seems to be straight forward to use highly nonlinear liquids as a
medium for the supercontinuum generation and marry them to the fiber
technology. A first theoretical investigation of this topic was published
in 2006 by R. Zhang et al. [38] showing the tremendous possibilities for
these novel nonlinear devices. Besides some single experiments which
show broadening of the spectrum by enhanced Raman scattering in
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toluene and chloroform [182], the first supercontinuum in a liquid-filled
tiber was generated in water as nonlinear medium [183,184]. This
neglects the fact that water has a lower nonlinear refractive index than
fused silica, throwing away all advantages of the combination of a
highly nonlinear liquid and a PCF.

The first supercontinuum that was enhanced by the nonlinearity of
the liquid inside a fiber will be presented in the following section.
It has already been published [1] and was followed by a group of
publications suggesting alternative liquids [185-187], novel effects due
to the optical properties of the liquids [99,188], and further application
of this optofluidic device e. g. [189,190].

The following chapter starts first with the investigation of the linear
propagation and the dispersion properties, which are crucial in the
case of nonlinear propagation. Here a choice for the fiber geometry is
justified in addition to the selected liquid.

Starting from this point, in the second part of this chapter, the power
is increased and nonlinear effects are observed that are gained by
the highly nonlinear properties of the liquid. The interplay of fiber
geometry and liquids leads to a broad spectrum for very low pump
powers.

7.1. Dispersion and linear propagation

First the linear propagation properties of the fluid-filled fiber device are
investigated. The simplest pattern is the single strand structure. Just
a single hole is left open during the fabrication process and thus one
liquid waveguide is created inside the structure of the PCFE. The filled
tiber is shown in Fig. 7.1(a). The linear mode image of this structure
tilled with CCly is given in Fig. 7.1(b), which shows the fundamental
mode. The mode image is superimposed with the fiber structure. The
fiber chosen for this example, NL-2.3-790 (see Section 4.1), has a hole-
to-hole distance of A = 2.6 ym and a hole diameter of d = 2.5 ym [137].
For these fibers filled with CCly or another liquid, the guiding mech-
anism is the modified total internal reflection because the refractive
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15 um

Figure 7.1.: Single strand structure - (a) Microscope image of the single
liquid filled strand. (b) Mode image superimposed with the photonic
structure of the fiber.

index of CCly (n = 1.4503 at a wavelength of 1.03 ym [149]) and of
toluene, nitrobenzene, or CS, is slightly higher than that of fused silica
(n = 1.4497 at a wavelength of 1.03 ym). The filled liquid strand acts
as the core and the surrounding photonic structure as the cladding.
Even for chloroform with a refractive index below the refractive index
of fused silica (n = 1.4365 at a wavelength of 1.03 ym [147]) guiding is
preserved in this structure because of the high air filling fraction in the
cladding. This reduces the effective refractive index of the holey region
to close to one. Guiding is therefore possible due to modified internal
reflection for all kinds of liquids.

For large differences of the refractive index between the core region
and the cladding, the normalized frequency V [78,191,192] exceeds
with V = 2.57 the criteria for propagation in the fundamental mode.
Although this would lead to multimode propagation, straight incou-
pling and a straight fiber, support the fundamental mode as shown in
the structure presented here.

By changing the filled strand medium or the geometry of the fiber, the
dispersion properties of the fiber device can be tailored. If an additional
temperature change or mixtures of different liquids are allowed, another
degree of freedom is added to engineer the dispersion properties almost
continuously. Just by replacing the liquid in a single filled strand of
the NL-2.3-790 fiber, one can shift the ZDW from 900 nm for CCly to
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Figure 7.2.: Group velocity dispersion curves for the NL-2.3-790 fiber
filled with different liquids. The zero dispersion point shifts from
about 900 nm for CCly up to 1300 nm for CS,. For a comparison the
dispersion curve of the original fiber structure is also included in the
graph. The curves are obtained by numerically solving Eq.(2.19).

1300 nm for CS; over almost 400 nm. The dispersion curves for different
liquids inside the NL-2.3-790 fiber are plotted in Fig. 7.2. Apart from the
linear propagation regime, this high degree of freedom in dispersion
engineering is crucial when entering the nonlinear propagation domain,
as is well known [20]. The combination of the NL-2.3-790 fiber with
a liquid as waveguide medium should be pumped in the anomalous
dispersion region, which is essential for the formation of solitons in the
nonlinear propagation regime. With a pump wavelength of 1026 nm,
chloroform and CCly are possible candidates for this purpose. Although
CCly has a lower nonlinear refractive index than chloroform, CCly
is selected as the nonlinear medium because it possesses much less
pronounced absorption in the wavelength region of interest.
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Figure 7.3.: Spectral evolution for different input powers of a 26 cm long

tiber with a single strand filled with CCly and with a core diameter
of 2.5 ym. The pump power was increased from 10mW to 100 mW,
while spectral broadening could be observed. For the highest incoupled
power of 100 mW a 600 nm wide spectrum could be obtained. Because
the fiber is pumped in the anomalous dispersion regime, solitons form.
The red shifting soliton in the near infrared wavelength regime, as well
as the corresponding non-solitonic radiation in the blue wavelength
regime [87], could be measured.
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7.2. Nonlinear propagation and
supercontinuum generation

Filling our devices with highly nonlinear liquids and managing the
dispersion, nonlinear effects can be demonstrated including self-phase
modulation (SPM), soliton formation and fission [20,21] resulting in an
octave-wide spectral broadening.

CCly was selected as the nonlinear medium. CCly is almost transparent
in the visible as well as in the infrared wavelength region and has a high
nonlinear refractive index of 115 = 15 - 1029 m? /W [141], five times that
of fused silica. The underlying process for this high Kerr-nonlinearity is
the molecular reorientation [38,93,94] described in Chapter 2.6, which
takes place within several hundreds of femtoseconds, in contrast to the
almost instantaneous nonlinearity of fused silica [14,92].

