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Introduction

Many of us would agree that optical fibers are one of the greatest
technological innovations of the 20th century. Although the basic physics
of light guiding was demonstrated in the 1840s by Daniel Colladon and
Jacques Babinet and later described in John Tyndall’s books about the
nature of light [1}, 2], main technological innovations of optical fiber tech-
nology emerged at the second half of the 20th century [3] when in 1970
scientists working at Corning demonstrated dramatic reduction of losses
in optical fibers [4]. The wide use of optical fibers in telecommunications
and many other areas including sensing, medicine, machining, etc. have
become a part of our life in the digital age [5]. At the end of the 20th cen-
tury, after decades of intensive research, the technology of conventional
optical fibers has been perfected in many ways and most limitations of
the existing technology have been reached, so scientists began to look for
completely different methods of optical fiber design.

The idea to create a new type of optical fiber dates back to the inven-
tion of multidimensional (2D and 3D) photonic crystals in the 1980s [6) [7].
A photonic crystal can be defined as a structure patterned with a peri-
odicity of dielectric constant which makes light behave in a similar way
to electrons in crystal lattices [8]. Consequently, a photonic crystal fiber
(PCF) can be described as a special optical fiber with a built-in periodic
microstructure region along the fiber. One particularly important feature
of electron and crystal lattice interaction is that under certain conditions
the periodic potential created by the crystal may create a frequency band
in which electron propagation with energies falling in this frequency band
is prohibited [9]. In case of photonic crystals this frequency band is called
photonic bandgap (PBG)[10]. The idea behind a photonic crystal fiber was
to employ the PBG effect to confine light in the fiber: this would enable to
manipulate properties of the medium (photonic crystal fiber) by changing
structural parameters of the microstructured area.

It is not common knowledge that the first proposal of a special fiber
employing 1D photonic crystal for light guiding was made by P. Yeh and
colleagues in their papers in 1976 and 1978 — before the introduction of
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photonic crystals [11,12]. The authors proposed and analysed the possib-
ility of creating optical fibers with multiannulus cladding of periodically
changing refractive index between neighbouring rings and core which
would have lower refractive index than the cladding. Such structure is
essentially a 1D photonic crystal and was named Bragg fiber.

The idea of photonic crystal fiber made of a 2D photonic crystal
with an air core was proposed by Phillip Russell in 1992 [13]]. The first
successfully fabricated photonic crystal fiber was reported in optical fiber
conference in 1996 [14] and the subsequent paper by J. Knight, T. Birks,
P. Russell and D. Atkin [15]. However, first PCF had a solid core at the
center of microstructured region and light inside such PCF propagated
due to modified total internal reflection [16]. The first PCF which had
hollow core and employed the originally proposed photonic bandgap
mechanism for confining light was reported in 1999 [17]. Interestingly,
although proposed much earlier, the first successful fabrication of Bragg
tibers was reported in 1999 and 2000 [18) 19].

The introduction of photonic crystal fibers has given a huge im-
pact in many areas such as spectroscopy, microscopy, sensing, frequency
metrology, optical coherence tomography, low coherence interferometry,
nonlinear optics, etc. [20-25]. Many of these applications are related to
PCF application as a medium for supercontinuum generation — a remark-
able nonlinear optical phenomenon which was first demonstrated in bulk
media in 1970 [26, 27] and achieved using PCF in 1999 [28| 29]. We can de-
scribe supercontinuum generation as a nonlinear optical phenomenon of
extreme spectral broadening of light. Supercontinuum generation mech-
anism is very complicated since it is a result of many interacting nonlinear
phenomena. The application of photonic crystal fiber as a medium for su-
percontinuum generation has been a milestone in nonlinear optics. Firstly,
it enabled investigation of supercontinuum generation in nonlinear media
with unique properties which could be adjusted by altering the struc-
tural parameters of PCF microstructured region. Freedom to design PCF
properties opened the opportunity for researchers in the field to observe

supercontinuum generation in PCF using a wide range of pump source
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parameters which was impossible in bulk media, conventional fibers or
liquids. Secondly, it allowed the use of pump sources with relatively small
peak intensities which were compensated by large length of nonlinear me-
dium (PCF). Consequently, supercontinuum generation in PCF has been
observed using subnanosecond, nanosecond and even continuous-wave
laser radiation [30-35] which opened new application opportunities and
brought additional insight on the physics of supercontinuum generation.
Experimental simplicity, opportunity to use nonlinear media with unique
dispersive and waveguide properties and the possibility to use a wider
range of pump sources renewed the interest in supercontinuum genera-
tion leading to a large range of applications of PCF based supercontinuum
sources in the aforementioned fields.

A great amount of research concerning physics of supercontinuum
generation in PCF has been performed in the last two decades. This has
significantly expanded the understanding of the physics involved [21,
36-38] which was accompanied by the developed qualitatively accurate
numerical simulation models for supercontinuum generation. Despite
this, there are still numerous cases (certain experimental conditions) of
supercontinuum generation that require deeper analysis.

One of such cases, which is discussed only in a few papers [39-
48], is the use of chirped femtosecond pump pulses for supercontinuum
generation in PCFE. This could be beneficial as the ability to change certain
pump radiation parameters of a single laser, such as chirp of pump pulse,
would allow direct control of supercontinuum characteristics in real time.

Another special case which also is a subject of this doctoral disser-
tation is research regarding broadband supercontinuum generation in
the entire visible range of optical spectrum using subnanosecond pump
sources, usually Nd** based Q-switched microlasers. Due to the fact that
it is difficult to manufacture PCFs with ZDW shifted below 600 nm using
conventional PCF fabrication techniques, achieving supercontinuum span-
ning in the whole visible range in case of subnanosecond pump pulses is
a complex task [49]. Broadband supercontinuum sources with subnano-

second pulse widths and spectrum spanning through the entire visible
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range could be efficient seed radiation sources for subnanosecond optical
parametric generators. Although various methods of subnanosecond su-
percontinuum spectrum extension to cover the whole visible range have
been reported [34, 35, 50-59], they require complex experimental setups
or rather sophisticated technological modifications of PCF, so the goal
of creating a simple and practical visible supercontinuum source with
subnanosecond pulse durations still remains.

Finally, there are issues regarding characterization of photonic crys-
tal fibers, namely phase refractive index of solid-core PCF mode (which
is essentially an effective refractive index of the microstructured region)
and group velocity dispersion measurement. Conventional optical fiber
dispersion measurement techniques [60-72] are in many ways unsuitable
or simply too complicated to apply in case of photonic crystal fibers. As
for the measurement of phase refractive index of PCF mode, to the best of
our knowledge, no experimental methods exist. The only experimental
method, proposed to measure this parameter in conventional telecom-
munications optical fibers [73], is unsuitable for photonic crystal fibers.
These parameters play a key role in supercontinuum generation so it is
very important to have experimental techniques to estimate them reliably.

The introduced scientific problems lead to the following objective
of this thesis.

Objective of the thesis
Development of novel methods of photonic crystal fiber dispersion char-

acterization and investigation of supercontinuum generation in case of chirped
femtosecond pump pulses or subnanosecond duration pump pulses.

12
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Main tasks of the thesis

e Investigate the possibility to use interplay between nonlinear and
dispersive effects during supercontinuum generation in photonic
crystal fiber as means to quantitatively characterize group velocity

dispersion of the photonic crystal fiber itself.

¢ Develop experimental method to measure phase refractive index of
photonic crystal fiber fundamental mode.

e Investigate supercontinuum generation in highly nonlinear polariza-
tion-maintaining photonic crystal fiber with two zero group velocity
dispersion wavelengths in case of chirped femtosecond pump pulses
using cross-correlation frequency-resolved optical gating technique
as one of the investigation methods.

e Investigate supercontinuum generation in highly nonlinear polariza-
tion-maintaining photonic crystal fiber with two zero group velocity
dispersion wavelengths in case of subnanosecond pump pulses using
streak camera as one of the investigation methods.

Statements to defend

1. By analyzing cross-correlation frequency-resolved optical gating
trace of a femtosecond supercontinuum generated in a photonic
crystal fiber it is possible to estimate group velocity dispersion of
photonic crystal fiber. An essential requirement is that supercon-
tinuum generation regime when practically all spectrum components
are generated at the same time must be realized.

2. In case of polarization-maintaining photonic crystal fiber the demon-
strated novel experimental GVD measurement method is also cap-
able of distinguishing GVD of orthogonal polarization modes, al-
lowing to calculate difference of their group refractive indices and
identity effective limits of PCF birefringence.

3. Phase refractive index of photonic crystal fiber mode can be estima-

ted by analyzing phase shift of interfering adjacent continuous wave
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laser longitudinal modes corresponding to shift from constructive to

destructive interference.

4. In case of femtosecond supercontinuum generation in highly non-
linear polarization-maintaining photonic crystal fiber with two zero
group velocity dispersion wavelengths orthogonal polarization mo-

des produce slightly different supercontinua.

5. Chirping femtosecond pump pulses which central wavelength is
in anomalous GVD region of PCF, affects initial soliton formation
stage. Subsequently, soliton fission and dispersive wave generation
processes are also influenced.

6. By performing subnanosecond supercontinuum spectrogram mea-
surements with streak camera it is possible to directly distinguish
part of supercontinuum radiation that leaks away from photonic
crystal fiber fundamental mode.

Scientific novelty

e It was shown that supercontinuum generation in photonic crystal
tiber under certain conditions can be used to quantitatively char-
acterize group velocity dispersion of photonic crystal fiber itself.
Spectral range of proposed GVD measurement technique is limited
by spectral extent of cross-correlation frequency-resolved optical

gating trace which in principle can cover the entire supercontinuum
bandwidth.

e It was shown that it is possible to estimate photonic crystal fiber
mode phase refractive index by analyzing phase shift of interfering
adjacent continuous wave laser longitudinal modes at the same inter-
ference order corresponding to shift from constructive to destructive
interference. When polarized light is used, the technique can distin-
guish phase refractive index for orthogonal polarization modes of

polarization-maintaining photonic crystal fiber.

14



Introduction

e It was demonstrated experimentally and with numerical simula-
tions that during femtosecond supercontinuum generation in highly
nonlinear polarization-maintaining photonic crystal fiber with two
zero group velocity dispersion wavelengths distinct supercontinua

corresponding to orthogonal polarization modes are formed.

e A comparative study of supercontinuum generation using chirped
femtosecond pump pulses or bandwidth-limited pulses at the same
peak power was performed experimentally using XFROG method
and numerically with full-vector simulation model. It was shown

that pump chirp has influence on supercontinuum formation.

e Supercontinuum radiation that leaks away from photonic crystal
tiber fundamental mode was observed directly during subnano-
second supercontinuum spectrogram measurements with streak

camera.

Practical value

e A new experimental method for quantitative estimation of photonic

crystal fiber group velocity dispersion was demonstrated.

e The demonstrated experimental method for group velocity disper-
sion estimation is fast, requires only short piece of fiber and is specific-
ally suitable for photonic crystal fibers. To the best of our knowledge,
there are no other experimental methods that can measure GVD of

orthogonal PCF polarization modes simultaneously.

e To the best of our knowledge, the first experimental method for
measuring phase refractive index of photonic crystal fiber mode was

demonstrated.

e Experimental and numerical investigation of supercontinuum gener-
ation in highly nonlinear polarization-maintaining photonic crystal
fiber with two zero group velocity dispersion wavelengths was per-
formed. Possible reasons why pump pulse chirp influences super-

continuum formation were discussed.
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e Subnanosecond supercontinuum extension over the whole visible
spectrum range and beyond was demonstrated using first or second
harmonic pump of Q-switched Nd:YAG microlaser without any
sophisticated technological modifications of the PCF or complicated

experimental setups.
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Structure of the thesis

The doctoral dissertation is organized as follows:

e Chapter 1 is a literature overview of photonic crystal fibers, cur-
rent optical fiber group delay dispersion measurement techniques,
supercontinuum generation in photonic crystal fibers and frequency-
resolved optical gating technique and its application to supercon-
tinuum generation investigation. This chapter is not included in the

summary of the doctoral dissertation.

e Chapter 2 describes novel experimental method for estimation of
photonic crystal fiber dispersion by means of supercontinuum gener-
ation. Experiment results for two different photonic crystal fibers are
presented and discussed.

e Chapter 3 describes group refractive index of photonic crystal fiber
fundamental mode measurements and a new technique for meas-
uring phase refractive index of photonic crystal fiber fundamental
mode. Experimental data is combined with data from chapter 2 to
estimate photonic crystal fiber mode phase refractive index disper-
sion. Experiment results for two different photonic crystal fibers are

presented and discussed.

e Chapter 4 is devoted to investigation of femtosecond supercon-
tinuum generation in photonic crystal fiber — a comparative study
of supercontinuum generation using chirped femtosecond pump
pulses and bandwidth-limited pulses at the same peak power is per-
formed experimentally using cross-correlation frequency-resolved

optical gating and numerically with full-vector simulation model.

e Chapter 5 is devoted to investigation of supercontinuum generation
in photonic crystal fiber using subnanosecond pump pulses from a
Q-switched Nd:YAG microlaser: experimental data acquired from
spectrum measurements and spectrograms from streak camera are

analyzed together with numerical simulation data.
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Chapter 1
Literature overview

1.1 Photonic crystal fibers

1.1.1 Towards photonic crystal fiber — a brief historical note

As most of us know, conventional optical fibers are made of higher
refractive index core and lower refractive index cladding. Light in such
fibers propagates due to total internal reflection — a phenomenon which
use for light trapping was demonstrated already in the 19th century [1, 2].
Such conventional optical fibers have strict design limitations: limited
choice of materials for fabrication (thermal properties of cladding and
core glass have to be the same), strict modal cut-off wavelength, limited
core diameter of fiber in order to achieve single-mode operation (which
is necessary for telecommunication applications) and very narrow fiber
dispersion variation limits [16].These limitations encouraged researchers
to look for alternative light guiding methods in optical fibers.

The introduction of multidimensional (2D and 3D) photonic crystals
in the 1980s [6, 7] gave birth to a new idea of light guiding in optical fibers.
A photonic crystal can be defined as a structure patterned with a peri-
odicity of dielectric constant which makes light behave in a similar way
to electrons in crystal lattices [8]. A particularly important feature that
attracted attention of researchers is that during electron and crystal lattice
interaction under certain conditions the periodic potential created by the
crystal lattice may create a frequency band in which electron propagation
with energies falling in this frequency band is prohibited [9]. This was
also predicted to be possible for photonic crystal and light interaction
for which this frequency band was called photonic bandgap (PBG)[10].
The idea behind the photonic crystal fiber, proposed by Philip Russell in
1992 [13], was to employ the PBG effect to confine light inside the fiber
by making a 2D photonic crystal (in the form of microscopic capillaries
embedded in the fiber material) stretching along the optical fiber. From

this idea the definition of photonic crystal fiber (also called microstruc-
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tured fiber) followed — it is a special optical fiber with a built-in periodic
microstructure region along the fiber.

Interestingly, the first PCF, reported by P. Russell and colleagues
[14,115], employed a different principle of light guiding based on modified
total internal reflection phenomenon and had a solid core surrounded
by microstructured region of air holes (Fig[l.1]b). It appeared that the
air holes in the PCF that P. Russell’s group was able to fabricate at that
time were too small and the air-filling factor was not high enough to
achieve photonic bandgap guidance [20]. The fabrication of originally
proposed photonic crystal fiber with PBG mechanism for confining light
was reported a few years later [17] [74]. This fiber had a hollow core
surrounded by the microstructured region of air holes (Fig[I.1]d).

(c)

Figure 1.1: Cross-section examples of different types of optical fibers: (a) —
conventional optical fiber; (b) — solid-core PCF; (c) — Bragg fiber; (d) —
hollow-core PCE. Notation: A — pitch; d — diameter of microstructure; D —
diameter of core.

Although rarely mentioned in literature, it is worth to note that
the first proposal of a novel optical fiber employing 1D photonic crystal
for light guiding was made by P. Yeh and colleagues in their papers in
1976 and 1978 — before the introduction of photonic crystals [11}12]. The
authors proposed and analysed the possibility of creating optical fibers

with cladding made of rings with periodically alternating refractive index
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between neighbouring rings (which was called Bragg grating) and core
which would have lower refractive index than the cladding (Fig{L.]c).
Such structure is very similar to a 1D photonic crystal. It was named Bragg
tiber. Although proposed much earlier, the first successful fabrication of
Bragg fibers was reported only in 1999 by Y. Fink, etc. and in 2000 by F.
Brechet and colleagues [18]19]. The reason for Bragg fibers often being
excluded as a separate type of fiber is that some researchers in the field
claim that such fibers do not strictly support photonic bandgaps [75, 76].

1.1.2 Principles of light guiding in different types of pho-
tonic crystal fibers

Photonic crystal fibers are classified into two main types based on
light guiding mechanism inside the fiber: solid-core (also called solid-
core guiding) and hollow-core (also called photonic bandgap guiding)
photonic crystal fibers. We will now discuss principles of light guiding
and main properties of these PCFs in more detail.

Solid-core photonic crystal fibers, similarly to conventional optical
tibers, employ modified total internal reflection to guide light. They have
a solid core surrounded by a region of periodic microstructures, usu-
ally made of air capillaries (Fig[I.1]b) with the size scale of the order of
micrometers. Light guiding in such PCFs is explained using effective
refractive index model proposed in papers by J. Knight, N. Mortensen,
K. Koshiba and their colleagues [77H79]. According to this model the
refractive index of the core is greater than the effective refractive index
of the cladding, therefore light is confined in the core because of mod-
ified total internal reflection. The term "modified" comes from the fact
that cladding (which is defined as the area surrounding the solid core)
refractive index is modified by the periodic microstructure system and
strongly depends on the geometric parameters of microstructures and
wavelength of light, whereas in conventional optical fibers the cladding
refractive index is almost independent of wavelength [16]. The periodicity

of microstructures in such PCFs is of paramount importance because it

25



1. Literature overview

ensures that only one waveguide is formed and allows to use the effective
refractive index model to explain light guiding [77]. Using the effective
refractive index model, solid-core PCF can be well parametrized using an

effective V parameter:

2m
V= e [ndo —ni =\ U2+ W2, (1.1)

where a.¢ is effective mode diameter in the PCF, n., — core refractive
index, ng, — effective refractive index of the fundamental mode, U and W

are called longitudal and transversal attenuation parameters respectively

2
U= Taeff\/ ny — ng_ff, (1.2)
2 9 5
W = ety [ Mo — N (1.3)

Here n. is the effective refractive index of photonic crystal fiber. As we

which are defined as:

see, the notation is very similar to the V' parameter definition used in
conventional optical fiber analysis.

Hollow-core photonic crystal fibers, as the name suggests, have
a hole in the core, which is larger than typical microstructure diameter
in that PCF, surrounded by periodic microstructure region. The hole is
usually an air capillary so it has lower refractive index than the micro-
structured region around it. Light confining mechanism in these PCFs is
based on a different principle — photonic bandgap effect. It can be briefly
explained in the following way. The periodic array of microstructures
along the PCF forms a 2D bandgap which prevents light of certain fre-
quencies (which depend on the geometrical parameter of microstructures)
propagating through it. The introduction of larger hole in the center can
be interpreted as a defect in the 2D photonic crystal which leads to light
localizing at the defect zone (core) — a sort of waveguide forms inside
the bandgap. When light is coupled in such PCF, it cannot propagate
in the cladding zone due to photonic bandgap, so it is trapped in the

core even though it has lower refractive index than the surrounding clad-
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ding [17, 74, 80]. PBG mechanism for a certain light frequency works
if the cladding has at least one bandgap for that frequency [81]. This is
usually achieved when the central hole is larger than the surrounding
microstructures.

Apart from solid-core and hollow-core PCFs, there are also specific
types of optical waveguides which have hollow cores and some of them
have microstructured regions around the core but light guiding is based
on different physical mechanisms, therefore they cannot be called bandgap
guiding photonic crystal fibers [82]. Several examples of various hollow-
core waveguides are shown in Fig[l.2] and Fig[l1.3] The first image in
Fig[1.2] depicts a classical bandgap guiding hollow-core PCF, whereas
photonic crystal fiber in FiglT.2] (b) is called Kagome fiber. This PCF,
tirst reported in 2002 [83], is characterized by a specific star-of-David
pattern of glass webs in the cladding. Light in it is not confined by PBG
effect but by Von Neuman-Vigner quasi-bound states in continuum of
scattering lattice states [84]: the modes guided in such fiber exist without
any significant interaction as it is mitigated by due to high degree of
transverse-filed mismatch between the cladding and core modes[85]. Such
PCFs are used for supercontinuum generation in gas-filled hollow-core
PCFs [86-90] and guiding ultrabroadband radiation, as they have more
than 20 times larger bandwidths compared to classical hollow-core PCFs
(1000 Tz and more [85]). Another specific type of PCF is a nanoscale
hollow-core PCF (Fig[I.2c) - the core can have less than 200 nm diameter.

Light in such photonic crystal fiber is trapped due to discontinuity of
the electromagnetic radiation field at the interface between the central
hole and surrounding glass [92]. Fig[1.2(d) depicts Bragg fiber. As already
mentioned, it consists of a 1D photonic structure (periodic concentric
rings around the lower refractive index air hole in the core). With a correct
selection of concentric ring material refractive index and their spacing
this fiber possesses the ability of omniguidance — 1D photonic crystal
can reflect light from all angles and of various polarizations [93H95]. It
is important to remind that some researchers claim that Bragg fibers do

not strictly employ PBG for light guiding [75,76] so the question whether

27



1. Literature overview

Figure 1.2: Examples of SEM pictures of hollow-core photonic crystal fibers: (a) -
classical bandgap guiding hollow-core PCF (b) — Kagome PCF; (c) — nanoscale
hollow-core PCF; (d) — Bragg fiber; (e) — Fresnel fiber. Images (a)-(d) are adapted

from [82], (e) — from [91]].

they can be accredited to hollow-core bandgap guiding PCFs is disputable.
Another unique photonic crystal fiber (seen in Fig[l.2e), proposed by
J. Canning, is the Fresnel fiber [96]. Light in such fiber can propagate
because it scatters on surfaces of microholes and consequently interferes
constructively. Therefore, a peak light intensity forms in the center of
the Fresnel fiber 96-98]. The name "Fresnel fiber" comes from the
fact that concentric rings of microstructures form Fresnel zones which
have various effective refractive indices. The concentric ring diameter is
determined by the requirement to have a = or 27 phase change at each
ring. Fresnel fibers have a unique ability to focus light at the far field
without the need of any focusing optics at the end of fiber. The final and
the latest PCF is the twisted coreless PCF (Fig[l.3). It was first reported in
2016 by G. Wong, R. Beravat, X. Xi, M. Frosz and P. Russell [100]. Since
such PCF does not have any defect in the microstructured region, light is
confined by a different and very complicated mechanism. In short this can
be described the following way. Twisting PCF microstructures increases
effective axial refractive index (which is proportional to the square of the
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Figure 1.3: Principal view of twisted coreless PCF (left) and SEM image of its
cross-section (right) by Beravat, etc. [99].

twisting radius and the twist rate) of coupled electric field lobes which
are situated in the hollow microstructures forcing them to create a helical
paths around the PCF axis. This in turn creates guiding conditions for
light in such PCF [99-101].

1.1.3 Main properties and applications of photonic crystal
fibers

The inherent ability to engineer structural parameters of microstruc-
tured region of photonic crystal fibers, such as diameter of microstructures
(d), distance between them, called pitch, (A), size of core (D) and the whole
microstructured region (Fig[L.1|b) has enabled realization of numerous
unique features which have been inaccessible for conventional optical
tibers. As already obvious from the previous subsection, different PCF mi-
crostructure geometries can determine different waveguiding properties
and physics of light confinement. In this subsection other prominent prop-
erties of photonic crystal fibers and their applications will be discussed.

Ability to engineer PCF with unconventional group velocity dis-
persion. Group velocity dispersion (GVD) is the dependence of group
velocity of light traveling in transparent medium from the wavelength
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(frequency). It can be defined as:

01 8
2 - _YrF 1.4
GVD Ow vg Ow?’ (1.4)

where w is frequency of light and /5 is the propagation constant :

B = knet, (1.5)

which is a product of PCF effective refractive index (n.¢) and wavenumber
(k) in vacuum. Due to practical reasons, in fiber optics GVD is usually
defined as a derivative with respect to wavelength and a parameter, called
dispersion parameter (D), is used instead of GVD:

2me
This expression takes into account both waveguide and material disper-
sion of PCF. D can in some cases approximately be defined as [102]:

A dzngeom
D—Dw—l—Dm——E 2

+ D, (1.7)

where ngeom is refractive index component induced due to PCF geometry,
Dy, and Dy, are respectively waveguide and material dispersion compon-
ents of the PCF. In general, waveguide and material dispersion compon-
ents cannot be separately estimated — only the overall D value is measured
or simulated. It is important to note that in scientific literature about op-
tical fibers D is simply called dispersion, but is should not be confused
with material dispersion which is the dependence of refractive index from
wavelength (frequency).

Variation of photonic crystal fiber’s microstructure region geometric
parameters offers high control of waveguide dispersion component. This
can be shown analyzing PCF with various numerical approaches such as
plane wave expansion method [103], multipole method [104] and the finite
element method [105]. However, they involve rather time-consuming
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computations. Alternatively, using the aforementioned effective refractive
index model, K. Saitoh with colleagues have defined numerically based
simple empirical relations between the effective V parameter (Eq1.1) and

PCF structural parameters [102] (Fig[T.4).
15 200

- I — | A=2.0 um 0.8
I e ;\,\_;f.:i:&(~»‘~,_,9‘-3 0.5 E 100 e
Ll e
o \\:\QQQ\:\\M:\, E
o) E IS Ve U o I I/, s o UG
< i \.\\\J\:&,\ é (1] SeRNY /¢ sl ol 1
< i 0.8 \\%\? 7
1'3? Neo=1.45 07 | & d/A=0.2
o FEM data 0i Q 100 — Empirical relation
r —— Empirical relation ---- FEM
ol v v v -200 y,
0 0.5 1.0 1.5 0.5 1.0 1.5 2.0
A A (pm)

Figure 1.4: Examples of effective refractive index and dispersion dependence on
geometrical parameters of PCF and wavelength of light by Saitoh, etc. [102].

In conventional single mode optical fibers the wavelength of zero
group velocity dispersion (ZDW) is around 1.3 pm and can be shifted
very little usually to longer wavelengths [106]. For PCFs the ZDW can
be shifted far more radically. In case of solid-core PCFs, if the whole
microstructure area is made very small, it is possible to shift ZDW of
the fundamental guided mode to visible range of spectrum [107-110].
More than that, it is possible to flatten the dispersion profile [111H113].
Photonic crystal fibers with shifted ZDW are particularly useful for su-
percontinuum generation in the visible range [21], PCFs with ZDW in the
visible range can also be used for dispersion compensation in telecom-
munication applications [16], whereas dispersion flattening opens new
applications of PCFs for optical parametric amplification [114], generation
of supercontinuum in the infrared (IR) [115], etc.

Another degree of freedom to tune dispersion in case of hollow-
core PCFs comes from the idea that we can fill the hollow core of such
PCFs with gas (usually inertial gas, like helium, argon or xenon) and by
adjusting pressure of the gas change dispersion and nonlinearity of the
PCF [86-90].
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Endlessly single mode propagation. Another distinctive property
specific to solid-core photonic crystal fibers is the opportunity to design
PCF that can maintain single mode regime in an extremely large range
of wavelengths as first reported by T. Birks and colleagues [116]. Such
PCFs are called endlessly single mode. A simple explanation of this PCF
teature is that by varying the fill factor (which is the ratio of the microhole
diameter d and the pitch A) we can trap only the fundamental mode
inside the PCF’s core, whilst higher order modes can still leak away [117].
In more mathematical terms this means that the effective V number of
the PCF can be kept below the single mode cut-off frequency, which for
PCFs has been estimated to be V=2.5 and the respective filling factor is
d/A ~<0.4 [117]. Endlessly single mode PCFs with shifted dispersion can
be used in various telecommunication-related applications.

Large mode area photonic crystal fibers. Endlessly single mode
property can be used to design PCF with large mode areas and endlessly
single mode behaviour [118]. Conventional optical fibers have a strict
limit on the core size and the numerical aperture (NA), so in order to man-
ufacture large mode area step index fiber, one needs control the difference
between core and cladding refractive indices which is the limit for the
mode field diameter in conventional fibers. Large mode area photonic
crystal fibers can be fabricated by decreasing microstructure diameter,
increasing pitch between the microstructures or, in case of hollow-core
PCFs, increasing diameter of central hole. The size is practically limited
by bending losses. In paper by Baggett and colleagues [119] it has been
shown that although conventional fibers can have similar mode field dia-
meter as hollow-core PCFs for a certain wavelength, hollow-core PCFs
remain single mode for a large range of wavelengths which cannot be
achieved in step index fibers. Typically, mode field diameter of large mode
area PCFs can be several time greater than the corresponding conventional
tiber mode field area. Large mode area PCFs can be used for high power
beam guiding [120], fiber amplifiers and lasers [121].

