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ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS

OPTOELECTRONICS RESEARCH CENTRE
Doctor of Philosophy

FIBRE OPTICAL PARAMETRIC DEVICES FOR LARGE FREQUENCY-SHIFT
WAVELENGTH CONVERSION

by Gysbert Johannes van der Westhuizen

In this thesis, | investigate fibre optical parametric amplifiers (OPA) and oscillators (OPO), in
terms of their potential for efficient large frequency-shift wavelength conversion. The
underlying physical mechanism of fibre four wave mixing (FWM) offers simultaneous up-
conversion and down-conversion in frequency to arbitrary wavelengths, determined by the
pump wavelength and chromatic dispersion of the fibre. Using optical pulses from an ytterbium-
doped fibre master-oscillator power-amplifier (MOPA), at a wavelength of 1080 nm, |
experimentally and numerically evaluate the suitability of various fibres for frequency up-
conversion towards the visible spectrum. The use of an Yb-doped fibre source allows for all-
fibre integration with fibre optical parametric devices, potentially making it a viable alternative
to expensive bulk sources currently employed in the sub-1-um spectral region.

To accommodate an all-fibre configuration, the first part of the thesis numerically
investigates polarization maintaining (PM) as well as higher-order mode fibres for phase-
matched FWM at relatively modest pump peak powers (< 1 kW). Experiments using the PM
fibre in an OPA configuration, and employing multiple seeding arrangements, are subsequently
presented. Here, it is found that the influence of fibre inhomogeneity, coupled with a relatively
small parametric bandwidth and competing nonlinear processes, severely impairs the conversion
efficiency from the 1080 nm pump wave to the anti-Stokes wave at 840 nm.

The work in the second part of the thesis reports on the use of higher-order dispersion
phase-matching in a photonic crystal fibre (PCF). In the OPA configuration, this approach
proves more efficient and demonstrates parametric conversion over 142 THz to an anti-Stokes
wave at 715 nm. The PCF is also reconfigured into an all-fibre uni-directional ring-cavity OPO,
for which the dependence on nonlinear converter length, out-coupling ratio, pump pulse
duration and intra-cavity filtering are studied. Using a PCF length of 18 m and 800 ps pump
pulses with sub-kW peak powers, this all-fibore OPO demonstrates, what is believed to be, a
record in-fibre pump-to-anti-Stokes conversion efficiency in excess of 10% over 142 THz.

Finally, computer simulations, aimed at realising a dispersion engineered PCF for an
enhanced parametric gain bandwidth, is carried out for a pump wavelength around 1 pm. PCF
designs of this type, using GeO,-doped core regions, are identified for arbitrary frequency-shift
FWM. It is demonstrated that these fibres can enhance the parametric bandwidth by up to three
orders of magnitude, which can lead to a significant reduction in the sensitivity of FWM to fibre
inhomogeneities. An increased parametric bandwidth should furthermore enable the use of
pump sources that are not currently considered to be viable. The fibres are finally also
considered in terms of fabrication tolerances.
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Chapter 1

Introduction

Prior to the 1960 discovery of the ruby laser [1], an optical medium was presumed
linear in its response to an incident electro-magnetic field. The high optical intensities
accessible from lasers however enabled several observations to the contrary. It was
found, for example, that the medium’s refractive index exhibits an intensity dependence
and that the light-matter interaction can alter an incident wave’s optical frequency. As a
consequence, the nonlinear interaction enables electro-magnetic fields to interact with
co- (or counter) propagating fields, through the influence of the medium, thereby
violating the principle of superposition. The implications of these discoveries were, and
still are, far-reaching and lead to the development of the field of research known as
nonlinear optics [2].

Nonlinear optical phenomena are categorised by the order of the nonlinearity,
derived from a Taylor series expansion of the optical medium’s polarization density
about the electric field. Most nonlinearities of practical interest are therefore either of
second-order or third-order. Both second and third-order nonlinear processes were
initially observed in bulk crystalline or liquid media, since these are characterised by
relatively large nonlinear optical coefficients. Whilst optical fibres were available at the
time, relatively small nonlinear optical coefficients and high transmission losses
precluded their use. Low loss optical fibres only truly became an option for nonlinear
experiments in 1970, after significant refinement in their fabrication [3]. In contrast to
bulk nonlinear media, for which alignment and beam overlap remained a complication,

the waveguide property of low loss optical fibres afforded unprecedented interaction
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lengths. The relatively diminutive size of the fibre core furthermore meant that the
efficiency of the nonlinear process, defined as the product of the optical intensity and
the interaction length, for a given wavelength and power, can be larger by a factor of
10" — 10°, relative to that in a bulk medium [4]. These properties, together with the
interesting dynamics resulting from the coupling of nonlinear effects and fibre
dispersion, were responsible for the rapid development in the field of nonlinear fibre

optics during the 1970s and early 1980s (refer to ref. [5] for a detailed account).

Progress in the early years of nonlinear fibre optics relied almost exclusively on
silica fibre, as a result of the medium’s relatively superior transmission properties.
However, since the silica molecule exhibits inversion symmetry, silica fibre has a
virtually non-existent second-order nonlinearity. Although it is possible to induce a
second-order nonlinearity through the process of poling, the approach is elaborate and
will not be considered here [6]. Third-order nonlinear processes therefore present the
lowest order nonlinearities on offer in silica fibres. Processes included in this category
are Stimulated Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS), Self-
Phase Modulation (SPM), Cross-Phase Modulation (XPM) and Four Wave Mixing
(FWM). These nonlinear processes often co-exist in a fibre-optic system, in which case
the dominant contribution depends on the properties of the fibre waveguide as well as

the spectral attributes and power of the incident field.

Whilst nonlinear effects can be undesired and even devastating if left unchecked,
they offer unique attributes that make them valuable to a large range of applications.
Wavelength conversion is a fine example. Laser sources, irrespective of the applicable
medium, require a mechanism for optical gain. In fibre lasers, for example, optical gain
is afforded by so-called rare-earth (RE) doping. The RE ions are optically excited
(typically by means of a semiconductor diode laser), resulting in emission at what is
usually a longer wavelength. The absorption and emission wavelengths are determined
by the atomic transitions associated with the energy level structure of the RE ions. This
means that laser emission is only available at wavelengths for which gain media with
the appropriate energy level structure exist. Consequently, there are windows in the
visible and near-infrared spectra for which laser quality light is not available. It is in this
regard that nonlinear processes can be used to extend the wavelength coverage available

from conventional lasers.



Section 1.1 — Historical Overview

The process of fibre FWM is one approach that offers great potential as a versatile
wavelength converter [7]. In its simplest configuration, FWM can be initiated from a
single incident optical field. Two photons from this so-called degenerate pump wave are
annihilated, leading to the simultaneous creation of one photon at a lower frequency
(Stokes) and one photon at a higher frequency (anti-Stokes), so as to conserve energy.
The frequency separation between the pump and Stokes (or anti-Stokes) waves can
assume any value up to the second-harmonic limit, provided that the fibre dispersion is
suitable. This condition on the fibre dispersion is known as phase-matching and is
equivalent to the requirement of momentum conservation. Since fibre dispersion can be
tailored by changing the fibre dimensions and material composition [8], fibore FWM
offers a promising route to laser quality light at practically any wavelength for the
appropriate choice of pump wavelength. Practical implementations of fibre FWM are
encountered in either an optical parametric amplifier (OPA) or optical parametric
oscillator (OPO) configuration. An OPA is a single-pass FWM device seeded at either
the Stokes or anti-Stokes wavelength, such that the seeded component is amplified,
whilst the un-seeded component is generated from noise. Oscillators, on the other hand,
are typically noise-seeded at both the Stokes and anti-Stokes and rely on optical

feedback at one, or even both wavelengths, to increase the conversion rate.

To date, the success of nonlinear optical devices as wavelength converters can
largely be attributed to progress in bulk optical parametric amplifiers and oscillators
(refer to [9] and references therein). These sources offer excellent conversion
efficiencies over large frequency separations as well as wavelength tuneability.
However, in contrast to fibre FWM, bulk optical parametric mixing devices are based
on the second-order nonlinearity and therefore only allow down-conversion of the
incident frequency. They are furthermore relatively expensive and susceptible to
misalignment. In contrast, optical fibre is inexpensive and robust, and offers the
possibility of a compact fully-integrated all-fibre wavelength converter. These
properties have been instrumental in the success of fibre Raman amplifiers and lasers in
general [10], as well as in optical communication systems (refer to [11] and references
therein). Whilst SRS typically only allows for frequency down-conversion, the process
is self-phase-matched for a frequency separation determined by the energy level
structure of the medium. For this reason, fibore FWM, for which phase-matching needs
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to be achieved in an active manner, proves relatively challenging, but also promises

greater flexibility.

Phase-matched fibre FWM can be realised in two distinct ways. Assuming a
degenerate pump and a fibre with a single zero-dispersion wavelength (ZDW) , the first
approach pumps the fibre just inside the anomalous group velocity dispersion (GVD)
regime. This results in phase-matching over a relatively broad bandwidth about the
pump wavelength. Of greater interest for the purpose of wavelength conversion, is the
second approach, where the fibre is pumped in the normal GVD regime. In this case,
phase-matching can be achieved in a number of ways, each of which allows for phase-
matched FWM to spectrally distant narrow bands. Whereas the narrow bandwidth
associated with the second approach is often desired, it places strict requirements on the
fibre dispersion, which has to be uniform along the length of the fibre to maintain
phase-matching. It is therefore important to optimise the parametric bandwidth, which
scales inversely with an increase in fibre length (assuming perfect phase-matching). To
reduce the impact of fluctuations in the fibre dispersion, short fibres are therefore

required, which in turn demands an increased pump power for efficient conversion.

The past decade has seen renewed interest in fibre FWM for the purpose of
wavelength conversion. This may be attributed to a number of technological
advancements. Perhaps the most important is the progress that has been made in RE-
doped fibre lasers and amplifiers [12]. Particularly double-cladding ytterbium-doped
fibre devices have been demonstrated as exceptionally versatile high power laser
sources, in both the CW and pulsed operating regimes. Progress in fibre design and
fabrication is another contributing factor to the resurgence in large frequency-shift fibre
FWM research. Smaller mode-field diameters and improved longitudinal uniformity in
conventional solid-core fibres, as well as photonic crystal fibres, are constantly enabling
record conversion efficiencies to wavelengths throughout the visible and near-infrared
spectra. The combination of these technologies looks set to unlock the potential of fibre

FWM as a viable alternative to existing nonlinear wavelength converters.

1.1 Historical Overview

Degenerate fibre FWM, or three-wave mixing, was first demonstrated in 1974 by R. H.

Stolen et. al., working at Bell Labs [7]. Using pump pulses from a frequency doubled
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Nd:YAG laser, phase-matching was accomplished for a frequency-shift of 85 THz,
through the use of higher-order spatial modes. The dispersion characteristics of higher-
order spatial modes offered a relatively straightforward route to phase-matching, and
subsequent experimental work therefore focussed on exploring different mode
combinations [13] - [16]. In 1980, Washio et. al. reported the first demonstration of
fundamental mode fibre FWM [17]. This approach, relying on the waveguide’s higher-
order dispersion, showed that phase-matching can be achieved when pumping close to
the fibre’s ZDW in the normal GVD regime. Subsequent results confirmed that the
phase-matched frequency-shift depends on the frequency separation between the pump
wavelength and ZDW [18], [19]. Around the same time, Stolen and co-workers
continued their pioneering work by demonstrating an alternative approach to
fundamental mode fibre FWM. Here, phase-matching relied on the polarization-
multiplicity of the fundamental fibre mode and resulted in frequency-shifts of up to 30
THz for birefringence values of the order of 10 [20]. By this time, fibre FWM and
parametric amplification was well understood [21]. Although the performance of fibre
OPAs was not comparable to Raman amplifiers [22], their potential, specifically as

wavelength converters, was undeniable.