The optofluidic device (the single strand structure embedded in an NL-
2.3-790 fiber filled with CCly) is pumped with the Yb:KGW femtosecond
oscillator [179] with a repetition rate of 44 MHz which provides 210 fs
long pulses (FWHM) at a center wavelength of 1026 nm.

Numerical simulations (Fig. 7.2) indicate that the ZDW of our device
is at 900 nm with a GVD parameter at 1026 nm of D = 51 ps/km/nm;
hence the pump wavelength of 1026 nm lies in the anomalous dispersion
regime, which allows soliton formation.

The counterpart of the dispersion is the nonlinearity, which can be calcu-
lated for the given optofluidic device for the fundamental mode. Accord-
ing to Eq. (2.49), the nonlinearity is calculated to be ¥ = 0.38 m W1,
which is up to five times larger than for standard PCF with a core made
of fused silica.

Fig. 7.3 shows the spectral evolution in a 26 cm long filled single strand
for increasing input powers. For low input powers, spectral broadening
occurs due to SPM. For higher input powers soliton formation and the
Raman-shift of solitons become clearly observable [20,21]. For an input
power of 100mW a spectral broadening of 600 nm is obtained, covering
the spectral region from 700 nm to 1300 nm. The spectrum reveals the
red-shifting soliton as well as the NSR in the blue [20,87].

With an overall throughput of 10-15 % including losses due to incou-
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pling, material, and confinement, the corresponding peak power inside
the fiber with less than 2kW is extremely low compared to previous
results in optofluidic supercontinuum generation experiments, where
peak powers of MW were required [183,184,189]. Even for super-
contiuum generation in a standard PCF with a fused silica core, this
tremendous spectral broadening could not be reached for this low input
power level.

Managing the dispersion, the nonlinearity of our device could be in-
creased even further by using a liquid like chloroform or CS,, with
a higher nonlinear refractive index of n, = 31 - 10720 m?2 /W [141] for
chloroform and 1, = 514 - 10720 m2 /W [141] for CS,. The disadvantage
of chloroform is, as already stated, that it shows higher absorption. This
can negatively influence the spectral broadening and lowers the damage
threshold of the device. Although CS; does not show any significant
absorption in the NIR region, the high linear refractive index requires
very small structures to push the ZDW below the pump wavelength
(compare Fig. 7.2 for the ZDW of an NL-2.3-790 fiber filled with CS; at
about 1300 nm). Thus the choice for the combination of CCly with the
NL-2.3-790 fiber is well justified.

7.3. Simulation results

By solving Eq. (2.54) numerically, theoretical predictions can be made
about the spectral evolution in the system presented in the former
section; i. e., an NL-2.3-790 fiber with a single strand filled with CCly.
It is important to include the temporal dynamics of the liquid by
taking into account the delayed response of the medium. In Fig. 7.4
an experiment with a 19 cm long fiber is compared to the simulation.
In this experiment 330 mW average power is coupled into the fiber. A
reduced incoupling efficiency makes it necessary to use higher pump
powers compared to the results presented in Section 7.2 to generate a
supercontinuum. However, for 330 mW average power the spectrum
spans from 900nm up to 1400 nm showing a red-shifting soliton at
around 1.3 ym as well as NSR in the blue.

Neglecting all kinds of losses in the simulation, an average pump power
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Figure 7.4.: Comparison between measurement and simulation of a 19 cm
long fiber with a single strand filled with CCly and a core diameter of
2.5 ym, pumped with an input power of 330 mW.

of 25mW is used to achieve the best matching between simulation
and experiment which corresponds to a peak power of 1.3kW. In
comparison to the experiment, the simulation shows all the features of
the measurement; namely the soliton at 1.3 ym and also the peak in the
blue caused by the NSR. Only the position of the NSR peak is slightly
shifted. This can be addressed to an inaccuracy of the linear refractive
index of CCly which is given in [149].

The very good agreement between experiment and simulation makes
it reasonable to interpolate the spectral evolution inside the fiber over
the propagation length. The corresponding simulation is shown in
Fig. 7.5(a) where the spectral intensity is plotted along the fiber length.
The simulation is made with an average input power of 25 mW. At the
beginning only SPM slowly broadens the spectrum. After a certain
length, called the soliton fission length, a soliton forms and starts to
red-shift by the Raman effect. In the current system this occurs after a
propagation length of 6 cm. Starting from the same point NSR appears
for the momentum conservation. The spectrum broadens drastically.
In Fig. 7.5(a) one can also see the beating of the higher order solitons
oscillation at the beginning of the soliton dynamics. This effect is
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Figure 7.5.: Spectral evolution of a CCly filled NL-2.3-790 single strand
fiber - (a) Spectral evolution over the propagation length. (b) Spectral
evolution for increasing input power.

washed out by other effects in the further propagation. If the fiber
would be much longer, mixing effects would successively fill up the
gap between the main part of the spectrum and the non-solitonic part
in the blue.

In Fig. 7.5(b) the spectral evolution with increasing input power is
depicted. All the effects described above and in Chapter 2.5 are also
apparent here. Besides that, the total spectral width of course increases
with increased input power. For higher powers a second soliton be-
comes visible in the spectrum, which also shifts to the red.

With the simulation it is also possible to demonstrate the tremendous
influence of the nonlinear refractive index on the generated spectrum.
In Fig. 7.6 a comparison of the output spectrum of a 20 cm long NL-
2.3-790 fiber is presented for different core materials. The blue curve
corresponds to the simulation of the CCly filled single strand structure
which has already been shown before. By artificially changing the
nonlinear refractive index of the core material from 15-10~2m?W~! for
CCly to 2.6 - 10 2*m?W ! for glass (red curve), the spectral broadening
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Figure 7.6.: Comparison of the spectral broadening for the same fiber with
a glass core (red curve) and a CCly core (blue curve). For comparison
the linear refractive index as well as the dispersion properties are
artificially set to be identically.

is significantly reduced. In the simulation the temporal dynamics of
the material as well as the linear dispersion relation are unmodified
and thus only the influence of the nonlinear refractive index n; can be
demonstrated.