High/low nonlinearity PCF. Another distinctive feature of photonic

crystal fibers is the ability to engineer them with high or very low nonlin-
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ear response. The nonlinearity coefficient for optical fibers is defined as
[122]:

2#%2

(1.8)

7T N
where nj is nonlinear refractive index. According to Eq[I.8} low nonlin-
earity can be achieved by increasing the effective mode diameter (a¢)
and decreasing nonlinear refractive index of the optical fiber material.
The former is applied in low nonlinearity solid-core PCFs where larger
diameter means lesser intensity of propagating light which leads to lesser
PCF nonlinearity. However, hollow-core PCFs offer much smaller nonlin-
earity: it comes due to the fact that, as discussed before, light propagates
in the central air hole and weakly overlaps with cladding glass. Very
low nonlinear refractive index of air (smaller by roughly three orders of
magnitude compared to silica) and the possibility to fabricate large mode
areas yields ultralow PCF nonlinearities. For standard step index fiber

1 whereas

the nonlinearity coefficient value is of the order of 2 W—1km~
ultralow nonlinearity hollow-core PCFs can have nonlinearity as low as
0.023 W—km~! [13]. This PCF feature is particularly useful for high peak
power ultrashort pulse delivery over relatively long distances as with low
nonlinearity PCFs nonlinear optical effects which would otherwise distort
the pulses are avoided [123] 124].

Highly nonlinear PCFs are engineered the opposite way — by con-
tining light in a very small diameter core (which can be of the order of
1 um) in a solid-core photonic crystal fiber. Forcing light to propagate in
such small effective area yields very high intensities which results in very
high nonlinearity of the PCFE. For example, highest reported nonlinearity
of conventional fiber, fabricated by adding extra impurities to enhance
v, is around 20.4 W—'km~! at 1550 nm[125], whereas solid-core highly
nonlinear PCFs have nonlinearities exceeding 240 W~'km™! at 850 nm
[13]. This means that supercontinuum generation threshold using highly
nonlinear PCF can be more than 2 orders of magnitude smaller compared
to conventional optical fibers at the same experimental conditions [126].

In case of multicomponent core glass, nonlinearities can be much higher
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[127,128] with highest reported value exceeding 46000 W~*km~! for chal-
cogenide glass solid-core PCF at 1.55 um [129]. As already mentioned,
combined with broad dispersion engineering limits, this is the key reason
of wide application of PCFs for supercontinuum generation.

For hollow-core PCFs nonlinearity can be increased by filling the
core with gas. This idea gave a huge impulse to research leading to
vacuum-ultraviolet supercontinuum generation in such photonic crystal
tibers as reported in several papers [86-89].

Birefringent photonic crystal fibers. Birefringence is a property of
optically transparent non-isotropic medium when the refractive index of
the medium depends on the polarization direction of light propagating
through it. In fiber optics fibers with built-in strong birefringence are
called polarization-maintaining (PM) fibers. If the polarization of light
launched into the fiber is aligned with one of the principal polarization
axes, this polarization state will be preserved even if the fiber is bent.
In conventional PANDA (Fig[I.5/a) and Bow Tie (Fig[1.5b) fibers high
birefringence is induced by mechanical stress due to additional element
in the fiber [130], whereas for conventional fibers with elliptical core
(Fig/1.5|c) birefringence comes from the broken axial symmetry of the fiber
structure [130, [131]].

(@) (b) ()

s ¥

Stressrod  Core Air hole Eliptical core

Figure 1.5: Examples of cross-section of different types of birefringent fibers: (a) —
PANDA fiber; (b) — Bow Tie fiber; (c) — elliptical core fiber; (d) — solid-core
birefringent PCFE.

Birefringence in both solid-core and hollow-core photonic crystal fibers
can be obtained by engineering asymmetrical central defect or, in solid-

core PCF, by adjusting size and shape of microstructures surrounding
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silica core (such as in Fig[1.5/d). This causes non-axisymmetric distribution
of effective refractive index [132H135]. Compared to conventional birefrin-
gent fibers, PCF birefringence can be one order of magnitude larger (of
the order of 10~3) [134]. Birefringence of PCF is defined as [16]:

AM(Bx — By)
2

B = = | Mefex — Metty| - (1.9)
where Sy, By and negy, nefry are propagation constants and effective refract-
ive indices for orthogonal polarization modes respectively. An important
feature coming from non-axisymmetric distribution of effective refractive
index is insensitivity to temperature in a very broad range of temperatures
[136]. This makes them very useful for sensing [137] and telecommunica-
tion applications (as polarization mode compensator [16]).

In conclusion to this section, we see that diversity of possible PCF
microstructure configurations together with listed characteristic photonic
crystal fiber features, which can be combined together in various ways,
has great potential for many applications. The use of PCFs for supercon-
tinuum generation is the most notable of them as it allows to use such
tiber-based supercontinuum sources in many other areas: in wavelength-
division multiplexed (WDM) light wave systems [138], optical coherence
tomography (OCT) systems [23, 139], frequency metrology [22, [140], as
wideband probe in femtosecond spectroscopy [141], etc.

1.2 Optical fiber group delay dispersion measure-
ment techniques

1.2.1 Optical fiber dispersion

When light travels through transparent dielectric medium it experi-
ences a certain group delay of the medium which comes from the fact that

temporal response of the medium has finite duration [142]. Group delay

35



1. Literature overview

is a wavelength (frequency) dependent quantity which can be defined as:

dp

T, = 2%
&7 Hw’

(1.10)
where ¢ is spectral phase of the pulse. In fact, wavelength (frequency)
dependence of group delay is called group delay dispersion (GDD):

0Ty _ 9%

GDD = —

The GDD per unit length is the aforementioned group velocity dispersion
(Eq{T.4) which for optical fibers is defined as specified in Eq[I.€] It is again
important to note that in scientific literature about optical fibers D is often
called dispersion parameter or simply dispersion, but it should not be
confused with material dispersion which in the dependence on refractive
index from wavelength (frequency).

In case of optical fibers, apart from material dispersion, there are
also several other types of dispersion [66]. These are: waveguide dis-
persion (arising from wavelength-dependent waveguiding effects) and
intermodal dispersion (arising in multimode fibers when propagation
velocity of pulse is not the same for different modes due to optical path dif-
ference). As mentioned in the previous section, photonic crystal fibers can
be engineered to have unique dispersive properties since changing geo-
metrical parameters of microstructured region yields different waveguide
dispersion. Unlike in conventional optical fibers, waveguide dispersion
can be much greater than material dispersion.

Optical fiber dispersion has critical effect on light pulses traveling
through the fiber. For example, transform limited pulses (they have
the lowest possible pulse duration for a given spectrum bandwidth)
will broaden in time when traveling through dispersive medium, while
chirped pulses can be compressed or broadened in time depending on the
sign of the chirp and sign of fiber dispersion. Dispersion of a PCF plays
a central role in determining pulse propagation dynamics and supercon-

tinuum spectrum formation [21},36]. For these reasons it is of paramount
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importance to be able to estimate dispersion accurately and reliably.

In the two following subsections numerical and mostly used ex-
perimental optical fiber and PCF dispersion measurement techniques are
briefly reviewed and their feasibility for PCF dispersion measurement is
discussed.

1.2.2 Numerical method for photonic crystal fiber disper-

sion estimation

The most popular photonic crystal fiber dispersion estimation method
is numerical analysis of light propagation in the investigated PCF. A cross-
section image, which is usually taken using scanning electron microscope
(SEM), is analyzed to determine the structural parameters of microstruc-
tured region: diameter of microstructures (d), pitch (A), size of core (D)
and the whole microstructured region. This is used to simulate a mesh
of microstructures in the medium. Furthermore, a boundary condition
that mode electric field on the boundary (the outermost microstructure) is
zero is used for further simulations. Example of such analysis is shown in
Fig{L.6
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Figure 1.6: SEM image of cross-section of PM PCF used in our experiments (left)
and numerically simulated mesh of the microstructured region (right).

The refractive index of PCF medium is calculated using Sellmeier

equation:
3
2()\) = Y
A)—1+le_<bj/)\)2, (1.12)
]:
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with coefficients for fused silica (the most popular PCF material) being
a1 = 0.6961663, az = 0.4079426, ag = 0.8974794, by = 0.0684043 um, by =
0.1162414 um, b3 = 9.896161 um [143]. Then the modal refractive index is
computed for each wavelength. Various numerical approaches have been
used for dispersion profile calculation such as scalar method [109], semi-
vectorial finite element difference method [144} 145] and fully-vectorial
models [146-152]. Full-vectorial approach is more accurate for PCFs with
large air filling factor (d/A>0.35) and it accounts for birefringence in case
of PM PCE. Once the modal refractive index for various wavelengths is
calculated, other parameters such as group velocity dispersion can be
calculated as well and then used to simulate light propagation in PCF.
Numerical simulation seems to be a straightforward and relatively
simple method for estimation of PCF dispersion. However, it has some
problems which are associated with PCF cross-section analysis. First
problem is that in reality sizes of PCF microstructures can vary. This
might be due to several reasons such as deformation because of induced
mechanical stresses when cleaving the fiber ends or during preparation
for SEM measurement or actual slight microstructure size variations along
the PCE. Example of microstructure size variation is shown in Fig[l.7]
where microstructure diameters of SEM image of our PM PCF cross-
section, depicted in Fig[I.6, have been analyzed. Apart from four largest
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Figure 1.7: Radii of PCF microstructures (left) and spatial distribution of
microstructures with different radii (right). Microstructure indexing is according
to their size.

air holes (marked as red dots in Fig[l.7) which have been fabricated on
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purpose to induce PCF birefringence, other microstructures also vary in
size. The variations do not have any pattern of distribution (except for
the four largest holes placed specific locations) and it is also notable that
even the four largest air holes vary in size (0.319 pum, 0.319 pm, 0.325 pm,
0,344 um). As was stated in earlier section, PCF dispersion is very sensitive
to geometrical parameters of microstructured region which includes size
of microstructures. The problem is solved assuming that using average
microstructure diameter value for the simulated mesh (Fig/1.6) should
produce correct results. Despite this, the question of accuracy still remains.

Another problem is that during numerical simulations one can only
use standard refractive index value of fused silica for PCF core material
calculated from corresponding Sellmeier equation. In reality, it is not
possible to know the actual value of refractive index of the PCF core
material due to subtleties of PCF manufacturing (for example, the exact
concentration of impurities are not known, also, slight changes of PCF
core material optical properties might occur during PCF drawing process).
As a result, the actual dispersion of the PCF fundamental mode may differ

from the calculated.

1.2.3 Experimental methods for photonic crystal fiber group
delay dispersion estimation

Pulse delay. In pulse delay (otherwise called time-of-flight) method
difference in transit times of pulses generated by tunable wavelength
laser source and propagating through a certain length optical fiber are
measured using a photodiode. Thus, group delay of the fiber with respect
to a reference wavelength pulse can be plotted and subsequently fitted

with a certain order polynomial. From Eqs{1.10|and [1.11]it follows that

the derivative of this polynomial curve (group delay) is group delay
dispersion of the fiber [60-62} 66]. As mentioned before, GDD measured
per unit length of fiber under test is called group velocity dispersion.

Example of experimental setup for this measurement is depicted in Fig[T.§
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Figure 1.8: Example of experimental setup for GDD measurement setup using
pulse delay technique.

Pulse delay method is advantageous for being straightforward and
simple, but is limited to temporal resolution of photodiode which con-
sidering ultrafast photodiodes usually does not exceed several tens of
picoseconds. Consequently, very long fiber lengths (hundreds of meters
and more) are required to achieve a detectable difference in transit time.
In case of photonic crystal fibers this is a significant problem due to re-
latively high cost and much greater optical losses in PCFs compared to
conventional optical fibers.

Phase shift technique. In phase shift method light from a CW
tunable laser or similar source is sinusoidally modulated. The modulation
frequency (f), usually chosen as high as possible to achieve best temporal
resolution, produces sidebands around the carrier frequency of the optical
signal. When part of the signal travels through the optical fiber under test,
it experiences a phase shift due to group delay of the fiber [64]:

o(\) =21 fTg(N) =2nf (1.13)

L
my
where f is the modulation frequency, L is the fiber length and T()) is
the wavelength-dependent group delay. The measured phase shifts with
respect to the reference same wavelength signal are used to calculate
group delay of the fiber and subsequently group delay dispersion:

COTH(N) 1 9p(N)
GPD === =5 an

(1.14)
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1.2. Optical fiber group delay dispersion measurement techniques

Example of experimental setup of phase shift technique is shown in Fig[T.9]

Optical fiber
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controller Photodiode

Figure 1.9: Example of experimental setup for GDD measurement using phase
shift technique.

The accuracy of this method depends on how precisely one can measure
phase shift and on sinusoidal modulation frequency [64,66]. This method
requires shorter fiber lengths (typical length is ten meters) compared to
classical time delay method and has greater resolution (of the order of 1 ps)
[64], but these parameters are still not good enough for photonic crystal
tiber dispersion measurement and are limited to light source tunability
capabilities.

A similar method reported by Christensen and colleagues [65] relies
on measuring the amplitude modulation of the signal which depends on
the square of the modulation frequency (f).

White-light interferometric techniques. Interferometric methods
use interference of reference and the investigated beam (which has passed
the optical fiber under test) coming from the same light source to estimate
group delay dispersion [66-70]. Partially coherent sources such as halogen
lamps or superluminescent diodes are used since short coherence time
is enough to make precise measurements. Therefore, this is called white-
light interferometry. In a typical white-light interferometry setup (Fig[I.10)
light from broadband source is divided into two parts one for each arm of
the interferometer (usually Mach-Zehnder or Michelson interferometer).
One beam is directed to the optical fiber under test, while the other beam
acts as a reference. A compensating plate is placed in the interferometer
with the reflected beam which is used to match the dispersion that the
other beam, transmitted through the beamsplitter, experiences. The output

from both interferometer arms is recombined and interference fringes
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Figure 1.10: Example of experimental setup for GDD measurement using
spectral interferometry.

form.

In temporal interferometry fringes for a certain wavelength are
detected using a photodiode as the reference arm length is changed -
signal is recorded in the time domain. Analysis of the interferogram allows
to evaluate peak of the interferogram and, as different wavelength of the
broadband light source is selected, the relative group delay of different
wavelength components can be estimated directly [67]. Consequently
group delay dispersion is a derivative of group delay.

In spectral interferometry fringes are recorded using spectrometer
and spectral distribution of phase delay over the whole bandwidth of
light spectrum is usually evaluated via Fourier transformation of the in-
terferogram and curve fitting [71]. Group delay dispersion is estimated by
differentiating the evaluated phase delay. Alternatively one can perform
analysis of the stationary phase point (equalization wavelength) position
dependence on the path length difference of interferometer arms [153].

Interferometric techniques have been widely applied to measure
both solid-core and hollow-core photonic crystal fiber group delay dis-
persion [154-160]. White-light interferometric techniques have several
advantages: ability to measure GDD of short PCF samples, relatively
high group delay resolution (of the order of 100 fs [66]) compared to the
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1.2. Optical fiber group delay dispersion measurement techniques

aforementioned measurement methods and wide spectral measurement
range. However, there are also considerable flaws. Firstly, free-space
interferometers are very sensitive to environmental changes such as vari-
ations of ambient temperature, mechanical vibrations, etc. which may
affect measurement results. Secondly, accuracy of spectral interferometric
measurements depends on wavelength resolution of the spectrometer so
high resolution spectrometers are required. Finally, efficient coupling of
low-coherence white light (such as a halogen lamp light) into the PCF core
is much more difficult than coupling laser radiation especially when the
radius of PCF core is very small (as is the case for highly nonlinear PCFs).

Spectral modulation technique. The three already discussed ex-
perimental GDD measurement techniques have been used for a long time
and are viewed as standard when it comes to conventional optical fiber
dispersion measurement. Spectral modulation technique proposed by
G. Genty and colleagues in 2004 was developed specifically for photonic
crystal fibers and uses the interplay between nonlinear and dispersive
effects in the PCF to estimate its dispersion [72]. The principle is as follows.
When an ultrashort laser pulse with sufficient energy and wavelength in
the anomalous GVD range of the PCF enters the fiber, soliton formation
occurs. The parameter describing formation process is called the soliton
number (N):

Ip  vBp7g
N? = = 1.15
Ly |GVDY) ( )
where Lp = % is dispersive length of the PCF, Ly, = ﬁ is nonlinear

length of the PCF, v is the aforementioned optical fiber nonlinearity coef-
ficient (Eq[1.8), B, — peak power of the pulse, 7y — duration of the initial
pulse. If N=1, fundamental soliton is formed which maintains its shape
through propagation in the medium. However, if initial pulse parameters
are such that N = 1 + ¢ with ¢ € [-1, 3] , during pulse evolution into
soliton a dispersive wave breaks from the pulse [161]. The key moment is
that soliton and dispersive wave interfere and this interference produces
spectral oscillations [162] (Fig/I.11). This is used to estimate dispersion of
the medium (PCF).
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Figure 1.11: Example of spectral oscillations recorded at PCF output. Image
adapted from [72].

Using the fact that phase difference between two adjacent oscillation
peaks at wavelengths \; and ), is 2r, GDD of photonic crystal fiber can be
estimated. If the PCF length satisfies condition L > n7§/ |GV D], dispersion
parameter at )\ can be approximated as [72]:

6
D) = - avp~ 2 10 ps/(nm - km)),  (1.16)

A2 cL (&_1)2_00

A2 Y

where )\ is the initial pulse central wavelength. The PCF length condition
in practice means that femtosecond pulses (of the order of 100 fs) and fiber
length of tens of centimeters have to be used [72].

The measurement is performed in the following way. Ultrashort
optical pulses from a tunable laser source (such as Ti:sapphire laser) are
launched into photonic crystal fiber and the output spectrum from the
PCF is recorded with spectrometer (Fig/T.12). The input power is in-
creased gradually until oscillations are clearly visible. Then dispersion

PCF
Faraday N2 BrPol

isolator

Tunable f
unable femtosecond _)_: ﬂ NN DQG_ Spectrometer

laser
|_| \ Focusing  Collimating
optics optics

Figure 1.12: Example of GDD measurement setup using spectral modulation
technique: \/2 - half-wavelength waveplate; BrPol — Brewster type polarizer.
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is calculated for the central wavelength using EqJ1.16] It is important to
note that input power cannot be high as other nonlinear effects (such as
Raman intra-pulse scattering) might distort the symmetry of the spectral
oscillations causing difficulties when determining peak wavelengths of
oscillations (Fig{l.11). The laser wavelength is tuned and procedure is
repeated for different wavelengths — dispersion of PCF in a certain spectral
range is estimated.

Spectral modulation method enables direct measurement of photonic
crystal fiber group delay dispersion within practical PCF lengths. Despite
the advantages, the technique is limited to anomalous dispersion range of
the PCF — where soliton formation and subsequent spectral oscillations
occur. In addition, the uncertainty of GDD measurement can be up to
10%.

Other GDD measurement methods include pulse synchronization
technique [163], hybrid interferometric-pulse delay technique [164] and
mode-field diameter techniques [66]. However, these are case-specific and
rarely used, therefore, they will not be discussed in more detail.

In conclusion we can summarize that most currently popular ex-
perimental optical fiber group delay dispersion measurement techniques
have significant limitations preventing them from being widely used for
photonic crystal fiber GDD measurements. Spectral modulation technique
seems to be best suited for photonic crystal fiber dispersion measure-
ments but it also has notable drawbacks. Hence, we may conclude that
there is still need for better GDD measurement methods when it comes to

photonic crystal fibers.

1.3 Supercontinuum generation in photonic crys-
tal fibers

1.3.1 Brief historical overview

Supercontinuum generation is a nonlinear optical phenomenon

when initial narrow-band high intensity pulses propagating in nonlinear
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medium undergo extreme spectral broadening which results in broadband
spectrally continuous output. This is a very complex nonlinear optical
phenomenon involving multiple interacting nonlinear processes.

First experiments observing nonlinear spectral broadening of laser
radiation have been reported just several years after the creation of first
laser [165]]: in 1964 B. Stoicheff and W. Jones used radiation with broadened
spectrum for Raman spectroscopy measurements [166]. Several other re-
searchers reported broadening of laser light spectrum in liquids a few
years later and identified the nonlinear nature of these effects [167-169].

In 1970 R. Alfano and S. Shapiro performed experiment focusing
5 m] energy picosecond pulses from neodymium laser into borosilic-
ate BK7 glass and achieved broadband white-light continuum spanning
through the entire visible range of spectrum (400 nm —700 nm) [26]. This
report is recognized as the first observation of supercontinuum generation
since authors achieved more than 10 times greater spectral extent than
reported in earlier papers. The same effect was also observed in other
glasses [27, 170]. Interestingly, the phenomenon in the original paper
by R. Alfano and S. Shapiro was called "parametric emission". Other re-
searchers at that time used terms like superbroadening [170] or white-light
continuum [171]. Term "supercontinuum" was first introduced in 1984 in
reports by J. Manassah, R. Alfano and colleagues [172, 173]]. After first
demonstrations supercontinuum generation immediately became object
of intense research. It was obvious that sources having broad spectral
bandwidth, high brightness and good spatial coherence would be of great
use in many fields [174]. Soon it became clear that supercontinuum gen-
eration in bulk media involved spatial an temporal effects. An excellent
review of supercontinuum generation in bulk media is given in [175]].

At the same year that first supercontinuum in bulk medium was
demonstrated, scientists working at Corning demonstrated dramatic re-
duction of losses in optical fibers [4]. This immediately attracted interest
for use of optical fibers not only for communications applications but
also as nonlinear medium. Soon afterwards several nonlinear effects

were demonstrated in optical fibers by a group led by R. H. Stolen at Bell
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laboratories: Kerr effect, self-phase modulation, four-wave mixing, stim-
ulated Raman scattering and stimulated Brillouin scattering [176H180].
The reason of interest in fiber supercontinuum sources was the potential
simplicity, compactness and robustness of such systems.

First supercontinuum generation in optical fibers was reported
by C. Lin and R. Stolen in 1976 when they used 10 ns dye laser pulses
pumping in the normal GVD range of conventional silica fiber to gener-
ate supercontinuum [181]. Spectral broadening in this experiment was
attributed to combination of self-phase modulation, cross-phase mod-
ulation, four-wave mixing effects and Raman scattering. Subsequent
research by other groups involved supercontinuum generation studies
with pump wavelengths near ZDW of conventional silica fibers (around
1310 nm) or near 1550 nm telecommunications window which is in the
anomalous dispersion region [182-184]. It was discovered that spectral
broadening in case of pumping in anomalous GDD region was particu-
larly related to soliton dynamical phenomena [185-187]. The choice of
pumping around 1550 nm at that time (1990s) was related to the desire
of developing wavelength division multiplexing systems as reported in
numerous papers[188-193]. These and related studies [194} 195] emphas-
ized the key importance between wavelength of pump pulse and GDD
of optical fiber. This was an additional motivation to develop fibers with
unconventional dispersive properties.

First supercontinuum generation in photonic crystal fiber was repor-
ted by J. Ranka and colleagues at CLEO conference in 1999 [28] and sub-
sequent paper in 2000 [29]. They used 100 fs pump pulses from Ti:sapphire
laser to generate supercontinuum in solid-core PCF, spanning from 390 nm
to 1600 nm. As explained by the authors, soliton formation, subsequent
fission and other related phenomena (such as dispersive wave generation,
four-wave mixing, soliton self-frequency shift, etc.) played a crucial role
in supercontinuum formation process. This was later verified by many
other reports of supercontinuum generation using femtosecond pulses
[32,196-200]. Among these experiments, it is important to mention re-

port about supercontinuum generation in highly birefringent PCF by M.
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Lehtonen and colleagues [201] where authors claimed that highly birefrin-
gent PCFs are more beneficial in supercontinuum generation due to lesser
peak power requirements.

The application of photonic crystal fiber as a medium for super-
continuum generation has been a significant moment in nonlinear optics.
Firstly, it enabled investigation of supercontinuum generation in nonlinear
media with unique properties which could be adjusted by altering the
structural parameters of PCF microstructured region. Freedom to design
PCF properties opened the opportunity for researchers in the field to
observe supercontinuum generation in PCF using a wide range of pump
source parameters which was impossible in bulk media, conventional
tibers or liquids. Secondly, it allowed the use of pump sources with rel-
atively small peak intensities which were compensated by large length
of nonlinear medium (PCF). In just a few years following first experi-
ment, due to keen interest in the topic, supercontinuum generation in PCF
was demonstrated under various pump conditions: picosecond pump
pulses and subnanosecond (100 ps — 1 ns) pump pulses [33} 35| 202-205],
nanosecond pulses [31] 32, 34] and even continuous-wave (CW) laser
radiation [30, 206-208]. In case of longer pulses modulation instability
was claimed to be the main process stimulating other nonlinear processes
and subsequently spectral broadening as reported by A. Demircan and
U. Bandelow [209]. Such rapid progress lead to deeper knowledge on
the physics of supercontinuum generation. It became well-known that
broadest supercontinuum would be achieved by choosing pump wave-
length close to ZDW of the PCEF. This and related insights were applied
in various applications and evolved into commercial broadband sources
such as supercontinuum sources based on mode-locked fiber oscillators
delivering ultrabroadband radiation in ultraviolet, visible and infrared
spectrum ranges.

Outside the aforementioned "standard conditions", research of su-
percontinuum generation in solid-core PCFs still continues with the aim
to further expand supercontinuum bandwidth, gain more knowledge

about nonlinear processes involved and introduce novel materials which
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would be cheaper and better suited for the task. Several main directions

of research can be outlined:

e Investigation of supercontinuum generation in non-silica glass based
PCFs such as tellurite (TeOy — NasO — ZnF,) , ZBLAN (ZrF, — BaF; —
LaF3; — AlF; — NaF) and chalcogenide glasses [129, 210-212].

e Investigation of supercontinuum generation in PCFs with specific dis-
persive or structural features such as two zero-dispersion wavelengths
[213H215]], PCF with multiple cores [216-218], dispersion flattened
or all-normal dispersion PCFs [219-221]], PCFs with sub-wavelength
inclusions [55, 222],223], etc.

e Investigation of supercontinuum generation in PCFs using special
experimental conditions such as chirped pump pulses [39-48], dual-

wavelength pumping [50-53], etc.

Another important direction of research is supercontinuum genera-
tion in gas-filled hollow-core photonic crystal fibers. Due to additional
degree of freedom to adjust PCF dispersion by changing gas pressure and
the introduction of Kagome type hollow-core PCFs (Fig[I.2]b), which have
extremely broad guiding bandwidth [83}185], lower damage threshold and
a window of transparency up to the vacuum ultraviolet region, it became
possible to shift ZDW of PCF event further to the short wavelength part
of spectrum (up to UV range) and consequently achieve supercontinuum
expansion to the vacuum ultraviolet range [86-90].

In the following three subsections a short introduction to main
nonlinear phenomena involved in supercontinuum generation in solid-
core PCFs will be given. Afterwards, a more detailed review will be given
about supercontinuum generation using chirped femtosecond pulses and
visible supercontinuum generation with subnanosecond pump pulses —

two topics related to this doctoral dissertation.
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1.3.2 Main nonlinear processes involved in supercontinu-

um generation in photonic crystal fibers

Nonlinear refractive index. When light propagates in a transpar-
ent dielectric medium it interacts with atoms that compose it and exper-
iences loss and dispersion. As mentioned in earlier section, in case of
optical waveguides the total dispersion experience is due to material and
waveguide dispersion components (in the simplest case of single mode
waveguide). For photonic crystal fibers the latter dispersion component
has paramount importance. Due to characteristic feature of solid-core
PCFs to strongly confine light in the core, the electric field strength of
high peak intensity light pulses propagating through the PCF can become
comparable to Coulomb electric field strength of the atoms in the me-
dium. This triggers nonlinear optical response of the medium. Due to the

nonlinear response, the refractive index becomes intensity dependent:
n = ng+ nal, (1.17)

where I is peak intensity of pulse, n is linear refractive index and n; is

nonlinear refractive index of material:

3y
B 4n(2)c<€0 ’

(1.18)

n2
here x® is third order nonlinear susceptibility of material, ¢ — speed of
light in vacuum and ¢y — electric constant. This phenomenon is called
Kerr effect. It is important to note that optical fibers are centrosymmetric
media, therefore the second order nonlinear susceptibility for such media
is zero. As mentioned in subsection 1.1.3, for optical fibers the nonlinearity
is defined using optical fiber nonlinearity coefficient v (Eq[I.8). From
EqlI.17) it follows that high intensity pulses change phase velocity of
light propagating in matter vt = g5
M . Hence, the nonlinear response of medium in turn changes

properties of light propagating through it. This is called self-interaction of

and absorption coefficient x =

50



1.3. Supercontinuum generation in photonic crystal fibers

light.

We will now introduce equation used to describe ultrashort pulse
propagation in photonic crystal fibers. One can define electric field of
linearly polarized wave propagating in PCF along z axis as E(r,t) =
${E(z,y, z,t) exp [—iwot] + c.c.} ., then in the frequency domain, the Fourier
transform of E(z,y, z,t) is E(w,% z,w) = F(x,y, z,w) Z(z,w — wp) exp [iPoz]
where ;1(2, w) 1is complex spectral envelope and wy is center frequency
of the pulse, j) is propagation constant and F(z,y,w) is the transverse
modal distribution. Having in mind that transverse modal distribution
for a given frequency does not change during propagation, only spectral
envelope can be considered in further analysis. The time domain envel-
ope of the pulse is obtained from Fourier transform of complex spectral
envelope:

Az, 1) = % / A2, — wp) exp [—i(w — wo)t] dow (1.19)
Using this result and changing the time frame notation to co-moving
at group velocity of pulse (T' =t — vgz), one can derive the time domain
equation describing ultrashort pulse propagation in photonic crystal fibers
which is called generalized nonlinear Schrodinger equation (GNLSE) [36]:

%+ 54- 3 Gronda =iy (1+inngr) x
k22 ! / 2 ! (1.20)
x (A(z, ) [* R(T)|A(z, T - T'|" T ) .