During the mid-to-late 1980s, interest in optical fibre communication systems
started to grow. What followed was an intense period of research aimed at discovering
suitable optical amplifiers. This research culminated in the 1986 discovery of the
erbium-doped fibre amplifier (EDFA) at the University of Southampton [23]. The
associated progress in the fabrication of RE-doped fibre lasers and amplifiers, as well as
diode laser technology, rejuvenated interest in fibre FWM, which had been experiencing
a period of relative inactivity. The renewed interest was furthermore spurred on by the
1986 in-fibore demonstration of so-called modulation instability [24], [25].
Mathematically, this nonlinear process is simply the time-domain description of a fibre
FWM process in which the pump wave is positioned inside the anomalous GVD
regime. The previously discovered phase-matching processes function by balancing the
phase mismatch contributions attributed to material and waveguide dispersion. In
contrast, the modulation instability process uses pump-wave induced SPM to cancel the
phase mismatch attributed to dispersion. Although the resultant phase-matched
frequency-shift is comparatively small, the parametric gain bandwidth can span

hundreds of nanometres [26]. The combination of high gain and a bandwidth that can
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exceed those of EDFAs and Raman amplifiers generated considerable interest from the
telecommunication community. Progress since the latter half of the 1990s also
benefitted from the first demonstration of a so-called highly-nonlinear dispersion-
shifted fibre [27]. These fibres enabled the use of modulation-instability-based
amplifiers in the all-important 1550 nm spectral window, thereby making it available to
a host of potential applications. For an excellent overview of telecommunication-related

performance results and applications, the interested reader is referred to Ref. [28].

The development of fibre-based technologies that accompanied the rise of the
telecommunication era, invariably also held benefits for technology aimed at non-
telecommunication applications. Progress in the fabrication of passive and RE-doped
fibres are examples of particular interest for large frequency-shift FWM. These
improvements were complemented by the realisation of double-cladding fibres, which
enabled the use of multimode pump diodes, to improve the power scalability of single-
mode fibre lasers and amplifiers in a drastic way [29], [30]. Another important
milestone during the latter half of the 1990s was the discovery of index-guiding
photonic crystal fibres (PCF) [31]. Instead of using dopant materials to raise the index
of the core, the cladding of this typically single-material fibre is covered with air-holes
to guide light via the process of modified total internal reflection. PCF immediately
attracted interest from the nonlinear optics research community for two reasons. Firstly,
these fibres can be designed to have very large waveguide dispersion, which can be
used to shift the fibre’s ZDW to values below that of the silica material. Secondly, PCF
offers the possibility of a wavelength-independent mode-field diameter, which
effectively allows for a single guided mode over a large spectral range. Over the past
decade, these technological advances resulted in a resurgence in research activity into
large frequency-shift fibre FWM. The following is a brief overview of notable trends

and achievements.

The ability of PCF to shift the ZDW enabled researchers to achieve phase-
matching through the use of higher-order dispersion and a variety of pump sources. Q-
switched or mode-locked Nd:YAG and Nd:YVO, lasers proved particularly popular as
pump sources in OPA experiments, since the picosecond pulse widths and low
repetition rates of these enabled high peak powers and therefore afforded relatively
good conversion efficiencies [32] - [34]. Similar experiments explored the wavelength

tuneability of the large-shift FWM process using ultra-short pulses from a Ti:sapphire
6
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laser [35], as well as nanosecond pulses and even continuous wave (CW) radiation from
a dye laser [36]. Phase-matched FWM were also realised through the use of different
polarization modes [37], [38], as well as higher-order spatial modes [39], [40]. For the
latter case, a PCF with a germania-doped core was chosen, since it was found that these
allow even greater design flexibility [41]. Other novel applications and concepts
included the demonstration of FWM in a air-guided photonic band-gap fibre (PBGF)
[42], as well as the theoretical treatment of degenerate FWM in a solid-core PBGF [43].

Whilst optical parametric generation and amplification were also demonstrated in
conventional fibre (see Ref. [44], for example), these could not quite match the large
frequency-shift conversion efficiencies of PCF-based devices. This is primarily a
consequence of the reliance on relatively low power EDFA pump sources which
precludes an adequate parametric bandwidth. To overcome this limitation, the use of the
optical parametric oscillator (OPO) configuration proved remarkably successful [45].
Impressive conversion efficiencies at moderate frequency separations were
demonstrated in all-fibre [46] and hybrid free-space [47] ring-cavities using nanosecond
pulses and CW radiation from a tunable laser source (TLS)-seeded EDFA pump,
respectively. Similar experiments have recently been used to demonstrate wavelength
tunability up to 2 um [48] - [50], as well as excellent conversion efficiencies and watt-
level output powers (albeit at smaller frequency-shifts) for CW pump waves [51] and
nanosecond pump pulses [52]. Research on OPO devices at alternative pump
wavelengths has also been a topic of interest over the past decade. As such, moderately
efficient PCF-based OPOs have been demonstrated in hybrid free-space ring cavities
[53], [54] as well as linear cavities [55], at pulse widths ranging from tens of
picoseconds to tens of nanoseconds. For a detailed discussion on these devices, the
interested reader is referred to Ref. [56], where similar implementations, relying on an

anomalous GVD pump source, are also treated.

1.2 Motivations

In recent years, researchers have started to realise the value of ytterbium-doped fibre
lasers (YDFL) and amplifiers (YDFA) as pump sources for large frequency-shift fibre
FWM devices. In contrast to bulk alternatives like Nd:YAG, YDFA pump sources offer

unrivalled flexibility and power scalability, particularly in the so-called master
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oscillator power-amplifier (MOPA) configuration. Pump sources based on YDFA
technology have been used, for example, to illustrate up-conversion efficiencies in
excess of 30% at frequency-shifts larger than 120 THz in optical parametric generators
[57][58]. In these experiments, the combination of picosecond pump pulses with high
peak powers and short PCF nonlinear converters resulted in large parametric
bandwidths. These bandwidths in turn made the phase-matching, and thus the FWM
conversion efficiency, more resilient to longitudinal fibre inhomogeneities. However, a
high peak pump power often precludes the use of an all-fibre configuration in order to
avoid unwanted nonlinearities, thereby forfeiting a principle advantage of fibre sources.
A demonstration of an all-fibre pump-OPA source, based on the combination of YDFA
and PCF technology, was however reported very recently [59]. Here, the authors
managed to achieve a pump to anti-Stokes conversion efficiency of about 15% at a
frequency-shift of 85 THz, in a 0.6 m long PCF, using 50 ps pump pulses with a peak
power of roughly 3.6 kW at 1030 nm. In contrast to results at pump wavelengths around
1 pm, efficient all-fibre pump-OPA (and OPO) configurations for pump wavelengths in
the 1550 nm spectral region have become relatively common (refer to Section 1.1).
Notably, these devices typically utilise nanosecond pump pulses and dispersion-shifted

fibre lengths ranging from tens to hundreds of metres.

The purpose of this thesis is to investigate methods whereby practical and
efficient large frequency-shift FWM can be realised at YDFA pump wavelengths. In
addition to the previously-mentioned advantages of YDFA technology, the motivation
for its use is two-fold. Firstly, it offers the potential for large frequency-shift up-
conversion towards visible wavelengths, where spectroscopy applications in particular
stand to benefit from the ytterbium gain medium’s flexibility in terms of pulse width
and wavelength tuneability. Although the spectral range in question can be accessed via
conventional solid-state technology, such as Ti:sapphire lasers, these are expensive and
sensitive, which can make them impractical. Other fibre-based pump sources, like
EDFAs, are similarly unsuitable, since these do not allow for conversion to sub-1 pum
wavelengths. The potential of YDFA-based pump sources to be integrated into all-fibre
OPA or OPO devices is further motivation for its use. An all-fibre solution offers
excellent stability as well as reliability in terms of beam quality and power delivery,
potentially making it a viable alternative to current bulk sources.



Section 1.3 — Thesis Outline

In contrast to the brute-force high pump power approach followed in some of the
previous research investigations on this topic, the work presented in this thesis considers
the use of nanosecond pulses and relatively modest pump powers (1 kW). As a result of
the reduced pump power, longer fibre lengths will be considered in order to maintain
optimal conversion efficiency. This approach is common for fibore OPA and OPO
devices operating in the 1550 nm spectral region, where they have proved very
successful. However, their success, especially at large frequency-shifts, may in part be
attributed to the use of dispersion-shifted fibres and the excellent longitudinal
uniformity of these. A uniform fibre is crucial to maintain coherent FWM, particularly
since both a reduction in pump power and increase in fibre length reduces the
parametric gain bandwidth. For this reason, this thesis considers the use of
telecommunication-grade fibre to achieve large frequency-shift FWM. Since the ZDWs
of these typically range from 1300 nm to 1600 nm, they do not lend themselves to
phase-matching through the use of higher-order dispersion for pump wavelengths
around 1 um. The investigation therefore evaluates the possibility of using higher-order
spatial modes, as well as polarization modes, to achieve phase-matching. The
combination of these techniques in conventional fibres and 1 um pump wavelengths has
not received much attention since the middle 1980s. Therefore, given the immense
progress that has been made for pump sources, passive fibres and fibre components, it is
time to re-evaluate the potential of these techniques. In addition, the work presented
here considers higher-order dispersion phase-matching in a photonic crystal fibre. This
allows for, at least, qualitative comparisons of the findings from the respective

investigations and provides insight into the applicability of the considered techniques.

1.3 Thesis Outline

Chapter 2 follows the introduction and historical overview of this chapter with a review
of the theory relevant to an understanding of fibore FWM. It starts with an introduction
on the principle of waveguiding and the significance of optical modes. This leads into a
discussion on the important topic of chromatic dispersion, which is considered within
the context of multimode fibres, polarization maintaining fibres as well as photonic
crystal fibres. The second part of Chapter 2 deals with nonlinear phenomena in fibres.

After a brief introduction on Brillouin and Raman scattering, FWM is considered with
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particular attention to the underlying physics and the mechanisms for phase-matching.
The chapter is concluded with an overview of the most important properties of

ytterbium-doped fibre sources.

The ytterbium-doped fibre master-oscillator power-amplifier configuration,
employed as pump source in the majority of experiments reported in this thesis, are
described in Chapter 3. This includes an overview of the characteristics of the seed
lasers and fibre amplifiers developed throughout the iterative approach that was

followed to optimise performance for FWM in an all-fibre system.

Chapter 4 provides details on a numerical and experimental investigation into the
plausibility of fibre optical parametric amplification in conventional telecommunication
fibres. The first part of the chapter describes a numerical model that calculates a fibre’s
dispersion from its refractive index profile. Next, these dispersion characteristics are
used to evaluate phase-matching combinations in readily available multimode and
polarization maintaining (PM) fibres. This, together with solutions to the equations that
govern FWM in the respective fibres, are then used to identify the PM fibre as a more
suitable choice for the experimental phase reported in the second half of the chapter.
Here, FWM in the PM fibre is evaluated in the OPA configuration using a pulsed, as
well as CW, seed laser, and the pump MOPA of Chapter 3. Experiments in an un-
seeded optical parametric generator (OPG) configuration, employing pump sources with

alternative characteristics, are also presented.

Chapter 5 considers higher-order dispersion phase-matching in PCF. After a short
overview of the chosen fibre’s properties and their implications for phase-matching,
experimental results are presented on the use of this fibre in the OPG configuration.
This leads into a discussion on the role of competing nonlinearities and the motivation
behind the decision to reconfigure the single pass OPG into a ring-cavity OPO. The
PCF-based OPO is first implemented using a hybrid free-space setup, but is eventually
integrated into an all-fibore pump-OPO configuration. The rest of the chapter is
dedicated to a structured overview of the characteristics of an all-fibore OPO, with
particular attention to the influence of out-coupling ratio, PCF length, pump pulse width

and intra-cavity filtering.

The use of a relatively low pump peak power and long nonlinear converter leads
to a reduced parametric bandwidth, which makes the large frequency-shift FWM
10
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process sensitive to longitudinal inhomogeneities in the fibre. This process has a

disruptive influence on FWM conversion. The numerical analysis of Chapter 6 explores

the possibility of increasing the parametric bandwidth by engineering of the dispersion,

and subsequently the phase-matching. Designs based on PCFs with germania-doped

core-regions forms the basis of the approach. It is found that the additional degrees of

freedom, provided by the doping concentration and uniformly doped radius, can lead to

an optimised parametric bandwidth.