In conclusion this chapter presents an application of the selectively
fluid-filled fiber. The remarkably high nonlinearity of CCly is combined
with the possibility to tailor the dispersion properties of the device
resulting in a broad supercontinuum spanning over 600 nm, starting at
700 nm going up to 1300 nm. This tremendous effect is achieved for very
low pump powers, where solitons already form in this system. Single
strands filled with slowly responding liquids can also give rise to new
propagation effects, such as the existence of so-called linearons [188] or
they can strongly influence the soliton dynamics [99].

Single strands seem to be a simple structure but they are very versatile
for applications: Not only can a supercontinuum be generated by this
structure as presented here. Also, it is possible to built a laser by filling
the single strand with an active medium. Another possibility would be
the usage of the single strand fiber for sensing [193].
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8. NONLINEAR OPTOFLUIDIC
COUPLER IN SELECTIVELY
FLUID-FILLED FIBERS

In 1982 Jensen [107] proposed an all-optical switch using the material
Kerr nonlinearity to control the switching behavior.

Two waveguides placed in close proximity to each other couple together.
This results in a sinusoidal back and forth switching of the light between
both waveguides in the linear case. The spatial frequency of this process
is determined by the overlap of modal fields of the two waveguides.
The ratio of output powers is then given by the length of the coupling
device (see Section 3.1). A schematic picture of a coupler is depicted in
Fig. 8.1(a). The linear coupler device is very common for building fiber
based beam splitters.

(b)

(a)
4 A

/! /!

Figure 8.1.: Schematic nonlinear coupler device - (a) For a certain low
power the light switches from one waveguide to the other. (b) For a
power above the critical power the light remains in the initial wave-
guide.

In the linear regime one cannot control the output power ratio for a fixed
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length of the device. The situation changes for the nonlinear coupler.
Here the output becomes dependent on the incoupled intensity and can
be tuned to different output power ratios for a fixed length. A variety of
examples of quartz fiber couplers have been presented [109,110]. They
all show the nonlinear dependence of the output ratio. This situation
is depicted in Fig. 8.1(b) where the output can be changed without
changing length and waveguide separation of the coupler device.

For fused silica fiber couplers [109,110] as well as for twin-core PCFs
[194-196], the nonlinear coupling is limited by the nonlinear refractive
index 1, of the host material. With the presented fabrication technique
of selectively filled PCFs [1] (Chapter 5), it becomes feasible to overcome
this limitation by using highly nonlinear liquids such as CCly.

Furthermore, liquids have a large thermo optical effect which can be
up to two orders of magnitude larger than for fused silica. Thus the
refractive index of the liquid can be tuned which enables it to control
the coupling strength of the coupler by temperature.

In the following chapter an optofluidic nonlinear coupler will be pre-
sented which benefits from the enhanced nonlinear properties of the
liquids used [3]. It is also demonstrated how to utilize the thermo-
optical effect to achieve a tunable optofluidic nonlinear coupler. Because
the underlying process for this device is the ultrafast Kerr effect, this
tunable coupler could be used for ultrafast all-optical switching with
switching times below 1 ps.

8.1. Concept and parameter trade-off

The high Kerr nonlinearity of liquids offers the possibility to build non-
linear couplers, acting as all-optical switches. The liquid is scaffolded
by the PCF and forms two waveguides in close proximity to each other.

In Fig. 8.2(a) an example is illustrated. The glass core of the fiber itself is
neglected and two holes are infiltrated by the desired liquid. These two
liquid strands act as coupler. The waveguide distance of the coupler is
then given by the hole-to-hole spacing of the PCF used and, therefore,
has a strong influence on the coupling strength « (see Eq. (3.3)). For
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(a)

Liquid
Cores N\,

Figure 8.2.: (a) Illustration of a coupler structure inside the photonic
crystal fiber. (b) Microscope image of a coupler in a LMA-8 fiber with
two CCly filled strands.

one specific fiber the coupling strength can be controlled by the choice
of the separation of the holes filled (see Section 4.1.2).

Another influence on the coupler characteristics is given by the refractive
index of the liquid. The refractive index determines the mode inside
each waveguide and hence, for a given separation of the waveguides,
also the mode overlap. In the following experiments all parameters are
chosen such that the devices strongly prefer the fundamental mode.

In summary, all coupler parameters are determined by the geometry of
the fiber and by the refractive index of the liquid.

It is favorable that the device length L; is in the range of few multiples
of the coupling length L. [197]. Thus for the experiments presented
here the LMA-8 fiber (see section 4.1) is chosen with a hole diameter of
2.7 ym and a pitch of 5.6 yum. The nonlinear liquid CCly is used with a
refractive index of 1.4503 at room temperature at a wavelength of about
1.04 ym. With a waveguide separation of only 5.6 yum the coupling
length is calculated (see Section 3) to be about 500 ym. This is much too
short for the experimental setup because it can only handle fibers down
to a minimum length of 2.9 cm. By changing the spatial arrangement of
the waveguide within the photonic structure, the coupling strength can
be lowered and hence the coupling length increased. One empty row
of holes between the two filled strands gives a coupling length of 9mm
and then the requirement for the device length can be fulfilled. Now
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the two waveguides are v/3A = 9.6 um apart. The final arrangement of
the fluid-filled strands is shown in Fig. 8.2(b).