The left-hand side of GNLSE describes linear propagation effects: 24 —

pulse envelope propagation, §A - losses experienced during propagation,
the third term describes dispersion effects with 3, = % being dispersion
coefficients which are obtained from the Taylor series expansion of the

propagation constant around the center (carrier) frequency:

2 3
plw) = bo+ (%) (W= wo) + % <%> (w —wo)* + é (%) (w—wo)® + ...
(1.21)
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The right-hand side of Eq[I.20|describes nonlinear effects during pulse
propagation. ~ is the aforementioned nonlinearity coefficient (EqJIL.§),
itehz2= term defines the pulse self-steepening effect and the right terms in
the integral define self-phase modulation, four-wave mixing and Raman

effect-related processes with R(t) being Raman response function which
is usually defined as [122, 224]:

R(t) = (1= fr)O(T) + frhr(T), (1.22)

where the first term defines instantaneous electronic response and the
second — delayed Raman response of the medium with Raman contri-
bution factor (fz) usually specified as 0.18 and hr (Raman cross section)
specified according to experimentally measured value [225]. 4(7) is Dirac
delta function. We also need to note that in order to calculate the value
of 7y, one needs to compute the effective mode diameter in the photonic
crystal fiber a.¢ and the effective refractive index of PCF [21]. GNLSE can
also include other effects such as polarization, noise, mode dependence
on frequency, etc.

Numerical techniques used to solve GNLSE include split-step-
Fourier method [122], Runge-Kutta techniques [226], direct integration of
GNLSE [227], etc. Using GNLSE one can obtain results which are usually
in good qualitative agreement with experiments. Now we will discuss
in more detail other nonlinear phenomena involved in supercontinuum
generation.

Self-phase and cross-phase modulation. Nonlinear phase modu-
lation of a pulse caused by Kerr effect due to the pulse itself is called
self-phase modulation (SPM). If for the moment we disregard dispersion
of the fiber, then we can express phase of high intensity pulse propagating
initas ¢(t, z) = wot —kz . According to Eq[I.17] Kerr effect induces a change
in refractive index An = nyI(t) which subsequently causes change of pulse
phase:

woz

AP(t, z) = == —nal (1), (1.23)
where z is propagation distance. The variation of phase also results in
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change of instantaneous frequency:

_0¢(t,z)  woz  dI(t)
Aw=—p = ==y

(1.24)

From this equation it follows that refractive index temporal dependence
on pulse intensity unavoidably causes broadening of pulse spectrum
(generation of additional frequency components). In case of temporally
symmetric unchirped pulse propagating in medium which nonlinear
response time is much faster than duration of the pulse, spectrum broad-
ening is symmetric and temporal envelope of the pulse is unchanged
[36]. However, if initial pulse is chirped or propagates in medium where
nonlinear response is slow compared to pulse duration (such as solutions
of polar molecules which have orientational nonlinearity), the extent and
shape of broadened spectrum will be considerably different [122].

A similar effect to self-phase modulation is cross-phase modula-
tion (XPM) — phase modulation of a pulse caused by Kerr effect due to
interaction with a co-propagating pulse. For two pulses with the same
polarization the change of frequency can be defined as:

Awy = —%TLQ% ([1(t) -+ 2[2(t)) ,

! (1.25)
Awy = —222ny L (211 (t) + (1)),

where I; and I, are peak intensities of pulses with w; and w; frequencies
respectively. In case of orthogonal polarization pulses in isotropic media
(such as optical fibers or glasses), factor "2" must be replaced with "2/3".
Self-phase and cross-phase modulation can cause complex spectral
broadening especially if other nonlinear processes are involved which is
the case for supercontinuum generation [228| 229]. In reality, dispersion
of the medium cannot be ignored which means that there is complex
interplay between self-phase modulation and dispersion. When central
frequency of pulse is in normal dispersion region of the medium, self-
phase modulation will lead to both spectral and temporal broadening of
the pulse accompanied with pulse chirping [230]. In case of anomalous

dispersion region, distinctly different phenomena occur.
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Soliton generation and higher order solitons. When wavelength
of pulse propagating in optical fiber is in anomalous dispersion range,
for a certain peak power (called critical power) value the nonlinear posit-
ive chirp due to self-phase modulation can balance negative linear chirp
due to anomalous group velocity dispersion of the fiber and solitons are
formed. Solitons are solitary waves which propagate in the medium and
can interact with other waves without changing their temporal and spec-
tral shape. Since their first discovery in the 19th century as water waves
in canals [231], solitons have been extensively studied and related effects
have been identified in many areas of physics [232} 233], including fiber
optics —in 1980 R. Mollenauer and colleagues reported first experimental
observation of solitons in optical fibers [234]. In optics there are several
types of solitons, but in case of supercontinuum generation the so called
Schrodinger solitons are of importance. These type of solitons are ana-
lytical solutions of GNLSE without the Raman, shock and higher order
dispersion terms. It can be shown that soliton solution of the initially

injected pulses can be written in the form [36]]:

As(7) = Nsech (%) , (1.26)
where 7 is the pulse duration and N is the soliton number defined accord-
ing to EqJ1.15] Here we need to point out that soliton number depends on
both fiber (GV D,~) and pulse (¢, P,) parameters. As already mentioned
when discussing spectral modulation technique (page [44), when N=1, a
fundamental soliton is formed which is very stable. Higher integer N
values correspond to higher order solitons. During propagation of higher
order solitons their spectral and temporal shape changes periodically
(example of numerically simulated solitons is shown in Fig[T.13|[36} 38].
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Figure 1.13: Example of numerically simulated fundamental and second order
soliton evolution during propagation. Image adapted from [38].

The distance of periodic temporal and spectral shape reproduction is

called soliton period and can be approximated as z;s ~ . This cor-

2[GVD
responds to a point where higher order soliton has maxirr‘lum |bandwidth
[21]. In general, higher order soliton temporal and spectral evolution can
be very complicated.

Soliton fission, self-frequency-shift and dispersive wave genera-
tion. In reality, it is very difficult to balance anomalous dispersion and
self-modulation effects as there are other dispersive and nonlinear effects.
For example, in case of high power femtosecond pulse propagation in
optical fiber higher order dispersion and Raman scattering perturb soliton
formation process [235]. This results in fission of the N-order soliton into
N fundamental solitons [183] of different widths and peak powers [186]:

P — (2N+1—2k)2P

s = antizogr Tps = w7 Fpos (1.27)

where 79 and Py, are duration and peak power of the higher order soliton
respectively, k=1 to N’ with N’ being integer closest to N when it is not an
integer number. The characteristic fission length is proportional to soliton
number and fiber dispersive length L ~ Lp/N [236]. Soliton fission
effect is extremely important to supercontinuum generation as effects

that trigger soliton breakup also affect the newly-emerged fundamental
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solitons which in turn yields extensive spectrum broadening [126) 200].

Firstly, breaking of higher order soliton with wavelength close to
zero group velocity dispersion wavelength of the PCF due to higher order
dispersion can be perturbed and subsequently part of soliton energy
will be radiated in the form of dispersive wave (sometimes called non-
solitonic radiation or Cherenkov radiation) [161, 237-240]. As mentioned
in subsection about spectral modulation (page [44), mathematically this
can be understood as oscillation of soliton number N = 14 ¢ and ¢ €
[—3.3] after which soliton number returns to integer value with part of
energy being transferred to a dispersive wave — electromagnetic radiation
which has low intensity and temporally broadens during propagation
due to dispersion. The frequency of dispersive wave is determined by
phase-matching condition [238)| 239, 241]: for a soliton with ws frequency
propagating at group velocity vgs a dispersive wave with frequency wpw
can be generated when [21]:

Bla) = 2+ (1= R = Blapw) = P, (1.28)

where fg is the aforementioned Raman contribution factor of the medium.
From this equation it is obvious that higher order dispersion terms in
propagation constant expression are necessary to achieve phase-matching
for dispersive wave generation. Sometimes even fourth or fifth order
terms are taken into account [241]]. For fibers with a single ZDW dispersive
wave generation is responsible for supercontinuum spectrum extension
into shorter wavelengths (where third order dispersion is negative).
Second crucial nonlinear process perturbing soliton fission is soliton
self-frequency shift. In scientific literature it is also called Raman intra-
pulse scattering. As the latter name suggests, self-frequency shift of
solitons occurs due to Raman scattering phenomenon which causes each
soliton overlapping Raman gain to experience a continuous frequency
shift to lower frequencies (longer wavelengths) when propagating in the
tiber [122],242]. It was shown by ]. Gordon [242] that frequency shift Awg

is proportional to fiber dispersion and soliton duration (Awg ~ ‘Gf—4D| )-
0
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For specific GDD profile self-frequency shift can be mitigated or even pre-
vented as reported by A. Voronin and D. Skryabin with their colleagues
[243] 244]. However, in most cases soliton self-frequency shift and dis-
persive wave generation are the central mechanisms of supercontinuum
spectrum broadening.

A question might arise which of two effects leading soliton fission
dominates. According to review by Dudley and colleagues [21] higher
order dispersion and subsequent dispersive wave generation dominates
if pump pulses are extremely short (20 fs), whereas Raman induced self-
frequency shift dominates for initial pulse duration greater than 200 fs.
When input pulse duration is between the specified limits, it is considered
that both perturbations are of similar magnitude. It is also important
to note that dynamics of supercontinuum generation in case of femto-
second pump pulses can be even more complex as solitons and dispersive
waves can interact via cross-phase modulation if their group velocities are
matched for a certain propagation distance which leads to additional spec-
trum broadening in both long-wavelength and short-wavelength edges of
supercontinuum as reported in multiple papers [245-247]. This interac-
tion is often called trapping of dispersive wave as self-frequency-shifting
soliton might induce a continuous shift of dispersive wave into shorter
wavelengths.

Four-wave mixing. We have discussed that soliton formation and
related dynamical phenomena are key processes to supercontinuum form-
ation when pump wavelength is in anomalous dispersion range of the
PCF. When pump wavelength is in normal GVD range, soliton formation
does not occur and spectrum expansion in related to the aforementioned
self-phase modulation and a nonlinear process called four-wave mix-
ing [21},36]. It is a nonlinear phenomenon arising in optical media with
third order nonlinear optical susceptibility when two waves with fre-
quencies w; and w interact and two additional frequency components
w3 = w; — (w2 —wq)) and wy = wy + (w2 — w1)) are generated as a result.
In general, a degenerate case is possible when two initial waves have

the same frequency. After first four-wave mixing stage new frequency
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components, if their intensity is high enough, can become new pump
waves for the next stage of four-wave mixing. The gain coefficient for

amplification in fiber can be expressed as [36]:

A 2
g = [(7Pp)2 - (7]{;)

For single mode fiber phase mismatch term is defined as Ak = 2yP, +

, (1.29)

2y (5233') (W — wO)zm , where j,,, are even order dispersion coeffi-
cients (Eq [21]. From this equation it is obvious that maximum amp-
litude gain corresponding to zero phase mismatch is gmax = 7Py = 1/LNL.
In photonic crystal fibers four-wave mixing process can be very efficient
as absence of spatial effects leads to greater efficiency of this phenomenon.
An important fact to note is that when supercontinuum spectrum extends
into anomalous GVD range, soliton related effects can occur as demon-
strated in [21]]. The closer to ZDW of the fiber the pump wavelength (in
normal GVD range) is, the quicker and more efficiently phenomena re-
lated to soliton dynamics can occur. Moreover, it was shown that solitons
and dispersive waves can also interact via four-wave mixing if phase-
matching conditions are satisfied resulting in additional supercontinuum
spectrum broadening [199, 246, 248, 249]. Nevertheless, for femtosecond
pulses the characteristic four-wave mixing interaction length for various
spectral components of supercontinuum cannot be long due to very short
pulse durations meaning that four-wave mixing influence to supercon-
tinuum generation is weaker than that of the aforementioned nonlinear
processes.

Modulation instability. Now we will consider spectrum broad-
ening processes when longer pump pulses are used. Numerical studies
by several groups claim that, during supercontinuum generation in case
of longer (picosecond, nanosecond) pulses and even CW radiation, the
envelope of long pump pulse is rapidly modulated and this can induce
pulse fission into soliton-like subpulses followed by self-frequency shift
and dispersive wave generation [208, 250, 251]. However, initial pulse
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tission is caused by different nonlinear processes than in femtosecond
pump pulse case. First process is called modulation instability. As pointed
out in paper by Stolen and colleagues [225], it can be interpreted as time
domain equivalent of four-wave mixing process when initial waves are
absent — the process is seeded by noise. Modulation instability caused
frequency sidebands which in time-domain correspond to rapid modula-
tion of pump pulse temporal envelope grow during pulse propagation
in fiber and eventually the pulse can even break up into a sequence of
soliton-like subpulses [122, 209]. The characteristic period of modulation
instability oscillations is much shorter than fission length of pump pulse,
so the duration of the subpulses (or modulations on the pulse envelope if
fission does not occur) is significantly shorter than pump pulse duration.
It can be expressed as [122]:

2
Tog = o | ZIGV DL (1.30)
’YPp

This is typically tens or hundreds of femtoseconds [21]. Efficient spectrum
broadening occurs when pump wavelength is close to ZDW of the PCF:
group velocity mismatch of generated additional spectrum components
is smaller closer to ZDW, so temporal interaction length is longer. An
important feature of the resulting spectrum broadening is noise-based
origin which means that there is very little phase stability from shot to
shot [38].

Raman scattering. Another important process in supercontinuum
generation is stimulated Raman scattering. In general, Raman scattering is
a phenomenon when the incident photon with frequency w; is absorbed in
the medium and a lower frequency photon w, is emitted due to interaction
with intrinsic vibrations of the medium called phonons. The difference
of frequencies ws = w; — wy is called Stokes shift. When the intensity
of incident light is very high (the case of focused laser radiation) the
generated lower frequency wave is subsequently amplified (using the
energy of the initial higher frequency wave) and this is called stimulated

Raman scattering [122]. Under certain conditions stimulated Raman anti-

59



1. Literature overview

Stokes scattering can occur simultaneously. During this process wave
with higher frequency than pump (w3 = w1 + ws) can be generated and
amplified. This is a considerably less efficient nonlinear process and
requires fulfillment of phase-matching condition (Ag = 26, — 2 — 3 = 0).
Another type of stimulated Raman scattering important in this discussion
is cascaded stimulated Raman scattering. This process can be explained as
follows. When the efficiency of stimulated Raman scattering is very high,
the amplification of Stokes-shifted wave is eventually saturated and initial
pump wave is depleted. At this moment the Stokes-shifted wave becomes
new pump and a new wave with double Stokes shift is generated. The
process can repeat itself many times as long as the amplification of newly
generated n-times-Stokes-shifted wave can be saturated.

When long pump pulses with wavelength in the anomalous GVD
range are used for supercontinuum generation, stimulated Raman scat-
tering is manifested as amplification of noise at lower frequency (Stokes)
sideband of the pump pulse. For silica fibers the Raman gain depend-
ence on the Stokes-shifted frequency offset with respect to pump wave
frequency is depicted in Fig[l.14 The amplified sideband can cause
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Figure 1.14: Raman gain dependence on the Stokes-shifted frequency (vs) offset
with respect to pump wave frequency (v;) for silica at A=1 um. Blue line marks
the case when pump and Stokes-shifted wave polarizations are the same, red
line — when they are orthogonal. Image adapted from [122].

generation of more lower frequency sidebands through cascaded Raman
scattering [252]. This adds more rapid modulation to the pump pulse
temporal envelope. There are several other features to be mentioned.
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Raman gain coefficient is considerably (several times) smaller than that
of four-wave mixing, so Raman scattering is observed when four-wave
mixing efficiency is reduced due to temporal walk-off or increased phase
mismatch. This usually occurs in normal dispersion range of the fiber,
so Raman scattering is the main broadening process in normal GVD re-
gion [21]]. Furthermore, due to the fact that Raman Stokes gain is much
stronger than anti-Stokes gain, spectrum modulation is asymmetric —
long-wavelength components experience significantly greater influence
of this effect. Finally, soliton-like subpulses after fission may undergo
the aforementioned dispersive wave generation and self-frequency shift
phenomena. If their duration is not short enough, these soliton-like sub-
pulses under certain conditions can interact with each other and exchange
energy which in turn enhances self-frequency shift of the higher energy
subpulses [253].

1.3.3 Supercontinuum generation using chirped femtoseco-
nd pulses

As seen from the previous subsection, supercontinuum genera-
tion is severely affected both by photonic crystal fiber and pump pulse
parameters. In this subsection a short review of research about supercon-
tinuum generation using chirped femtosecond pulses will be presented.
Chirp of an optical pulse is the time dependence of its instantaneous
frequency. Chirp can be quantified as a rate of change of pulse instant-
aneous frequency (Hz/s) or as amount of GDD (s?) required to dispers-
ively compress the chirped pulse to a bandwidth-limited pulse — this
quantification will be used in this doctoral dissertation. Positive pulse
chirp means that instantaneous frequency increases with time, negative
— decreases in time. Unlike research regarding pump pulse duration, en-
ergy or wavelength effect to supercontinuum generation, influence of
pump pulse chirp has been investigated in just a few reports. In first
report by K. Corwin and colleagues [45] the effect of chirp to supercon-

tinuum generation was investigated through numerical simulations by
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imposing quadratic phase chirp but keeping pulse spectral bandwidth
constant and comparing results at the same pulse energy which meant
that chirp increased pulse duration and decreased peak power of the
pulse. Pump wavelength was at anomalous GVD range, close to the ZDW.
It was concluded that maximum supercontinuum spectral bandwidth was
achieved with unchirped pump pulses as they had highest peak power
and shortest duration. In paper by X. Fu and colleagues [42] numerical
simulation results where compared at the same peak power and spectral
bandwidth. They indicated that chirping of pump pulses yields broader
supercontinuum spectrum than in case of unchirped pulses. Numerical
simulations performed by Z. Zhu, etc. [44] considered the influence of
both positive and negative chirp at constant pump pulse duration (chirp
increased pump pulse bandwidth). The main results were that positive
chirp increases supercontinuum spectrum bandwidth and there exists
an optimum value of positive chirp corresponding to formation of only
one fundamental soliton. This was also reported in numerical studies by
Tianprateep, etc. [46]. Experimental study by A. Fuerbach with colleagues
[41], where positively chirped pulses were used to pump PCF in the an-
omalous dispersion range, also displayed similar results and agreed well
with their numerical simulations. The research emphasized pump pulse
chirp influence to initial stage of supercontinuum formation when due
to anomalous GVD the chirped pump pulse is firstly compressed before
tission and other soliton related effect can occur. H. Zhang, etc. [40] in
their report theoretically analyzed the case of PCF with two closely spaced
(by 152 nm) ZDWs and clarified that sufficient positive pump chirp causes
supercontinuum spectrum extension to normal dispersion region of the
PCF via four-wave mixing and self-phase modulation processes. This was
supported by results of theoretical work by X. Hu and colleagues [43]]
who compared chirp influence in case of femtosecond and picosecond
pump pulse durations and concluded that in case of longer pulses chirp
influence to supercontinuum spectrum bandwidth is weak.

Different results were observed experimentally and in numerical

simulations by R. Driben and colleagues [39]: they claimed that in case of
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low peak powers (2 kW - 10 kW) initial positive or negative pump chirping
yields similar supercontinuum spectrum bandwidths, while at higher
peak powers negative chirp results in greater spectrum extension due
to enhanced soliton self-frequency shift resulting in stronger interaction
between fundamental solitons.

Aside from research performed for pump pulses with wavelength
in anomalous GVD range, two papers by Y. Li, etc. [47] and Ch. Cheng
with colleagues [48] reported theoretical investigation of pump pulse
chirp influence to supercontinuum generation in all-normal dispersion
PCF with intention to investigate its influence to spectral flatness of su-
percontinuum. It was shown that in such case pump pulse chirp sign
makes little difference to supercontinuum spectrum extension, but greater
absolute chirp value enhances self-phase modulation resulting in greater
spectrum extension.

In conclusion, we see that almost all current research regarding in-
vestigation of pump pulse chirp influence to supercontinuum generation
in photonic crystal fibers is theoretical. Furthermore, some results repor-
ted by different groups are inconsistent. It is clear that deeper analysis
with more experimental background is necessary to understand influence
of pump pulse chirp to supercontinuum generation in PCFs. We can also
note that essentially all of the overviewed reports analyze chirp influence
in PCF with a single ZDW. Since the amount and sign of chirp applied
to pump pulses can be controlled, this can be used to achieve control of
supercontinuum spectrum in real time which, combined with the possib-
ility to get broader supercontinuum, would be advantageous in certain

applications of PCF based supercontinuum sources.

1.3.4 Visible supercontinuum generation using subnanose-
cond pulses

In this subsection we will discuss the case of supercontinuum gen-
eration in solid-core PCFs extending through the entire visible range

of spectrum by using subnanosecond pump pulses. Compact and low-
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cost subnanosecond laser systems based on Q-switched Nd** microlasers
have become popular pump sources for supercontinuum generation when
nanosecond and subnanosecond (100 ps — 1 ns) supercontinuum is ne-
cessary. Broadband supercontinuum sources with subnanosecond pulse
widths and spectrum extending through the entire visible range could
be used as efficient seed radiation sources for subnanosecond optical
parametric generators.

As discussed in previous subsection, supercontinuum generation
in long pump pulse case occurs mainly due to modulation instability
(four-wave mixing) and Raman scattering initiated pump pulse rapid
modulation which, when pump wavelength is in anomalous GVD range,
results in appearance of soliton-like subpulses which in turn can undergo
self-frequency shift to longer wavelengths and at the same time excite
dispersive waves which extend supercontinuum to shorter wavelengths.
Another discussed feature is that soliton-like subpulses and dispersive
waves can interact via cross-phase modulation if their group velocities
are matched for a certain propagation distance which can produce extra
broadening into shorter wavelengths [245-247]. Yet, the short-wavelength
edge of supercontinuum spectrum using subnanosecond pulses is usually
limited to roughly 500 nm [58].

With reference to the discussed unique properties of photonic crys-
tal fibers and characteristic features of nonlinear phenomena involved in
supercontinuum generation, it might seem that in order to extend super-
continuum generation further into blue and UV part of spectrum, one can
simply shift ZDW of the solid-core PCF to even shorter wavelengths. This
can in principle be done by increasing the microstructure diameter and
pitch ratio (d/A) and at the same time decreasing A [107, 254]. Unfortu-
nately, PCFs with ZDW at such short wavelengths are usually multimode
and have increased losses (weaker light confinement in the core) which
can be avoided only by increasing the size of microstructured region (num-
ber of air hole rings) [255]. More than that, such PCFs also have extremely
small cores which size approaches the wavelength of light — coupling

beam into the core is very complicated. These problems make photonic
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crystal fibers with ZDW below 600 nm difficult to fabricate using con-
ventional techniques and for this reason such PCFs are very uncommon.
Several possible solutions to this problem have been reported.

Firstly, one can modify the PCF waveguide dispersion so that
group refractive indices could be matched for long-wavelength and short-
wavelength spectral components in a broader spectral range: soliton
and dispersive wave interaction via cross-phase modulation in such case
would also extend in a broader range resulting in greater supercontinuum
spectrum extension. Waveguide dispersion modification for extension
of supercontinuum spectrum can be done by carefully adjusting geomet-
rical parameters of the PCF microstructured region as reported by Stone
and colleagues [59]. Another interesting possibility reported by Zhang
and colleagues [55] is insertion of nanosized air holes in the core of PCF
which was shown to modify group index of the PCF and yielded su-
percontinuum spectrum extension from 400 nm to 2500 nm. Although
this method seems straightforward, it requires carefully controlled and
sophisticated modifications during PCF fabrication.

Second possibility is to use several photonic crystal fibers with dif-
tferent sequentially decreasing ZDWs as reported by Travers, etc. [49, 54].
This is often called cascaded supercontinuum generation as each PCF
employed has ZDW optimized for a certain stage of supercontinuum
generation. For example, first PCF usually has ZDW close to the pump
wavelength so that modulation of initial pulse into soliton-like subpulses
would be as effective as possible, while the following PCFs have ZDW
shifted to shorter wavelengths to enhance the aforementioned interaction
between soliton-like subpulses and dispersive waves. The benefit of such
setup is the opportunity to pick PCFs with best possible parameters for
each stage, however, multiple coupling stages mean that there are addi-
tional losses, the experimental setup is not compact and several different
PCFs are required. An improvement to this method has been demon-
strated by Kudlinski and colleagues [58] who used a special photonic
crystal fiber with continuously decreasing ZDW. This allows progressive

optimization of each stage of supercontinuum generation but the fabric-
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ation of such PCF is very complicated: careful adjustment of the PCF
drawing process is needed so that diameter of the PCF would decrease
while keeping a constant air filling factor (d/A).

Another solution, which is also a progression from using several
PCFs with different ZDWs, is the use of shorter pump wavelengths and
tapered photonic crystal fibers: special PCFs with a smaller diameter
section within. It is important to note that tapered PCFs are analogical
to conventional tapered optical fibers which were first discussed in 1970
[256] and later used for supercontinuum generation as well [257,258]. In
the tapered part of PCF, geometrical parameters of microstructured region
are considerably smaller yielding ZDW at shorter-wavelengths, so when
PCF is pumped with shorter wavelength laser source the discussed nonlin-
ear processes during supercontinuum yield shift to shorter wavelengths,
hence, broader spectrum can be obtained as suggested in several papers
[34, 49, 56, 259]. Although this has proven to be a working solution, it
nonetheless requires carefully controlled modification of the PCF.

Finally, dual-wavelength pumping can be used to obtain broader
supercontinuum spectrum spanning in the whole visible range as reported
by Champert, etc. [50] and Ciburys with colleagues [53]. Two different
wavelengths are usually fundamental and second harmonic of the pump
laser. The broadening of supercontinuum spectrum still depends on the
characteristics of PCF, but the use of dual-wavelength pumping enhances
interaction of nonlinear phenomena leading to greater spectrum extension
[51]. Despite this, the use of two wavelengths means more complex
experimental setup: extra stage for second harmonic generation, accurate
synchronization of two pump pulses and coupling optics optimized for
both wavelengths are required.

In conclusion, it is clear that current methods for achieving subn-
anosecond supercontinuum extending through the entire visible range
of spectrum require either complex experimental setups or sophisticated
technological modifications of PCFE. Essentially all experiments were per-
formed with PCFs having a single ZDW. Therefore, it is safe to say that

the goal of creating a simple and practical visible supercontinuum source
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with subnanosecond pulse durations is still relevant.

1.4 Frequency-resolved optical gating and its ap-
plication to supercontinuum generation inves-
tigation

From the preceding discussion about nonlinear mechanisms in-
volved in supercontinuum generation it is obvious that complex nonlinear
interactions beyond this phenomenon induce not only extreme expansion
of pulse’s spectrum, but also drastic changes in its temporal characteristics.
Hence, apart from measuring spectrum (spectral domain information) of
supercontinuum, it is also important to obtain information in the time
domain. Needless to say, this is a very difficult task for ultrashort pulses.
In the following subsections we will briefly discuss principles of a widely
used ultrashort pulse characterization technique — frequency-resolved
optical gating (FROG) — and review its possible application to supercon-

tinuum generation investigation.

1.4.1 Principles of FROG

Frequency-resolved optical gating (FROG) technique is a method
for full characterization of optical pulses. It was invented by R. Trebino
and D. Kane in 1991 [260] and presented in their publications in 1993 [261-
263]]. We can define the electric field of laser pulse in the time domain as
[264]:

E(t) = Re { T(2) expliwot — i¢(t)]} , (1.31)

then in the frequency domain it is expressed as:

g(w) = Rey/{S(w — wo} exp[—ip(w — wp)], (1.32)

where I(t) and ¢(t) are the intensity and temporal phase of the pulse,
whereas S(w —wp) and p(w — wp) are the spectrum and spectral phase of the
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pulse. The term "full" means that FROG enables retrieval of full electric
tield characteristics (intensity, duration and temporal phase of the pulse)
or equivalently spectrum characteristics (spectrum and spectral phase of
the pulse) [264].

FROG involves gating the pulse with a time-delay replica of itself
in an instantaneous nonlinear medium and spectrally resolving the signal
afterwards. "Instantaneous nonlinear medium" means that nonlinear
response of the medium is much faster than duration of the interacting
pulses. We can say that the unknown optical pulse is gated by itself, hence
comes the term "gate" in acronym "FROG". The measured FROG signal
is essentially a spectrogram — a joint representation of time-dependent
spectrum or in other words a set of spectra at all temporal slices of the

pulse. It can be defined as [264]:
00 2
IrroG (W, T) = ‘ / Esig(t, 7) exp[—iwt]dt| (1.33)

where Fgo(t, 7 is the FROG signal electric field. The fundamental problem
to solve in order to retrieve the phase of optical pulse from the spectrogram
is that common spectrogram inversion methods require knowledge of the
gate function [265]. Since in this case the gate function is the unknown
pulse itself, usual algorithms cannot be implemented.