Chapter 7 finally provides a summary on the main results and conclusions

throughout this thesis. Suggestions on further experimental work are also provided here.
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Chapter 2

Background

Chapter 2 provides an overview of the background theory relevant to an understanding
of fibre optical parametric devices. The focus is on the fibre waveguide and the
nonlinear processes supported by this medium. The chapter is concluded with a
summary of the pump source technology chosen for the experimental investigations to
follow in Chapters 3 through 5. Only the most important subjects are covered and whilst
the content will serve only as a reference to later chapters, appropriate references are

provided throughout, for the interested reader.

2.1 Optical Fibre Waveguides

An optical fibre is a dielectric structure that confines electromagnetic (EM) radiation
through the process of waveguiding. Although various materials and shapes are

possible, optical fibres are traditionally cylindrical and consist primarily of silica glass.

Typical optical fibres have outer diameters of ~125 pm. Governed by the
transparency of the dielectric material that makes up the optical fibre, these waveguides
are usually employed in the visible and near infrared portions of the EM spectrum. In
this limit, where the radiation’s wavelength (say, 1 um) is small in comparison to the
fibre dimensions, waveguiding can be described through ray optics. To this end, we
consider a so-called step-index fibre (refer to Figure 2.1) [1].
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A step-index fibre is made up of two distinct regions, known as the core and
cladding. As the name suggests, the core is located within the cladding, and is
characterized by a refractive index, n;. The cladding is similarly characterized by a
refractive index ny, such that n; > n,. The relative increase in the core refractive index is
achieved by doping silica (for example) with a material with a higher refractive index,

such as germania.

\ GLADDING _: / |_

Figure 2.1: Schematic of a step-index optical fibre, indicating the core, cladding and angles relevant to

waveguiding. The core refractive index, ny, is larger than that of the cladding, n,.

Consider an optical ray, propagating in a plane that passes through the fibre’s
optical axis. According to the Fresnel equations and Snell’s law, the incident ray will
undergo refraction and reflection at the core-cladding interface [2]. The proportionality
of the refracted and reflected power will depend on the angle of incidence, with respect
to the normal. In general, a larger angle results in a reduction in power transmission, up
to a critical angle (6,.) at which the incident power is reflected in full. Beyond the
critical angle, the ray is said to undergo total internal reflection. From Snell’s law, the

critical angle follows as:

6, = sin™! =2 (2.1)
ng

Rays satisfying equation 2.1 are confined to the core, whilst all other rays rapidly leak

from the core through consecutive interface encounters.

The condition for waveguiding, as outlined above, has implications for the light-
gathering capacity of the fibre core. An optical ray propagating from air, into the fibre
core, will be refracted. Snell’s law can thus once more be used to calculate allowed

incidence angles, necessary to ensure total internal reflection:
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2.2

0, =sin™! [n? —n% =sin"I1NA (22)
This angle defines the acceptance cone of the optical fibre and is a function of the
fibre’s so-called numerical aperture (NA). From Figure 2.1 it is clear that rays incident
at angles greater that 6, will not be guided. The numerical aperture is an important
quantity, which, along with the core dimensions, dictates the guidance characteristics of

step-index fibres.

The preceding ray representation is a simplification of a more involved wave
representation, wherein a ray is assumed perpendicular to the wave’s phase front. By
considering the conditions imposed on different rays by a common phase front, it is
simple to derive a phase-matching condition for the discrete ray angles, ¢ > 6., for
which waveguiding will occur [3], [4]. Each of the allowed angles (¢), which depend on
the radiation wavelength, fibre core size and fibre NA, therefore corresponds to an
allowed EM wave. Since the phase front of a particular EM wave is subject to
interference, the resulting EM field distribution, or mode, becomes a standing wave in
the fibre’s transverse plane. In this way, a fibre may support a large number of modes at

a given wavelength.

Whereas geometrical optics provides an intuitive picture on the origin of
waveguiding, a rigorous treatment involves Maxwell’s equations and solutions to the
subsequent wave equation. In this section we shall briefly outline the most important
aspects of such a treatment, with an emphasis on obtaining solutions to the relevant
equations. The remainder of the section will then be dedicated to a discussion on the
waveguiding properties of typical dielectric media and the implications for the theory
used to describe light-matter interaction.

2.1.1 Optical Fibre Modes

For a dielectric material, where both the current density and electric charge density are

zero, Maxwell's equations may be written as [1],

7 HEO = an;:, t) (2.3)
VX E(rD = — aBg, t) (2.4)
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V-D(rt) =0 (2.5)
V-B(r,t) = 0 (2.6)

where r and t denote the spatial and temporal dependence, respectively.

The electric and magnetic field vectors (E and H) are related to the electric
displacement and magnetic flux density (D and B) by the constitutive relations. The
constitutive relations describe the macroscopic properties of the medium through which
the fields traverse. For the purpose of obtaining the mode field distributions and the
corresponding mode propagation constants, the dielectric medium is assumed to be
linear. In a linear medium the induced electric polarization (P(r,t)) is directly
proportional to the electric field via the electric susceptibility (ye). Similarly, the
magnetization (M(r,t)) is directly proportional to the magnetic field through the
magnetic susceptibility (ym). In general, x.(r) and ym(r) are tensors. The constitutive

relations therefore become:

D(r,t) = gy(1 + x.(r))E(r,t) = e(r)E(r,t) 2.7
B(r,t) = po(1 + xm (0)H(r, 1) = p(H(r, 1) (2.8)

The constants g and po are the vacuum permittivity and vacuum permeability,
respectively. However, due to the non-magnetic nature of the dielectric, ym(r) may be
taken as zero [5]. For the time being, we also assume that the propagation medium is
isotropic (¢(r) independent of field polarization).

Equations 2.7 and 2.8 may be used to rewrite Maxwell's equations. Based on the
underlying assumption of a monochromatic optical field, the resultant expressions are
satisfied by time-harmonic solutions, allowing us to write the vector fields as E(r,t) =
E(r)e/®t and H(r,t) = H(r)e*t, for angular frequency w. Here, E(r) and H(r) are the
complex amplitudes of the electric and magnetic fields [1]. Clearly, the time-derivative
of E(r,t), for example, will now simply translate into multiplication by a factor jo
(where j = v/—1). With the time-derivatives removed, Maxwell’s equations in their new

form may be combined to yield the following wave equation for E(r):

V x VX E(r) = w?poe(r)E(r) (2.9)
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A similar expression for H(r) may be derived in the same way. For a low-loss dielectric
medium, the imaginary part of the complex quantity £(r), may be neglected. In this case,
the real part of the permittivity is related to the medium's refractive index by &(r)=
gon?(r). If we now consider a wave propagating along the optical axis of a lossless,
perfectly cylindrical waveguide (say z), the field-phasor solution to equation 2.9 will

have the following form [6],
E(r) = E(x,,2) = Eg(x,y)e % (2.10)

where [ is the mode propagation constant. Substituting equation 2.10 into equation 2.9
leads to a so-called eigenvalue problem, where E,(x,y) represents the eigenvector

corresponding to an eigenvalue .

Solutions for step-index fibres:

Equation 2.9 accounts for possible spatial variation in the permittivity and therefore
describes wave propagation in inhomogeneous media. In the case of a step-index fibre
(refer to Figure 2.1), the refractive index distribution may however be divided into
homogeneous zones (i.e., core and cladding). In this case, the permittivity within a
specific zone may be taken as position independent (g(r) = €), resulting in the following

simplified wave equation:
V2E(r) = k%E(r) (2.11)

Equation 2.11 is called the Helmholtz equation and the quantity k = (nw)/c denotes
the propagation constant (wavevector), where ¢ is the speed of light in vacuum.
Substituting equation 2.10 into equation 2.11 gives rise to the following eigenvalue

problem [6]:
VREo(xy) = (k* — BDEo(xy) (2.12)

2 2
Here, Vi= ;7+;? is the transverse Laplacian. Solutions to equation 2.12 and the

equivalent expression for H(r) can be found by re-casting the eigenvalue problem into
cylindrical coordinates. For a step-index fibre, the mode propagation constants of the

guided modes will be limited according to k, < 8 < k;. Equation 2.12 therefore differs
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for the core and cladding, depending on the sign of (k% — 8?). To this end, two

parameters are defined as follows:

U? = a?(k? - B?), for § < Iy (2.13)
W2 = a?(B? - k3), for B > k, (2.14)

U and W are so-called mode parameters, normalized with respect to the fibre core
radius (a). Both resulting expressions are Bessel differential equations, which are
satisfied by Bessel functions of the first kind (J) and modified Bessel functions of the
second kind (K), in the core and cladding, respectively. Matching the fields at the core-
cladding boundary, using the relevant boundary conditions, eventually yields a
dispersion equation from which solutions to the mode fields and mode propagation
constants can be found. Since the procedure for deriving the dispersion equations are
well documented in several reference guides (see [6] for example), it will not be
repeated here. It is however instructive to consider certain aspects of the theory.

The sum of equations 2.13 and 2.14 is a constant that depends on the design

parameters of a step-index fibre:

2.15
V=afkf—k§=ak0NA (2.15)

NA is the numerical aperture defined in equation 2.2, whilst k, = (2m) /A is the vacuum
wavevector, where A represents the vacuum wavelength. The quantity V is commonly
referred to as the normalized frequency, or V-number, and provides an elegant measure
of the number of modes supported by a given fibre, at a given wavelength. Inspection of
equation 2.15 reveals that the V-number decreases for an increase in wavelength . It
therefore follows that a specific fibre will support more modes at shorter wavelengths.
Clearly then, a wavelength exists for which the V-number becomes small enough for the
fibre to support only a single (spatial) mode. This is called the single-mode cut-off
wavelength and it can be shown to occur for V. = 2.405 [6]. In a similar way, cut-off

wavelengths are defined for all the higher-order modes.

Fibre modes can generally be classified into three groups, namely transverse
electric (TE), transverse magnetic (TM) and hybrid modes (HE and EH). Each group is

associated with a particular dispersion equation, based on the relevant field components.
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Solving the dispersion equation analytically is extremely complex, especially for hybrid
modes, where the electric and magnetic fields have axial components. It is therefore
common to employ the weakly-guiding approximation, under which (n;/n, = 1). In
this case, the axial field components are weak in comparison to the transverse field

components, allowing us to represent all fibre modes using a unified dispersion equation

[7]1, [4]:

1 for TEOml TMOm (216)
Jiz1 (@) _ o Kia (W) — +1  forEH
v J1(U) w Ki(w) ’ : i o
q-—1 for HE,p,

In equation 2.16, ] and K are the mentioned Bessel functions, whilst the subscripts q and
m are the mode order and radial mode order, respectively. By using the weakly-guiding
approximation, the real fibre modes may be grouped together according to their mode
orders. Since the mode propagation constants for the real modes within every group are
degenerate in this approximation, they can be superimposed to yield linearly polarized
(LPim) modes [8]. Since equation 2.16 is transcendental, a graphical or numerical
approach is still required to solve for the mode fields and propagation constants. For the
case of conventional fibres, it however presents a significant simplification for a small

penalty in accuracy.

In the single-mode regime, for which V < 2.405, very useful approximate
analytical solutions for quantities of interest have been derived. Of particular
importance is the so-called normalized propagation constant, which may be calculated

from the design parameters of the fibre alone, according to [8]:

_B/k?-ni_ [ 142 ] 217)
FT 22 T 1+ (4+VH1/4

As before, n; and n, denote the refractive index of the core and cladding, respectively.
Similarly, it has been shown that the mode field diameter (MFD) may be calculated

from the following empirical relation [9],

1.619 2.879 (2.18)
V3/2 + A\

MFD = 2a [0.65 +
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where a denotes the core radius. Although these expressions are strictly applicable to

step-index fibres, they often prove very useful in the evaluation of real fibres.