8.2. Measurement of the nonlinear optofluidic
coupler

For the measurement of the nonlinear optofluidic coupler the same
setup is used as described in Chapter 6. The Yb:Glass oscillator is used
as the pump laser source at a wavelength of 1040 nm, a repetition rate
of 20MHz, and a pulse width of 180 fs [179]. The laser light is coupled
into the liquid core S; focused with a microscope objective (60x with
NA = 0.65). The incoupling condition is observed by a CCD camera to
make sure that the laser light is coupled only to one liquid core.

The output is recorded by another CCD camera. In order to measure
the output power ratio a Gaussian function is fitted to the mode image
and the ratio of the amplitudes has been extracted from this fit.

In Fig. 8.3(a) the result for the NLC is shown for room temperature. In
this measurement the fiber has a length of 3.6 cm. This corresponds to
a length which is four times the coupling length.

The measurement clearly shows a power dependent behavior of the
output. Superimposed on the measured data is the solution given by
Eq. (3.8) with the critical power set to be 22kW and a coupling strength
of 180m~!. The measured data and the solution of the Jensen Model
agree very well despite the discrepancy of the critical power values
stemming from all kinds of losses in the device. In Fig. 8.3(b) three
intensity patterns from three distinct power values are shown which
are marked with the letters “A”, “B”, and “C” in Fig. 8.3.

The amplitude difference here is about 60%. This value is dependent
on the sample and values of up to 90% separation are achieved. Thus,
with the nonlinear optofluidic coupler device, the output ratio can be
controlled by the incoupled light.

To avoid thermal effects, the fiber is sitting on a temperature stabilized
copper block. This would not avoid thermal effects due to two pho-
ton absorption, but fortunately liquids have a very small two photon
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Figure 8.3.: (a) Experimentally measured and normalized power distribu-
tion between the two channels S1 (blue) and S2 (red) of the optofluidic
coupler versus input power. Also plotted the theoretically calculated
dependencies of the power distribution by the Jensen model. Three
selected power values are indicated with the letters “A”, “B”, and “C”.
(b) Measured intensity distributions at the output of the optofluidic
coupler at (A) 3.5kW, (B) 24.2kW, and (C) 58.7 kW.
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absorption cross-section [198].

8.2.1. Simulation

0.8

0.6

S12

0.4

0.2

(b)

Figure 8.4.: Solution of the complete model for the case of a CCly filled
optofluidic coupler with the length of 3.6 cm - (a) Power distribution
between the two channels S; and S, with increasing power. (b) Mode
pattern at specific power values marked with the letters “A”, “B”, and
“C”.

So far only the simplified solution is fitted to the results. In Fig. 8.4(a)
the complete model is calculated for the nonlinear optofluidic coupler
filled with CCly and a length of 3.6 cm. The power in the graph is given
in dimensionless units with U as incoupled peak power. It is connected

via
UA?

Po= -
0™ 4rZngn,

(8.1)

with the input peak power. The critical power can be estimated to be
around 22 kW. This is below the value given by the measurement of

77



8.3. TEMPERATURE TUNING OF THE NONLINEAR OPTOFLUIDIC COUPLER

42 kW. The deviation results from all kinds of losses originating from the
incoupling, outcoupling, confinement, and the material itself. The value
is in very good agreement to the numerically evaluated value of the
Jensen model. Three specific powers are selected analogously to Fig. 8.3
and the corresponding intensity patterns are shown in Fig. 8.4(b).

The dynamics of the simulated data and the measured data agree very
well. Also the simulation shows power dependent switching.

8.3. Temperature tuning of the nonlinear
optofluidic coupler

The large thermo-optical coefficient of dn/dT = —5.5-10"*K™! of
the used liquid CCly, which is about two orders of magnitude larger
than that of fused silica, enables tuning the mode overlap of the two
adjacent waveguides. Changing the temperature of the device causes
considerable modifications in the refractive index contrast between
infiltrated holes and silica cladding. Thus the coupling strength x can
be tailored according to the demands of applications. The following
experiments will demonstrate the influence of the thermo-optical effect
on the switching dynamics of the optofluidic NLC.

First, the output power ratio of a 2.9 cm long LMA-8 fiber filled with
CCly in the linear regime is measured as a function of temperature. In
Fig. 8.5(a) the sinusoidal output of the coupler is shown for different
temperatures. A sine function is fitted to the measured curve, also
plotted in Fig. 8.5(a). The coupling strength is extracted as shown
in Fig. 8.5(b) from the measurement (line 1) as well as from the fit
function (line 2). The extracted values are in very good agreement to
FEM simulations with Comsol, also presented in Fig. 8.5(b) (line 3). It
is clearly visible that for increasing temperature the coupling strength
also increases. Thus the coupling strength of the optofluidic NLC filled
with CCly can be tuned in this experiment by the thermo-optical effect
from x = 150m ! for 15°C up to x = 300m™! for 30 °C.

Three temperatures were chosen for the nonlinear measurements. All
temperature dependent measurements were made with the same fiber,
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Figure 8.5.: (a) Measurement of the linear coupler output as a function of
the temperature. (b) Extracted coupling strength from the measurement
(blue, solid, 1) in comparison to Comsol simulations (dashed, red, 2).
Also plotted is the coupling strength extracted from the sine-fit of (a)
(dashed, green, 3).

a 2.9cm long LMA-8 fiber selectively filled with CCly, where the liquid
strands with a diameter of 2.7 ym each are separated by 9.6 ym as it
was for the experiment at room temperature as well. As pump source
the same laser oscillator is used as in the experiments of the former
section, the Yb:Glass oscillator at a wavelength of 1040 nm. For all three
temperatures the input power is increased and the power of the two
output channels is recorded. The results are shown in Fig. 8.6 for the
different temperatures. In these cases a light discrimination of about
90% could be realized.