The solution proposed by R. Trebino and colleagues is to rewrite
the expression spectrogram as a two-dimensional phase retrieval problem
[262]. If we assume that Egs(t, 7) is the Fourier transform with respect to
delay (r) of a function Esig(t, Q) such that Esig(t, Q = 0) = E(t) then the
spectrogram can be rewritten as [262]:

00 0 2
Irrog(w, ) = ‘/ / Esig(ta Q) exp[—iwt — iQ7|dtdQY| . (1.34)

This is the squared 2D Fourier transform of Esig(t, Q) . Now it is clear that
in order to find the phase of optical pulse one needs to find the phase of
Fourier transform of the quantity }N«jsig(t, Q) which is a 2D phase retrieval
problem. The key moment is that, unlike 1D phase retrieval problem

68



1.4. Frequency-resolved optical gating and its application to supercontinuum generation investigation

(measuring E(t) from S(w)) which has infinitely many solutions (the meas-
ured spectrum can correspond to infinitely many pulse shapes), a 2D
phase retrieval problem has essentially one solution — we can determine
E(t) unambiguously [261] 262| 264, 265].

Several FROG pulse retrieval algorithms exist [261) 262| 266-269]],
they can all be used simultaneously to achieve the most accurate results,
however, we will discuss in detail only the most reliable and universal
one — generalized projections algorithm [268]. The power of this iterative
method rises from the fact that it is one of the few algorithms that can
be proven to converge when certain conditions are met [265]. In order to
find E(t) (Esig(t, 7)) one needs to satisfy two conditions. First condition is
imposed by the measurement data — the measured spectrogram (called
FROG trace) is the squared magnitude of the one-dimensional Fourier
transform of g, (t,7) defined by Eq [265]. The second condition is
that the signal field must satisfy a certain mathematical form defined by
the particular nonlinear optical process used during the measurement.
Various FROG versions, which will be outlined later, have different signal
electrical field forms [265]:

’

&

)|E(t —7)| PG FROG
E@)’E*(t — 1) SD FROG

E({)E(t —71) SHG FROG
E®)|E(t—71) TG FROG

Esig(tﬂ—) = 4 (135)

\

where PG FROG - polarization-gate FROG, SD FROG - self-diffraction
FROG, SHG FROG - second harmonic generation FROG, TG FROG -
transient-grating FROG.

The algorithm is initiated by guessing the initial signal field (usu-
ally noise) form and then determined by making "projections” onto one
constraint and then moving to the closest point in another constraint. The
process is continued until the point of convergence (the correct solution)
is reached. Convergence of the solution is guaranteed if the constraint

sets are convex — all line segments at the connection of the two con-

69



1. Literature overview

straints are entirely within the set [265]. When the constraint sets are not
convex, a generalized projection must be defined which in most cases
enables convergence. It can be shown that replacing the magnitude of
Es(g (wi, 7j) with the square root of the measured FROG trace gives the
smallest change in the signal field that corresponds to the measured trace
[264] 265]. Therefore, this basic replacement is a generalized projection for
all FROG versions. In mathematical form this can be defined as follows.
When the initial guess of E(t) is made, the first correction of it is made
according to nonlinear-optical constraint: the k+1 iteration of ESIg( )
must be chosen such that function distance between iterations, expressed
as:

Z= Z 5905, 77) B 10,7 (1.36)

i,j=1

would be minimal. The minimization is performed by computing the
direction of steepest descent of Z — calculating the derivative of Z with
respect to E#*1(¢;) [265]. Once this procedure is performed, the Fourier
transform of ESlg(t, 7) is performed and the data constraint is applied: the
magnitude of ESig (wi, 7j) is replaced with the square root of the measured
FROG trace. Afterwards, inverse Fourier transform is performed and
from the resulting signal field we can compute E(t). Then the process is

repeated. Schematic of FROG algorithm is depicted in Fig

Initial guess of

Esig(t)

Nonlmear-optlcal constraint:
Ey(t,7) —>F (t,7) > E, (1,7) = E()E(t-7)
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transform with
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(w 7)
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Figure 1.15: Schematic of FROG algorithm. The mathematical form of
nonlinear-optical constraint in this case is for SHG FROG.
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The accuracy of FROG analysis is evaluated by computing the
FROG error which is the root-mean-square (rms) difference between the
measured trace Irrog(wi, 7;) and the computed trace II(JII?OG(M, 7). It can

be expressed as [265]:

N
1 2
= WZ‘IFROGW”)—Ugffodwm) , (1.37)

1,j=1

where ( is a real number that minimizes G (renormalization constant).
Needless to say, the discussed principles of FROG are very basic and
actual computational algorithms are much more sophisticated.

Main types of FROG. As was already mentioned, the nonlinear-
optical constraint in FROG pulse retrieval algorithms has different forms
for different experimental realizations of FROG. We will now quickly
outline them.

A popular FROG geometry is second harmonic generation frequency-
resolved optical gating (SHG FROG). Basically, SHG FROG is simply a
spectrally resolved autocorrelation [267,270]. It is one of the most popular
FROG experimental realizations as it is the most sensitive (due to the
employment of y(?) nonlinearity) and accurate. The disadvantages of SHG
FROG are unintuitive trace, need of phase-matching to achieve second
harmonic generation and ambiguity in the direction of time.

Another FROG version is polarization-gate frequency-resolved op-
tical gating (PG FROG) [262, 263| 271| 272]. In this setup the pulse is split
into two pulses one of which ("probe") is directed through a pair of crossed
polarizers while the other ("gate") propagates through a half-wave plate
which is set to yield 45° linear polarization with respect to the probe pulse
polarization. In medium with third order nonlinear susceptibility the gate
pulse induces birefringence due to Kerr effect so medium starts to act as a
wave plate until the gate pulse is present. As a consequence, the probe
pulse which overlaps with the gate pulse in the medium experiences a
slight rotation of polarization and some light is transmitted through the

second polarizer. Its spectrum is then measured as a function of gate
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pulse delay. Unlike SHG FROG, PG FROG traces are relatively intuitive,
have no ambiguities and are intrinsically phase-matched which is relevant
in case of broadband pulses. The disadvantages of PG FROG are signi-
ticantly lower sensitivity (due to the use of third order nonlinear effect)
and requirement of high quality polarizers (extinction ration at least 107°)
which also limit sensitivity of the measurement and are unavailable in
deep UV spectral region [264].

Self-diffraction frequency-resolved optical gating (SD FROG) [273)
274] also employs Kerr effect: when two beams overlap in a medium
with third order nonlinear optical susceptibility, as a result of interference
between them and Kerr effect, a refractive index diffraction grating is
induced which in turn makes both beams diffract. One of the diffracted
beams can be spectrally resolved as a function of delay which gives the
SD FROG trace. Merits of SD FROG are greater sensitivity to even-order
temporal phase distortions than PG FROG, absence of ambiguities and
most importantly no need of polarizers. The latter advantage enables
measurement of ultrashort pulses in the deep UV where high quality
polarizers are not available [265]. However, self-diffraction requires thin
nonlinear medium (less than 200 um thickness) and small beam overlap
angles. In addition, it is a wavelength dependent phenomenon: when
measuring ultrashort pulses with large bandwidths, distortions can occur.
Furthermore, relatively high pulse energies are required.

A more progressive FROG type is the transient-grating frequency-
resolved optical gating (TG FROG) [264)] 265, 275]. It employs a three
beam geometry: the investigated pulse is split into three pulses. Just as
in SD FROG, two beams overlap in a medium with third order nonlinear
optical susceptibility inducing the refractive index diffraction grating. In
TG FROG the third beam is also overlapped in the medium with induced
diffraction grating and as a result it is diffracted — a fourth (signal) beam
is produced. The signal beam is then spectrally resolved as a function
of delay of one of the other beams. If one of the two beams inducing
refractive index diffraction grating is variably delayed, then mathematical
form of TG FROG trace is the same as SD FROG trace, but if the time
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delay is changed for the third beam, TG FROG trace mathematical form
is identical to PG FROG trace [265]. This type of FROG has several ad-
vantages. Unlike PG FROG, it requires no polarizers, therefore, it can be
used for deep UV pulse measurements. Distinct from SD FROG thick
nonlinear medium and wider angles can be used significantly reducing
scattered light background: TG FROG is considerably more sensitive than
the aforementioned FROG techniques which use third-order nonlinear
media and has no ambiguities. The only drawback is that good spatial
and temporal overlap of the three beams is required [265].

Apart from the discussed traditional types of FROG, numerous
other refined FROG versions were also demonstrated: surface third har-
monic generation FROG (STHG FROG) [276], nonlinear-optical wave-
guide based FROG [277], interferometric FROG (IFROG) [278], cross-
correlation FROG (XFROG) [279] and more. It is also worth mentioning
another FROG-based technique — grating eliminated no-nonsense obser-
vation of ultrafast incident laser light E-fields (GRENOUILLE) which
is a simplified version of FROG [280]. Huge variety of FROG versions
make it a very versatile, operable from UV to mid-IR in single shot or
multi-shot mode, accurate, simple and rigorous technique for character-
izing ultrashort laser pulses [281, 282]. A particularly important feature
of FROG is that one of its versions (XFROG) can be used to characterize

even the most complex pulses — supercontinuum radiation.

1.4.2 Cross-correlation FROG and its application to super-

continuum generation investigation

Cross-correlation FROG (XFROG), first presented by S. Linden with
colleagues in 1998 [279], uses a known reference pulse to characterize
the investigated pulse. Principal experimental setup for XFROG mea-
surements employing sum-frequency generation is shown in Fig[l.16]

Sum-frequency generation XFROG is in principle spectrally resolved
cross-correlation. It is also important to note that other geometries such

as difference-frequency generation XFROG [283] and polarization-gate
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Figure 1.16: Example of experimental sum-frequency generation XFROG setup.

XFROG [284] have also been demonstrated. We can define XFROG trace

as [279]: ,

IxproG (W, T) = ‘/ FEcross(t, 7) exp[—iwt]dt| | (1.38)

where Eqoss 1s the XFROG signal electric field which in case of sum-
frequency XFROG is:

Ecross(t, 7') = Etest(t)Eref(t - 7—)7 (139)

with Eiest(t) being electric field of the unknown pulse and E¢(t — 7) —
electric field of reference pulse. Schematic of XFROG algorithm is depicted
in Fig[1.17] It is very similar to FROG schematic (Fig[I.15), except for the
fact that a constant well-known reference pulse electric field is always
used in the signal field expression.

Initial guess of

E@)
Well-known
Nonlinear-optical constraint: reference
Ecross (t’ T) E— E;mss (ta T) - E;‘mss (ta T) = Elesl (t)Eref (t - 7)4— wa(f)
Inverse Fourier Fourier
transform with transform with
respect to @ respect to ¢

Datz_l. co(nstr)aint:
- a,T )
E cross (a), T) = |Efm:sT1')|v IXFROG (wa T) A ] Em,x; (0), T)

Figure 1.17: Schematic of XFROG algorithm.

XFROG has several advantages over conventional FROG techniques.

Firstly, strong reference pulse amplifies the weak test pulse which allows

74



1.4. Frequency-resolved optical gating and its application to supercontinuum generation investigation

to characterize extremely weak pulses [285] making XFROG much more
sensitive than SHG FROG. Furthermore, XFROG does not require spec-
tral overlap of measured and reference pulses, is much more intuitive
than SHG FROG and, unlike SHG FROG, does not have time ambiguity.
Finally, difference-frequency generation XFROG can be used to avoid
problems related to measurement of UV pulses. The outlined XFROG
properties enable to use it for investigation of complex pulses including
supercontinuum pulses [264].

First supercontinuum XFROG measurement was reported by L. Xu
and colleagues in 2001 [286]. Using a conventional optical fiber and 600 fs
pulses from chirped pulse Er-fiber amplifier they generated supercon-
tinuum in 880 nm — 2400 nm spectral range and managed to perform
sum-frequency generation XFROG measurements. The issue of achieving
extremely broad bandwidth was overcome by applying angle dithering
technique proposed by P. O’Shea and colleagues[287]: by rapidly rotating
the nonlinear crystal within a certain angular range one can achieve in-
tegrated phase-matching for the whole spectral range of supercontinuum
over the signal integration time. The measured spectrum is an aver-
aged value of many single-shot spectra each at different crystal rotation
angles which correspond to phase-matching for distinct spectral com-
ponents of supercontinuum. Later publication by J. Dudley, etc. [288]]
points out that analyzing XFROG traces of supercontinuum generated in
PCF using femtosecond pulses from Ti:sapphire laser helps intuitively
reveal dispersive wave and Raman soliton components, whereas X. Gu
with colleagues [289] hypothesized that the observed fine spectral struc-
ture of supercontinuum may reflect single-shot spectra which cannot be
directly observed due to "washing out" when averaging many spectra.
Subsequent report by Q. Cao, etc. [290] stresses that XFROG analysis
reveals fine temporal structure of supercontinuum which is in good agree-
ment with numerical simulations that are based on the established theory
of supercontinuum generation in PCF. In another paper by A. Efimov
with colleagues [291] XFROG analysis confirmed that additional spectral

broadening during supercontinuum generation is observed due to soliton
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and dispersive wave interaction. Similar conclusions were made in paper
by B. Tsermaa and colleagues [292]. In all mentioned reports after the
tirst publication, femtosecond pulses from Ti:sapphire laser were used for
supercontinuum generation in photonic crystal fiber and angle dithering
method was applied to achieve sufficient phase-matching bandwidth.
It is worth mentioning that XFROG was also employed for investiga-
tion of supercontinuum generation in conventional tapered optical fibers
[293,294]. Finally, first experimental method for single-shot polarization-
gate XFROG was demonstrated recently by T. Wong and colleagues [295].
They adapted the pulse front tilt approach in the reference arm of the
setup which enabled PG XFROG measurements in single shot mode. In
addition, PG XFROG geometry has no phase-matching related problems
which removed the need to use angle dithering.
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Chapter 2

Novel method for estimation of photonic
crystal fiber dispersion by means of super-
continuum generation

Material related to this chapter is published in A2 and presented in C4
and C7.

As discussed in previous chapter, group velocity dispersion (GVD)
is a crucial parameter to know when investigating supercontinuum gener-
ation in photonic crystal fibers since it essentially determines nonlinear
interactions during supercontinuum spectrum formation [21]. Although
there are several methods to determine this parameter for optical fibers
[60-62, 64, 65| 167-70, [72], in case of photonic crystal fibers their drawbacks
prevent them from being widely used for PCF dispersion measurements.

In this chapter a novel group velocity dispersion measurement
technique for photonic crystal fibers based on interplay between nonlinear
and dispersive effects during supercontinuum generation in the PCF will
be presented. After outlining principles of this measurement method and
describing experimental setup, results for two different photonic crystal
fibers will be presented and discussed.

2.1 Principles of the technique

Having in mind the importance of group velocity dispersion to
supercontinuum generation, a question might arise if we can obtain any
quantitative information about GVD of photonic crystal fiber from su-
percontinuum radiation generated in it. At first it seems that numerous
nonlinear phenomena and their complex interaction during supercon-
tinuum formation prevents extraction of any quantitative information
about GVD of the nonlinear medium (PCF). However, there is one charac-
teristic feature of supercontinuum generation to be considered.

As noted in literature review, in case of femtosecond pump pulses

with pump wavelength in anomalous GVD range of the PCF, supercon-
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

tinuum evolution in photonic crystal fiber can be divided into several
stages: initial pump pulse compression into higher order soliton, soliton
tission, dispersive wave generation and simultaneous self-frequency shift
of fundamental solitons [21}, 136, 138, 296]. To demonstrate this, we sim-
ulated supercontinuum evolution along a highly nonlinear PCF using
generalized nonlinear Schrodinger equation (GNLSE) by including effects
of higher-order dispersion and stimulated Raman scattering. Fig[2.T| de-
picts numerical simulation results of supercontinuum evolution in our
polarization-maintaining (PM) PCF for fast polarization mode. The term
"fast" means that group refractive index for this mode is lower than for
orthogonal one. This corresponds to greater group velocity of fast polar-

ization mode. Full description of our numerical simulation model and
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Figure 2.1: Simulated supercontinuum spectrum (left) and pulse (right)
evolution during propagation in our PM PCF for fast polarization mode:
Ap=1030 nm, £,=0.5 nJ, 7(at FWHM)=110 fs, ZDW1(fast mode)=838 nm,
ZDW2(fast mode)=1059 nm. Dashed black line indicates propagation distance at
which essentially all supercontinuum spectrum components are generated.

more comments of the results will be given in chapter 4 of this thesis.
Currently, only the characteristic point of soliton fission is important for
our discussion. Results in Fig[2.T| reflect the well-known fact that soliton
tission point corresponds to extremely fast supercontinuum spectrum

expansion [21]. There are several key moments that we need to point out:

e Soliton fission occurs after very short propagation length in PCF.
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2.1. Principles of the technique

Fission length can be approximated as [236]:

Lp Lp v
L . % —_— —_— 2. 1
fiss ¥ N T\ I PV IGVD] @1

where N is soliton number, Lp = IGTT(?M is dispersive length of the

PCE Ly = %Pp is nonlinear length of the PCF, ~ is the aforemen-
tioned optical fiber nonlinearity coefficient (Eq{1.8), B, — peak power
of the pulse, 7o — duration of the initial pulse. In our numerical simula-
tion results soliton fission occurs after roughly 2.5 cm of propagation,
but at greater pump powers (tens of nanojoules which is a more

realistic case than 0.5 nJ) this distance can be just a few milimeters.

e At fission point spectrum extension is so rapid that practically all
spectral components (except a narrow range around pump wave-
length) of the supercontinuum are created at the same time. The
discrepancy related to spectral components around pump is negli-
gible as soliton fission length is very short compared to the whole

propagation length.

o After soliton fission there is essentially no further spectrum extension.
Of course, this is true only when pump pulse energy is low (of the
order of nanojoules): in such case peak intensity of the ejected fun-
damental solitons and generated dispersive waves is relatively low
which prevents their interaction and further spectrum broadening
[21),136].

It is evident that under certain pump conditions (femtosecond pump
pulses, pump wavelength in the anomalous GVD range of the PCF, pump
pulse energies sufficient to generate supercontinuum but not too high)
we can realize supercontinuum propagation regime when practically all
spectrum components are generated at the same time and after this point
propagation of supercontinuum is determined essentially by the disper-
sion characteristics of the PCFE. We also observed this in our experiment:
PCFs used in experiments "light up" with bright white light just after
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

5 mm of propagation in one PCF and 9 mm of propagation in the other
PCE

Now suppose we use cross-correlation frequency-resolved optical
gating (XFROG) technique to obtain temporal and spectral distribution
of supercontinuum after propagating certain distance in PCF. If we use
sum-frequency generation XFROG, the measured wavelength at certain
delay and corresponding supercontinuum spectral component are related
as follows:

1 1 1

- 1 2.2
)\SC Asum >\ref ( )

where A\qum is sum-frequency wavelength, A\sc — supercontinuum wave-
length and ). — known reference wavelength. A set of all spectra at all
reference pulse delay values is called XFROG trace. This trace can be
approximated by a polynomial:

T =) am (A _JAC) : (2.3)

m=0

here )\ is the average wavelength, a,, — polynomial coefficients and o2 —
variation of wavelengths. The fitted polynomial represents temporal delay
of each wavelength with respect to reference pulse wavelength which can
be related to group refractive index difference between reference and the
measured spectral component:

L L L L

TO) = 0 i = s g = A0, @29

where L is the aforementioned propagation distance (PCF length), vg())
and vg(\f) are group velocities of measured and reference pulses, ng())
and ng(Af) are group refractive indices of measured and reference pulses,
Ang()) is difference of group refractive indices between reference and the
measured wavelengths. An important point is that group refractive index

difference is related to temporal delay as:

T

Ang(N) = 7

(2.5)
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Using Eq2.4 we can express group refractive index for each spectral

component of supercontinuum:

T

ng()‘) = ng()‘ref) + I

= ng(Aref) + Ang(A). (2.6)

Uncertainty limits of Ang at 95 % confidence level can be estimated as:

2
5(Ang) = 2%\/ (T%”) +(5(T)), (2.7)

where §(L) is uncertainty of PCF length (0.5 mm in our measurements)

and 4(7T') is reference pulse duration.
From literature review we recall that dispersion parameter for op-
tical fibers is expressed as:
2mc A d?n

where n is the phase refractive index of PCF which is related to group
refractive index:
dn
ng =n — )\5. (2.9)
Using this expression in Eq and Eq we obtain that gz—;; = —ﬁ% ,
hence relation between dispersion parameter and measured XFROG trace

can be expressed as:
_1dT())
L odx

The uncertainty limits of dispersion measurement at 95 % confidence level

(2.10)
can be estimated as:

2 5\
CENCORICE o)

where §(L) is uncertainty of PCF length and 6 (7)) = & (dZ—(AA)) is the

uncertainty of derivative of temporal delay with respect to wavelength.
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

In general, calculation of function derivative uncertainty is a complicated
task: we calculated ¢ (7)) using method reported in paper by R. Cordero
and P. Roth [297].

Expression in Eq[2.10] relates dispersion parameter of fiber and
experiment data which means that, assuming the aforementioned pump
conditions are met, we can estimate GVD of PCF using supercontinuum

generation and information provided by its XFROG trace.

2.2 Experimental setup

Experimental setup for the measurement is shown in Fig[2.2] Laser

Yb:KGW
oscillator
A2

I DM
BS » I »
A2
BrPol
MN2=—=
XYZ
Stage X.......0
Spectrometer
A eyl : :
BBO | : OB2 :
:XYZ stage: .
L PP —— Motorlzed
translation stage

Figure 2.2: Experimental setup of supercontinuum generation and XFROG
measurement apparatus: BS — beam splitter, A\ /2 — half-wave plate, BrPol —
Brewster type polarizer, OB1 and OB2 - 40x microscope objective, SM — silver
coated mirror, DM — dielectric highly reflective at 1030 nm mirror, PM —
£=50.8 mm parabolic mirror, BBO — 3-barium borate crystal, A —iris diaphragm,
L — f=60 mm lens.
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radiation from mode-locked Yb:KGW oscillator (Flint, Light Conversion
Ltd.), generating \.=1030 nm E,=72 nJ 7=110 fs pulses with 76 MHz repeti-
tion rate, was split into two beams by a 1:3 energy ratio beamsplitter. One
(lower energy) beam was used as pump for supercontinuum generation,
whereas the other (higher energy) beam was used as a reference pulse for
XFROG measurement.

Such pump wavelength (1030 nm) was chosen for SC generation
experiment since it is in the anomalous dispersion region of the PCF and
close to one of the zero GVD wavelengths. It is widely known that pump
wavelength in the anomalous dispersion region, but close to ZDW of the
PCF yields efficient and broadband SC generation [21,136, 38, 296]. More
than that, in this case the PCF is PM and SC spectrum extends through
both ZDWs of the PCF which means that SC generation mechanism is even
more complicated due to the fact the GVD sign changes twice in the region
of SC spectrum formation and there are two orthogonal polarization
modes which each participate in SC generation. This interesting case

might give some additional insight about SC generation mechanism.

x4000 20pm

Figure 2.3: SEM images showing central part cross-section of highly nonlinear
PCFs used in experiments: left — non-birefringent PCF, middle — PM PCF, right —
enlarged core area image with marked principal axes of polarization of PM PCF

and the actual pump polarization direction.

For supercontinuum generation (GVD measurements) we used two
different PCFs:

e 33 cm long highly nonlinear (y = 11(Wkm)~! at 1060 nm) photonic
crystal fiber from NKT Photonics A/S, which for distinction from the
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

other PCF will be referred to as non-birefringent. The ZDW of the
PCF specified by the manufacturer was at 1040+10 nm. and had

core diameter of 4.8+0.2 um. SEM image of this PCF cross-section is

depicted in Fig2.3| (left).

e 33 cm long polarization-maintaining highly nonlinear (y = 97(Wkm) 1
at 780 nm) photonic crystal fiber manufactured by NKT Photonics
A/S. The ZDWs of the PCF specified by the manufacturer were at
800+15 nm and 1085+15 nm. Scanning electron microscope image
of this PCF cross-section and enlarged core area image are shown in
Fig2.3|(middle and right). The PCF had core diameter of 1.8+0.3 um
and average pitch of 1.194+0.3 um. Two larger holes next to the core
are designed to induce birefringence and their orientation indicates
slow and fast principal axes of polarization (Fig[2.3| right). Their
diameter was dj4,4.=0.7987 um, whereas diameter of smaller holes
dsman=0.5751 pm. Coupling efficiency into this PCF was improved
by performing a simple modification to the PCF bare end tips. We
spliced a conventional 105 um core diameter silica fiber (Nufern MM-
5105/125) to both ends of our PCF using a commercially available
fiber fusion splicer. Optical microscope images of modified PCF end
are shown in Fig. The welding process caused collapse of mi-
crostructures at the end of PCE. After welding, both PCF ends were
cleaved at some distance from the microstructure collapsing point.
This distance depends on focusing conditions: in case of 1.8 pm core
diameter it was ~200 um — less than the length of collapsed region
in the PCF itself (this is why in Fig. (a) no welded silica fiber
is visible). This modification slightly changes focusing conditions
allowing more light to be coupled into the PCF. It is also obvious that
such simple modification seals PCF bare ends depriving any dust or

humidity from getting into its microstructures.
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(b)

Figure 2.4: Optical microscope images of modified PCF end: (a) — side view, (b) —
front view.

The input coupling end of PCF was mounted on Thorlabs Nanomax
300D 3-axis translation stage (marked as XYZ stage) and a low group ve-
locity dispersion (GVD) glass 40x microscope objective was used to focus
pump radiation into the PCE. When PM PCF was used, it was oriented in
such a way that pump polarization would be in the intermediate position
(45° angle) between fast and slow principal axes of polarization of the PCF
(Fig. 2.3 right).

For sum-frequency generation we used a 300 pm thick g-barium
borate crystal (BBO) cut at #=30° and ¢=0° for type II phase matching (e-
oe): 1/Asr = 1/Xsc + 1/A1030. Very thin crystal and type II phase matching
were chosen in order to achieve very large sum-frequency phase matching
bandwidth. Supercontinuum and reference (higher energy pump) beams
were focused to the BBO crystal by a 50 mm focal distance aluminium
parabolic mirror. The angle between supercontinuum and reference beam
was ~15.5°. Using a fine tuning delay line we changed time delay of the
reference pulse with respect to the supercontinuum pulse and recorded
spectra of the corresponding sum-frequency spectrum (XFROG signal)
produced during interaction between supercontinuum and pump pulses
in the BBO crystal. This process was automated for faster data acquisition.
Time resolution of the spectrogram was determined by the duration of
reference pulse, whereas the spectral resolution was determined by the
spectrometer (Qmini, "RGB Photonics”) and was 1.3 nm. Any unconverted
pump or supercontinuum radiation transmitted through the BBO crystal
was spatially filtered using an iris diaphragm.
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2.3 Results and discussion

Polarization-maintaining PCF. Spectra of supercontinuum gener-
ated in PM PCF are displayed in Fig[2.5| The spectrum width of generated
supercontinuum exceeded the sensitivity range of a single spectrometer,
so two separate spectrometers (Qmini, RGB Photonics and AvaSpec-NIR256-
2.5, Avantes) were used for registration.
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Figure 2.5: Spectra of supercontinuum generated in PM PCF using maximum
available energy (9.41 n]) pump pulses. Pulse energy was measured after
focusing microscope objective.

It is also important to note that for both spectrometers corresponding spec-
tral sensitivity correction functions were applied to all recorded SC spectra.
Supercontinuum spectrum extends from roughly 450 nm to 1450 nm. As
seen from Fig. the intensity of distinct spectral components differs
by several orders of magnitude which in fact complicates estimation of
exact supercontinuum spectrum limits. In this chapter we focus on GVD
estimation leaving detailed comments on supercontinuum generation
physics to chapter 4 of this doctoral dissertation.

The XFROG trace of this supercontinuum is depicted in Fig[2.6| (left).
The registered sum-frequency spectrum extends from 355 nm to 595 nm.
This corresponds to supercontinuum spectrum from 541 nm to 1408 nm.
Zero delay point was chosen at the point of maximum intensity of 515 nm
wavelength — the second harmonic of pump wavelength. The actual point
of zero delay is not important in our case since only the relative positions

of temporal components are important for the analysis.
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Figure 2.6: Left - measured XFROG trace of supercontinuum generated in our
PCF. Left y axis depicts measured sum-frequency wavelengths, right y axis —
calculated corresponding supercontinuum wavelengths. Right - XFROG trace
with fitted polynomial curves (solid yellow lines). Circles in the trace represent
estimated ZDWs and dashed-dotted lines separate regions of different GVD sign.

As seen from Fig[2.5 and Fig[2.6] (left) the long-wavelength limit
of XFROG trace is practically determined by the long-wavelength limit
of the supercontinuum: spectral components at the very edge of super-
continuum lack sufficient intensity to interact with reference beam via
sum-frequency generation. Unfortunately, short-wavelength limit of the
registered XFROG trace is determined by the spectral sensitivity limit of
our spectrometer (350 nm). The intensity of various spectral components
of XFROG trace differs by up to 3 orders of magnitude which is a reflec-
tion of the aforementioned fact that intensities of distinct supercontinuum
spectral components also differ by several orders of magnitude. It is im-
portant to note that BBO crystal angle for sum-frequency generation was
chosen to yield maximum spectral bandwidth of the XFROG trace. Apart
from the original purpose of XFROG measurement (characterization of
supercontinuum pulse, which will be discussed in chapter 4), XFROG
trace reveals lots of additional information about the nonlinear medium
(PCF).