Solutions for arbitrary refractive index distributions:

The preceding theory is often applicable to real fibres, for which the refractive index
profile is approximately step-index. However, once the refractive index distribution of a
fibre becomes more involved, analytical formulations to the boundary conditions
between homogeneous zones may become impossible. Furthermore, in the case of
index-guiding photonic crystal fibres (PCF), the index-contrast between the dielectric
cladding and the air-holes precludes the use of the weakly-guiding approximation [10].
Representations of real fibre cross-sections, treated throughout this thesis, are shown in
Figure 2.2. Optical characterization of these fibres require solutions to equation 2.9, or

an equivalent expression. To this end, numerical procedures have to be considered.

GRADED ‘CORE’

l"’"‘. ‘
. @

CLADDING CLADDING CLADDING

() (b) (©
Figure 2.2: Illustrations of real fibre cross-sections encountered in this thesis. (a) A graded-index fibre,
where the core refractive index is a gradual function of the fibre radius. (b) A PANDA polarization-
maintaining (PM) fibre, with stress-applying parts (SAP) in its cladding. (c) A photonic crystal fibre

(PCF) with a triangular air-hole lattice in its cladding.

The numerical procedure of choice throughout this thesis is provided by the
commercial software COMSOL [11] and makes use of the finite element method
(FEM). The FEM solves the eigenvalue equation, associated with equation 2.9, by
approximating the boundary value problem as a linear system of integral equations,
using Galerkin’s method of weighted residuals. By dividing the computational domain
into a number of small triangular subdomains, the FEM greatly simplifies the
implementation of Galerkin’s method. The linear system of integral equations are

finally solved through an iterative method [10], [4].
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The FEM thus provides us with the mode propagation constants and
corresponding mode fields at a single frequency for a given optical fibre. In Chapters 4
and 5 this method will be applied to commercial fibres for the purpose of studying their
suitability as optical parametric amplifiers. The following section will be concerned

with the frequency dependence of the solutions, obtained from the software.
2.1.2 Chromatic Dispersion

A complete evaluation of the guidance characteristics of a fibre needs to account for the
frequency dependence of the optical mode’s propagation constant, called chromatic
dispersion. Chromatic dispersion may be decomposed into a contribution due to the
bulk material and a contribution due to waveguiding.

In the near infrared spectral region, the dispersion of a bulk material is well

approximated by the Sellmeier equation [12]:

3. B2 (2.19)
RO =1+
j=1 )

The wavelengths, 2, are the resonance wavelengths at which the specific medium
absorbs light, while the constants, B;, indicate the strength of each resonance. As
mentioned in the introduction to Section 2.1, the radial variation in the refractive index
of an optical fibre is accomplished by doping a host material (SiO, for example) with
another material. These so-called dopant materials can be categorized as index
increasing or index decreasing, depending on whether they increase or decrease the
refractive index of the host. In this work we shall only consider silica-based fibres for
which the Sellmeier coefficients (A; and B;) are given by Fleming [13]. A number of
dopants, such as GeO,, P,0s, B,O3; and F, will be considered and their Sellmeier
coefficients can be found in [12] and [13] (also see [14] and [15]).

In order to calculate the complete material dispersion, associated with an
arbitrarily doped portion of the fibre, it is necessary to include the dispersion of the host
medium and the dopant medium. From the respective Sellmeier coefficients, the
refractive index of the host material (ny) and the refractive index of the host, doped

with a known concentration (m,) of an index increasing dopant (n.) (for example),
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can be calculated at a given wavelength, A. Using these values, the corresponding
refractive index at A for an arbitrary doping concentration (m) can be calculate from
[16]:

m 1/2 2.20
n=[n%+—(ni—n(2)) (2.20)
my

Here, the doping concentrations are typically specified in units of % (mol).

Even in the absence of material dispersion, the optical mode of a fibre still
depends on frequency. This so-called waveguide dispersion is related to the V-number’s
dependence on wavelength (refer to equation 2.15). Physically, the confinement of the
mode field changes with wavelength, leading to a change in the mode field distribution
relative to the waveguide structure and its associated refractive index distribution. As a
result, the mode experiences a change in its so-called effective refractive index (Nes).
The effective refractive index of a given mode is related to the mode propagation
constant through:

B(w) = Negr (Ca))a) (2.21)

By considering a Taylor expansion of the mode propagation constant, about a

central frequency w, the effects of chromatic dispersion may be isolated [5]:

1
B(w) = Bo + B1(w — wy) + EBZ (w— wO)Z + .- (2.22)
—de (2.23)
Pm = (dwm) -

Here, the parameter $; denotes the inverse of the group velocity of a pulse, associated
with a spectrum about w,. From equation 2.23 it follows that 8, denotes the dispersion
in the group velocity and is subsequently called the group-velocity dispersion (GVD)
parameter. Chromatic dispersion in fibres is historically presented by the dispersion

parameter (D) and is related to the GVD as follows:
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e, (224)
A2

Figure 2.3(a) shows the wavelength dependence of the core (3.5% GeO,-doped
Si0,), cladding (pure SiO;) and effective refractive index, for the fundamental mode
(LPo1) and a higher-order mode (LP11), of a typical step-index fibre (a = 4.15 um). It is
clear that the nes-values for both guided modes are bound by the refractive index values
for the core and cladding. For wavelengths longer than 1.32 um, the refractive index of
the cladding exceeds the effective index of the LP1; mode, resulting in the V-number
(equation 2.15) dropping below 2.405, and the mode reaching cut-off (see Section
2.1.1). Figure 2.3(b) shows the dispersion (D) associated with the core and cladding
materials, as well as the total chromatic dispersion of the LPy; and LP1; modes of the
fibre. The values for the zero material dispersion wavelength of the core and cladding
are 1.288 pum to 1.273 um, respectively (see inset Figure 2.3(b)). This increase is
consistent with the linearity in equation 2.18 and the general observation that a higher
core refractive index will increase the wavelength of zero material dispersion. It is also
found that the influence of waveguide dispersion results in a further increase in the zero
dispersion wavelength (ZDW) of the fundamental mode. This increase may be
attributed to the negative contribution from waveguide dispersion in the spectral region
about the zero material dispersion wavelength [4]. In fact, the ZDW can similarly be
increased beyond 1.6 pm, through the use of smaller cores, higher levels of core doping,
and additional features in the refractive index distribution of the fibre. The dispersion of
the LP1; mode in Figure 2.3(b) remains negative over the wavelength range of interest
and terminates at its cutoff wavelength.

Dispersion and the ZDW are of great importance for pulse propagation and
nonlinear processes in fibres. In particular, it governs the phase-matching process that is
crucial for fibore FWM. The theory related to FWM follows in Section 2.3. For the time
being, it is sufficient to note that the short-wavelength side with respect to the ZDW is
called the normal-dispersion regime (D < 0), whilst the long-wavelength side is called

the anomalous-dispersion regime (D > 0).
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Figure 2.3: (a) Wavelength dependence of the core (SiO, / 3.5% GeQ,), cladding (SiO,) and effective
refractive index for the LPy and LP;; modes. (b) Dispersion parameter associated with the core and
cladding material, as well as the total chromatic dispersion for the LPy, and LP;; modes. Both graphs
indicate the cut-off wavelength for the LP;; mode. The inset to (b) shows an increase in the zero
dispersion wavelength (ZDW) for the LPy mode (1.309 um), relative to that of the cladding material
(1.273 pm).

2.1.3 Modal Birefringence

The theory of Section 2.1.1 assumed an isotropic material with perfect cylindrical
symmetry. An optical fibre satisfying these assumptions is called an ideal fibre. In an

ideal fibre, the fundamental mode is two-fold degenerate. The two degenerate
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fundamental modes are however distinguishable through their mutually orthogonal
polarizations. If one of these modes is excited, it will propagate with its polarization

unperturbed [5].

Real fibres have cross sections which are not precisely symmetrical. These
asymmetries are due to manufacturing flaws as well as external stress acting on the
fibre, leading to anisotropy. As a result of these imperfections, the degeneracy of the
fundamental mode is broken and the mode propagation constants differ from each other.
Since the imperfections in real fibres also vary along the length of the fibre, the amount
by which the mode propagation constants differ from each other also vary. This leads to

random changes in the polarization of an excited mode [5].

The random changes in the polarization of the fundamental mode may be
prevented through the introduction of a large amount of birefringence. This
birefringence can be initiated through geometrical anisotropy (elliptical core) or by the
application of stress [4]. The intentional birefringence introduces two orthogonal
principae axes in the fibre. The magnitude of the material birefringence is defined as the
difference between the refractive index along each of the principle axes, By = |n, —

n,|. If light is polarized parallel to either of these principle axes, its polarization will be

maintained as it propagates along the fibre. Hence, these types of fibres are called
polarization maintaining (PM) fibres. Since the method of stress-induced birefringence
has been proven to be the most effective for fibres relevant to this thesis [4], | shall

briefly consider it here.

A typical preform for the fabrication of PM fibre, has a circular core, a circular
cladding and a so-called stress-applying part (SAP) on either side of the core (see, for
example, the PANDA fibre in Figure 2.2(b)). The SAPs can have a variety of shapes
and sizes, both of which influence the resulting birefringence. The different fibre
regions (core, cladding and SAP) all have different elastic and thermal properties. Since
the fibre is drawn at high temperatures and then cooled down, the differences in these
properties lead to the formation of stress. The magnitude of the induced stress as well as
the resulting material birefringence, over the fibre cross-section, may be calculated
using COMSOL [17]. The numerical procedure relies upon the plane-strain

approximation, whereby a zero-valued strain in the z-direction (along the fibre axis), is
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assumed. This approximation is justified for an optical fibre, where the transverse

dimensions are small compared to its length [18], [19].

COMSOL uses the FEM to relate the thermal displacements, corresponding to a
given temperature change (AT), to the strain tensor components (&jj). From ¢ and the
relevant material’s properties, which includes Poisson's ratio (v), Young's modulus (E)
and the thermal expansion coefficient (a), the stress tensor components (cj) are
calculated. The stress tensor components are related to the refractive index tensor
components through [19],

n, =ny + Cyo, + Cy0, (2.25)

n, = nyo + C04 + Cy0y (2.26)

y

in what is known as the photo-elastic effect. The refractive indices, ny, and ny,

correspond to a stress-free material. By subtracting equation 2.26 from equation 2.25,

the following expression for the material birefringence is obtained:

By = (nxo — nyo) + C(GX - cy) (2.27)

Here, the constant C = C; — C, is known as the relative stress-optic coefficient. The
first term accounts for geometrical anisotropy and is negligible for the PANDA fibre of
Figure 2.2(b). The second term represents the contribution from stress-induced
birefringence.

The values for ny and ny, obtained from COMSOL’s structural mechanics module,
may now be passed on to the RF module (from Section 2.1.1) to solve for the mode
propagation constants and mode field distributions in a PM fibre. In Chapter 4 this
approach will be applied to a real PM fibre to investigate how the modal birefringence,

defined as By, = |neg, — negry |, May be exploited for the purpose of fibre FWM.

2.1.4 Photonic Crystal Fibres

The term photonic crystal fibre refers to a broad range of waveguides, all characterized
by a periodic transverse microstructure [20]. In this thesis, we shall only concern

ourselves with index-guiding PCF, on which a brief introduction follows.
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An example of the cross-section of a typical PCF is shown in Figure 2.2(c). The
fibre consists of a single material (silica), covered with a triangular lattice of circular
air-holes. By removing the central air-hole, a so-called silica defect is formed, which
acts as the fibre core. The fibre structure can be entirely described by the pitch (A) and
relative diameter of the air-holes (d/A), where the pitch is the distance between the
centres of adjacent air-holes. The guidance mechanism in an index-guiding PCF is
essentially the same as for a conventional all-solid fibre. The air-holes in the
microstructured cladding reduce its effective refractive index (not to be confused with
the modal index), resulting in light being confined to the silica core via a modified form
of total internal reflection [21].

In analogy to the theory for step-index fibres (Section 2.2.1), the guidance
characteristics of a PCF may be expressed in terms of a normalized frequency (V).
Although various definitions for the V-number of a PCF have been proposed [22], [23],
the definition by Koshiba and Saitoh proves particularly useful [24]:

(2.28)
e kanff,/n% —nj

Here, the core radius a.g is assumed to have a magnitude of A/+/3, whilst n; and n,
denote the refractive index of the core and effective refractive index of the cladding,
respectively. The refractive index of the photonic crystal cladding is defined as the

effective index of the fundamental space-filling mode of the triangular air-hole lattice,
ngsy [22].