According to [107] and Eq. (3.10), the critical power of the NLC is
increased for increased coupling strength and hence also for higher
temperatures. Therefore, only in the case of 16 °C, the regime of the
nonlinear decoupling is reached. In the other cases this threshold lies
beyond the limits of the pump laser. Apart from this, it is obvious
from Fig. 8.6(a)-(c) that nonlinear coupling occurs and the output can
be controlled by the incoupled power. The difference of these three
measurements is due to the thermo-optical effect of the liquid and
underlines the versatility of the presented optofluidic NLC device. The
characteristic behavior of the coupler can be altered dramatically by
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(b) !

70

Figure 8.6.: Experimentally measured power distribution between output
channels S; and S, versus input power at (a) T = 16°C, (b) T = 23.8°C,
and (c) T = 26 °C for the same nonlinear optofluidic coupler.

tuning the coupling strength with the temperature.

In conclusion the current chapter presents a thermo-optic as well as
a nonlinear application of a selectively fluid-filled PCF. The optoflu-
idic ultrafast nonlinear coupler built consists of two liquid strands
embedded in a PCF. Due to the high nonlinearity of the liquid CCly,
nonlinear switching can be observed in this system and the output can
be controlled by the incoupled light. The underlying process for this
nonlinearity is the ultrafast Kerr-effect. Therefore, this device can be
used as an ultrafast all-optical switch with switching times below 1 ps,
which benefits from the enhanced nonlinear properties of the liquid.
Furthermore, the thermo-optic properties of the liquid allow it to tune
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the coupling strength and, therefore, the dynamics of the optofluidic
nonlinear coupler over a broad region.
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0. SPATIAL SOLITONS IN
FLUID-FILLED FIBERS

Starting from the coupler in the previous chapter, more waveguides are
added to the system on the way from simple to complex systems. At
first couplers with more than two waveguides were investigated [101,
122,125,199]. Every time these steps were accompanied by nonlinear
effects and influences on the propagation in the multiple waveguide
systems [107,200-202].

In 1988 the term ”discrete optics” was introduced by Christodulides and
co-workers [44,45] dealing with all devices with more than two coupled
waveguides [203], which were mostly linearly arranged. A new field
was established with several new effects like discrete diffraction [46,47].

With including nonlinearity into the system, numerous new properties
and effects came up, such as light localization [44,48-51, 133], self-
trapping [126,204], beam steering [52,55], and the optical analog of
Bloch waves [53,54]. Defocusing nonlinearity enriched the field even
further [205].

All these effects are, in principle, also accessible in the optofluidic
system presented here. Nevertheless, the following experiments and
descriptions are restricted to the simple case of light self-localization
analogous to [44,49,50]. This effect is also known as spatial solitons.

Up to now ultrafast experiments were only performed in solid struc-
tures [51,206] which are easy to fabricate by etching the waveguides
into a substrate. However, these structures are restricted to linear
one-dimensional arrays. With the 2D photonic structure of the pho-
tonic crystal fibers, this limitation can be resolved and two-dimensional
spatial solitons can be generated in these devices.

Complete filled fibers with thermal and slow defocusing nonlinearity
were already used to demonstrate spatial effects [56-58,159]. The
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following description shows the first realization of spatial solitons in
an optofluidic system given by the selectively fluid-filled fibers relying
on the ultrafast Kerr nonlinearity of highly nonlinear liquids [4].

9.1. Realization

Figure 9.1.: (a) Illustration of an optofluidic waveguide array scaffolded by
a photonic crystal fiber. (b) Microscopic image of a fluid-filled photonic
crystal fiber with five CCly strands acting as a nonlinear waveguide
array.

The system used to observe the effect of light self-localization or spatial
solitons is schematically shown in Fig. 9.1(a). A microscopic image of
an optofluidic waveguide array scaffolded by a PCF is presented in
Fig. 9.1(b). These samples are produced by the methods described in
Chapter 5. As basis the LMA-8 fiber is used. Hence, the cores have
a diameter of 2.7 ym and analogous to Chapter 8 about the nonlinear
coupler, the coupling strength of the waveguides is roughly controlled
by the position of the infiltrated strands within the photonic structure
of the fiber. A distance of v/3A = 9.6 ym is achieved by separating
the waveguides by an additional row. The finer adjustment of the
coupling strength is done by the temperature tuning. In all following
experiments CCly is the liquid used to form the waveguide cores. With
this combination of liquid and fiber, the pump wavelength of 1040 nm
lies in the normal dispersion regime. Hence no temporal solitons will
form in the experiments.
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The setup used for surveying these effects is described in Chapter 6.
The investigated structure consists of an array of five coupled liquid
waveguides. In the first step the linear and nonlinear behavior will
be simulated. In the subsequent section experimental results will be
presented and compared to the simulation data.

9.2. Simulation

For the simulation the Eq. (3.13) was solved numerically by the method
described in Section 3.4. The MatLab code is listed in Appendix B. The
central waveguide was excited in the simulation.

N W b~ U,

Waveguide number

0 05 1 15 2 25 3 35 4
Propagation length (L/Lc)

Figure 9.2.: Simulation of the intensity distribution in the linear regime
of the optofluidic waveguide array with five waveguides over the
propagation distance. The letters “A” and “B” indicate the length of
the measured samples below in units of the coupling length.

In Fig. 9.2 the linear propagation of the five waveguide array filled with
CCly is depicted as an intensity plot. The length is given in units of the
coupling length L.. Two different positions are chosen marked with
the letters “A” and “B”. Both devices have a length of 3cm but are
measured at different temperatures of 6 °C for sample “A” and 16 °C
for sample “B”. Thus the coupling length is changed to the different
values of L. = L and 3.4 - L, = L, respectively.