Firstly, from Fig[2.6] (left) it is obvious that there are actually two
distinct XFROG traces. They are associated with two orthogonal polariza-
tion modes of PCF: refractive index of birefringent PCF for each mode is
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

different, thus light corresponding to distinct polarization modes travels
at different group velocity which is visible in the XFROG trace. To check
this, we reduced energy of pump pulses coming into the PCF to minimum
in order to obtain linear pump pulse propagation regime. Using an addi-
tional \/2 phase plate for pump wavelength which was placed after the
PCF we rotated polarization of output radiation so that only one polariza-
tion mode would satisfy sum-frequency phase matching condition in BBO
crystal and measured XFROG traces in these two different cases. Results,
depicted in Fig2.7] clearly show that at orthogonal A/2 phase plate orient-
ations different parts of the trace have significantly greater intensity. This
proves that XFROG trace depicts two orthogonal polarization modes.

-0.5

Delay (ps)

Figure 2.7: XFROG traces of minimum energy pump radiation coming out of the
PCF for two orthogonal A\/2 phase plate orientations.

Secondly, by fitting polynomial curve on the XFROG trace (Fig2.6|
right) we can estimate GVD of the PCF. We need to note that in fiber
optics GVD is expressed as dispersion parameter D which is related to
GVD via Eq[2.8| so we will use D parameter. In our case (PM PCF) the
analysis of XFROG trace allows to estimate dispersion for each ortho-
gonal polarization mode and the difference of group refractive indices
for each mode. A fifth order polynomial was used to fit each XFROG
trace of polarization modes by picking the delay corresponding to the
highest intensity value of the trace for every wavelength (solid yellow
lines in Fig2.6|right). The fitted polynomials represent relative delay of
each supercontinuum spectral component to reference pulse wavelength
(1030 nm). Dispersion parameter (D) and difference of group refractive
indices is estimated according to Eq[2.10/and Eq[2.5 respectively. Results
are depicted in Fig2.8] Uncertainty of D and Ang at 95% confidence level
is calculated according to Eq2.1TJand Eq[2.7|respectively.
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Figure 2.8: (a) Calculated dispersion parameter (solid line). Circles in figure
depict dispersion data provided by the manufacturer. Dashed lines indicate
uncertainty interval at confidence level of 95%. (b) Ang of orthogonal PCF
modes with respect to group refractive index of slow mode at 1030 nm. "S mode"
and "F mode" indicate D and Ang values for slow and fast axis respectively.

We can see that GVD and refractive indices between orthogonal
polarization modes differ very little. For example, the maximum group
refractive index difference between orthogonal modes is roughly 0.002.
This is a typical value for birefringent PCFs [134]. Absolute uncertainty
of birefringence measurement is roughly < 2 - 1074, so we can claim that
our method can distinguish very small differences of these parameters.
Dispersion data provided by the manufacturer (circles in the left at Fig.
a) are in very good agreement with our measurement results proving
that our assumption about suitability of supercontinuum as means to
estimate GVD is correct. Tiny discrepancies for wavelengths around
pump wavelength are due to the fact that spectral components very close
to pump wavelength are generated before the characteristic extremely
rapid spectrum expansion stage (Fig2.I). However, we need to point
that the manufacturer’s data do not account for different polarization
modes, so we cannot compare distinct dispersion values directly. We can
also notice see that dispersion measurement uncertainty increases more
rapidly at long-wavelength end. We believe this is due to thicker and
greater intensity of XFROG trace at long-wavelength side which means
that during polynomial curve fitting it was more difficult to pick highest
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intensity point from the XFROG trace. Needless to say, the spectral limits
of measurement are defined by the spectral extent of the XFROG trace.

Another important characteristic that we can directly estimate from
XFROG trace (Fig[2.6) or correspondingly from Fig2.8) are the zero GVD
wavelengths. The ZDWs are indicated by the bending points in the
XFROG trace (circles with ZDW inscription in Fig[2.6| right). For slow
mode the ZDWs are at 80742 nm and 1041+7 nm, whereas for fast
mode they are at 838+2 nm and 1059+9 nm. The accuracy of ZDW val-
ues is determined by the uncertainty of dispersion ¢D at corresponding
wavelengths. The fact that ZDWs are different for orthogonal polarization
modes implies that supercontinuum formation dynamics and bandwidths
for orthogonal polarizations are slightly different [201].

Finally, XFROG trace reveals characteristic behaviour of polariz-
ation modes and effective limits of PCF birefringence. As seen from
Fig.6] orthogonal polarization modes are separated in time by more than
1 ps throughout the whole anomalous dispersion region. When GVD
changes from anomalous (D>0) to normal (D<0), temporal distance of
XFROG traces for orthogonal polarizations starts to decrease until the
traces merge. We can interpret these merging points as effective limits of
PCF birefringence. From Fig[2.6|or Fig2.§ we can estimate that our PCF is
birefringent for ~590 nm — 1390 nm wavelengths. We believe that gradual
merging of XFROG traces, meaning that there is no refractive index differ-
ence for orthogonal polarization modes (see Fig[2.6), can be explained by
considering waveguide properties of the PCF. In long-wavelength normal
GVD region the spatial mode size of long-wavelength supercontinuum
spectral components exceeds the core diameter of PCF, so the longer the
wavelength — the greater the size of the spatial mode and the less birefrin-
gent the PCF is. In short-wavelength normal dispersion region the spatial
mode size of short-wavelength supercontinuum spectral components is
less than the core diameter of the PCF, so the shorter the wavelength
is — the smaller is the spatial mode size, the less it is influenced by the
waveguide dispersion of PCF microstructures and the greater is the core

material dispersion contribution to the overall dispersion. Since PCF core
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2.3. Results and discussion

material (fused silica) is not birefringent, XFROG traces of orthogonal
polarization modes merge.
Measurements were repeated with XFROG traces of supercontinuum

generated at several lower pump pulse energy values. Main results are

shown in Fig2.9] Fig and Fig
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Figure 2.9: Measurement results when FE,=5.92 n]. Estimated ZDWs for slow
mode are 814 nm and 1056 nm, for fast mode — 848 nm and 1067 nm.
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Figure 2.10: Measurement results when E,=3.95 n]. Estimated ZDWs for slow
mode are 811 nm and 1076 nm, for fast mode — 848 nm and 1069 nm.
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Figure 2.11: Measurement results when F,=1.97 n]. Estimated ZDWs for slow
mode are 811 nm and 1104 nm, for fast mode — 849 nm and 1070 nm.

Measurements with supercontinuum generated at lower pump pulse en-
ergies revealed that polynomial fitting procedure is increasingly more
complicated due to narrower spectral extent of XFROG trace (and su-
percontinuum) and increasing relative intensity of noise. Therefore, we
believe that measurement in case of maximum supercontinuum pump
pulse energy is the most reliable. Estimated ZDW values (specified in
captions of Fig[2.9] Fig[2.10]and Fig[2.11)) are very similar in almost all
cases except for second ZDW for fast polarization mode which has slightly
broader variation limits: we believe this is the consequence of increasingly
more complicated polynomial fitting procedure at lower pump pulse
energies.

Dispersion parameter calculation results are summarized in Fig[2.12]
It is clear that results for both polarization modes in case of different super-
continuum pump pulse energies are very similar. This indicates that our
assumption about extremely rapid supercontinuum spectrum expansion
is still valid at lower pump pulse energies, thus correct measurement
results can be obtained. Slight discrepancies are visible only at both ends
of dispersion curve. This is related with the aforementioned difficulties
titting polynomial curve on the XFROG trace in case of lower supercon-
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2.3. Results and discussion

tinuum pump pulse energies. Slight discrepancies with manufacturer’s
data are visible around pump wavelength for all supercontinuum pump
energy cases — this is due to the aforementioned fact that spectral compon-
ents very close to pump wavelength are generated before the characteristic
extremely rapid spectrum expansion stage (Fig[2.1). On the other hand, it
is again important to remember that manufacturer’s data do not account
for different polarization modes, we cannot compare distinct dispersion
values directly. However, we can see good quantitative agreement and
that our method enables GVD estimation in significantly broader spectral
range.
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Figure 2.12: Dispersion parameter for fast (left) and slow (right) polarization
modes calculated from XFROG traces of supercontinuum generated at different
pump pulse energies. Red circles represent manufacturer’s data.

Non-birefringent PCF with one ZDW. Now we will analyze meas-
urement results obtained with other (non-birefringent) photonic crystal
tiber with ZDW at 1040+10 nm (specified by the manufacturer). In the
tirst section of this chapter we pointed out that in order to achieve accur-
ate GVD measurement, pump wavelength has to be in the anomalous
GVD range which results in simultaneous generation of practically all
supercontinuum spectrum components. The case we will discuss now is
different as central wavelength of the femtosecond pump pulses (1030 nm)
is close to ZDW of the PCF but is in normal GVD range of the PCF (D<0).
As already discussed in literature review chapter of this thesis, in such
case self-phase modulation of the pulse is mainly responsible for initial
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2. Novel method for estimation of photonic crystal fiber dispersion by means of supercontinuum generation

spectrum broadening and when spectral components of supercontinuum
extend to anomalous GVD range, soliton related dynamics can occur.
The closer to ZDW the pump wavelength (in normal GVD range) is, the
quicker and more efficiently phenomena related to soliton dynamics can
occur as demonstrated in [21]. In what follows we will see how this affects
GVD measurement.

Spectra of generated supercontinuum are displayed in Fig2.13| As
with the previous PCEF, spectrum width of generated SC exceeded the
sensitivity range of a single spectrometer, so two separate spectrometers
(Qmini, "RGB Photonics” and AvaSpec-NIR256-2.5, Avantes) were used for
registration and for both spectrometers corresponding spectral sensitivity
correction functions were applied to all recorded SC spectra. Supercon-
tinuum spectrum extends from roughly 700 nm to 1500 nm. Similarly to
the previous case, intensity of distinct supercontinuum spectral compon-
ents differed by several orders of magnitude which complicates estimation
of exact supercontinuum spectrum limits. It is obvious that supercon-
tinuum spectrum is different from spectrum generated with the previous
PCF which is due to different GVD of the PCF and partly due to lower
nonlinearity ((y = 11(Wkm)~! at 1060 nm).
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Figure 2.13: Spectra of supercontinuum generated in non-birefringent PCF using
maximum available energy (9.41 nJ) pump pulses. Pulse energy was measured
after focusing microscope objective.

The XFROG trace of this supercontinuum at maximum pump en-

ergy is depicted in Fig (left). The registered sum-frequency spectrum
extends from 420 nm to 610 nm. This corresponds to supercontinuum
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2.3. Results and discussion

spectrum from 710 nm to 1500 nm. The long-wavelength limit of XFROG
trace is limited by the spectral extent of supercontinuum, while the short-
wavelength limit is slightly shorter: spectral components at the very edge
of supercontinuum lack sufficient intensity to interact with reference beam
via sum-frequency generation. Zero delay point was chosen at the point of
maximum intensity of 515 nm wavelength — the second harmonic of pump
wavelength. As in the previous analysis, the actual point of zero delay
is not important in our case since only the relative positions of temporal

components are important for the analysis.
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Figure 2.14: Left — measured XFROG trace of the supercontinuum generated in
the other PCF at maximum pump energy (9.41 nJ). Right axis depicts calculated
supercontinuum wavelengths. Right — XFROG trace with fitted polynomial
curve (solid yellow line). Circle in the trace represent estimated ZDW and
dashed-dotted line separates regions of different GVD sign.

GVD estimation procedure in this case is practically the same except
that a fourth order polynomial was used to fit XFROG trace by picking the
delay corresponding to the highest intensity value of the trace for every
wavelength (solid yellow line in Fig2.14| right). The fitted polynomial
represents relative delay of each supercontinuum spectral component to
reference pulse wavelength (1030 nm). Calculated GVD (in the form of
dispersion parameter D) is depicted in Fig2.15| Results show that this
PCF has a single ZDW at 1114+10 nm. Greater uncertainty of polynomial
titting in the long wavelength range is related to greater temporal extent
of the XFROG trace which results in greater polynomial fitting uncertainty
(how accurately the highest intensity point is picked at each delay).
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Figure 2.15: Left — calculated dispersion parameter (solid line). Dashed red lines
indicate uncertainty interval at confidence level of 95%. Right — Ang with respect
to group refractive index at 1030 nm.

Further on, measurements were repeated with XFROG traces of
supercontinuum generated at several lower pump pulse energy values.
The results are summarized in Fig[2.16) where dispersion parameters are
compared among themselves and with manufacturer’s data. We can
see that GVD measurement results are reasonably similar at different
supercontinuum pump pulse energies, but at short-wavelength and long-
wavelength ends there are discrepancies. They are due to the aforemen-
tioned fact that polynomial curve fitting in case of lower pump pulse
energies is more difficult (has higher uncertainty) because of relatively
greater intensity of noise in XFROG trace.

Manufacturer’s data at short-wavelength end is in best agreement
with measurement results obtained at maximum pump pulse energy.
However, in the vicinity of pump wavelength and long-wavelength end,
there are discrepancies. As mentioned before, discrepancy between meas-
urement and manufacturer’s data around pump wavelength is related to
the fact that spectral components very close to pump wavelength are gen-
erated before the characteristic extremely rapid spectrum expansion stage
(Fig.1). Since discrepancy is small, we can claim that when pump wave-
length is close to ZDW of the PCEF, but in normal GVD range, spectrum

quickly extends to anomalous GVD range and assumption of extremely
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2.3. Results and discussion

rapid spectrum broadening is still valid. Larger discrepancy between
measurement and manufacturer’s data in the long-wavelength region
can be explained considering soliton self-frequency shift phenomenon
[122] 242]. Unlike our PM PCF which has a relatively narrow anomalous
GVD spectral range, the second (non-birefringent) PCF has anomalous
GVD range extending outside spectral limits of both our measurements
and manufacturer’s data. As noted in [21, 36], under sufficient pump
pulse energy this enables efficient soliton self-frequency shift towards
longer wavelengths after the point of extremely rapid supercontinuum
spectrum expansion — spectrum evolution in long-wavelength region is
slightly different in long-wavelength edge than depicted in Fig2.T| (top).
In other words this means that our assumption of simultaneous genera-
tion of practically all supercontinuum spectrum components at the point
of rapid supercontinuum spectrum expansion is not strictly valid which

in turn results in lesser accuracy of GVD measurement.
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Figure 2.16: Calculated dispersion parameter from XFROG traces of
supercontinuum generated at different pump pulse energies. Red circles
represent manufacturer’s data.
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2.4 Conclusions

In conclusion, we demonstrated a novel experimental technique for
measuring GVD of PCFs based on cross-correlation frequency-resolved
optical gating (XFROG) trace analysis of a femtosecond supercontinuum
generated in a photonic crystal fiber.

We discussed that this method is feasible due to characteristic fea-
ture of femtosecond supercontinuum generation in PCFs when at cer-
tain conditions essentially all supercontinuum spectrum components are
generated simultaneously at the same time after very short propagation
distance (Fig{2.T). The main conditions to achieve this are related to pump
pulse wavelength and energy. The most rapid supercontinuum spectrum
extension occurs when pump wavelength is in anomalous GVD range
of the PCF [21] 36]. However, our experiments with the second (non-
birefringent) PCF indicated that when pump wavelength is very close to
ZDW, but in normal GVD range, fairly accurate GVD measurement is also
possible: this implies that in this case supercontinuum spectrum extension
at certain point after propagating in PCF is also very rapid. Pump pulse
energy has to be sufficient to generate supercontinuum after very short
propagation distance, but not too high to prevent nonlinear phenomena
that could cause additional spectrum broadening after point of extremely
rapid spectrum expansion. In our measurements this energy is of the
order of several nanojoules.

Experimental results also showed that for PM PCF our experimental
technique is capable of distinguishing GVD of orthogonal polarization
modes, allowing to calculate difference of their group refractive indices
(Ang) with relatively high accuracy (absolute uncertainty < 2-10~*) and
observe complex behaviour of these polarization modes which in turn
allows to identify effective limits of PCF birefringence. To the best of our
knowledge, there are no other experimental methods that can measure
GVD of orthogonal PCF polarization modes simultaneously.

We can also note that our method allows quantitative estimation of
PCF GVD in a very broad spectral range: we were able to measure GVD
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from roughly 540 nm to 1400 nm for PM PCF and from 710 nm to 1500 nm
for other (non-birefringent) PCF. Measurement range is limited by spectral
extent of cross-correlation frequency-resolved optical gating trace which
in principle can cover the entire supercontinuum bandwidth. Beyond
these limits the uncertainty of the measurement becomes unacceptably
high. With reference to the fact that it works with short PCFs, is fast
and not sensitive to environmental conditions, we can claim that this
measurement technique is promising compared to other experimental
photonic crystal fiber GVD measurement methods [60-62, (64-72].
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Chapter 3
Measurement of photonic crystal fiber mo-
de phase refractive index dispersion

Material related to this chapter is published in A4 and presented in C5.

In the previous chapter we presented a new GVD measurement
technique and stressed how this parameter is important for pulse propaga-
tion in optical fiber and supercontinuum generation. On the other hand,
complete information about optical fiber’s mode dispersion is provided
by phase refractive index n(\) which in case of solid-core photonic crystal
fibers is actually an effective refractive index of the microstructured region
[77]. If one could determine phase refractive index dispersion (depend-
ence of n from \) of fiber mode, other related parameters such as group
refractive index dispersion, GVD, etc. could be easily calculated from it —
dispersion properties of the optical fiber mode would be completely char-
acterized. Phase refractive index is related with group refractive index ng
via Eq2.9l One may formally solve this differential equation with respect
to n. The result is:

A A=A M Ang(X)
n(\) = )\—On()\o) - % ng(No) —AA ;‘lg Jax'. (3.1)

0

where )\ is a certain reference wavelength. First term of Eq[3.1]is related
to phase refractive index n(\g) at certain wavelength (1)), second term —
to group refractive index ng()o), third term — to group refractive index
dispersion (GVD). From this it is clear that phase refractive index has
complete information about dispersion of optical fiber mode.

Currently, to the best of our knowledge, no experimental methods
for PCF phase refractive index measurement exist. One method based on
observing two sets of fringes in Michelson interferometer corresponding
to interference between reference arm light and Fresnel reflection from
the front and back surfaces of fiber has been proposed for phase refractive

index estimation for conventional telecommunications optical fibers [73].

100



3.1. Measurement of group refractive index of photonic crystal fiber

However, the experimental implementation of this method is complic-
ated as it requires very careful identification which fringes correspond
to interference between reference arm light and Fresnel reflections from
the front and back surfaces of the fiber and also requires some art of fit-
ting of the experimental results. Moreover, in case of PCF the amount of
back-reflected light is not sufficient for measurement.

In this chapter we will present group refractive index measure-
ment results and a novel method for measuring phase refractive index of
PCF fundamental mode. Using GVD data acquired previously, we then
estimate phase refractive index dispersion of PCF fundamental mode.

3.1 Measurement of group refractive index of pho-

tonic crystal fiber

3.1.1 Experimental setup

To measure group refractive index of photonic crystal fiber funda-
mental mode we used experimental setup shown in Fig[3.1 The whole
setup is essentially an intensity autocorrelator. Laser radiation from
mode-locked Yb:KGW oscillator (Flint, Light Conversion Ltd.), generat-
ing A\=1030 nm E,=72 nJ 7=110 fs pulses with 76 MHz repetition rate, was
split into two pulses by a 1:1 energy ratio beamsplitter. One pulse was
directed to PCF which both ends were mounted on Thorlabs Nanomax 300D
3-axis translation stages (marked as XYZ stage) and a low group velocity
dispersion (GVD) glass 40x microscope objectives were used to focus
pump radiation into the PCF and subsequently collimate outgoing beam.
Further on, the beam is directed to 50 mm focal distance aluminium para-
bolic mirror. It focuses beam coming from PCF together with the second
beam into a 3 mm thick BBO crystal cut at §=22.5° and ¢=90° for type I
phase matching where non-collinear sum-frequency generation occurs.
As in conventional intensity autocorrelator, highest intensity of generated

sum-frequency radiation is achieved when optical path lengths for both
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion
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Figure 3.1: Experimental setup for measuring group refractive index of PCF
mode: BS —beam splitter, A\ /2 — half-wave plate, BrPol — Brewster type polarizer,
OB - 40 x microscope objective, SM — silver coated mirror, DM — dielectric highly

reflective at 1030 nm mirror, PM — parabolic mirror, BBO — $-barium borate

crystal, A —iris diaphragm, L — f=60 mm lens.

pulses are equal. Delay line position corresponding to highest intensity
of sum-frequency radiation can be estimated by visual, observation of
sum-frequency beam intensity on a screen but for greater precision we
used spectrometer (Qmini, "RGB Photonics”) to measure spectrum and
intensity of sum-frequency pulses.

Group refractive index was measured for the same PCFs that we
used for GVD measurement in chapter 2 (page[83)just shorter — both were
13.6 cm long. There are two important facts to note about the PCF. Firstly,
PCF needs to be inserted straight, so that we could assume that optical
path change in this arm is only due to different group refractive index of
PCF compared to that of air. Secondly, intensity of pulses coming into
the PCF must be kept very low to prevent supercontinuum generation
which would significantly distort the temporal profile of the pulse. For
this reason an optical attenuator consisting of half-wave waveplate and
Brewster-type polarizer was used to reduce energy of pulses coming into
PCE. The threshold energy of supercontinuum generation (measured with
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3.1. Measurement of group refractive index of photonic crystal fiber

a power meter) was determined by observing the spectrum of pulses

coming out of the PCFE.

3.1.2 Principle of measurement, results and discussion

The measurement procedure is as follows. Firstly, sum-frequency
generation is achieved without photonic crystal fiber and microscope
objectives. As mentioned, highest intensity of sum-frequency is achieved

when optical paths of both arms are equal:
Loptl = LoptZ = NairLo, (3.2)

where Lopy is optical path length of first arm (without PCF and microscope
objectives), Lop is optical path length of second arm (it can be changed via
delay line), L, is physical length of first arm without PCF and microscope
objectives (which in this case is equal to second arm length) and n,;, is the
refractive index of air.

Secondly, group refractive index of the microscope objectives used
in experiments is estimated. It is important to note that microscope object-
ives are a combination of several different material lenses with possible
air spaces between them so the measured value is actually an effective
group refractive index of the system. By inserting only the two micro-
scope objectives into one arm of the autocorrelator, we change optical path
length of the first arm, so for sum-frequency generation to occur, optical
path length of the second arm needs to be adjusted by a certain length
(ALM) to equalize optical paths of both arms. We can express this in the

following system of equations:

Loptl = nair(LO —2Lgp — L/) + nairLl + 2nob Lob,
LoptZ = Nair(Lo + AL(I))y (3.3)

Loptl = LOpt27

where L, is the physical length of a single microscope objective, L' —

distance between inserted microscope objectives and n is the group
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion

refractive index of microscope objective. From Eq[3.3we get expression
for ngp:

. nairAL(l) + 2nair Lob
B 2Lop ‘

(3.4)

Nob

The measurement uncertainty at 95% confidence level can be estimated

2 2
ong ong
S(ngp) = 2\/(5(AL(1))8A’”LZ)> + (5(Lob)aL bb) : (3.5)

with 6(ALW) being the uncertainty of AL") measurement and 6Ly, — un-

as:

certainty of microscope objective length measurement. During the ex-
periment we determined that AL(=22.05 mm. Length of microscope
objective was L,,=45 mm and refractive index of air was assumed to be
nair=1. Using Eq we calculated that group refractive index of micro-
scope objective at 1030 nm wavelength is n.,=1.245 +0.006.

Finally, the investigated PCF is inserted into the setup (as shown in
FigB.1I). Consequently, optical path length of the second arm needs to be
adjusted by a certain length (AL®) to equalize optical paths of both arms:

Loptt = Nair(Lo — 2Lop — 2L" — Lg) + 2ngie L + 2n0p Lob + ngi L,
LoptZ = nair(Lo + AL(Q))7 (3.6)

Loptl = LOpt27

where " is the distance between microscope objective and PCF, L - length
of PCF and ng¢ — group refractive index of PCF fundamental mode. From
this system of equations ny is:

nairAL(z) + Nair Lg — 2Lob(nob - nair)

Ngf = L ) (37)
and the uncertainty at 95% confidence level can be calculated from:
(2) 87’Lgf 2 6ngf 2
Sngs) =2 ( (AL 538 ) + (8(L0 5 ) +
(3.8)

Ongs 2 Ongs 2 %
+<5<Lob>aTob) +(6(nob)m> :
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3.1. Measurement of group refractive index of photonic crystal fiber

Here §(AL®) is uncertainty of AL measurement, jL¢ — uncertainty of
PCF length measurement and §(n} is uncertainty of microscope objective
group refractive index measurement. From experiment we determined
that for our non-birefringent PCF AL(*)=101.62 mm and the corresponding
photonic crystal fiber group refractive index for the fundamental mode at
1030 nm wavelength is ng=1.585+0.008.

Measurement of PM PCF group refractive index is slightly more
complicated: the BBO crystal used for sum-frequency generation is azi-
muthally rotated by 45° so that we could observe sum-frequency for both
polarization modes simultaneously. Then AL(?) values were measured:
AL®)(fast)=105.324 mm and AL®(slow)=105.63 mm. Corresponding
group refractive indices at 1030 nm wavelength: ng(fast) =1.6123+0.0048
and n(slow)=1.6146+0.0048. The difference between group refractive
indices of orthogonal polarization modes is 0.0023 which is in very good
agreement with value extracted from XFROG trace (0.002).

An important detail is that group refractive index of PCF mode
is specified for the central wavelength of femtosecond pulses we used
in the experiment. This is due to the fact that the measured AL value
corresponds to highest sum-frequency radiation intensity which is the
case when central parts of both temporally matched pulses interact. By
definition, central wavelength corresponds to central part of pulse.

Group refractive index measurement for other wavelengths using
our setup requires tunable wavelength laser source such as optical para-
metric generator. Alternatively, we can use data of group refractive index
difference with respect to ny of 1030 nm wavelength obtained in previous
chapter (Fig[2.8|(b) and Fig2.15right). Calculated group refractive index
dispersion of fundamental mode for both investigated PCFs is depicted

in Fig[3.2]

105



3. Measurement of photonic crystal fiber mode phase refractive index dispersion

1.63 sl ; 1.594 . e .

n, (slow mode)

n, (fast mode)

4 1.592 |

1.615 g 1.588
| \ \
1.61 : \ 1.586
[}
1.605 1 1 il |

] 1.584 ' ' '
600 800 1000 1200 1400 700 900 1100 1300
A (nm) A (nm)

Figure 3.2: Calculated group refractive index dispersion of investigated PCFs:
left — ng of both polarization modes of the PM PCF; right — ng of the
non-birefringent PCF.

3.2 Measurement of phase refractive index of pho-

tonic crystal fiber mode

3.2.1 Experimental setup

Now we will discuss phase refractive index measurement. In case
of photonic crystal fibers simultaneous measurement of mode phase re-
fractive index (which for solid-core PCFs is actually effective refractive
index) is a very complicated task. The main problem is that light needs
to be well coupled into the PCF for the mode to be actually formed oth-
erwise we would measure effective refractive index of something that is
even not well defined due to the light from the cladding of the PCFE. One
problem resulting from this limitation is the need of coupling optics which
refractive index must be taken into account. Classical interferometric
setups used to measure refractive indices, such as Michelson interfero-
meter, cannot be employed because in case of PCF mode phase refractive
index measurement we cannot continuously change PCF length which is
necessary to change optical path difference between interferometer arms.

The idea for measuring phase refractive index of PCF mode is as fol-
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lows. We propose to use Mach-Zehnder interferometer (MZI), Fabry-Perot
(FP) etalon, continuous wave (CW) laser and simultaneously observe the
phase shift of interfering adjacent longitudinal modes of CW laser in MZI
corresponding to shift from constructive to destructive interference. Ex-

perimental setup for measurement is depicted in Fig{3.3] The laser source

03
etalon|
CCD L3

camera

Figure 3.3: Experimental setup for phase refractive index of PCF measurement:
A —iris diaphragm, L1, L2 — lenses, SM — silver coater mirror, GT — Glan-Taylor
polarizer, BS — non-polarizing beamsplitter, M; — broadband dielectric mirror
highly reflective (>99%) at 450 nm — 700 nm spectral range, OB — 40 x microscope
objective, PCF — photonic crystal fiber, MG — matted glass plate, FP etalon —
Fabry-Perot etalon, L3 — f=500 mm imaging lens.

used was a CW red (A=632.816 nm) He-Ne laser (HNL100R-EC, Thorlabs)
which had 10 mW average output power. He-Ne laser cavity length was
485.39 mm (specified by the manufacturer) which corresponded to longit-
udinal mode spacing of 320 MHz (0.427 pm). For a given CW laser source
an appropriate Fabry-Perot etalon should be used to resolve adjacent lon-
gitudinal laser modes and its free spectral range (FSR) needs to be larger
than laser intermodal distance. FSR is a range of wavelengths which can
be measured without overlap of higher order interference mode, it can be
defined as: 2

AFSR = 5 (3.9)

where b is the base of Fabry-Perot etalon.
Laser radiation was guided to a Mach-Zehnder interferometer. In
one arm of MZI we placed the investigated PCF with coupling optics and

in the other arm — a compensator glass plate.
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion

Phase refractive index was measured for the same PCFs that we
used for GVD and group refractive index measurement. Since phase re-
fractive index of PM PCF is slightly different for orthogonal polarization
modes, we need to use polarized light. To polarize radiation coming from
He-Ne laser, we used a Glan-Taylor polarizer which was placed before
Mach-Zehnder interferometer. Polarization direction of laser radiation
was matched with one of PCF principle axes of polarization in the follow-
ing way. We temporarily placed a second crossed Glan-Taylor polarizer
after the PCF and then rotated both Glan-Taylor polarizers (keeping them
crossed) and observed light intensity after the crossed polarizer: when
laser light polarization matches one of PCF principle axes of polarization,
no light is visible after the crossed polarizer. After this was done, ortho-
gonal polarization direction for the second experiment was set by simply
rotating Glan-Taylor polarizer perpendicularly. In case of non-birefringent
PCF there is no need to use polarizers.