Experimental observations revealed that light at short wavelengths (1 «< A) are
able to resolve the air-holes, leading to mode fields being confined primarily to the
silica portions of the cladding (i.e. ngsy = ngica )- IN contrast, as the wavelength
becomes comparable to the pitch, the mode field will be distributed over the silica-air
structure, resulting in a lowered value for nggy [21]. This property of PCF has profound
consequences for its guidance characteristics. As for a step-index fibre (equation 2.15),
a decrease in wavelength will lead to an increase in V.¢. However, whereas the NA of a
step-index fibre has a weak dependence on wavelength, the NA of a PCF shows
significant dispersion due to the wavelength dependence of nggy. Consequently, a

reduction in wavelength leads to a reduced NA, thus counter-acting the increase in k.
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This scenario is in contrast with that of a step-index fibre, where the V-number and
therefore the number of guided modes approaches infinity in the short wavelength limit.
In fact, for a suitable choice of design parameters (A, d), it is possible to have a single
guided mode irrespective of wavelength [22]. From the definition in equation 2.28, the
single-mode cutoff condition for PCF was confirmed to be V¢ < 2.405 [24].
According to this value, it was subsequently determined, and experimentally confirmed,

that so-called endlessly single-mode guidance can be achieved for d/A < 0.43.

The equivalence in the cut-off conditions for a step-index fibre (equation 2.15)
and PCF (equation 2.28) confirms that the two waveguides are governed by the same
basic physics [23]. In light of this, equations 2.17 and 2.18 apply to PCF within certain
limits of the design parameters [24]. Although these approximate results are useful, they
still require a value for nggy, Which typically calls for a numerical solution to equation
2.9. However, based on the formalism of Ref. [24], empirical relations for V., and the

corresponding W-parameter, defined as

(2.29)
W = Koaef [nZ; — nj

were determined from detailed FEM simulations (refer to equation 2.14) [25].
Consistent with equation 2.28, n, denotes npgy . Both empirical relations have the

following form,

_ A, (2.30)
X (A'A) =AtTT Asexp(AsA/N)

where

d bil d biz d bi3 (2.31)

=) o) v )
Here, X denotes V. or W, and the values of the fitting parameters depend on their
respective sets of coefficients (a;o t0 a;3 and b;; to b;3), given in Ref. [25]. By using
these empirical relations, V.¢ can be used to calculate nggy, which in turn can be used

to calculate ng, once W is known.
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For the purpose of obtaining accurate results for the chromatic dispersion of a
PCF, the FEM of Section 2.1.1 is still used to solve the wave equation (equation 2.9).
However, since the numerical approach can be time consuming, equation 2.30 and the
corresponding coefficients are very useful for the purpose of quickly evaluating the
chromatic dispersion of the fundamental mode, for a given set of design parameters.
The reported accuracy, relative to FEM solutions, of less than 0.15% for 1/A < 1.5 and
W > 0.1, is also sufficient in most cases. This is illustrated by the comparison in Figure
2.4, where black circles are the FEM-calculated dispersion for a fibre having A = 6.6

um and d/A = 0.46, and the blue line is the results from the empirical relations.
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Figure 2.4: Chromatic dispersion calculated from the FEM (black circles) and from empirical relations
(blue lines), for a PCF characterized by A = 6.6 um and d/A = 0.46 (left-hand axes). The material
dispersion for silica (black line) and the chromatic dispersion for another PCF (A = 2.5 um and d/A =
0.64: red line), are also shown. The wavelength-dependent VV-number, corresponding to the blue curve, is

given on the right-hand axes, illustrating the range of single-mode guidance.

The strong waveguide dispersion associated with PCF, through the characteristics of
npsy , €an drastically influence the chromatic dispersion of the waveguide. Through the
appropriate choice of A and d, a positive contribution from waveguide dispersion can
shift the ZDW well below the zero material dispersion wavelength of silica (black line
in Figure 2.4). This is the case for both fibres in Figure 2.4, where the blue (A = 6.6 um
and d/A = 0.46) and red (A = 2.5 um and d/A = 0.64) lines have ZDWs of 1182 nm
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and 920 nm, respectively. The dispersion can similarly be tailored to give a ZDW in the
visible spectrum, or an ultra-flat dispersion profile [26]. The dashed blue line in Figure
2.4 (right-hand axes) furthermore gives the V-number, as a function of wavelength for
the case with A = 6.6 um and d/A = 0.46. The result clearly illustrates the role of nggy

in extending the single-mode wavelength range of the PCF.

2.2 Nonlinear Phenomena in Fibres

Through the course of formulating the wave equations of Section 2.1, the dielectric
medium was assumed linear. Although this assumption is valid when the EM fields are
relatively weak, it cannot describe the response of the medium for the case of intense
fields. It is then necessary to consider a more general expression for the induced

polarization in the medium,
P(r,t) =g (P E+x® E-E+x®-E-E-E+-) (2.32)

where E = E(r,t), and where the susceptibility tensors (yY)) are assumed to be
independent of spatial coordinate r (homogeneous medium). The first term in equation
2.32 is the linear contribution to the polarization, which gives rise to the refractive index
of the medium, n? = 1 + ¥ (refer to Section 2.1.1). The terms proportional to y
and y® have a nonlinear dependence on the electric field and lead to so-called
nonlinear effects. Nonlinear effects influence light propagation in a variety of ways.
Depending on the attributes of the incident light and propagation medium, different
terms in the expansion for ¥ and y® will dominate. Since we are only concerned
with silica-based fibre, which is a centrosymmetric medium, the effects from y® are
absent [26]. The lowest-order nonlinear effects in fibres are therefore associated with

the third-order nonlinear susceptibility (y®).

Nonlinearities may be sub-categorized as either parametric or nonparametric
processes. The word parametric refers to a system where the initial and final quantum
mechanical states of the system are identical [26]. As such, parametric processes
involve transitions between the molecular ground level and so-called virtual levels,
whilst nonparametric processes involve transitions between real levels. The distinction
is important, since parametric processes are characterized by a real susceptibility and
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conservation of photon energy. For this reason, parametric processes are also called
elastic. In contrast, nonparametric processes involve an imaginary contribution to the
susceptibility, and may be described as inelastic as a result of energy exchange with the

medium.

Although nonlinearities are often undesired due to their influence on the spectral
and temporal properties of incident light, they can be employed in a host of constructive
ways. For the purpose of this thesis, the most important application is wavelength
conversion. In this section | will give an overview of the third-order nonlinearities
applicable to a study of fibre optical parametric amplifiers and oscillators. As far as
nonparametric processes are concerned, we will consider stimulated inelastic scattering.
Following this, the parametric processes of nonlinear refraction and four-wave mixing

will be introduced.
2.2.1 Stimulated Inelastic Scattering

Stimulated inelastic scattering processes are of great consequence for light propagation
in a fibre medium. Here, the emphasis is on two of these processes in particular, namely
stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). Both SRS
and SBS are consistent with a picture wherein an incident photon (w,) is annihilated,
leading to the creation of a photon at reduced energy (w,) along with a phonon at
frequency Q = w, — ws, thereby conserving energy and momentum. Subsequently, the
evolution of the so-called pump (1,) and Stokes (I;) intensities along the fibre, for both
processes, may described as follows [5]:

iy
dz

(2.33)
(2.34)

w
= —w—':glpls —a,l,

dl
iz = qglpls — sl
Here, g is the applicable gain coefficient (related to y©), whilst a, and a denote the
fibre attenuation at the pump and Stokes wavelengths, respectively. The frequency ratio
in equation 2.33 accounts for the loss associated with the phonon. Depending on
whether equation 2.34 describes forward propagating SRS or backward propagating

SBS, the constant g has a value of 1 or -1. Whilst backward propagating SRS can also
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occur, the forward propagating process has a lower threshold and dominates in the

absence of seeding, assuming a pulsed pump source.

Whilst the origin and mathematical description for SRS and SBS are very similar,
their associated gain spectra differ substantially. Not only does this lead to different
threshold conditions, but it also determines the circumstances under which either
process can be enhanced or suppressed. For this reason, we briefly consider them

separately.

Stimulated Raman scattering:

Quantum mechanically, the generated SRS phonon, mentioned in the preceding general
discussion, corresponds to an increase in the vibrational energy state of an interacting
molecule. The process can also occur in reverse, where the vibrational energy of the
molecule is reduced, upon the annihilation of a lower-energy photon, leading to the
creation of a higher-energy photon (called the anti-Stokes process). The probability of
the anti-Stokes process is however relatively small at thermal equilibrium, owing to the
Boltzmann distribution [26].

As a result of the amorphous nature of silica glass, the discrete molecular
vibrational frequencies spread out to form a continuum. This leads to SRS having a very
broad gain spectrum of up to 40 THz, relative to the pump frequency. The peak of the
gain spectrum is typically located at a downshifted frequency of 13.2 THz, where gz
has a value of 1 x 10™!3 m/W, at a wavelength of 1 um [5]. This value for gz assumes
co-polarized pump and Stokes waves. When the pump and Stokes waves are however
orthogonally polarized, or if one wave is unpolarized, the gain coefficient has been
shown to reduce by a factor 10, or 2, respectively [27]. The gain coefficient furthermore
shows a dependence on the fibre composition. For the typical case of a GeO,-doped
fibre core (see Section 2.1.2), the maximum value of gr may experience an

enhancement of up to 8 times, whilst the peak remains at roughly 13 THz [28].

Solutions to equations 2.33 and 2.34 describe the growth of the Stokes wave in
the presence of pump depletion and fibre loss. However, if we neglect the influence of
pump depletion (first term in equation 2.33), a simple analytical expression for the SRS

gain (Gg) may be derived. For the case where a; = a, = a, the solution in units of

p
nepers is given by [29],
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— gRPp Leff (235)
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where the effective interaction length follows as:

_ ,—aL
Leff:(l e ") (2.36)

In equation 2.35, P, = I, A, Where A denotes the effective core area of the fibre.

The SRS threshold may be defined as the input pump power for which the output Stokes
power equals the output pump power. This so-called critical pump power represents an
upper limit to the pump power, after which the assumption of negligible pump depletion
is violated. According to this definition, the SRS gain required to reach threshold was
calculated as Gg = 16 Np, from which the critical pump power may be calculated [29].
The calculated gain may be converted from nepers to decibels using, Gg[dB] =
4.343 x Gg[Np].

The preceding mathematical description of SRS is strictly only applicable to
continuous wave (CW) pump and Stokes light. When pump pulses are used, the
temporal dynamics must be accounted for via the inclusion of dispersion. From a
comparison of the CW (equations 2.33 through 2.35) and time-dependent theories, the
most important difference is found to occur as a result of group-velocity mismatch
between the pump and Stokes pulses (refer to Section 2.1.2). Since the pulses for the
pump and Stokes waves are centred about different wavelengths, their group-velocities
are different and the pulses will therefore only overlap over a certain propagation
distance. This distance is called the walk-off length and is calculated using [5]:

_ To (2.37)
|Bl (}\p) - Bl O\s)l

Lw

B1 is defined in equations 2.22 and 2.23, whilst T, denotes pulse width. For the case of a

conventional fibre, where the role of waveguide dispersion is minimal, the relative

group delay (denominator in equation 2.37) may be calculated from the material

dispersion of silica. At pump and Stokes wavelengths of 1080 nm and 1134 nm,
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respectively, we find roughly 1 ps/m. Since this thesis is only concerned with fibre
lengths < 200 m, group-velocity mismatch will only become a concern for SRS if pulse
widths well below 1 ns are used. Note that these values will be different for PCF, where
the waveguide dispersion is substantial. In this so-called quasi-CW regime, where the
influence of group-velocity mismatch is limited, equations 2.33 through 2.35 are

approximately valid.