Fig. 9.3 shows the numerical results if nonlinearity is included. The
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Figure 9.3.: Simulation of the intensity distribution of the optofluidic
waveguide array with five waveguides over the incoupled input peak
power - (a) For a temperature of 6 °C. (b) for a temperature of 16 °C.

intensity is plotted for increasing input power in the central waveguide.
Fig. 9.3(a) shows the simulation for 6 °C with a calculated coupling
strength of 60m~!. Fig. 9.3(b) is the corresponding simulation result
for 16 °C with a calculated coupling strength of 160 m~! between each
adjacent waveguide pair. In both cases light localization is clearly
visible. Above a certain threshold most of the light is confined inside
the central waveguide. This is a stable situation that does not change for
an increased input power. A spatial soliton has formed. Apparent here
are the different power scales. This is similar to the linear dependence
of P; on the temperature as described in Chapter 8. It is of course not
exactly the same situation since the inner waveguides have two options

85



9.3. RESULTS

to couple their light.

The modes in the following sections are extracted from this simulation.
A Gaussian intensity distribution is assumed to approximate their
shape [81]. The patterns are normalized to the integral of the intensity.

9.3. Results

For the measurement of the nonlinear light localization inside a selec-
tively fluid-filled PCF, the same setup is used as described in Chapter 6.
As pump laser source the Yb:Glass oscillator is used at a wavelength of
1040 nm, a repetition rate of 20 MHz, and a pulse width of 180 fs [179].
The laser light is coupled into the central liquid core focused with a
microscope objective (60x with NA = 0.65). The incoupling condition is
observed by a CCD camera to make sure that the laser light is coupled
only to one liquid core.

The output is recorded by another CCD camera. In order to measure
the amplitudes in each waveguide a Gaussian function is fitted to the
mode image and the amplitudes have been extracted from this fit.

During the measurement the temperature is kept constant by water
cooling and the Peltier-element of the setup.

Fig. 9.4 shows the experimental result for the five core structure filled
with CCly for different input powers. In the linear case most of the light
is in the outer waveguides as well as in the central core. For increasing
input power the mode changes. In the intermediate power regime an
asymmetric mode forms out. If the power is increased further, all the
light localizes in the central core. This situation starts at about 45 kW
and stays constant till the power limit of the used laser system.

Also shown in Fig. 9.4 is a comparison of the experimental record-
ed mode with the simulated modes from Section 9.2 given for the
dimensionless power U (acc. to Eq. (8.1)). For the liner case as well as for
the spatial soliton, a rather good agreement is achieved. The deviation
in the intermediated regime results from slight inhomogeneities of
the fluid-filled fiber between the different cores. This results in a
preference of the light since it accumulates in the waveguide with the
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Figure 9.4.: Experimentally measured modes for three different input
peak powers starting from the linear up to the nonlinear dominated
regime above 45 kW in comparison with the simulated modes at the
corresponding power given in the dimensionless peak power U. Both,
measurement and simulation, are carried out for a temperature of 6 °C
and a device length of 3 cm.

highest refractive index [52,53]. Hence the inhomogeneity has to be
overcome by the nonlinear effects to form a spatial soliton regardless
of these inhomogeneities. This is an additional reason for the power
difference between simulation and experiment, besides all kinds of
losses stemming from incoupling, confinement and material losses.

The power dependent evolution of the mode is visualized in Fig. 9.5.
From this one can see the formation of the spatial soliton starting
at an input peak power of 45kW and being stable over the complete
measurement region up to 71 kW. Clearly visible from the intensity map
are also the asymmetric modes in the intermediate power region below
40kW. As described above, this is a consequence of the waveguide
inhomogeneities.

In a second experiment, the same structure as described above is used
with only the temperature changed to 16 °C. Thus the array has a length
of about 3.4 times the coupling length L. (marked with a “B” in Fig. 9.2).
This also increases the required power for the formation of a spatial
soliton. The measured modes for selected values of the input peak
power are depicted in Fig. 9.6 and also compared with the simulated
ones at the corresponding power value. Indeed, for an increased power
the modes start to change in the intermediate power regime. For the
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Figure 9.5.: Intensity map of a liquid waveguide array within an LMA-
8 fiber filled with CCly consisting of five waveguides. The intensity
distribution is plotted here over the incoupled input peak power. This
experiment is performed at a temperature of 6 °C.

highest possible power of the used laser system of 71 kW the mode
clearly starts to symmetrize and the onset of light localization is clearly
visible.

As a last experiment an array with six waveguides is fabricated with
a length of 3cm. Thus the incoupling condition is a priori asymmetric.
The linear mode is pictured in Fig. 9.7. The same laser is used as
in the experiment before at a wavelength of 1040nm. During the
measurement the device is constantly cooled down to a temperature of
6 °C. The waveguide to which the light is coupled, is marked in Fig. 9.7.

To generate a spatial soliton inside this structure and observe light lo-
calization, the power is increased. Here it is expected to get asymmetric
modes. For an input peak power above 60 kW the light localizes in
the incoupling waveguide due to the induced nonlinear effects and
a spatial soliton forms. This observation proves that the final mode
depends only on the incoupling condition. In each case the light is
mainly confined inside the incoupling waveguide.

These observations allow the conclusion that the optofluidic fluid-filled
tiber arrays presented here provide the platform to observe spatial
solitons with the ultrafast focusing Kerr nonlinearity. This opens the
gate to the field of discrete optics and marries it to the field of optoflu-
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Figure 9.6.: Experimentally measured modes of a 3cm long optofluidic
waveguide array consisting of five waveguides at a temperature of
16.5°C with increasing input peak power showing nonlinear light
localization in the central waveguide. The measured modes are com-
pared to simulated modes at the corresponding power given in the
dimensionless unit U.

idics [207,208].

So far everything presented here is limited to one dimension. A linearly
distributed array of liquid waveguides was used to achieve these results.
Up to now it was very hard or even impossible to tailor the spatial
arrangement of waveguides in two dimensions without fabricating
special kinds of optical fibers from scratch. The combination of the
direct laser writing fabrication technique together with standard PCFs
provides the possibilities to overcome these limitations. Furthermore,
liquids offer a high degree of freedom to tailor their properties to the
demands of the experiment. Therefore, they altogether provide an easy
to implement way for the generation of 2D spatial solitons. Additionally,
due to the reorientational molecular nonlinearity and their temporally
retarded response, new effects become feasible and benefit from the
unique properties of all kinds of liquids.