To distinguish interference of different longitudinal modes of He-
Ne laser, light coming out of Mach-Zehnder interferometer was directed
to Fabry-Perot etalon (interferometer). The base of Fabry-Perot inter-
terometer was chosen relatively long (40 mm) to achieve sufficient free
spectral range (5 pm) and good resolvable power (1.28 - 10%). A matted
glass plate was placed in front of Fabry-Perot etalon to scatter light which
in turn provided relatively homogeneous light distribution. The interfer-
ence rings coming from Fabry-Perot interferometer were imaged with a
500 mm focal length lens onto CCD camera. A compensating glass plate
was made of fused silica (n.p=1.457 for He-Ne laser wavelength) and was
2 mm thick. It was mounted on a high precision rotation stage which
served as means for fine thickness adjustment. When it is initially set to be
perpendicular to incident beam propagation direction, difference of beam
traveling path through compensating glass plate (ALp) can be calculated

as:
d

Ccos {arcsin (M)]
Nep

ALy = —d, (3.10)
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3.2. Measurement of phase refractive index of photonic crystal fiber mode

where d is thickness of compensator plate and A« is change of compensat-
ing plate rotation angle. The uncertainty of AL, at 95% confidence level

can be defined as:

2 2
§(ALep) = 2\/ (5(d)a§;p> + <6(Aa)gici> , (3.11)

where §(d) is uncertainty of compensating glass plate thickness measure-

ment and §(A«) is uncertainty of its rotation angle.

3.2.2 Principle, results and discussion

Due to presence of several longitudinal modes in He-Ne laser radi-
ation, interference rings observed after Fabry-Perot interferometer have
fine structure: each sub-ring corresponds to different longitudinal mode.
Thus, distinct sub-rings have different interference conditions. The phase
increment for two adjacent longitudinal modes (A\; and X;) in the first arm

of MZI with respect to reference arm can be written as:

2

p1 = [(nob = 1) Lob + (npc—) Lck + (ncp — 1) Lepi | " (3.12)
2
P2 = [(nob - 1)Lob + (nPCF_)LPCF + (ncp — 1)ch2] )\—;T, (313)

where ng, is phase refractive index of microscope objective, npcr — phase
refractive index of PCF mode, np, — phase refractive index of compensat-
ing plate, Ly, Lpcr — length of microscope objective and photonic crystal
fiber respectively, Lcp1, Lep2 — length of beam traveling path through the
compensating glass plate. By adjusting beam traveling path through the
compensating glass plate one may obtain the situation when one of the
interference rings corresponding to particular wavelength \; disappears,
50 ¢(A1, Lep1) = m + 2rm. Meanwhile the adjacent interference rings corres-
ponding to wavelengths A\ = A\; = A) in general remain clearly visible as
(A2, Lep1) # @(A1, Lep1)- Here AN = LCAV , Av = ¢/(2L136er) 1S the CW laser
resonator mode spacing. In a similar manner by adjusting beam traveling

path through the compensating glass plate further one may extinguish
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion

interference ring of the A\, wavelength, so p(\a, Lepz) = 7 + 2mm. It is im-
portant to realize that integer number m in these situations (interference

order) remains unchanged as long as ¢ (A2, Lep) — ¢(A1, Lep) < 27 O

AN

~2 L(npck = 1) Lpcr + (ngb — 1)Lob — (2p — 1) Lep] < 1. (3.14)

By taking into account that AA\/A; 2 < 1 (~ 107%), we may safely ignore
dispersion of all optical elements as long as we consider only laser modes.
In this way we obtain

©1(M1, Lept) = 7+ 2mm,, (3.15)
902(/\27 chZ) =+ 2mm y (316)

By subtracting Eq from Eq we get:

Az — A Lept Lep2
[(nob — 1) Lob + (npcr—) Lpcr] i\z)\l Lt (nep — 1) ( ;T — ;—Z) =0. (3.17)

Due to the aforementioned extremely small longitudinal mode difference
(A2—X1 = AN —0 427 pm), we can also assume that \; ~ Ay = A =632.816 nm,

thus %= ~ £ . In addition, we can substitute Lepy = Lep1 + ALgp —

(L/\ql’l — L;’;z) ch 5+ AL“" which leads to the following expression:

AN AN AL
[(nob — 1) Lgb + (npcr — 1) Lpcr] 2 = —(nep — 1) lLva + Tp] . (3.18)

If the term (nop — 1)Ly, is not known in advance, there are a couple options
to eliminate it. First of all, we may try to monitor all interference rings of
Fabry-Perot etalon corresponding to different laser wavelengths to obtain
a set of equations ¢(\, L)) = 7+ 27mm, [ = 1,..., N. When the number
of rings N > 3, then we can determine npcp. However, this method
requires FP etalon with high spectral resolving power and ultra-high
precision phase tuning device. Alternatively, we can repeat measurements

by monitoring only adjacent interference rings but using different length
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3.2. Measurement of phase refractive index of photonic crystal fiber mode

(Lpcro) fiber. We can then write the following system of equations:

{ [(nob — 1) Lob + (nece — 1)Lecr] 5 = —(ngp — 1) [Lep3* + ALy (3.19)

[(nob — 1) Lob + (npce — 1) Lpcra] 52 = —(nep — 1) [Lep 2 + ALepa]

where ALy and AL, are differences of beam traveling path through
compensating glass plate for respective PCF lengths. By subtracting lower
equation from the upper we arrive to the expression of phase refractive
index of PCF mode:

(ncp - 1)(ALCp2 — Achl) A

n =1+ —_— 3.20
PCE Lpcr1 — Lrcr2 AN (3:20)

The uncertainty of phase refractive index measurement at 95% confidence
level can be defined as:

2 2
d(npcr) = 2 ((&Achl)éag—Ef;) t (5<ALCPZ)68£E$;) +
(3.21)

2 2 \*
+(5(AN) FEsE) +(5(LPCF1)§£§§§1) +(5(LPCF2)§E§§§Z)> '

Here §(ALqp1) and 0(ALpz) are uncertainties of ALq, measurement for re-
spective PCF lengths, 5(A)) — uncertainty of intermodal distance between
longitudinal modes which, as specified by the manufacturer, is 2 - 10717 m
and 6(ALpcr1), 6(ALpcpy) are uncertainties of A Lpcg measurement.

As already mentioned, in case of PM PCF separate AL, measure-
ments have to be performed for each orthogonal light polarization direc-
tion to obtain phase refractive index values for slow and fast polarization
modes.

Example of recorded interference rings (their partial images) corres-
ponding to phase shift between constructive and destructive interference
of adjacent longitudinal laser modes is depicted in Fig{3.4/(a, b). From
experimental images we can clearly see changes in interference rings cor-
responding to adjacent longitudinal laser modes intensity. Experimental
observations are in very good agreement compared to numerically sim-

ulated simplified (it includes only three strongest intensity longitudinal
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion

x (mm)

Figure 3.4: Example of experimentally recorded interference images and
corresponding numerical simulation results: (a) and (b) — recorded interference
ring partial images corresponding to phase shift between constructive and
destructive interference of adjacent longitudinal laser modes; (c) and (d) —
numerically simulated simplified partial view of interference rings for the
corresponding phase shift of the same adjacent longitudinal laser modes.

modes to make interpretation simpler) partial view of interference rings
shown in aggregated view in Fig[3.4/(c, d). The main difference between
experiment and numerical simulations is notably lower contrast of experi-
mental images, which is due to slightly inhomogeneous distribution of
light coming into Fabry-Perot etalon and stray light.

We performed measurements with 14.5 cm and 37.1 cm long polari-
zation-maintaining PCFs and also with 12.1 cm and 44.8 ¢cm long non-
birefringent PCFs. Estimated phase refractive index for PM PCF polariza-
tion modes are: npcg(fast)=1.4393+0.0007 and npcg(slow)=1.4376+0.0007.
For non-birefringent PCF the estimated phase refractive index of funda-
mental mode is npcp=1.4244+0.0007. It is worth to note that for group
refractive indices the inequality is opposite, i.e. ng(slow) > ng( fast).

We also performed numerical simulations of PCF fundamental
mode phase refractive index. To numerically estimate phase refractive
index we employ full-vector model and numerically solve the follow-
ing equation for electric field E; = (E,, E,) and mode refractive indices
N = \/€m -

ALE; + k%e By 4+ Vi(Viln(e) - Ey) = e By, (3.22)
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3.2. Measurement of phase refractive index of photonic crystal fiber mode

where ¢ = ¢(z,y) is the dielectric permittivity of the PCF and k& = 27/ is
wavenumber. Numerically simulated phase refractive index values are:
niast=1.4397 and ng)o,,=1.4396 for PM PCF and n=1.44 for non-birefringent
PCF at 632.8 nm. Numerically simulated phase refractive index values are
in good agreement with experimentally measured ones.

If a suitable CW tunable wavelength laser source is used, the demon-
strated principles can be used to measure PCF mode phase refractive index
for various wavelengths (limited by laser source wavelength tunability)
— phase refractive index of PCF mode dispersion can be estimated. On
the other hand, with reference to Eq[3.1, we can use GVD data from our
previous measurements (chapter 2) and measured group refractive index
data to estimate phase refractive index of PCF mode dispersion. Results
are depicted in Fig[3.5] It is essential to note that displayed results were

calculated from experimentally obtained data. The results show that in

1.50 T T T T T

n(fast mode)
n(slow mode) |

1.44F T T T ]

600 800 1000 1200 1400 600 800 1000 1200 1400
A (nm) A (nm)

Figure 3.5: Calculated phase refractive index dispersion of investigated PCFs:
left — for PM PCF; right — for non-birefringent PCF.

both PCFs phase refractive index decreases with wavelength. This is due
to the fact mode field diameter in both PCFs increases with wavelength
and exceeds the core diameter which means for longer wavelengths air
microstructures surrounding the core have greater influence to the fiber’s
waveguiding properties, hence, the phase refractive index (which, as
mentioned, for solid-core PCFs is actually effective refractive index [77])
decreases.
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3. Measurement of photonic crystal fiber mode phase refractive index dispersion

3.3 Conclusions

In conclusion, we have demonstrated, to the best of our knowledge,
the first experimental technique for measuring phase refractive index
of photonic crystal fiber mode. It is based on observing phase shift of
interfering adjacent longitudinal modes of CW laser and measuring the
change of compensating plate rotation angle (Aa) which had to be applied
to observe a single shift from constructive to destructive interference.

We discussed that for correct measurement, phase shift within the
same interference order needs to be observed — condition defined by
Eq[B.14must be satisfied. We showed that with sufficiently fine control
of beam path length through compensating glass plate in case of PM
PCF this technique can distinguish phase refractive indices of orthogonal
polarization modes. In principle, the presented technique can be applied
to measure refractive index of any optical element.

We also experimentally measured group refractive index of funda-
mental mode for the investigated PCFs and, using GVD measurement
data from previous chapter, calculated group refractive index dispersion
(FigB.2).

Finally, using GVD measurement data and measured group refract-
ive index data, we calculated phase refractive index dispersion of PCF
mode (Fig[3.5). Such approach which uses only experimental data is a
good alternative to experimental phase refractive index dispersion meas-
urement (employing the presented technique) with a tunable wavelength
laser source.

Straightforward experimental implementation and relatively high
accuracy make the demonstrated technique a promising alternative to

theoretical PCF mode phase refractive index estimation.
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Chapter 4

Investigation of supercontinuum genera-
tion in polarization-maintaining photon-
ic crystal fiber in case of chirped femto-
second pulses

Material related to this chapter is published in A3 and AP2, presented
in C3 and Ce.

As discussed in literature review chapter of this thesis, supercon-
tinuum generation strongly depends on both photonic crystal fiber and
pump pulse parameters. Although a lot of research about the influence
of various pump pulse parameters on supercontinuum characteristics
has been done [21], the use of chirped femtosecond pulses as a pump for
supercontinuum generation has been investigated in just a few papers
and almost all research is theoretical [39-48]. Since the amount and sign
of chirp applied to pump pulses can be controlled by using certain optical
elements (such as a pair of diffraction gratings or dispersive prisms), this
can be used to achieve control of supercontinuum spectrum in real time
which can be advantageous in certain applications.

In this chapter we present investigation of supercontinuum genera-
tion in highly nonlinear polarization-maintaining photonic crystal fiber
with two ZDWs using chirped femtosecond pulses. For analysis we em-
ploy numerical simulation model and XFROG technique: the temporal
characteristic of supercontinuum pulse provided by XFROG analysis
gives much more insight than can be gained by observing only changes
in supercontinuum spectrum. Firstly, we briefly describe our numerical
simulation model that we used during investigation. Secondly, we discuss
important features of XFROG analysis and discuss physics of supercon-
tinuum generation in our polarization maintaining PCF with two ZDWs
when pump pulses are bandwidth-limited. The outlined principles of
supercontinuum formation are a good reference point during subsequent

analysis. Finally, experimental setup and results of supercontinuum gen-
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eration investigation in case of chirped pump pulses are presented and
discussed.

4.1 Numerical simulation model

For numerical simulation we assume, as the most popular approach,
that only fundamental orthogonal polarization PCF modes interact with
each other. The measured GVD data of our PCF is used for numerical
simulations. In such case the generation of supercontinuum in polariz-
ation maintaining PCF is simulated by the set of generalized nonlinear
Schrodinger equations for "slow" and "fast" fundamental modes only.
Where it is appropriate, we use subscripts S and F for "slow" and "fast"
modes correspondingly. The equations of nonlinear interaction take the

following form:

a8 . . . i

8_,25 = —i(fs — o) Ss — is / dt'e ™™ Ag(t) Le(t') (4.1)
OSp Ve i | dte i A (VL1 4.2
E_—@(ﬁlz—ﬁo) F — UVF B (& F()e( )7 ()

where 4; is the electric field strength amplitude, S; — spectral amplitude
related to A; by the Fourier transform, B — wavenumber and v; is the

coefficient of nonlinear interaction of the mode j defined as:

j=S,F. (4.3)
Modes are coupled through the effective intensity:

Te(t) = (1 — JR)I() + fr /0 gr(r)I(t — 7)dr . (4.4)

I(t) = [As(t)]* + [Ap(D) . (4.5)

The reference wavenumber fj in principle can be associated either with

slow or fast mode, but in our case it is slightly more convenient to define
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4.2. Supercontinuum generation in case of bandwidth-limited femtosecond pump pulses

it as follows:
. d d
Bo = % (As(wo) + Br(wo)) +% ((%)wo + (%)w()) Q, Q=w-uwp. (4.6)

GNLSE takes into account Kerr nonlinearity and stimulated Raman scat-
tering which is described by the response function which we define as:
_ 712 + 722

gr(T) = 52 sin(t/m)e /™ 4.7)

D)

where we use typical values fg = 0.18, 7 = 12.2 fs, 75 = 32 fs [21]. In this
numerical simulation model chirp of pump pulse is accounted for through
initial conditions when amplitude of the pulse is defined:

2
Ai(t) = Agexp H—2(1 + iF)} . j=S,F. (4.8)
0

here T' is the chirp parameter. I'=0 corresponds to the case of bandwidth-

limited pulse.

4.2 Supercontinuum generation in case of band-

width-limited femtosecond pump pulses

In chapter 2 we demonstrated that XFROG trace of supercontinuum
generated in photonic crystal fiber can yield lots of additional information
about the fiber itself. In this section we perform analysis of supercon-
tinuum XFROG traces generated in PM PCF to obtain temporal character-

istic and use it to describe physics of supercontinuum generation in our
PM PCF with two ZDWs.

4.2.1 Reference pulse FROG analysis

XFROG analysis requires a well-known reference pulse electric field

information. As noted in chapter 2, the reference pulse was a higher

117



4. Investigation of supercontinuum generation in polarization-maintaining photonic crystal fiber in case of chirped
femtosecond pulses

energy copy of the same pulse used for supercontinuum generation. Ref-
erence pulse electric field information was obtained by performing FROG
measurement of pump pulses. Experimental setup for this measurement
is very similar to XFROG measurement (Fig[2.2) only there is no PCE,
coupling optics (microscope objectives) and a different BBO crystal is
used (3 mm thick BBO crystal cut at §=22.5° and ¢=90° for type I phase
matching). For FROG analysis we used "FROG" software (version 3.2.4,
Femtosoft). Main results of reference pulse FROG analysis are shown in

Figlt.Tand Fig[.2|
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Figure 4.1: Measured (left) and retrieved (right) FROG traces of reference pulse.
Left axis in each picture depicts measured sum-frequency wavelengths, right
axis — calculated corresponding reference pulse wavelength.
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Figure 4.2: Retrieved electric field intensity as a function of time (left) and
wavelength (middle); right — independently measured spectrum of the reference
pulse.

We can clearly see that measured and retrieved FROG traces are in
excellent agreement. Pulse duration (at FWHM) estimated from FROG
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4.2. Supercontinuum generation in case of bandwidth-limited femtosecond pump pulses

analysis is 110.12 fs essentially matches pump pulse duration (110 fs at
FWHM) measured with a commercial scanning autocorrelator (Geco, Light
Conversion Ltd.). The same can be said comparing retrieved spectrum
with independently measured reference pulse spectrum (Figi4.2] right),
therefore we can claim in confidence that reference pulse FROG analysis

data are reliable.

4.2.2 Additional considerations regarding supercontinuum
XFROG analysis

Before going into XFROG analysis of supercontinuum generated in
PCF in case of bandwidth-limited pump pulses there are several issues
regarding XFROG traces that need to be resolved in order to obtain reliable
results.

Firstly, GDD of microscope objective used to focus pump beam into
PCF (Fig[2.2) has to be determined and compensated since it also adds
some positive chirp to pump pulse. GDD of other optical components
that pump pulse passes is assumed to be negligible compared to that
of microscope objective. We estimated GDD of microscope objective

performing a simple experiment which setup is depicted in Figi4.3]

Autocorrelator

Yb:KGW
oscillator

Figure 4.3: Experimental setup for determining pulse chirp gained when
passing microscope objective.

We measured duration of pulses used to as pump in supercon-
tinuum generation when they passed two identical microscope objectives
which were used for light coupling/decoupling into PCFE. Results indic-
ated that 110 fs duration (at FWHM) pulses were stretched to 120 fs after
passing both microscope objectives. Using pulse dispersive spreading
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femtosecond pulses
2
L
T=104/1+ <—Ob ) , (4.9)
Lobp

where 7 is initial pulse duration, L, is the length of microscope objective

formula

glass and L,p is the dispersive length for microscope objective glass

defined as:

2
70

we calculated that after passing only one microscope objective the pulse
stretches to 112.6 fs. This corresponds to ~954 fs? chirp added by the
microscope objective.

The extra GDD added by microscope objective was compensated
using a pair of SF11 glass dispersive prisms which were placed before
the focusing microscope objective (in setup depicted in Fig2.2). The
prisms were set to Brewster angle of incidence for pump wavelength
(Ap =1030 nm) to minimize reflection losses: maximum available pump
pulse energy when using dispersive prism pair was 8.61 nJ. The beam was
directed to pass the prisms twice to compensate for spatial chirp which
occurs after passing through the prism pair. Amount of GDD after double
pass through a pair of dispersive prisms depends on the prism material
dispersion component (positive) and the angular dispersion component
(negative) [298] and can be defined as:

ML P A\ (dn\
272 d)\2 mc2 \d\ )’

where L is overall optical beam path length in the prisms, I, is the distance
between the prisms and n is the refractive index of prism glass. In our
case GDD compensating values of L and [, were 11.46 mm and 160.6 mm
respectively.

Second issue is related to large spectral extent supercontinuum
XFROG trace and its complexity. Maximum grid size (the field of delay
and frequency values that satisfy the Fourier transform relationship) of

"FROG" software (version 3.2.4, Femtosoft) was too small for supercon-
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4.2. Supercontinuum generation in case of bandwidth-limited femtosecond pump pulses

tinuum XFROG trace which resulted in truncation of the trace during
analysis. Therefore, a new XFROG analysis program (as Matlab code)
using iterative Fourier transform algorithm with generalized projections
was written which uses dynamic frequency sampling intervals allowing
to avoid trace truncation.

Finally, apart from applying spectrometer sensitivity correction
functions, intensities of measured XFROG traces have to be additionally
corrected accounting for the different phase-matching efficiency of sum-
frequency generation for distinct spectral components of supercontinuum
[287,289]. We have performed such intensity correction accounting for
different phase matching efficiency due to phase mismatch: our current
geometry yielded perfect phase matching for 790 nm wavelength, so
correction was made with respect to this wavelength. Accuracy of the cor-
rection was checked by comparing independently measured and retrieved
from XFROG analysis supercontinuum spectra (Figl4.4). We can clearly
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Figure 4.4: Top row: independently measured supercontinuum spectra. Bottom
left: retrieved supercontinuum spectrum when phase matching efficiency
correction was applied to XFROG trace; bottom right: retrieved supercontinuum
spectrum when correction was not applied. Dashed red and blue lines mark
characteristic features of spectra to alleviate comparison.
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see that applying phase matching efficiency correction yields reasonable
qualitative agreement between independently measured and retrieved
supercontinuum spectra. It is considerably better than in case when phase
matching efficiency correction was not applied. The accuracy of correc-
tion is limited since we used plane wave approximation sum-frequency
efficiency formula and in ideal case correction would also have to account
for second order nonlinear optical susceptibility dispersion. More import-
antly, the comparison is delicate as independent spectrum measurement
had to be performed with two different spectrometers which had distinct
dynamic ranges and the retrieved supercontinuum spectrum actually de-
picts single-shot spectrum while independently measured spectra depict
averaged over 76000 shots (1 ms integration time of the spectrometer) spec-
trum. This might be one of the reasons why retrieved supercontinuum
spectrum exhibits fine structure which is not visible in independently
measured spectra [264, 289, 292].

4.2.3 Results and discussion

After resolving issues outlined in the previous subsection we can
now move to results and their discussion. Fig/4.5shows XFROG analysis
results of supercontinuum generated in PCF in case of bandwidth-limited
maximum energy (8.61 nJ) pump pulses. Zero delay point in XFROG trace
and retrieved temporal intensity was chosen at the point of maximum
intensity of 515 nm wavelength, but the actual point of zero delay is not
important for the analysis because only relative positions of temporal
components matter. We can highlight several features of the depicted
results:

e The measured and retrieved XFROG traces are in very good agree-
ment which is an indication of convergence of the retrieved electric
field. Yet, the retrieved XFROG trace has a pattern of small slightly
varying size dots. This has been observed in other reports as well
[289,294]. We believe that this is an artefact from XFROG algorithm

which appears during Fourier transform of extremely broad spectral
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Figure 4.5: XFROG analysis results in case of maximum energy pump pulses:
measured (top left) and retrieved (top right) XFROG traces; retrieved temporal
(bottom left) and spectral intensity (bottom right). Left axis in top figures depicts

measured sum-frequency wavelengths, right axis — calculated corresponding

supercontinuum wavelengths.

bandwidth of the analyzed trace. This would explain why such effect
is not visible in reference pulse FROG trace.

e Retrieved supercontinuum spectrum has roughly the same shape as
the independently measured one (see Figl.4)top), but exhibits fine-
scale structure. One possible explanation of this is that the retrieved
supercontinuum spectrum depicts is single-shot while the independ-
ently measured spectra are actually averaged over 76000 shots. Slight
variations of supercontinuum pulse from shot to shot may wash out
fine structure in the averaged spectrum as suggested in [289]. An-
other possible reason may be the aforementioned XFROG algorithm
artefact due to Fourier transform of ultrabroadband spectrum.

e We can clearly see that orthogonal polarization modes produce
slightly different supercontinuum spectrum. Although XFROG ana-
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lysis algorithm retrieves aggregated spectrum, it is directly visible in
the XFROG trace.

e Temporal structure of supercontinuum has two relatively narrow
high amplitude features which have fine-scale structure and many
lower amplitude broader features. With reference to chapter 1 of
this thesis we can claim that two sharp peaks correspond to ortho-
gonal polarization solitons and low amplitude features are dispersive
waves. Most importantly, we can see from XFROG trace that dis-
persive waves correspond to short-wavelength and long-wavelength
spectrum components. This is directly related to GVD of the PCF

(Fig2T2)

Additional information about supercontinuum is provided by nu-
merical simulation results. The first and the most interesting result, which
concurs which XFROG measurement results, is that orthogonal polariza-
tion modes produce slightly different supercontinua (Fig[4.6(b)), which is
the consequence of different PCF GVD for the orthogonal modes. It is also
obvious that the calculated aggregated spectrum is somewhat different
from experimental ones (Figl.6{(a)). It is possible in principle to match
characteristic peaks observed experimentally (denoted with numbers 1-5)
with corresponding peaks either of slow or fast mode. Indeed, the peaks 3-
5 can be associated with both orthogonal polarization modes while peaks
1 and 2 should be attributed to the fast mode only. The ~100 nm difference
in the long-wavelength wing of the SC spectrum seen comparing Fig/4.6(a)
and (b) is due to the fact that our numerical simulation model does not
accurately account losses in the PCFE. Therefore, theoretical SC spectrum
is wider compared to experimental one even though lower pump pulse
energies were used in simulation. Unfortunately, we could not reliably

estimate the spectral distribution of losses in our PCE.
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Figure 4.6: Supercontinua generated in PCF in case of bandwidth-limited pump
pulses: (a) — spectra obtained experimentally which were measured with
different spectrometers; (b)- numerically simulated spectra with initial

parameters 75

= 7 =110 fs at FWHM, Es = Ey =0.5nJ, L=33 cm.

More important information can be gained from simulated super-
continuum temporal intensity evolution (Fig/4.7). It is obvious that tem-

poral structure for

orthogonal supercontinua is also slightly different

which is a result of different PCF GVD. Evolution of initial pulse for both
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Figure 4.7: Evolution of supercontinuum temporal intensity during propagation
in our PCF: left — fast polarization mode, right — slow polarization mode.

polarization modes is very similar. At first few centimeters of propagation
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due to anomalous GVD of the PCF a soliton is formed. This is followed
by fission into fundamental solitons (relatively high amplitude narrow
peaks) accompanied by emission of dispersive waves (low amplitude
broad features). Numerical simulation shows that absolute majority of
dispersive waves are generated at point of soliton fission which corres-
ponds to point of extremely rapid supercontinuum spectrum extension as
is visible from Fig[2.1] (left). One can also see that in numerical simulations
tission occurs after roughly 3 cm of propagation, however, we observed
experimentally (measuring distance of propagation after which the PCF
"lights up") that this fission point which corresponds to extremely rapid
spectrum extension (see Fig[2.1) occurs after 5 mm of propagation. This
discrepancy is most likely due to different (lower) pump pulse energy
used in numerical simulations. Further on, due to GVD of the PCF tem-
poral distance between solitons and dispersive waves increases. This is
also accompanied by spread dispersive waves in time. We can notice that
fundamental solitons appearing after fission are ahead of time with respect
to initial pump pulse. With reference to group refractive index profile of
our PCF (Fig[3.2]left), this indicates that their wavelength is longer than
pump pulse wavelength: we can explain this by soliton self-frequency
shift which occurs towards longer wavelengths. However, in this case
soliton self-frequency shift is weak: pump wavelength is close to one of
the ZDWs of the PCF so the shift is very small because it can only occur
in anomalous GVD range [21}, 242]. Furthermore, it is clearly visible that
dispersive waves are radiated in both directions of time. From XFROG
analysis results (Fig/4.5) we can relate trailing (with respect to solitons)
dispersive waves with short wavelength supercontinuum spectral com-
ponents while leading dispersive waves correspond to long-wavelength
spectral components. The further is the spectral component from zero time
point (initial pump pulse temporal position), the greater is the wavelength
difference between pump and the spectral component. Such results reflect
the fact that our PCF has two ZDWs and supercontinuum spectrum is ex-
tended not only in anomalous GVD region (related to soliton generation)
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but also into both normal GVD regions where dispersive wave generation
manifests itself. During final stage of temporal evolution there are no
noticeable effects in supercontinuum temporal evolution which is also
reflected in numerically simulated supercontinuum spectrum evolution
(fig2.1]1eft) in a sense that it clearly shows that essentially no additional
supercontinuum spectral components are generated after point of soliton
tission: only small scale redistribution of spectral intensity is observed at
distinct wavelengths.