Stimulated Brillouin scattering:

Whereas SRS is characterized by an optical phonon, SBS is associated with an acoustic
phonon. As the acoustic wave propagates through the optical medium, it modulates the
refractive index through the process of electrostriction [26]. This leads to a moving
grating. When a sufficiently intense pump wave co-propagates in the optical medium, it
undergoes Bragg diffraction. The diffracted wave is at a downshifted frequency
(Stokes), owing to the Doppler effect associated with the moving grating [5]. The
backward-propagating Stokes wave now interferes with the incident pump wave which
reinforces the acoustic wave. In turn, the reinforced acoustic wave will scatter more of
the incident pump wave, which will interfere constructively with the existing Stokes
wave. Provided that the attributes of the acoustic wave are such that frequency and
momentum are conserved, the amplitudes of the acoustic and Stokes waves can build up

rapidly. SBS is typically initiated through thermally excited acoustic phonons.

In contrast to SRS, SBS has a very narrow gain spectrum (Avg), ranging from 10
MHz to 100 MHz. This relatively small value is related to the acoustic phonon lifetime
(Tg), which has a value of approximately 10 ns. Relative to the pump frequency, the
Brillouin gain peak is downshifted with a value ranging from 10 GHz to 100 GHz. The
SBS frequency-shift and gain bandwidth are proportional to 1/A and 1/A2, respectively.
The SBS frequency- shift furthermore shows an inverse dependence on the GeO,
doping concentration in the fibre core. In spite of these relationships, the peak SBS gain
coefficient (gg) remains roughly constant at a value of 5x 10~ m/W. This can be
explained at the hand of the SBS gain bandwidth’s inherent proportionality to 1/42. The
decrease in gg at longer wavelengths is counter-acted by a narrowing of the gain
spectrum [5]. In analogy to the SRS gain coefficient, the quoted value for gg assumes
co-polarized pump and Stokes waves. It has been shown that this value is reduced by a

factor 1.5 for randomly varying relative polarization angles [30].
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The peak SBS gain coefficient is nearly three orders of magnitude larger than the
value for SRS. The SBS critical pump power may therefore be expected to be
significantly lower than that of SRS. Using the same approach as before (equations 2.33
and 2.34), an analytical expression for the SBS gain can be calculated. The solution in

units of nepers is given by [29], [31],

__ 8B Pp Legs (1 n AVp>_1 (2.38)
Aet Avg

Gp
where Av, is the linewidth of the pump source, and the other parameters have their
usual meanings. The SBS gain required to reach threshold was calculated as Gg = 21
Np [29]. From equation 2.38 and the threshold value for Gg it is clear that the SBS
critical pump power can be substantially lower than of SRS. However, for the case of
CW waves, the effective SBS gain coefficient may be significantly reduced if the pump
linewidth exceeds the SBS bandwidth (see bracketed terms in equation 2.38). Also in
the quasi-CW regime, the SBS threshold can be increased by using a pulse width short

in comparison to the acoustic phonon lifetime.
2.2.2 Four-Wave Mixing

In the presence of third-order nonlinearity, the refractive index may be written as
n? =1+ ., by re-casting equation 2.32 as P=gy(xP +x®-E-E+-)E=
eoXerr E [26]. This expression is analogous to the definition of the linear refractive index
(now denoted by n,) of Section 2.1 (refer to equations 2.7 and 2.9). A direct comparison

implies the following modified relation for the refractive index [5]:
n = ng + n,|E|? (2.39)

Here, n, = %9%()((3)) is the nonlinear index coefficient (or nonlinear refractive index).

In general X(3), and subsequently n,, depends on frequency, fibre composition and
polarization. It is however common throughout the literature to approximate n, as
frequency independent [5]. In this case, its value for silica fibre may nominally be taken
as of 2.6 x 1072% m?/W, where a linearly polarized field is assumed.

37



Chapter 2 —Background

The intensity-dependent term in equation 2.39 is responsible for so-called
nonlinear refraction, which leads to many interesting nonlinear effects. Generally, the
processes of self-phase modulation (SPM) and cross-phase modulation (XPM) are
dominant. SPM involves a self-induced intensity-dependent phase-shift in a propagating
optical field. Mathematically, its influence can be understood by considering the
accumulated phase of a propagating optical field, given by ¢ = nkyL. XPM may
similarly be explained as the intensity-dependent phase-shift in an optical field, induced
by a field at a second frequency. Both processes are related to spectral broadening and
also play an important role in the workings of more involved nonlinear processes, such
as four-wave mixing (FWM). The nature of this involvement follows in the discussion
of Section 2.3.

FWM refers to a nonlinear interaction among four optical waves [32]. In analogy
to SRS and SBS, the FWM process relies on the conservation of energy and
momentum. However, as a result of the active participation of the optical medium,
momentum conservation is guaranteed for the scattering processes of Section 2.2.1. This
IS not the case for FWM, where significant transfer of energy between the interacting
waves will only take place if the following conditions are satisfied:

wq + Wy, = W3 + Wy (240)
Br+B2=PB3+Ps (2.41)

Physically, equation 2.40 corresponds to a process in which two photons at frequencies
1 and o are annihilated, whilst one photon at a higher frequency (w3) and one at a
lower frequency (m4), with respect to w, = (w1 + w,)/2, are created. In keeping with
Section 2.2.1, components at frequencies ;1 and ®, are associated with optical pump
waves, whilst the generated low frequency and high frequency components are called
Stokes and anti-Stokes waves, respectively. Four optical modes satisfying equation 2.41
are said to be phase-matched. From the discussion on chromatic dispersion (Section
2.1.2), it is clear that the phase-matching process depends on the material composition

and dimensions of the optical waveguide. Note that the notation for the mode
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propagation constants of the four waves can be confused with the Taylor series
coefficients of equations 2.22 and 2.23. It is therefore important to consider the context.
In practice, FWM can be observed for intense pump waves, in the presence or absence
of external seeding at the Stokes and anti-Stokes wavelengths. When no power at m3
and o4 are supplied, both waves will be initiated from noise and the process is called
optical parametric generation (OPG). Alternatively, seed power may be provided at ws,
for example, in which case the interaction will lead to amplification at the anti-Stokes
wave, as well as power conversion from the pump waves to the Stokes wave. In this
case, the anti-Stokes process is called optical parametric amplification (OPA), whilst the
Stokes process may be referred to as wavelength conversion. With the conditions of
equations 2.40 and 2.41 satisfied, FWM offers very attractive features. Specifically for

the purpose of wavelength conversion, examples include:

(1) Waves can be generated, or amplified, at arbitrary wavelengths,
depending on the pump wavelengths and fibre dispersion.

(2) Waves can be generated, or amplified, at higher frequencies than that
corresponding to the pump waves.

(3) The FWM gain bandwidth can be tailored through the choice of fibre
and pump source.

4) Devices based on fibre FWM are compatible with all-fibre architectures,
where they stand to benefit from the associated relative mechanical and
thermal stability.

These features are illustrated in the next section, where the mathematical descriptions of
fibre FWM and phase-matching are treated. Here, we shall also derive an expression for
the FWM gain coefficient, to enable a comparison to the scattering processes of Section
2.2.1.

2.3 Properties of FWM

The process of FWM may be described by a set of coupled equations, similar to
equations 2.33 and 2.34 for SRS and SBS. The interaction, which leads to energy
transfer between the waves, is facilitated through a number of mechanisms. The aim
here is to show the origin of these mechanisms and how they contribute to the

phenomenon of FWM.
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In the following it will be assumed that the optical fields are linearly polarized
and maintain their polarization with propagation along the waveguide. The preservation
of the field polarizations allow for a scalar approach. For a homogeneous medium and
the general form of the polarization (equation 2.32), equation 2.9 may then be rewritten

as:

10%E(r,t) _ 9*P(r,v) (2.42)

V2E(r,t) — — =
(r, 2 Jt2 Ho ™50

It is straightforward to verify that equation 2.42 reduces to the Helmholtz equation
(equation 2.11) if ¥ is taken as zero. In this limit, equation 2.42 is satisfied by the
time-harmonic field leading to the phasor solution of equation 2.10. In analogy, the full
field, consisting of a single frequency component, for the case ¥ # 0, may be written

as:

E(r,t) = Eq(r)el@tiPz (2.43)
The real field, consisting of four frequency components, may similarly be expressed as,

(2.44)

E(r,t) = [Eg i (De/oxtIFxz + ¢ c. |

N| =

M- T

N =

[Fi. (x, y) A (2)el @kt TPxz 4 ¢ c.

-
Il
[N

where Fy(X,y) is the transverse mode field distribution of the k’th mode. The amplitude
of the slowly varying envelope of the mode, Ax(z), is introduced here and has an
explicit z-dependence in anticipation of power transfer between the fields [3]. Equations
2.32 (for x?> = 0) and 2.44 are now substituted into equation 2.42. For relatively small
differences in the frequencies of the four interacting modes, X(3) may be taken as

frequency independent. The resulting expression for the nonlinear contribution to the

. . : . . x® 92
polarization-term on the right-hand side of equation 2.42 is, %%[E(r,t)]e’. The

expansion of the electric field, as given by equation 2.44, leads to a large number of

terms. However, by considering terms at a single frequency wx = w1, and by assuming
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that the four frequency components conserve energy (equation 2.40), a propagation

equation for Ay (z) is obtained [33]":

dA1 . ja)lnz
Vaz ~

(2.45)

{[F%|A1|2 + 2(F3|Az | + F5|A3]% + FZ|A412)]F1 A

+ 2F,F3F,A3A;A,e1287}

The simplified form of equation 2.45 may be attributed to the use of the slowly varying
envelope approximation (SVEA). Following the approach of Section 2.2.2, x® is

absorbed into the nonlinear index coefficient (ny). The phase mismatch is defined as:

AB=B3+Bs—B1— B2 (2.46)

For the remainder of this text, we shall be concerned with the partially degenerate
case where two of the four frequency components are equal and satisfy 2w; = w3 + w;.
Furthermore, the two photons at frequency m; propagate in the same spatial mode and
will be associated with the pump wave (subscript p), whilst o3 and w4 are the anti-
Stokes (subscript a) and Stokes (subscript s) waves, respectively. By restricting the
analysis to linearly polarized modes, equation 2.45 for the pump, as well as similar

equations for the anti-Stokes and Stokes waves, may be rewritten [33]:

dA, jw,n;g 2 i . (2.47)
= [ A Ap + 2 (fpa |42 + By 1A [2) + 26y Ap A, A 0122
dA, jw,n,g 2 . 2 (2.48)
= 1A 2A, + 28, (fup [Ap ] + s AGI2) + g AS(Ap) e 7127
dA; jogn,g 2 . 2 _irgs (2.49)
dZS — :: _fss |As|2AS + ZAS (fsp |Ap| + fsa |Aa|2) + fsapp Aa(Ap) e jAB ]

The transverse coordinate dependence is confined to the constants fi; and fij., known as

the overlap integrals. The overlap integrals are defined as,

_ <|Fi|2|Fj|2> (2.50)
(R (5 )

ij

! the x- and y-dependence of F as well as the z-dependence of A are not explicitly indicated in equation
2.45 and in the rest of this chapter
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(F{F;FFy) (251)
2 1/2
[¢F12) (I ) IR 2 X R 12)]

fijkl =

and is a measure of the extent to which modes can interact. Following the notation of
Agrawal [5], angled brackets indicate integration with respect to the x- and y-

coordinates. In this instance equation 2.46 simplifies to A = B, + B — 2[3,.

The first term on the right-hand side of equations 2.47 to 2.49 is the contributions
from SPM, as discussed in Section 2.2.2. Similarly, the second and third terms are the
contributions from XPM, i.e. the interaction of each wave with every other optical wave
in the medium. The other wave may be at a different frequency, propagate in a different
transverse mode or propagate in the opposite direction. It should be noted that the phase
shift contribution due to XPM has twice the magnitude of the contribution due to SPM
(assuming waves of equal intensity). The final term in the coupled amplitude equations
represents four-wave mixing (FWM). The FWM term couples the three distinct waves
(in the degenerate case) and depends on the degree of phase-matching. Although the
derivation neglects fibre loss, its influence may become relevant. In this case, the right-
hand side of equations 2.47 to 2.49 may each be supplemented by the loss term,

—(o/2)Ay, where k = p, a,s.