Tailoring the temporal dispersion accordingly to Chapter 7, complete
control of temporal and spatial properties is ensured. The generation of
three-dimensional spatial-temporal solitons (2D spatial + 1D temporal)
[59,209] becomes feasible in this optofluidic system [57-61], which
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Figure 9.7.: Asymmetric conditions inside a six waveguides containing ar-
ray at 6 °C also with a clear nonlinear light localization at the incoupling
waveguide due to increased input power.

underpins the versatility of the selectively fluid-filled fiber even more.
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10. SUMMARY

In summary, in this thesis a novel and versatile optical device was
presented, the selectively fluid-filled photonic crystal fiber. This device
consists of a photonic crystal fiber with several selectively infiltrated
holes in the fiber’s holey region. The liquid strands act as waveguides
with enhanced nonlinear properties by the liquids. The work is funda-
mentally important for the field of nonlinear optics as it provides a new
platform for investigations of spatially and temporally nonlinear effects,
and underpins new applications in ultrafast optical communication and
future photonic circuits.

In the first part of this thesis the setup for the fabrication of the fluid-
tilled fibers was realized and demonstrated. This setup applies the
direct laser writing technique to fibers and is able to selectively close
single holes of the photonic crystal fiber on demand. This technique is
neither limited by the desired patterns nor by the fiber used. The fibers
were subsequently filled by the capillary force.

Applications of selectively fluid filled fibers were demonstrated ex-
perimentally. The description started with the single strand structure.
Special care was taken of the dispersion properties to maintain propa-
gation in the anomalous dispersion regime which is mandatory for the
generation of temporal solitons. Together with the enhanced nonlinear-
ity by the liquid, a 600 nm wide supercontinuum could be generated
with very little input power. These results were accompanied and con-
firmed by the numerical solution of the nonlinear Schrodinger equation.

Spatial nonlinear effects were also observable in another kind of se-
lectively fluid-filled fiber. Two coupled strands can form a nonlinear
coupler device. Light was switched by the input power between these
two waveguides with a discrimination of about 90%. Due to the Kerr
type of the nonlinearity, switching times below 1 ps can be achieved.
Furthermore, the huge thermo-optical effect in liquids allows for tuning
the switching characteristics of the nonlinear coupler at will and build
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an externally controllable nonlinear coupler device.

These experiments were confirmed by simulations. For the simula-
tion, the amplitude model was developed in this thesis for solving the
discrete nonlinear Schrodinger equation. This model is very fast and
accurate, but only provides access to the mode amplitudes and not to
the modes themselves. As comparison, the full 2D model was solved
which takes the complete structure of the device into account. This
method also gives information about the mode profile. Nevertheless,
it is very computationally intensive and memory consumptive. The
very good agreement of both models justified the usage of the simpler
analytical amplitude model.

The last part concerns the young field of discrete optofluidics. Five
waveguides filled with the highly nonlinear liquid CCly, coupled to-
gether inside a single photonic crystal fiber, are utilized to elucidate
the nature of discrete optofluidics. Exploiting the nonlinearity of the
liquid again, nonlinear light localization in a discrete system and the
formation of a spatial soliton could be demonstrated. Here the required
input power for the formation and thus the characteristics of the spatial
soliton in general could be manipulated by the strong thermo-optical
effect of the liquids. This was further proven by a six waveguide array
which also showed the formation of a spatial soliton.

In general, the concept of selectively fluid-filled fibers offers complete
control of all important optical properties. Dispersion management,
adjustable coupling strength, spatial arrangement of waveguides, and
specified nonlinearity by the liquid in the photonic structure of the
tiber were demonstrated in this thesis and could be adjusted to the
requirements of the experiments. This leads to the control of the spatial
as well as temporal behavior of light inside these devices.

By arranging several waveguides inside one photonic crystal fiber an
optofluidic discrete system can be built which is further enhanced by
the possibilities which come along with the selectively fluid-filled fiber.
The field of discrete optofluidics which combines photonic crystal fibers
with highly nonlinear liquids opens the gate to new and versatile de-
vices. This not only provides deeper insight into the soliton dynamics
by the adjustment of the response of the nonlinear material, it also
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10. SUMMARY

means real world application in future photonic circuits become feasi-
ble, such as ultrafast and tunable switching and routing devices with
unprecedented properties.

93



11. OUuTLOOK

This thesis can serve as a starting point for the field of discrete linear
and nonlinear optofluidics. It provides the techniques to fabricate
the necessary structures and has already shown some examples of
application. However, improvements of the experiments shown in
this thesis as well as numerous completely different applications are
possible; alternative filling media or new effects of complex nonlinear
landscapes become able by exploiting the versatility of the selectively
fluid-filled structures.

In all experiments of this thesis the use of liquids such as CS, would
reduce the demands on the laser source further. Of course one has to
deal with the toxicity and with a decreased structure size to maintain
the dispersion properties. However, this is not a general argument
against the use of CS;,.

For the supercontinuum generation the enhanced nonlinearity would
lead to the development of low power white light devices for application
resulting in a fluid-filled fiber which could be pumped by a micro-chip
laser to achieve a compact and cost efficient coherent white light source
for microscopy and white light interferometry. Of course, further
engineering has to be carried out to make such devices more stable
and reliable. Especially the throughput has to be increased for future
applications.

CS, would have another advantage. It is almost transparent up to a
wavelength of 5um. Pumping a single strand fiber with an optical
parametric amplifier at a wavelength in the IR at around 1.5 ym, the
resulting supercontinuum would extend to regions where it is compli-
cated to build light sources for.