Numerical simulation results of pulse evolution support our claim
that temporal structure of supercontinuum obtained from XFROG ana-
lysis (Figl4.6) bottom left) depicts solitons and dispersive waves of two
orthogonal polarization modes. Discrepancies that are visible while com-
paring experiment and numerical simulation results might be due to
several reasons: 1) XFROG analysis shows overall temporal structure of
supercontinuum while numerical simulation provides information about
distinct polarization mode pulse evolution so they cannot be compared
directly; 2) XFROG trace short-wavelength part is limited by spectrometer
spectral sensitivity range, so analysis results reveals limited information
of supercontinuum pulse temporal structure; 3) we could not estimate
PCF losses reliably, thus there might be discrepancies. Nevertheless, nu-
merical simulation results provide a good qualitative representation of
supercontinuum temporal evolution.

For additional insight, we performed XFROG analysis of traces
obtained using several lower pump pulse energies and measured su-
percontinuum spectrum dependence on pump pulse energy in case of
bandwidth-limited pump pulses. Fig{4.§ shows XFROG analysis results
at several different pump pulse energies. Compared to XFROG analysis
results in the case of maximum available pump pulse energy there are
several things to note. Firstly, all retrieved XFROG traces are in very good
agreement with the corresponding measured one. Furthermore, they all
have a pattern of small slightly varying size dots. This supports our previ-
ous claim that this is probably an artefact from XFROG algorithm. Second

important feature is that lesser extension of retrieved spectral intensity,
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Figure 4.8: XFROG analysis results in case of lower energy pump pulses: (a) —

3.94nJ, (b) - 0

.5 1], (c) - 0.13 nJ energy pump pulses. Top left figure of each block

depicts measured XFROG trace; top right — retrieved XFROG trace; bottom left —
retrieved temporal intensity; bottom right — retrieved spectral intensity.
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observed at lowest pump energies, corresponds to weaker dispersive
waves. When pump pulse energy is 0.13 nJ (Fig[.9|c), almost entire su-
percontinuum spectrum is in anomalous GVD region and its extension
is related to soliton fission [21]: we can see several peaks in retrieved
temporal intensity. A very low amplitude dispersive wave is still visible
around -2000 fs temporal position which corresponds to long-wavelength
spectral components at normal GVD region.

Fig[4.9 shows independently measured supercontinuum spectrum

dependence on pump pulse energy. With reference to XFROG analysis
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Figure 4.9: Supercontinuum dependence on bandwidth-limited pump pulse
energy: (a) registered using VIS/NIR range spectrometer and (b) registered
using IR spectrometer. Dashed white lines depict ZDWs for slow polarization
mode while black dashed lines — ZDWs for fast polarization mode.

data (Fig/4.5/and Fig[4.8) and numerical simulation results (Fig[2.1] Fig 4.6
and Fig{4.7) we can describe physics behind evolution of supercontinuum

spectrum in our highly nonlinear PM PCF with two ZDWs when in-
creasing pump power. At lowest pump energies (0.06-0.1 nJ) spectrum
broadens around the pump wavelength due to self-phase modulation and
towards the IR due to soliton self-frequency shift phenomena and dis-
persive wave generation. As mentioned, pump wavelength is relatively
close to second ZDW of the PCF, so soliton self-frequency shift is very
limited since it can only occur in anomalous GVD range where solitons
are formed. Spectrum extension beyond anomalous GVD range into the

IR due to dispersive wave generation is weak as pump pulse energy at
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this stage is low. For higher pump pulse energies (0.1-2.5 nJ) spectrum
broadening is stronger due to increased role of dispersive wave generation
and stronger soliton fission-related effects in supercontinuum formation:
higher pump pulse energy means higher order of initially formed soliton
(see Eq, moreover, characteristic soliton fission length decreases with
increasing pump power (~1/v/F)[21}, 296]. Enhancement of dispersive
wave generation when pump pulse energy is increased is related to the
fact that dispersive wave phase matching condition includes peak power
of soliton (EqJI.28): when more and higher peak power fundamental
solitons are formed at fission point, more different frequency dispersive
waves can be generated which in turn results in additional spectrum
broadening. We can see spectral components generated in the visible part
of spectrum around 694 nm and in IR part of supercontinuum spectrum
a peak around 1300 nm wavelength. We think the peak forms mainly
due to four wave-mixing process: we calculated that group velocities for
wavelengths at 1279.4,,) + 694(fast) = 899.8(510w) + 899.8(5100) INteraction
are equal and their coherence length is L. = 2.82 cm. Such relatively long
L. results in efficient four-wave mixing producing a peak around 1300 nm.
Notice that not all interacting wavelengths are of the same polarization
mode. This proves our assumption that orthogonal polarization mode in-
teract during supercontinuum formation. For even higher pump energies
(2.5-8.61 nJ) enhanced self-phase modulation, dispersive wave radiation
together with the aforementioned nonlinear processes cause additional
extension of supercontinuum bandwidth. We can also notice additional
peaks emerging in the visible range. These can be attributed to enhanced
dispersive wave radiation as suggested in [146, [147]. At this energy range
the increase of spectrum bandwidth is small and mainly in the short wave-
length limit of supercontinuum. This can be explained with reference to
group refractive index dispersion (Fig[3.2|left) and remembering dispers-
ive wave phase matching condition (Eq/I.28) which includes peak power
of soliton and group velocites of soliton and dispersive wave. The greater
is the peak power of soliton, the higher is the frequency of dispersive
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wave, however, group refractive index difference between wavelengths
in anomalous dispersion range and those further in the VIS and IR range
grows with increasing/decreasing wavelengths (see Fig[3.2) which im-
poses phase-matching limitations [21}, 36, 296]. Another supercontinuum
bandwidth limitation comes from quickly growing PCF losses for very
short (<400 nm) wavelengths and distinct increased loss peaks in long
wavelength region (>1600 nm). Finally, it is essential to remind that due
to birefringence of our PCF supercontinuum generation is even more com-
plicated as orthogonal polarization modes form distinct supercontinua
which interact during formation resulting in a slightly different overall

supercontinuum spectra (which we experimentally measure).

4.3 Supercontinuum generation in case of chirped

femtosecond pump pulses

4.3.1 Experimental setup

For investigation of supercontinuum generation using chirped pump
pulses we used two different experimental setups depicted in Figd.10] In
first experimental setup (Figl4.10|a) we used a pair of SF11 glass dispersive
prisms to chirp pump pulses, measured supercontinuum spectrum and
compared it with supercontinuum spectrum achieved with bandwidth-
limited pump pulses at the same peak power. Supercontinuum spectra
need to be compared at the same peak power level, since the strength
of nonlinear phenomena in general depends on peak intensity of laser
radiation (peak power/area) —in this case the area in which pump radi-
ation is focused is the same in all cases, so peak power of pump radiation
is the key parameter. Duration of pump pulse also has effect on super-
continuum spectrum formation, however, in this case (comparison at the
same peak power level) the initial chirped pump pulse has the same spec-
tral bandwidth as unchirped pump pulse, which, we believe, creates the

most similar initial conditions for supercontinuum spectrum formation
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(a) Yb:KGW (b) Yb:KGW
oscillator oscillator

DM

Motorized
translation stage

Figure 4.10: Experimental setups for supercontinuum generation investigation
using chirped femtosecond pump pulses: (a) — spectrum measurement setup
using dispersive prism pair for chirping pump pulses; (b) - XFROG
measurement setup using single diffraction grating compressor/stretcher for
chirping pump pulses. Additional notation: BD — beam dump; P — dispersive
prism; RF — retro-reflector; DG — diffraction grating; L, — f=150 mm lens; DM, —
highly reflective dielectric mirror for 1030 nm wavelength at 0° angle of
incidence.

leaving pump pulse chirp as the main difference. Therefore, comparison
at the same peak power level should be the most accurate way to analyze
any pump pulse chirp influence on supercontinuum formation in PCFE.
We remind that chirp is quantified as amount of GDD required to
dispersively compress the chirped pulse to a bandwidth-limited pulse.
The amount and chirp after passing through the dispersive prism pair
twice can be calculated from Eq/4.11} but since pump radiation (A\,=1030 nm)
is invisible to human eye, it would be very complicated to accurately de-
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termine L and I,,. Therefore, to ensure accuracy, every time the distance
between the prisms was changed and/or the optical beam path in any of
the prisms was changed, we measured chirped pulse duration (before the
focusing microscope objective) with a commercial scanning autocorrelator

(Geco, Light Conversion Ltd.) and calculated corresponding values of chirp

(Fig{4.17]left).
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Figure 4.11: Left — measured chirped pulse durations and corresponding chirp

values when using a pair of dispersive prisms; right — measured chirped pulse

duration and corresponding chirp value dependence from distance between lens
(L) and diffraction grating.

Experimental setup employing a pair of dispersive prisms for chirp-
ing pump pulses is beneficial for low losses of dispersion prisms (when
prisms are set to Brewster angle for pump wavelength). One the other
hand, such setup requires realignment each time we change distance
between dispersive prisms. More than that, the amount of chirp that
the passing pulse can gain is limited: maximum positive GDD that may
be achieved with this method for a given prism material is limited to
minimum distance between the prisms and maximum optical path length
of beam in the prisms (in our case maximum practically achievable was
GDD=+10664 fs?), whereas maximum amount of negative GDD is lim-
ited to opposite of the named factors (in our case maximum practically
achievable negative GGD was -6544 fs?).

In the second experimental setup (Fig/t.10]b) we used a single
diffraction grating stretcher/compressor setup for chirping pump pulses
and performed XFROG measurements which results were later compared
to XFROG analysis data in case of bandwidth-limited pump pulses at the
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same peak power. Two main advantages when using diffraction grating-
based setup are the opportunity to induce much greater chirp and no
need for realignment of the system when we change distance between
diffraction grating and lens L, — change pulse chirp (Fig/4.11|right).

We used aluminium diffraction grating with d=1200 mm ! grating
constant. It is also important to note that our diffraction grating was
blazed (echelette grating) to yield maximum efficiency at first diffraction
order: we employed Littrow configuration (O r11,6,=38.17° for A=1030 nm
at given d) which yielded maximum diffraction efficiency at the first order.
Unfortunately, due to relatively poor reflectivity of aluminium grating
and the use of lens with no anti-reflection coatings, energy of pulses
after passing the system was only 25.5% of initial energy value which
corresponds to 2.2 n] maximum chirped pump pulse energy. Nevertheless,
we used this fact to our advantage. As already pointed out in previous
section, XFROG trace measured at maximum pump pulse energy (Fig/4.5)
is slightly truncated in the short-wavelength side due to limited spectral
range of our spectrometer and for this reason XFROG analysis yields
limited data about temporal structure of supercontinuum pulse in the
short-wavelength region. Therefore, performing measurements at lower
pump energies avoids this problem. In addition PM PCF was oriented
such that pump polarization would be aligned with fast principal axis
of polarization of the PCF. In this way supercontinuum generation was
essentially determined by fast polarization mode of pump pulse which in

turn simplified analysis of results.

4.3.2 Main results and discussion

Dispersive prism setup results. Chirped pump supercontinuum
spectra at various chirp levels when a pair of dispersive prisms was used
and corresponding bandwidth-limited pump supercontinuum spectra
are displayed in Figlt.12l As always, spectrometer spectral sensitivity
correction functions were applied to corresponding measured spectra

and experimental conditions for spectrum registration (integration time,
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Figure 4.12: Spectra of supercontinuum generated in PCF using chirped
maximum energy pump pulses (thick black line) and bandwidth-limited pump
pulses at the same peak power (thin red line): (a) - GDD=-6544 fs?, (b) —
GDD=-4609 fs?, (c) - GDD=4802 fs?, (d) - GDD=6715 fs?, (e) - GDD=10640 fs?.

position of spectrometer coupling optics) were kept constant. Due to com-
plicated nature of supercontinuum, it is difficult to pick a single quantity
to analyze chirp influence to supercontinuum formation. Therefore, we
chose direct comparison of spectra.

It is obvious that supercontinuum spectra in case of chirped pump
pulses are somewhat different than the ones obtained using bandwidth-
limited femtosecond pump pulses at the same peak power. Careful com-

parison reveals several important spectral features:

e Supercontinuum spectrum bandwidth in case of positively chirped

pump pulses is noticeably broader than the corresponding bandwidth-
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limited pump supercontinuum spectrum at the same peak power.
Broadening increases with increasing value of chirp: overall broad-
ening (visible and IR sides) ranges from several nanometers at small
chirp values to nearly 100 nm for GDD=10640 fs®.

e Spectrum in case of negatively chirped pump pulses is only slightly
broader than the corresponding bandwidth-limited pump supercon-

tinuum spectrum at the same peak power.

e The shape of supercontinuum spectrum in both cases is in principle
the same, but the characteristic peaks of supercontinuum spectrum
are slightly shifted both in the VIS and IR parts of the spectrum. The

shift is considerably greater in case of positive chirp.

Measured spectra clearly indicate that pump pulse chirp has in-
fluence on supercontinuum spectrum formation. However, comparison
of supercontinuum spectra alone is not enough to explain the outlined
features.

Diffraction grating setup results. For this reason, XFROG measure-
ment results (second experimental setup), shown in Figl4.13) and Figl4.14),
were analyzed to obtain information about supercontinuum temporal
intensity. All features and considerations highlighted during supercon-
tinuum XFROG analysis in case of bandwidth-limited pump pulses are
also valid here. As mentioned, it is difficult to pick a single quantity to
analyze chirp influence to supercontinuum formation, so we chose direct
comparison of XFROG analysis results.

As expected, from XFROG analysis we see that spectral features
outlined above are valid in this case as well. One only needs to remember
that in this case, due to reasons explained in experiment setup subsection,
maximum pump pulse energy was several times lower (2.2 nJ instead of
8.61 n]) that in dispersive prism pair setup. As a result spectrum extension
is lesser. The main feature that XFROG analysis results illustrate is that
chirping pump pulse slightly changes not only supercontinuum spectrum

but also affects its temporal intensity. We can claim that supercontinuum
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Figure 4.13: XFROG analysis results of supercontinuum in case of positively
chirped pump (left) and bandwidth-limited pump (right) at the same peak
power: upper row — measured XFROG trace; lower row — retrieved temporal
intensity. (a) GDD=6150 fs?; (b) GDD=12670 fs?, (c) GDD=18650 fs?.
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Figure 4.14: XFROG analysis results of supercontinuum in case of negatively
chirped pump (left) and bandwidth-limited pump (right) at the same peak
power: upper row — measured XFROG trace; lower row — retrieved temporal
intensity. (a) GDD=-4500 fs?; (b) GDD=-7510 fs?, (c) GDD=-10323 fs?.
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temporal intensity in case of chirped pump is slightly different than in
case of bandwidth-limited pump at the same peak power: this can be said
both about soliton part of temporal intensity and dispersive waves.

The low intensity peak in each temporal intensity graph corres-
ponds to slow polarization mode radiation — in XFROG trace it is vis-
ible as signal around 515 nm at zero delay. Although, as mentioned in
experimental setup subsection, PM PCF was oriented such that pump
polarization would be aligned with fast principal axis of polarization of
the PCF, there is still radiation of orthogonal polarization mode. This
indicates that some part of pump radiation is depolarized most likely in
microscope objective during sharp focusing into the PCF.

To understand pump pulse chirp influence to supercontinuum form-
ation we need to remember previously discussed stages of supercon-
tinuum formation. We think that chirping pump pulse mostly affects
soliton formation which in turn influences subsequent fission and dis-
persive wave generation which are key processes during femtosecond
supercontinuum formation when pump wavelength is in anomalous GVD
region of the PCF [21}, 132, 136]. Since central wavelength of pump pulses is
in the anomalous dispersion region of the PCF (Fig[2.12), soliton formation
occurs due to balanced self-phase modulation and anomalous GVD effect
on the pump pulse when it is propagating in the PCF. If the initial pump
pulse is chirped, soliton formation process is altered.

In case of positive chirp, decrease of instantaneous frequency from
leading front of the pulse to trailing front of the pulse (negative chirping)
due to anomalous GVD of the PCF has to balance positive chirp of pump
pulse and self-phase modulation induced increase of instantaneous fre-
quency from leading front to trailing front of the pulse (positive chirping)
before soliton formation and subsequent fission can occur. Compared
to bandwidth-limited pulse case this means that pump pulse needs to
travel longer distance in the PCF for the stage of soliton fission to oc-
cur. The greater the positive chirp, the longer distance pulse needs to
travel. This was observed during our experiment: we could roughly es-

timate that distance of propagation after which the PCF "lights up" (this
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corresponds to soliton fission distance) is longer when pump pulses are
chirped compared to bandwidth-limited pump case at the same peak
power. For greater positive chirp values the difference was somewhat
longer. For example, in diffraction grating setup when pump chirp was
6150 fs?, the propagation distance before "light up" for chirped pulses was
roughly 9 mm longer than for bandwidth-limited pulses at the same peak
power, whereas for 9612 fs? chirp case the difference was 12 mm. As a
consequence of pump chirp, soliton fission process and dispersive wave
emission processes are also affected, resulting in greater energy transfer
to normal dispersion region and broader supercontinuum spectrum as
suggested in some reports [39, 40]. Slightly shifted peaks (Fig{4.12) are
probably a result of this as well. It is also important to remember that
results depicted in Fig/4.12]are actually spectra of both polarization mode
supercontinua which further complicates analysis.

In case of negative chirp, self-phase modulation induced positive
chirping has to balance negative chirp of the initial pulse and negative
chirping due to anomalous dispersion of the PCF — initial negative chirp
acts against the nonlinear effect. This means that, compared to positive
chirp case, pump pulse needs to travel even longer distance for soliton
formation, subsequent fission and dispersive wave generation to occur.
Aforementioned experimental observations confirmed this.

To check these assumptions we numerically simulated supercon-
tinuum evolution in case of positively and negatively chirped pump
pulses. Numerically simulated temporal and spectral intensity evolution
in case of chirped pump pulses for fast PCF polarization mode is shown in
Figlt.15] Simulation results are compared with bandwidth-limited pulse
case (Figl4.§left and Fig[2.T|left). Numerical simulation results confirm
several assumptions:

e Pulse propagation distance before soliton fission is longer than in
case of bandwidth-limited pump pulse: fast polarization mode su-
percontinuum temporal intensity simulations indicate that in case

of bandwidth-limited pump pulse fission starts after approximately
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Figure 4.15: Supercontinuum fast polarization mode evolution during
propagation in our PCF when pump pulses are chirped: (a) 6000 fs?, (b) -6000 fs?.
Pulse duration and energy are adjusted accordingly. Left — temporal intensity
evolution, right — spectral intensity evolution.

3 cm of propagation in PCF, while for positively chirped pump pulse
the distance is roughly 4 cm.

e Pulse propagation distance before soliton fission is longer for neg-
atively chirped pulse than for positively chirped pulse: in case of
negatively chirped pump pulse fission starts after approximately

5 cm of propagation in PCE.

e Soliton fission process and dispersive wave generation processes are
somewhat different compared with bandwidth-limited pulse case:
we can notice differences between dispersive wave amplitudes and
their temporal spread. For positive and negative chirp signs the

difference is very small. However, due to complex nature of super-
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continuum generation phenomenon even very small differences can

yield noticeable changes in supercontinuum spectrum.

On the other hand, numerical simulation of spectrum evolution
displays lesser chirped pump supercontinuum spectrum extension than
is experimentally measured. This is clearly visible in Figl.16 where
numerically simulated chirped pump pulse supercontinuum spectra are

compared with bandwidth-limited spectrum at the same peak power.
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Figure 4.16: Left — simulated supercontinuum spectra for fast polarization mode
in case of bandwidth-limited pump pulses, positively (6000 fs?) and negatively
(-6000 fs?) chirped pump pulses; middle — broadening of simulated spectra at
short-wavelength edge; right — broadening of simulated spectra at
long-wavelength edge.

Such quantitative discrepancy might be due to unknown PCF losses at
the edges of supercontinuum spectrum which resulted in different pump
pulse energy used in numerical simulations. Nevertheless, qualitatively
results indicate that chirped pump supercontinuum spectrum is broader
than corresponding bandwidth-limited pump supercontinuum and that
spectrum extension is greater in positively chirped pump case.

We will now briefly discuss several ways how pump pulse chirp
might affect soliton fission and dispersive wave generation. One is related
to the fact that pump chirp influences soliton self-frequency shift as shown
in [299]: greater positive chirp causes greater soliton self-frequency shift,
which also influences dispersive wave generation resulting in greater
extension of supercontinuum spectrum. Since self-frequency shift is not
strong in this case (pump wavelength is relatively close to one of the
ZDWs of our PCF) this would explain why additional spectrum extension

compared to bandwidth-limited pump case is relatively small.
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4.3. Supercontinuum generation in case of chirped femtosecond pump pulses

Another reason might related to pulse self-steepening effect. Using
a simplified model (GNLSE without Raman scattering and dispersion

terms) we can describe pulse propagation as:

as B w R _
where A is the electric field complex amplitude, S — spectral amplitude
related to A by Fourier transform and ny; — mode refractive index. In this

case the initial pulse is assumed to have Gaussian shape:

a 1¢2
Ap(t) = 7 exp l—gT—g] , (4.13)

where 7 is initial pulse duration, s = 1+ 2§ and G is the chirp parameter.
0

Adding notations: v = X

2nme 7/ w

exact solution for complex amplitude A of the pulse in the following form:

=wp+ Q and A = aexplip] , one can write

— 3va2z)?
a= Lexp __ 1 ({t=3%a%) : (4.14)
(1 + a?) 1+ a? i
2G

here a = =7 is the dimensionless chirp parameter and phase in the
0

complex amplitude expression is:

t —ya® 1
N fozz ( TZQG 2 _ 3 arctan o — woya’z. (4.15)

Qp(t Z) =

The solution describes pulse self-steepening effect when it propagates in
nonlinear medium. When initial chirp is zero, the trailing slope of the
pulse is steepening during propagation which corresponds to the short-
wavelength spectrum range (Fig/4.17]left). Therefore SC broadening is
stronger in short-wavelength range, compared to long-wavelength range.
In addition, the solution reveals that slope steepening yields different
expansion of SC spectrum in case of different chirp sign (see Figi.17]
right). The change of instantaneous frequency due to self-steepening can

be described as:
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It has two terms one of which depends on initial chirp and another does
not (it always yields frequency change to higher frequencies). When initial
chirp is positive, both terms have the same sign and describe stronger
expansion of SC spectrum which in our case takes place on trailing slope of
the pulse corresponding to short-wavelength edge extension. On the other
hand, for negative initial chirp the chirp-dependent term has opposite

sign, so the sum of the two terms yields smaller expansion of SC spectrum.

0.8 ‘ T T
‘—u =1,¢(=07

Figure 4.17: Left — principal illustration of pulse self-steepening effect, blue line
indicates initial pulse, red line — pulse after propagation in nonlinear medium.
Right — qualitative example of pulse self-steepening induced spectrum
broadening when a=1 (blue line) and a=-1 (red line). ¢ denotes normalized (to
self-steepening distance) propagation distance.

In reality dispersion has a huge influence to pulse propagation in
PCF and SC spectrum formation: it can counteract, balance or enhance
pulse self-steepening effect [300] so we cannot directly apply the explan-
ation above to describe our results. Despite this, such simple model
qualitatively reflects the observed features of supercontinuum spectrum

and its evolution.

4.4 Conclusions

In conclusion, we presented experimental and numerical simulation
investigation results of supercontinuum generation in highly nonlinear

PM photonic crystal fiber with two ZDWs using chirped pump pulses.
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In case of bandwidth limited pump pulses at maximum available
energy (8.61 n]) we experimentally demonstrated supercontinuum gen-
eration in 450 nm — 1450 nm spectral range (Fig[4.6)a). XFROG measure-
ment analysis revealed that dispersive wave generation is responsible
for supercontinuum spectrum extension in both short-wavelength and
long-wavelength sides (Fig4.5and Figl4.8) where PCF GVD is normal.
Although retrieved XFROG traces show good convergence, in all cases
we observed fine-scale structure of retrieved supercontinuum spectra
and small slightly varying size dotted pattern in retrieved XFROG traces
which we think are artefacts from XFROG algorithm which appears dur-
ing Fourier transform of extremely broad spectral bandwidth radiation.
Despite this, retrieved supercontinuum spectra display reasonably good
qualitative agreement with independently measured ones.

Numerical simulation results supported our claim that temporal
structure of supercontinuum depicts solitons and dispersive waves. Most
importantly, simulations revealed that orthogonal polarization modes
produce slightly different supercontinua (Figl4.6|b). This is reflected in
both spectral and temporal evolution. Furthermore, the most accurate
simulation results are produced when we take into account orthogonal
polarization mode interaction during supercontinuum formation. This is
supported by a particular feature of experimentally measured supercon-
tinuum spectrum: we determined that spectral peak around 1300 nm form
due to four-wave mixing process which involves spectral components of
orthogonal polarization modes.

Experimental investigation of pump pulse chirp influence on su-
percontinuum spectrum formation results showed that chirped pump su-
percontinuum has somewhat broader spectrum compared to bandwidth-
limited pump case at the same peak power (Figd.12). Spectrum broaden-
ing increases with increasing positive chirp. Moreover, it is significantly
greater for positive chirp compared to the case of negative chirp. As expec-
ted, XFROG analysis results showed that changes in spectrum broadening
are also reflected in temporal characteristic of supercontinuum (Fig[4.13).

Numerical simulation results, despite showing lesser spectral extent, sup-
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ported our assumptions that chirp manifests itself at initial stage of super-
continuum spectrum formation which in turn influences soliton fission
and dispersive wave generation processes. We can conclude that pump
pulse chirping has relatively small influence on supercontinuum forma-

tion.
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Chapter 5

Investigation of supercontinuum genera-
tion in polarization-maintaining photonic
crystal fiber using subnanosecond pulses

Material related to this chapter is published in A1 and AP1, presented
in C1, C2 and C8.

In the preceding chapter investigation of supercontinuum gener-
ation using femtosecond pump pulses was presented and discussed. It
was obvious that when pump wavelength is in the anomalous GVD re-
gion of the PCF, supercontinuum spectrum broadening is dominated by
self-phase modulation and soliton-related effects. However, as already
mentioned in literature review, supercontinuum generation has been
demonstrated using much longer (picosecond, nanosecond) pulses and
even CW laser radiation [21} 30-35] and spectrum broadening in these
cases is dominated by different nonlinear phenomena. A particularly
important for practical applications case is broadband supercontinuum
generation in the entire visible range of optical spectrum using subnano-
second pump sources such as Nd** based Q-switched microlasers. Such
broadband supercontinuum sources with subnanosecond pulse widths
and spectrum spanning through the entire visible range could be efficient
seed radiation sources for subnanosecond optical parametric generators.
Despite various reported methods to extend subnanosecond supercon-
tinuum through the entire visible range [34, 35| 50-59], which require
complex experimental setups or rather sophisticated technological modi-
tications of PCEF, therefore, there is still need for simple and practical
visible supercontinuum source with subnanosecond pulse durations.

In this chapter we present investigation of supercontinuum gen-
eration using subnanosecond pump pulses from a Q-switched Nd:YAG
microlaser. We show that using highly nonlinear polarization-maintaining
photonic crystal fiber with two ZDWs one can obtain broadband super-
continuum spanning in the whole visible range. For analysis of physical

mechanisms behind supercontinuum generation using subnanosecond
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pulses we employ spectrum measurements and streak camera as well as
numerical simulation model introduced in previous chapter.
5.1 Experimental setup

Experimental setups for measurements using subnanosecond pump

pulses are depicted in Fig[5.1]

(a)

[ Nd:YAG
Y i “\ -1 microlaser
|  Frizaer i 0

7 BS

Readout

unit ' w
' M1
= )\/2 Streak camera / / BS

Input unit|

Figure 5.1: Experimental setups for supercontinuum generation investigation
using subnanosecond pump pulses: (a) — setup for spectrum measurements; (b) —
steak camera measurement setup. Additional notation: W — wedge; PD —
photodiode; M1 — highly reflective dielectric mirror for 1064 nm wavelength at
45°; M2 - highly reflective dielectric mirror for 532 nm and highly transmitting
for 1064 nm wavelength at 45°; L;, Lo, L3 — lenses; A/2, A /2’ — half-wave plate for
1064 nm and 532 nm respectively, BrPol, BrPol’ — Brewster type polarizer for
1064 nm and 532 nm respectively, KTP — potassium titanyl phosphate crystal.

In the first setup (a) laser radiation from Q-switched Nd:YAG microlaser
(STA-07, Standa Ltd.), generating A\,=1064 nm E,=50 uJ 7=300 ps pulses

with 1 kHz repetition rate, was split into two beams by a 1:1 energy ratio
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beamsplitter. One beam was used directly as pump for supercontinuum
generation, whereas the other was used to generate second harmonic
(532 nm) in 12 mm thick potassium titanyl phosphate (KTP) crystal cut
at =90° and ¢=23.5° for type II phase matching and coated with anti-
reflection coatings for 1064 nm and 532 nm wavelengths. Second harmonic
was then separately used as pump for supercontinuum generation. In
both branches first half-wave plate and Brewster type polarizer were used
as optical attenuator, while the second half-wave plate was used to rotate
polarization direction. For supercontinuum generation we used the same
highly nonlinear PM PCF with two ZDWs that we characterized and used
for femtosecond supercontinuum generation, however, in this case a 15 m
long PCF was used: long fiber length compensates for significantly lower
peak power of pump pulses (compared to femtosecond case in previous
chapter), so efficient spectrum broadening can occur.