The coupled amplitude equations represent a full description of the FWM process
under CW and quasi-CW conditions, accounting for pump depletion and spatial overlap
of the modes. The equations are easily solved by means of a numerical method and may
even be solved analytically [34], [35]. Whilst the full solution is treated in the following
section, it is instructive to first consider the process under simplified conditions. As a
first approach, we consider a FWM process characterized by a relatively small value of
the so-called frequency-shift, Q= w, — w, = w, —w;. Assuming single-mode
conditions, the overlap integrals of equations 2.50 and 2.51 are approximately equal and
can be described by the effective area parameter, A = 1/f; = 1/fj;q. In this case,

equations 2.47 to 2.49 may be simplified by defining the nonlinear parameter,

_ o (2.52)
CAesr
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where w is the nominal frequency for the process. The resultant expressions may now

be de-coupled for appropriately normalized amplitudes, A4, = /P, e?x, which yields
[36], [37]:

dP 2.53
d—Zp = —4y /PpZPaPS sin 6 (253)

dP, 2.54
— =2y [PZP,Psin® (2:54)

dz
dp, / . (2.55)
el 2y |PZP,Pssiné

do 2.56
- = AB+7vy(2P, =P, —P,) +y [\/szPa/PS + \/PpZPS/Pa - 4,/PaPS] cos 6 (2:56)

Here, P and ¢, are the power and phase associated with wave k, whilst 8(z) = Az +
¢, + ds — 2, denotes the relative phase of the waves. It is clear that equations 2.53 to
2.55 governs the evolution of the respective powers. Similarly, equation 2.56 governs
the evolution of the relative phase, and is referred to as the total phase mismatch. In this
form, the FWM interaction can be understood as follows. As the waves propagate
through the medium, they exchange power, depending on the magnitude of the relative
phase. The total phase mismatch is dependent on the linear phase mismatch (Ap), as
well as a nonlinear contribution (terms proportional to y). When 8 =~ m/2, the third
term in equation 2.56 becomes negligible, leading to a zero-valued total phase
mismatch. This corresponds to power transfer from the pump to the Stokes and anti-
Stokes waves. Once pump depletion starts to occur, the second term in equation 2.56
results in a non-zero value for the total phase mismatch, causing the relative phase to
change accordingly. In the same way, a relative phase of —-m/2 will lead to power

transfer from the Stokes and anti-Stokes waves to the pump wave [38].

If we now consider the scenario where a strong pump wave is phase-matched to
weak Stokes and anti-Stokes waves, such that B, > P, and 6 ~m/2 over the

propagation distance of interest, the total phase mismatch becomes [39], [32]:

do (2.57)
> AB+2yP, =k
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In this scenario, where pump depletion is negligible, equation 2.47 for the pump wave
may be solved by setting the XPM and FWM terms to zero. The resultant expression for
the pump amplitude may then be substituted into equations 2.48 and 2.49, in which the
SPM terms and XPM terms, related to the interaction between the Stokes and anti-
Stokes waves, are also set to zero. For a given set of boundary conditions, the equations
for the Stokes and anti-Stokes amplitudes may then be solved analytically. The solution

for the Stokes power for the case where no anti-Stokes power is provided becomes [32]:

. 258
P;(L) = Ps(0) (1 + [%sinh(gL)] ) (2.58)

where,

o= [onr o e

As before, L denotes fibre length, whilst g is the FWM (or parametric) gain coefficient.
By dividing both sides of equation 2.58 by P,(0), an expression for the unsaturated
single pass Stokes gain (Gg) is obtained. The unsaturated anti-Stokes wavelength
conversion efficiency is related to this quantity by, G, = G, — 1. The Stokes gain for

perfect phase-matching (x = 0) can be calculated in dB units, using G¢[dB] =

101logyy E eZVPPL].

The maximum value for the parametric gain coefficient is obtained for perfect
phase-matching and has a value of yP,. Using equation 2.52, this may be rewritten to

reflect the expression, g...x = 2mn,/A. At a wavelength of 1 um, we therefore have a
value of 1.63 x 1013 m/W, which is found to be larger than the SRS gain coefficient
(refer to Section 2.2.1).

When the quasi-CW regime no longer applies, equations 2.47 to 2.49 require
considerable adjustments. As before (refer to Section 2.2.1), the validity of the quasi-
CW regime is determined from the walk-off length (equation 2.37), which may be
significantly shorter than that associated with SRS. Additionally, the pump pulse shape
influences the accuracy of the quasi-CW approach, due to the varying influence of the
nonlinear contribution to the total phase mismatch. The theoretical case of a square

pulse is the exception here, since the so-called nonlinear phase-shift will remain
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constant over the pulse duration. Based on the influence of the nonlinear phase-shift, the
preceding formalism is valid for pulse widths of no less than 100 ps, conditional on
walk-off being negligible [33]. For shorter pulse widths, an accurate description of
FWM requires the solution to one or more nonlinear Schrodinger equations (NLSE),
which include the effects of dispersion and even SRS [5]. The NLSE is typically solved
numerically using the so-called split-step Fourier method (SSFM). The SSFM works by
separating the dispersive and nonlinear terms and by solving them independently over
very short distances (or steps). Apart from this spatial discretization, which is related to
the accuracy of the approach, the solution requires a time-frequency discretization. The
number of points required for temporal and spectral computation windows spanning
Tepan and Fgpay , respectively, is given by the sampling theorem as N, = Tgan Fopan
[40]. Therefore, although the NLSE formalism provides a useful tool, it is not always
feasible. Consider, for example, a pump pulse width of the order of 1 ns and a FWM
interaction covering a range of 300 THz (refer to Chapters 4 and 5). In this case, the
required number of points can easily exceed 10°, which would require an unacceptable
computation time. For this reason, the NLSE was not employed in the work of this

thesis.

At this point it is worth noting that the FWM process may equivalently be
described by means of modulation instability (MI) [37], [41]. Although the
mathematical frameworks are different, Ml is essentially the time domain equivalent to

the frequency domain description used here for FWM (refer to [42] and [43]).
2.3.1 General Solutions to the Coupled Amplitude Equations

To appreciate the way in which SPM, XPM and pump depletion influences the FWM
process, we consider a general example. The pump and Stokes powers are P,=50 W and
P,=0.1 mW, whilst the anti-Stokes wave is generated from noise. The power contained
in the noise at the anti-Stokes wavelength is approximated as 0.1 uW [36]. For
simplicity, the difference in photon energy is neglected from the calculation and a
nominal wavelength of 1080 nm is used throughout. It is also assumed that the overlap
integrals are all equal, allowing the use of a single A.g-value. For a choice of A.;=85
um?, y becomes 1.8 Wkm™ (n,= 2.6 x 10720 m?/W).
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Figure 2.5: (a) Normalized parametric gain as a function of the normalized phase mismatch for P,=50 W,
P.=0.1 mW, P,=0.1 pW and y=1.8 Wkm™, for three lengths of fibre. The difference in photon energy is
neglected, whilst a single value is assumed for the nonlinear parameter. (b) Anti-Stokes power conversion
efficiency for all three fibre lengths. Blue curves represent solutions from equation 2.58, whilst red and
green curves are the solutions to equations 2.53 to 2.56 (or equivalently, equations 2.47 to 2.49).

Figure 2.5(a) gives the normalized gain (in units of dB) over a range of phase
mismatch values. The phase mismatch is normalized to 2yP, to facilitate a comparison
of the results to equations 2.57 and 2.59. Three fibre lengths were used in the
calculation. For the shortest fibre (50 m), the blue curve shows the result. In this regime,
pump depletion is negligible and the analytical result (equation 2.58) exactly matches
the numerically calculated result (equations 2.53 to 2.56). The gain exists over a range
—4yP, < Ap < 0, with the peak gain located at AR = —2yP,. As the fibre length is
extended to 100 m (red curve) or 150 m (green curve), pump depletion plays an
increasingly important role. As a consequence, the value for AB corresponding to peak
gain is changed. Figure 2.5(b) gives the anti-Stokes power conversion efficiency for the
50 m case (see inset: solid blue curve), 100 m case (red curve) and 150 m case (green
curve), at the peak AB-values identified from Figure 2.5(a). Additional blue curves
represent the associated analytical results for the cases of 100 m (dashed) and 150 m
(dashed-dotted). From this it is clear that the analytical expression grossly over-
estimates the gain in the regime where pump depletion sets in. Figure 2.5(b)

furthermore shows that nearly-complete pump depletion is theoretically possible.

It is important to note that pump depletion leads to a scenario where, depending
on the phase mismatch value, the anti-Stokes power conversion efficiency is not

necessarily a maximum at the fibre output. This can be inferred from Figure 2.5, but is

46



Section 2.3 — Properties of FWM

shown explicitly in Figure 2.6(a), where pump depletion occurs in the middle of the
fibre, after which the direction of power flow is reversed. This periodic nature of the
solutions is well documented and is consistent with analytical formulations [34], [35],
[44].
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Figure 2.6: (a) Power conversion efficiency as a function of fibre length for P,=50 W, P;=0.1 mW, P,=0.1
uW and y=3.8 W'km™ (green curves), and P,=50 W, P=0.1 uW, P,=0.1 uW and y=1.8 W'km™ (blue
and red curves). Blue and red curves are characterized by initial relative phases of n/2 and - w/2,
respectively. Solid and dashed lines differentiate between pump and Stokes (or anti-Stokes) waves. (b)
Phase evolution for the cases treated in (a).

The blue and red curves in Figure 2.6(a) were calculated for the case where the
Stokes and anti-Stokes waves build up from noise (the other parameters are identical to
before). In contrast to the seeded arrangement of Figure 2.5, the power transfer
associated with the blue and red curves depend on the initial relative phase. The
evolution of the phase for both cases follows in Figure 2.6(b). A value of 8, = /2
(blue) results in the most efficient conversion. Compared to 6, = —m/2 (red), complete
pump depletion occurs for a ~10 m reduction in fibre length. This can also be verified
from Figure 2.6(b), where maximum power transfer corresponds to the zero-crossing of
the relevant curve [45]. In a similar way, the power transfer for a process in which the
Stokes and anti-Stokes waves are seeded, will be phase sensitive [46]. A comparison of
both results to the green curve in Figure 2.5(b) shows that seeding at the Stokes (or anti-
Stokes) wavelength leads to a significant reduction (>50 m) in the fibre length required
for complete pump depletion. The green curves in Figures 2.6(a) and (b) also show the

power and phase evolution for the following set of initial conditions: P,=50 W, P,=0.1

mW, P,=0.1 pW and y=3.6 Wkm™ (A.=42 pum?). From a comparison to Figure
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2.5(b), it is clear that a two-fold increase in the nonlinear parameter results in roughly
twice the rate of power transfer. A similar result can be achieved through a two-fold

increase in the pump power.
2.3.2 Phase-matching Regimes

Phase-matching in optical fibres can be realized in a number of ways. For a given fibre,
the phase-matched wavelengths will depend on the dispersion and choice of pump
wavelength. To help illustrate the different regimes for phase-matching, it is useful to

rewrite equation 2.57 [5]:

K = (n,0, + nsws — 2n,0,)/c + (An,w, + Angwg — 2An,w,)/c+2yP,  (2.60)

= ABym + ABw + ABnL

By decomposing the effective refractive index as n.¢ = n + An, the contributions to the
phase mismatch from material (n) and waveguide (An) dispersion are separated. The
nonlinear phase-shift is also re-branded as the nonlinear phase mismatch. It is
additionally instructive to expand the individual terms in equation 2.46, for the linear
phase mismatch (ABy + ABw), about the pump frequency, using the Taylor series of
equation 2.22 [47]:

AB = B,0% + B,Q* /12 + - (2.61)

Equation 2.61 generally applies provided that the frequency-shift is not exceedingly
large. The accuracy may however be improved by including the next even higher-order
term, B¢Q°/360. In the following, we will consider three approaches for phase-
matching. The discussion makes reference to Figure 2.7, detailing important aspects of

each approach.