The nonlinear optofluidic coupler presented in this thesis is able to
switch at a THz rate. Temporal experiments should elucidate the
switching behavior and the performance as all-optical gate. Different
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liquids provide the ability to investigate the influence of the retarded
response on the switching characteristics. Theoretical work has already
been published [5], but the experimental confirmation of this theory is
still pending.

The presented investigations in the field of discrete optofluidics are the
first step towards new experiments and effects; a proof of principle that
these structures offer the possibility for more sophisticated experiments
and applications. Complex shapes of nonlinear landscapes become
teasible together with the ability to control the coupling between the
waveguides. The theory is at this point already, experiments should
follow. Thus it is predicted that in these devices it should be possible to
see ring modes [210] and more complex stable vortex states [211-213]
of solitons. In order to achieve this, focusing and defocusing nonlinear
media have to be arranged spatially. This arrangement of different
types of liquids in one fiber is still a challenge.

Much easier to realize are purely nonlinear lattices, where waveguiding
takes place only by the means of nonlinearity. A variety of publications
predict novel effects in these nonlinear lattices which are summarized
in [210]. Liquids offer here the striking possibility to adjust the linear as
well as the nonlinear refractive index either by mixing or by tuning the
temperature. Including the temperature dependence, beam steering and
thus on-demand switching and steering inside a single photonic crystal
fiber with several incorporated waveguides should become feasible.

All these experiments can benefit from the fact that the photonic crystal
fiber easily offers a two-dimensional structure which can be exploited
for all different kinds of discrete two-dimensional arrangements of
nonlinear waveguides. Several liquid strands can be arranged freely
inside the 2D photonic structure of the fiber and thus 2D coupled
discrete optofluidic waveguide arrays can be built.

So far all suggestions only include either temporal effects or spatial
effects separately. Combining the temporal control with the ability to
tailor the spatial properties, the possibility arises to engineer a device
which is capable of generating 3D optical bullets [57,60].

Further, selectively closed fibers can easily be filled with all kinds of
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different media. One is not limited to liquids. Filling with different ma-
terials has already been realized, broadening the wide field even further
to which the techniques presented here are the key. For example, the
fibers can be filled with metal to achieve a hybrid photonic-plasmonic
system [214,215]. Liquid crystals would offer all the abilities of e.g.
switching, attenuation, and polarization control [177]. Sensing of very
low concentration becomes feasible due to the long interaction length.
This would also be possible in an evanescent sensing configuration.
Fibers could be selectively filled with semiconductors [176], giving rise
to the functionalities provided by these materials. The fibers can be
filled with an active medium that can be pumped (also an evanescent
configuration might be possible here) and thus these devices should be
able to generate laser light [216].

Also, atomic gases such as Caesium or Rubidium could be filled into
fibers and be used for atomic physics type experiments [217,218].

This long list underpins once more the versatility of the techniques
presented here.

In general, fluid-filled fibers and also selectively filled fibers will be the
basis for new and versatile optical fiber devices with unprecedented
performance revealing novel effects and applications with unique and
remarkable properties.
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A. DISPERSION FORMULA AND
ABSORPTION SPECTRA

In this section, the dispersion relation of CCly is presented together with
its absorption spectrum. All data are measured data. More information
about this can be found in [7,219].

Carbon Tetrachloride - Refractive index
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Figure A.1.: Refractive index measurement and reference values.

Fig. A.1 shows the refractive index plotted as a function of the wave-
length. The diamonds are the measured data points. The red line is the
fitted Cauchy function. This function is determined to be

neey, (M) =
1
(2.09503 + 0.00208) + (0.01102  0.00144) 15 + . .

1
.. (000050  0.00026) 7 — (0.00102 0.00074)A2 (A.1)
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with the wavelength A given in micrometers. The measurement is in
very good agreement to the two references [140,146], plotted in Fig. A.1
as squares. The measurements are performed at room temperature.
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Figure A.2.: Absorption measurement of CCly - (a) The measurement
plotted on a linear scale. (b) The same measurement as in (a) just
plotted logarithmically.

In Fig. A.2 the measured absorption of CCly is plotted in the wavelength
range starting from 500nm up to 1500nm. The upper plot is the
linear representation and the same measurement plotted logarithmically
below. Over almost the complete wavelength range the absorption
of CCly is very low and, except at some single adsorption peaks, it
does not exceed 1-10 3cm~!. At around 1400 nm a small peak arises.
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Nevertheless, it does not influence the results of this thesis; only for the
supercontinuum generation it might play a minor role.
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B. MATLAB SOURCE CODE

This section provides the code to calculate a nonlinear waveguide array.
The following program is written in MatLab and solves numerically the
Eq. (3.13) for the situation of a selectively fluid-filled array. For a com-
prehensive program structure, parts of the calculation are programmed
by functions such as the calculation of the effective refractive index of
the photonic structure or the propagation constant. Most of them are
not listed here, except the function B.2 which solves the differential
equation system itself.

The length, pitch, and hole diameter of the fiber are parameters needed
as input for the program. The parameters describing the pump source
are the average pump power, wavelength, pulse length, and repetition
rate. Together with the number of waveguides and the material of
the waveguide array, the program calculates the amplitudes in each
waveguide for each pump power. At last the output for a certain length
is plotted for increasing peak power.

Listing B.1: NLWGArray.m

clear all;

OOOL, (yO(yO

Yo====== Input section ======%%

O/OOC O/OO/O

%

% Simulation Parameter

Y%

T = 6; % Temperature [°C]

N = 5; % number of Waveguides
ex = 3; % number of excited WG

% Laser Parameter
%

wavelength = 1.040e—6; % Central wavelength [m]
R = 20e6; % Repetition rate [Hz]

100
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B. MATLAB SOURCE CODE

Listing B.2: DGLsolution.m

O 0 N O Ul e W N

T <
O @ N O Uk W N~ O
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