An important thing regarding PCF that has to be taken into consid-
eration is the maximum pulse energy that can be used for supercontinuum
generation. We found that in this case it is limited by laser induced dam-
age threshold (LIDT) of PCF’s material. We measured LIDT using R
on 1 method: starting from very low values pulse energy was continu-
ously increased step by step using a combination of half-wave plate and
a polarizer until damage was reached. The PCF damage was detected
as a drop of output power. The average LIDT energy in case of first
harmonic pulses(\,=1064 nm) was 4.5 uJ, whereas for second harmonic
pulses (A\,=532 nm) it was 3.5 pJ.

First experimental setup (a) was used for supercontinuum gener-
ation investigation by measuring spectra of light coming out of the PCF.
The second setup (b) was used for direct supercontinuum spectrogram
measurement with streak camera (Hamamatsu C5680). The setup can be
described as follows. A small part of laser radiation was reflected from
fused quartz wedge and used as trigger (converted into electric trigger
signal in a photodiode) for streak camera: it controlled the timing of the
streak sweep. Arrival of the trigger signal has to be adjusted so that a

streak sweep is initiated when the light being measured arrives at the
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streak camera. For this purpose, a trigger unit, which controls how long
the trigger signal which initiates the streak sweep is delayed, was used.
For our measurements a single fast sweep unit was used (Hamamatsu
Mb5676): only one sweep was performed during each frame and 15000
frames were taken for each measurement. This imposed limitation to our
pump laser repetition rate — it had to be lowered to 30 Hz. Consequently,
pump pulse duration changed to 170 ps. The readout section of streak
camera is a digital data acquisition and control system which reads and
analyzes streak images produced on the phosphor screen. Temporal res-
olution of streak camera was 10 ps. Unfortunately, spectral sensitivity
of streak camera photocathode extended in roughly 200 nm — 900 nm
spectral range (Fig[5.2)), so correct spectrogram measurements could be
performed only with supercontinuum generated using second harmonic
pump. In addition, an HC13 grade filter (Fig/5.2right) had to be used to
protect streak camera from saturation.
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Figure 5.2: Left — radiant sensitivity of streak camera photocathode, right —
transmittance of HC13 grade filter used in streak camera.

5.2 Results and discussion

Supercontinuum in case of 532 nm pump. For supercontinuum
generation in case of second harmonic pump (A;=532 nm) we used max-
imum pump pulse energy of 2 uJ — roughly 57% of the measured LIDT
pulse energy for this PCF. This corresponds to maximum peak power of
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6.67 kW. Generated supercontinuum spectrum is depicted in Fig[5.3] It
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Figure 5.3: Spectrum of supercontinuum generated in our PCF at maximum
available pump pulse energy (2 uJ) when \,=532 nm, 7=300 ps.

extended from roughly 400 nm to 900 nm and had clearly distinct Raman
Stokes and anti-Stokes peaks up to 5th order (determined by frequency
offset between peak and pump wavelength peak) indicating that Raman
scattering of pump wavelength played an important role in supercon-
tinuum formation: high cascaded Raman scattering order indicates high
efficiency of the process. The relatively smooth spectrum for wavelengths
longer than 600 nm continues up to roughly 750 nm when spectrum intens-
ity starts to decrease significantly. We think that four-wave mixing is the
main process responsible for spectrum broadening to longer wavelengths
which is the case when pump pulse duration exceeds several picoseconds
[21], 136,122, 241].

More insight into supercontinuum generation is gained from its
dependence on pump pulse energy and polarization (Fig/5.4). Supercon-
tinuum dependence on pump pulse energy can be explained as follows.
Initially (0.05 puJ — 0.14 yJ), distinct Stokes spectral components are gen-
erated due to cascaded Raman scattering of pump wave. Additional
increase of pump pulse energy (0.14 uJ — 0.8 pJ) leads to generation of
smooth spectrum in the long-wavelength side of supercontinuum as four-
wave mixing starts to play the main role in expanding the spectrum.
Notice that several additional Raman Stokes components emerge in relat-

ively smooth supercontinuum spectrum part. This is probably a result of
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Figure 5.4: Supercontinuum spectrum dependence on pump pulse energy (left)
and polarization (right). Polarization angle is noted as double angle of
half-waveplate rotation with respect to one of principal polarization axis of the
PCE.

coupling between Raman and four-wave mixing gain which can lead to
enhancement of Raman gain to levels comparable to four-wave mixing
gain as suggested in [21] 301} 302]. Finally (0.8 puJ — 2yJ), brightness of
supercontinuum long-wavelength components increases even more due
to increased gain of four-wave mixing process (see Eq[1.29) and gener-
ation of additional anti-Stokes peaks is observed — all of which lead to
supercontinuum expansion down to 400 nm. Spectrum extension is lim-
ited by group velocity mismatch (GVM) between pump wavelength and
other supercontinuum spectrum components (Fig/5.5 right) and lower
PCF nonlinearity for long-wavelengths which both result in decreasing
four-wave mixing gain.

Up to this point birefringence of our PCF was not taken into account
when discussing supercontinuum spectrum formation. As in femtosecond
pump case, it is an important factor which complicates analysis: when
pump is polarized at an angle with respect to PCF principal axis of polar-
ization, two distinct supercontinua corresponding to orthogonal polariza-
tion modes are generated and they can interact with pump pulse or each
other through cross-phase modulation [122]. Although group refractive
indices for orthogonal polarization modes are very similar, the nonlinear
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Figure 5.5: Calculated group velocity mismatch in PCF used in our experiments:
left — with respect to A=1064 nm, right — with respect to A=532 nm.

nature of supercontinuum generation makes even extremely small differ-
ences important. Changing pump pulse polarization angle with respect to
PCF principal axis of polarization (Fig[5.4|right) reveals some details about
the role of PCF polarization modes. We can see that in second harmonic
pump case it has notable effect on anti-Stokes peaks: they are cancelled
when pump is polarized along one PCF principal axis of polarization and
are strongest when pump is polarized along the orthogonal PCF principal
axis of polarization. Raman anti-Stokes scattering dependence on pump
pulse polarization is related to the fact that it requires phase-matching
condition to be satisfied (Ak = 2k, — ks — k, = 0) [122]. Since wave vectors
of interacting waves depend on polarization, at certain polarization angles
generation of anti-Stokes components in supercontinuum spectrum can
be enhanced or suppressed.

Measurements with streak camera. In case of second harmonic
pump we had the opportunity to perform direct supercontinuum spectro-
gram measurements with streak camera. Measurement limitations forced
us to lower pump laser repetition rate to 30 Hz which in turn changed
pump pulse duration to 170 ps and maximum available peak power to
16.2 kW. Despite some changes in experimental conditions, physics of
spectrum broadening is in principle the same so, the discussed results and
streak camera measurement results can be compared qualitatively.

Fig5.6] depicts measured supercontinuum spectrograms at various

pump energy levels. Analysis reveals peculiar results. Initially (0.05 pJ)
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Figure 5.6: Measured spectrograms of supercontinuum at various pump pulse
energies. Zero time point is arbitrary since only relative temporal positions of
spectral components are important.

spectrum is broadened around the pump due to four-wave mixing and
self-phase modulation. Surprisingly, in time domain the pulse is spread
up to 900 ps: the peak which width (FWHM) corresponds to initial pump
pulse is surrounded by a notable pedestal (Fig[5.7|1eft). With reference
to GVD data (Figl2.12), it is obvious that PCF dispersion cannot be the
cause of such large pulse spreading in time. We think it is due to the
fact that a notable portion of laser radiation is propagating not in the
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Figure 5.7: Measured supercontinuum pulse temporal intensity at various pump
energies.

fundamental PCF spatial mode: the leading (with respect to fundamental
mode radiation) part of this radiation propagates through the microstruc-
tured cladding part of the PCEF, therefore effective refractive index for
it is smaller than that of the fundamental PCF mode, while the trailing
part of the radiation probably propagates in the cladding part outside
the microstructured region where refractive index is higher than that of
the fundamental PCF mode. We can also see that a small peak forms
roughly at 320 ps distance ahead of the pump pulse. This is probably a
spatial mode forming in the microstructured cladding part of the PCF
(we will refer to it as cladding mode). Due to lower effective refractive
index it propagates with greater group velocity than fundamental mode
in the core of the PCF. Using estimated group refractive index values
for fundamental mode (core mode) of PCF (Fig[3.2] left) we can calcu-
late group refractive index for the cladding mode: ng(at 532 nm)=1.6174.
Since ng for fundamental orthogonal polarization modes (core modes) at
532 nm differs only by 0.0001, we can assume that this is also true for
the cladding mode. In general, higher order spatial modes can form in
any waveguide, but propagation losses for them are usually significantly
higher than that of fundamental mode [303]. According to numerical
analysis, higher order modes in the core of our PCF should not exist for
wavelengths above 500 nm. Results suggest that our PCF has considerable
confinement losses: small portions of radiation from fundamental mode
(core mode) are constantly leaking to the cladding. We think that some
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part of this leaking radiation couples into cladding mode in turn enabling
its formation. Fig[5.8/depicts numerically calculated profiles of possible
cladding modes which have refractive indices yielding results closest to

the measured temporal delay.

SC wavelength (nm)

0 500 1000 1500
7 (ps)

Figure 5.8: Measured spectrogram of supercontinuum at minimum pump pulse
energy and spatial profiles of fundamental mode (right) and two possible
cladding modes (left and center) which have refractive indices yielding results
closest to the measured temporal delay.

When pump pulse energy is increased (0.16 pJ - 0.5 pJ), distinct
Raman Stokes peaks appear in the spectrum due to cascaded Raman scat-
tering. For even higher energies (0.83 yJ - 2.77 yJ), a relatively smooth
supercontinuum spectrum part extending into longer wavelengths ap-
pears indicating that four-wave mixing dominates spectrum extension
into long-wavelength region. Notice that long-wavelength spectrum com-
ponents are shifted in time ahead of pump wavelength — this is due to
lower group refractive index of PCF (Fig[3.2|1eft). However, part of gen-
erated supercontinuum radiation (referred to as leaking SC radiation in
Fig[5.6)) is shifted too far ahead in time (we determined this by calculat-
ing temporal walk-off with respect to pump wavelength) which implies
that this radiation due to PCF propagation losses leaks away from the
fundamental mode and propagates in the PCF cladding where effective
refractive index is lower. Another important thing to notice is that leading
temporal feature corresponding to the aforementioned cladding mode

exhibits spectral broadening at higher pump pulse energies (see Fig/5.6).
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This can be explained considering the fact that for higher pump energies
more energy is leaked to cladding mode: when threshold for stimulated
Raman scattering is reached, it occurs for cladding mode radiation as well.

Further on, we measured supercontinuum spectrograms at various
pump polarization angles with respect to one of principal polarization axis
of the PCF (Fig[5.9). Results of this measurement show that when pump
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Figure 5.9: Spectrograms and corresponding spectral and temporal intensity of
supercontinuum at various pump polarization angles with respect to one of
principal polarization axis of the PCF: (a) — 0 deg, (b) — 45 deg, (c) — 90 deg, (d) -
135 deg. Zero time point is arbitrary since only relative temporal positions of
spectral components are important

polarization is aligned with one of principal polarization axis of the PCF
(Fig[5.9|c), Raman anti-Stokes peaks appear. This concurs with previous
supercontinuum spectrum dependence on polarization measurements
(Fig[5.4]right). As expected, leaking supercontinuum radiation and clad-
ding mode radiation are visible in all cases. One may notice that spectrum
extension in case of streak camera measurements is somewhat different
from previous spectrum measurements (Fig/5.3). This is partly due to

slightly different experimental conditions (peak power, pulse duration)
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but another reason might be decreasing HC13 grade filter transmittance
for wavelengths below 500 nm (Fig[5.2).

Numerical simulation results. As mentioned in literature over-
view, pulse temporal profile during supercontinuum generation in case of
subnanosecond pulses should be modulated due to phenomenon called
modulation instability which as suggested in [225] can be interpreted as
time domain equivalent of four-wave mixing. In this case the character-
istic period of modulations, calculated according to Eq should be
approximately 25 fs. As mentioned before, temporal resolution of streak
camera in our case was 10 ps, so it is clear that fine temporal structure
of supercontinuum temporal intensity could not be distinguished. For
this reason, numerical simulation of supercontinuum evolution when
propagating in PCF was performed using the same numerical simulation
model described in chapter 4 of this thesis. Unfortunately, numerical sim-
ulation in this case is very time consuming: spectral range of simulated
supercontinuum is very broad compared to initial pump pulse spectral
width (5 pm), integration step is very small due to large PCF dispersion
variations through the whole spectral range (depending on the PCF dis-
persion it is from 2 pm to several tens of micrometers) and, in order to
maintain the necessary accuracy, very small spectral resolution has to be
used — 10 points per 5 pm. Numerical simulation for propagation through
1 cm long PCF due to 2?° time-domain and frequency-domain grid points
can take more than 1 hour, so we limited simulations to 150 cm PCF length.
Pump pulse polarization was set to be in the intermediate position (45°
angle) with respect to principal axes of polarization of the PCF and pump
pulse energy was set to be equal for both modes (1.38 pJ). Although quant-
itative comparison with the experiment is not possible, this was sufficient
to demonstrate key features of supercontinuum generation in our PCF
and compare the results qualitatively.

Numerically simulated evolution of supercontinuum spectrum is
shown in Figl5.10] Results reveal that at first 30 cm of propagation it is
hard to notice any spectrum expansion: self-phase modulation induces

some spectrum broadening, but it is very small. Notable small scale
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Figure 5.10: Numerically simulated evolution of supercontinuum spectrum
(Ap=532 nm, 7=170 ps): left- fast and slow mode evolution, center — aggregate
supercontinuum spectrum evolution, right — aggregate supercontinuum spectra
after various propagation distances.

spectrum expansion starts after roughly 30 cm of propagation in the PCF
and after approximately 45 cm a sudden broadening occurs — spectrum
bandwidth becomes sufficiently large for four-wave mixing to dominate
spectrum broadening process which leads to rapid increase of spectrum
bandwidth. Unlike femtosecond pump pulse case analyzed in previous
chapter, spectrum continues to gradually expand after rapid broadening
point. Another important observation is absence of distinct peaks due to
cascaded Raman scattering. This is due to the fact that initially Raman
gain is smaller than that of four-wave mixing so low intensity Raman
peaks are absorbed in continuous spectrum generated due to four-wave
mixing processes [21, 122]. After extensive spectrum broadening four-
wave mixing gain is reduced and becomes comparable to Raman gain: at
this point distinct Raman peaks begin to emerge on a continuous spectrum
pedestal as observed in Fig[5.3] From our numerical simulations we can
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claim that after 150 cm of propagation this point is not reached yet and
four-wave-mixing dominates supercontinuum spectrum formation.

From Fig[5.10]it is also visible that orthogonal polarization modes
yield very similar supercontinuum spectra: only in long-wavelength
spectral region (above 700 nm) slow polarization mode supercontinuum
in slightly broader. Such results were expected as they reflect the fact that
group refractive indices for orthogonal polarization modes of the PCF are
very similar in short wavelength region (below 650 nm), thus generated
supercontinuum spectra are very similar as well.

More data to explain occurrence of rapid spectrum expansion after
45 cm of propagation can be gained from supercontinuum temporal in-

tensity evolution simulation results shown in Fig As expected, ortho-
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Figure 5.11: Numerically simulated evolution of supercontinuum temporal
intensity (A\p=532 nm, 7=170 ps): left- fast and slow mode evolution, center —
aggregate supercontinuum temporal intensity evolution, right — aggregate
supercontinuum temporal intensities after various propagation distances.

gonal polarization mode supercontinuum temporal intensities are very
similar. The key point of temporal intensity evolution is appearance of

fine temporal structure which matches point of rapid spectrum expansion.
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Nonlinear process behind this is the aforementioned modulation instabil-
ity phenomenon [21} 122} 209]. Estimated average oscillation period of
these modulations in central part of pulse is approximately 35 fs which
is in reasonable agreement with theoretically calculated period for pump
wavelength. From temporal intensity evolution we also need to stress
that after 150 cm of propagation in the PCF pulse temporal profile is
spread to roughly 204 ps (estimated at FWHM with respect to modulated
pulse amplitude). This is a result of temporal walk-off of various super-
continuum spectral components due to their different group velocities.
More importantly, compared to temporal profiles obtained from streak
camera measurements (Fig[5.7), supercontinuum temporal intensity is
much narrower and does not display any features further away from
the pump pulse which confirms our suggestion that a notable portion
of supercontinuum radiation is propagating not in the fundamental PCF
spatial mode - this effect could not be accounted in numerical simulation
model and therefore is not visible.

Supercontinuum in case of 1064 nm pump. For supercontinuum
generation in case of first harmonic pump we used maximum pump pulse
energy of 2.75 yJ — roughly 61% of the measured LIDT pulse energy for
this PCF. This corresponds to maximum peak power of 9.17 kW. Gener-
ated supercontinuum spectra are depicted in Fig[5.12] As in femtosecond
supercontinuum case, the spectrum width exceeded sensitivity range of
a single spectrometer, so two separate spectrometers were used for re-
gistration. Supercontinuum spectrum in case of first harmonic pump,
extended through the entire visible range and beyond — from roughly
400 nm to 1300 nm. It is obvious that supercontinuum spectrum in case
of subnanosecond pump durations is different from femtosecond pump
case (Figl4.6): it has no sharp peaks in spectral region with wavelengths
less than pump wavelength (Fig[5.12]left), while for longer than pump
wavelengths there are several distinguishable peaks (Fig/5.12|right). As
in second harmonic pump case, such results are related to PCF dispers-
ive properties and the fact that main nonlinear processes responsible for

supercontinuum formation when pump pulse duration exceeds several
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Figure 5.12: Spectra of supercontinuum generated in PM PCF using maximum
available energy (2.75 uJ) pump pulses. Pulse energy was measured after
focusing microscope objective.

picoseconds are four-wave mixing and stimulated Raman scattering ef-
tects [21} 136, 122, 241]]. Since group refractive index is very similar for
all wavelengths between 750 nm and 1250 nm (Fig[3.2), group velocity
mismatch for interacting waves with respect to pump wavelength is very
small compared to pump pulse duration (Fig[5.5|left) so generated spec-
trum components can co-propagate and interact in long distances which
results in efficient and relatively smooth spectrum broadening due to four-
wave mixing processes. The peaks at approximately 1116 nm, 1173 nm
and 1237 nm correspond to multiples of frequency offset of -13.2 THz
with respect to pump wavelength which matches maximum Raman gain
frequency offset in fused silica (Fig[I.14), so these are Raman Stokes peaks
generated on continuum pedestal.

The influence of the two key nonlinear processes is further clarified
by analyzing supercontinuum spectrum dependence on pump pulse en-
ergy (Fig[5.13). At lowest pump pulse (0.4 uJ — 0.6 uJ) energies the low
intensity Raman Stokes peaks at the aforementioned wavelengths appear
followed by generation of continuous spectrum to shorter than pump
wavelengths due to four-wave mixing. At higher energies (0.6 pJ — 2 pJ),
distinct peaks in the visible range of spectrum start to emerge. Firstly,
a peak at 619 nm appears and when pump energy is slightly increased
a second peak appears at 636 nm: their frequency separation (roughly

13.2 THz) confirms that this happens due to stimulated Raman scattering.
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Figure 5.13: Supercontinuum dependence on pump pulse energy: left —
registered using VIS/NIR range spectrometer, right — using IR spectrometer.
Dashed white lines depict ZDWs for slow polarization mode while black dashed
lines — ZDWs for fast polarization mode.

When pump energy is increased slightly more, a continuous spectrum
shifting into longer wavelengths forms due to combined effect of four-
wave mixing, Raman processes and cross-phase modulation between
generated spectral components. The same situation occurs for the second
emerging peak at 562 nm which is followed by Stokes-shifted peak at
576 nm and formation of continuous spectrum. The third peak at 540 nm
is the source of Raman Stokes (553.1 nm and 566.9 nm) and anti-Stokes
(5627 nm and 515.6 nm) spectrum components appearing at slightly higher
pump energies. Eventually (at approximately 2 uJ energy), all the peaks in
the visible spectral region are merged into a continuum. The situation is
similar in the IR part of supercontinuum where continuum forms around
Raman Stokes peaks. At highest pump energies (2 pJ —2.75 pJ) spectrum
broadens into shorter wavelengths down to 400 nm, however, the intensity
of shortest wavelength components is more than an order of magnitude
lower than those closer to pump wavelength. As already noted, the reason
for this intensity limitation is large GVM between short-wavelength spec-
tral components and pump wavelength (Fig[5.5|left).

Numerical simulation results. Supercontinuum spectrum evolu-
tion when propagating in PCF is depicted in Fig/5.14 The aforementioned
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considerations about extremely time-consuming numerical simulation are
valid in this case as well: due to even broader supercontinuum spectrum
bandwidth in this case it took more three hours to simulate propagation
through 1 cm of PCF, so we limited numerical simulation to 50 cm. As
in second harmonic case, pump pulse polarization was set to be in the
intermediate position (45° angle) with respect to principal axes of polar-
ization of the PCF and pump pulse energy was set to be equal for both
modes (1.5 pJ). Supercontinuum spectrum evolution shows that at first
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Figure 5.14: Numerically simulated evolution of supercontinuum spectrum
(Ap=1064 nm, 7=300 ps): left- fast and slow mode evolution, center — aggregate
supercontinuum spectrum evolution, right —aggregate supercontinuum spectra

after various propagation distances.

12 cm of propagation spectrum expansion is hardly noticeable: pump
spectrum is slightly broadened due to self-phase modulation. Notable
expansion begins after approximately 12 cm of propagation: distinct
peaks appear in the visible range of spectrum. Subsequently, symmet-
rical sidebands emerge around pump and the generated peaks which
during further propagation in the PCF gradually merge into continuous

spectrum. The symmetrical positions of these sidebands suggest they are
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related to four-wave mixing processes which together with self-phase and
cross-phase modulation between generated spectrum components form
supercontinuum. As in second harmonic pump case, distinct peaks due
to cascaded Raman scattering are not visible: we can say that four-wave
mixing processes dominate supercontinuum spectrum formation during
tirst 50 cm of propagation in PCF. It is also notable that high intensity
peak around 476 nm visible in numerical simulations is not observed in
experimentally measured spectra (Fig[5.12). We think this is due to the fact
that refractive index dispersion and GVD of our PCF were estimated in
spectral region above 500 nm and data for shorter wavelengths (necessary
in numerical simulations) were obtained by extrapolating measurement
results. Another possible reason for discrepancies is the aforementioned
fact that we could not estimate PCF losses reliably.

Temporal intensity evolution, shown in Fig[5.15| displays the same
results as in second harmonic case: appearance of fine temporal structure
of the pulse due to modulation instability matches point of notable super-
continuum spectrum expansion. Estimated average period of oscillations
in central part of pulse is approximately 20 fs. Notice that peak intensities
of these oscillations are up to 7 times greater than the original pump pulse,
while in second harmonic case the intensities were greater up to 1.6 times.
The most probable explanation of such difference is related to GVD of the
PCF. Although first harmonic pump wavelength (1064 nm) is in normal
GVD region, it is actually very close to ZDWs (of both polarization modes)
of the PCF. Therefore, supercontinuum spectrum extends into anomalous
GVD range at very early stages of formation when temporal oscillations
are only beginning to form. It is known that in anomalous GVD region
temporal modulations that form are soliton-like subpulses which can have
significantly greater amplitudes [21 36, 122].

Supercontinuum spectrum and temporal intensity evolution for
orthogonal polarization modes is essentially the same. Only careful com-
parison of spectra reveals that distinct peaks emerging at initial stage
of propagation are at slightly different wavelengths (several nanometer

difference), however, subsequent stage of continuous spectrum formation
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Figure 5.15: Numerically simulated evolution of supercontinuum temporal
intensity (A\p=1064 nm, 7=300 ps): left- fast and slow mode evolution, center —
aggregate supercontinuum temporal intensity evolution, right — aggregate
supercontinuum temporal intensities after various propagation distances.

makes any differences indistinguishable. The same can be said about
temporal intensity evolution: temporal positions of soliton-like subpulses
are slightly (tens of femtoseconds) different. Such differences are due
to different dispersive characteristics of PCF for orthogonal polarization

modes.

5.3 Conclusions

In conclusion, we presented experimental and numerical simulation
investigation results of supercontinuum, generated in highly nonlinear
PM PCF with two ZDWs, using single-wavelength pumping setups with
tirst or second harmonics of a subnanosecond Nd:YAG microlaser. Su-
percontinuum extended from 400 nm to 1300 nm in case of A\,=1064 nm

and from 400 nm to 900 nm in case of A\,=532 nm. Spectrum extension in
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both cases is mainly limited to group velocity mismatch between pump
wavelength and generated supercontinuum spectrum components. Res-
ults confirmed that main nonlinear phenomena responsible for supercon-
tinuum generation in subnanosecond pump pulse case are different than
in femtosecond pump case: here four-wave mixing and processes related
to Raman scattering play a central role in spectrum expansion.

During time-resolved supercontinuum observation with streak cam-
era we could directly observe that a notable portion of supercontinuum
radiation propagates not in the fundamental PCF spatial mode: some
portion is constantly leaking to the cladding and another part of it can
propagate in a cladding mode. We think that existence of the cladding
mode is possible due to coupling of some part of constantly leaking ra-
diation to this cladding mode. Using estimated group refractive index
values for fundamental mode of PCF (Fig[3.2]left) we can calculate group
refractive index of the cladding mode: ng(at 532 nm)=1.6174.

Numerical simulation results confirmed that in both cases tem-
poral shape of supercontinuum pulse has fine structure (oscillations with
period of the order of several tens of femtoseconds) appearing due to
modulation instability phenomenon. In addition, simulated evolution
of supercontinua generated by orthogonal polarization modes displayed
rather symbolic differences determined by slightly different dispersive
characteristics of the PCFE.

Finally, we need to note that spectrum extension over the whole
visible spectrum range and beyond in PCF with two ZDWs was demon-
strated without any sophisticated technological modifications of the PCF
or complicated experimental setups. Such subnanosecond supercon-
tinuum source is highly desirable in certain applications such as seeding
subnanosecond optical parametric generators as conventional commer-

cially available supercontinuum sources are not suitable for this task.
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Main results and conclusions

1. A novel experimental technique for measuring GVD of PCFs based
on cross-correlation frequency resolved optical gating (XFROG) trace
analysis of a femtosecond supercontinuum generated in a photonic
crystal fiber was demonstrated. Experiment results for two differ-
ent PCFs showed that fairly accurate GVD measurement is possible
when pump wavelength for supercontinuum generation is in anom-
alous GVD range or close to ZDW of the PCF in normal GVD range.
This indicates that with such choice of pump wavelength, essen-
tially all spectrum components of femtosecond supercontinuum are
generated simultaneously at the same time after very short propaga-
tion distance in PCF making the proposed group velocity dispersion
measurement method feasible.

2. GVD measurements were performed in 540 nm — 1400 nm spectral
range for birefringent PCF and in 710 nm — 1450 nm spectral range
for the second (non-birefringent) PCFE. From results it is evident that
measurement range is determined by spectral extent of XFROG trace
which in principle can cover the entire supercontinuum bandwidth.
In case of PM PCF, the novel technique also proved to be capable
of distinguishing GVD of orthogonal polarization modes, which
allowed to determine difference of their group refractive indices
and determine effective limits of PCF birefringence. Unlike other
experimental fiber GVD measurement techniques, our technique can

measure GVD of orthogonal PCF polarization modes simultaneously.

3. An experimental method for measuring phase refractive index of
PCF mode based on analyzing phase shift of interfering adjacent lon-
gitudinal continuous wave laser modes corresponding to shift from
constructive to destructive interference was demonstrated. Correct
measurement is performed only when analyzed shifts are within the
same interference order (Eq[3.14). Measured phase refractive index
for He-Ne laser wavelength for both PCFs is in very good agreement

with theoretically calculated values.
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4. Experimental and numerical investigation of femtosecond supercon-
tinuum generation in highly nonlinear PM PCF with two ZDWs was
performed and revealed that orthogonal polarization modes produce

distinct slightly different supercontinua.

5. Experimental investigation of supercontinuum generation in highly
nonlinear PM PCF with two ZDWs using chirped femtosecond pump
pulses with wavelength in anomalous GVD range of PCF showed
that chirped pump supercontinuum has somewhat broader spectrum
compared to bandwidth limited pump case at the same peak power.
This together with XFROG analysis results indicates that pump pulse
chirp influences not only initial stage of soliton formation but also
subsequent soliton fission and dispersive wave generation phenom-
ena. Numerical simulations produced qualitatively similar results
supporting our assumptions about influence of pump pulse chirp on

supercontinuum formation.

6. Experimental and numerical investigation of supercontinuum gen-
eration in highly nonlinear PM PCF with two ZDWs using first or
second harmonic of a subnanosecond Nd:YAG microlaser was per-
formed and spectrum extension over the whole visible spectrum
range and beyond was demonstrated without any sophisticated
technological modifications of the PCF or complicated experimental
setups. During supercontinuum investigation with streak camera we
could directly observe that a portion of supercontinuum radiation
propagates not in the fundamental PCF spatial mode: such radiation
is separated in time due to different experienced effective refractive
index of photonic crystal fiber, thus can be directly detected.
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