The first and most common approach is shown in Figure 2.7(a). Here, phase-
matching is achieved by positioning the pump wavelength in the anomalous dispersion
regime (D > 0, B, < 0). It is then typical to neglect the second term in equation 2.61,
from which it follows that the linear phase mismatch is negative. Note however that the
approximation of neglecting B,Q*/12 is only valid provided that A, # A (Where A, is
the ZDW). Since 3, is typically not too large, and is dominated by the material

dispersion in the case of conventional fibres, ABy + AByw may be balanced by the
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positive influence of ABy;, [48]. The resultant gain spectrum is located about the pump
frequency and can extend over tens, or even hundreds, of nanometers. For this reason,
this approach for phase-matching is popular in the field of telecommunications, where

several low-power signals can be amplified simultaneously [33].
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Figure 2.7: Schematic detailing the origin and properties of three approaches for phase-matching in
optical fibres. (a) An anomalous dispersion pump wavelength results in a broad gain region, about the
pump wavelength. Phase-matching is mainly attributed to the opposite influences of ABy + ABy and
AByi- (b) A normal dispersion pump wavelength results in a narrow, isolated gain region. Phase-
matching is achieved through the opposite influences of ARy and ARy, provided that 8, < 0. (c) Same
result as for (b). In this case, phase-matching results from an interaction between waves with different
spatial (left-hand y-axis) or polarization modes (right-hand y-axis). Once again, ABy counter-acts ABy.

Refer to the main text for an explanation on the significance of the right-hand y-axis.

The phase-matching processes of interest to this thesis are detailed in Figure
2.7(b) and (c). Both cases require the pump wavelength to be positioned within the
normal dispersion regime (D < 0, B, > 0). However, in contrast to the preceding case
(Figure 2.7(a)), the influence of AByy, is essentially negligible in determining the phase-
matched wavelengths [32], [42]. Note however that ARy, still affects the parametric

bandwidth (refer to discussion below). Phase-matching must therefore be satisfied by
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balancing the influences of ABy and ABy. Since this may be accomplished in three

different ways, of which two correspond to Figure 2.7(c), we consider them separately.

For the case of Figure 2.7(b), the phase-matching process can be understood by
considering equation 2.61. Starting from an initial value of zero for the fully degenerate
case, AP experiences positive growth as the frequency-shift increases. In this way, AB
can become very large for Q < Qitical » Where Qqirica; depends on the proximity of the
pump wavelength to the ZDW. As the critical frequency-shift approaches, a negative
contribution from the term proportional to Q* leads to a turning point, after which A
decreases to a negative value [49], [50]. It is therefore clear that this phase-matching
approach requires 3, > 0 and B4 < 0, at the pump wavelength [51]. These conditions
are satisfied in the normal dispersion regime of bulk silica [50]. However, the influence
of waveguide dispersion can drastically alter the values of 3, and (4, especially in the
case of PCF. The process therefore relies on a delicate balance between ARy and ARy .

The phase-matched frequency-shift associated with this process is proportional to
Ao — A, and can be deduced from equation 2.61, as Q = \/m. In contrast, the
gain bandwidth for this process typically has an inverse dependence on A, — A,,. Both
these aspects are illustrated in Figure 2.8, where the small-signal gain (equation 2.58),

as a function of wavelength, is given for four pump wavelengths. For this example, the

fibre dispersion associated with the blue curve in Figure 2.4 was used.

Figure 2.7(c) is applicable to two processes. In the first of these (left-hand y-axis),
the required negative value for ARy, is obtained through the use of higher order spatial
modes [52], [53]. This method therefore relies on the mode dependence of the
waveguide dispersion. Two pump photons at the same frequency (degenerate FWM),
can be either in the same spatial mode or in different modes. Similarly, the Stokes and
anti-Stokes photons need not be in the same spatial mode. In fact, the combination of
higher-order modes is only limited by the overlap integrals of equations 2.50 and 2.51.
Whilst different mode combinations will yield different phase-matched frequency-shift
values, the general shape of the curve relating the phase mismatch and frequency-shift
can also vary. For the representative case of Figure 2.7(c), a large negative ARy
dominates over the positive contribution of ABy for smaller values of Q, but is
eventually compensated. The reverse scenario is equally likely. Whereas the formation
of the gain spectrum is essentially similar to that of Figure 2.7(b), the process is not
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explicitly dependent on Ay — A,. It is also worth noting that, apart from the so-called

divided pump process where the pump power is divided between the same two modes as
the Stokes and anti-Stokes [53], AB is not zero at Q = 0.
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Figure 2.8: Parametric gain spectrum as a function of pump wavelength, in the normal dispersion regime.
The fibre has a ZDW of 1182 nm (refer to blue dispersion curve in Figure 2.4). As the separation between
the pump and zero-dispersion wavelengths increases, the frequency-shift associated with the gain region
becomes larger and the gain bandwidth becomes smaller.

The second phase-matching process related to Figure 2.7(c) is that of
birefringence matching (right-hand y-axis) [54]. In this approach, a negative value for
ARy results from the use of different polarization modes in a birefringent fibre (refer to
Section 2.1.3). The orthogonal principae axes in a linearly birefringent fibre are
commonly called the slow and fast axis. This terminology originates from the principle
that light travels slower when polarized along the axis associated with nj, provided
that nj; > nﬁff. A negative contribution from ARy can be realized by polarizing the
pump wave along the slow axis, whilst polarizing the anti-Stokes and Stokes waves
along the fast axis. The linear phase mismatch for the birefringent process (ABy,) may

then be rewritten as [33],

AByy = [ w, + s — 2(By, + 11 )w,]/c (2.62)
= ABy — 2B wp/c
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where B, = ii* — 1Y is the previously defined modal birefringence (Section 2.1.3) and
A, is the linear phase mismatch for the isotropic process, where all four photons are
co-polarized along the fast axis. Furthermore, fi denotes the effective refractive index,
for which the subscript and superscript indicate the associated wavelength and
polarization, respectively. In analogy to equation 2.61, AB, may be expanded in a
Taylor series. It is common to make the assumption that B, is frequency independent,
in which case AB, = APy = B,02. The second term in equation 2.62 may then be

regarded as an additional manifestation of APy, resulting in an expression for the

phase-matched frequency-shift, 0 = /ZBm wp,/(B20).

An interesting difference between birefringence matching and the other above-
mentioned phase-matching processes, may be explained at the hand of Figure 2.7(c). In
accordance with Figure 2.5(a), the gain associated with phase-matched FWM between
co-polarized waves exists over the range —4yP, < 4 < 0, with the peak gain located
at AB = —2yP, (refer to the left-hand y-axis). Equation 2.57 therefore implies a positive
contribution from ARy to the total phase mismatch. For cross-polarized interacting
waves, the magnitude of X(3) is reduced to roughly a third of its co-polarized value (refer
to the discussion in Chapter 4). The resulting contribution from ARy, is negative and
leads to a total phase mismatch (equation 2.57) of x = AB — 2yP,/3. It therefore
follows that gain exists over the range —2yP, /3 < 4 < 2yP,, with the peak located at
AB = 2yP, /3 (refer to the right-hand y-axis). It is important to note that these values are
applicable to the specific configuration of interest, where the degenerate pump wave is
polarized along the slow fibre axis. By polarizing the four waves in a different manner,
several other phase-matching options are possible [55], [56]. One other combination is
equivalent to the divided pump process from the preceding discussion on the use of
higher-order spatial modes. The specifics of this approach are however left for the

discussion in Chapter 4.

A very useful expression for calculating the small-signal parametric bandwidth

for the processes of Figure 2.7, is provided by Stolen and Bjorkholm [32]:

do (2.63)

A.QB = AKB m

AB=0
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Here, Akg = 2\/(1T/L)2 + (pr)2 is the so-called mixing bandwidth and is related to

equation 2.58. The individual terms in the mixing bandwidth can be motivated by
considering small-signal gain distributions, similar to that of the blue curve in Figure
2.5(a). The derivative in equation 2.63 is determined from the slope of the phase
mismatch curve in the vicinity of its zero-crossing (refer to schematics in the middle
row of Figure 2.7). From this definition, the parametric bandwidth defines the frequency
range over which the phase mismatch is sufficiently small for the parametric gain, in
linear units, to remain larger than 4G,,,, /m>. Similar to the case of SBS, the effective
parametric gain will be reduced if the pump linewidth exceeds the parametric
bandwidth. The parametric bandwidth therefore translates into a so-called pump

acceptance bandwidth.
2.3.3 Optical Parametric Generators, Amplifiers and Oscillators

Practical implementations of degenerate fibore FWM can be categorized into four main
groups, as illustrated in Figure 2.9. The primary distinction between these groups is the
mechanism for seeding. The processes of Figure 2.9(a) and (b) have previously been
introduced (refer to section 2.2.2). Both processes involve a single pass through the gain
fibre, but whereas FWM is initiated by noise photons for the case of an optical
parametric generator (OPG), the optical parametric amplifier (OPA) is seeded
externally. An OPG may however be converted into an optical parametric oscillator
(OPO) through the introduction of feedback [57]. For the case of a linear cavity (Figure
2.9(c)), this feedback is typically provided by fibre Bragg gratings (FBG). The input
FBG must be transparent at A, but highly reflective at A5, assuming a resonant anti-
Stokes wave. Similarly, the output FBG must be transparent at A, and As, Whilst being
partially reflective at A,. The noise-generated anti-Stokes and Stokes waves will then
grow with propagation distance, after which the Stokes, pump and a fraction of the anti-
Stokes waves are coupled out of the fibre. The remainder of the anti-Stokes wave is
reflected, resulting in a singly-resonant bi-directional oscillator [33]. Since the
backward-propagating resonant wave of a bi-directional oscillator will interact with the
forward-propagating waves through the processes of SPM and XPM, a uni-directional
OPO may be preferable. One configuration for a uni-directional OPO is given in Figure

2.9(d). Similar to the case of the OPA in Figure 2.9(b), a wavelength-division
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multiplexer (WDM) is used to combine the pump and resonant anti-Stokes (or Stokes)
waves. A tap-coupler is used to extract a portion of the power, while the remaining

power is recycled. The use of a band-pass filter (BPF) allows for singly-resonant

operation.
+—>
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Figure 2.9: Schematic diagram showing the four most common practical implementations of degenerate
fibore FWM. (a) An optical parametric generator, for which only a pump wave is incident on the gain
fibre. (b) An optical parametric amplifier, for which a seed wave, at the anti-Stokes wavelength, is
injected at the gain fibre input. A wavelength-division multiplexer (WDM) combines pump and anti-
Stokes light. (c) A bi-directional optical parametric oscillator, where fibre Bragg gratings (FBG) are used
to form a cavity, resonant at the anti-Stokes wavelength. (d) A uni-directional fibre optical parametric
oscillator. A tap-coupler is used to split the output power from the gain fibre. The inclusion of a band-

pass filter ensures that the cavity is singly-resonant at the anti-Stokes wavelength.

In the absence of fibre loss, the OPO reaches a so-called steady-state once
P.(L)T = P.(0), where T denotes the total cavity transmission and the subscript r is
used for the resonant FWM component [33]. As an example, consider a linear cavity
with a 100% reflectivity (R1) on the one end and a 70% reflectivity (R;) on the other,
resulting in T=0.7. If we restrict ourselves to the case of pump pulses in the regime
where walk-off is negligible, interactions between the forward and backward-
propagating pulses may be neglected. The preceding quasi-CW FWM theory may then
be applied, in an iterative manner, to calculate the intra-cavity powers that will satisfy
the steady-state condition for a given pump power and fibre length. The resulting intra-
cavity powers for the pump and resonant anti-Stokes waves are given in Figure 2.10 by
solid and dashed lines, respectively. For the purpose of comparing the results to those of
Figures 2.5 and 2.6, for the OPA configuration, the calculation used P,=50 W, P,=0.1

uW and y=1.8 Wkm™. Once again, the difference in photon energy is neglected. In
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addition to the result for a cavity transmission of 0.7 (green curves), Figure 2.10 also
shows results for T=0.3 (blue curves) and T=0.5 (red curves). Each calculation was
performed using the ApB-value corresponding to peak gain. From the fibre length
required for nearly-complete pump depletion, it is clear that feedback leads to a
significant increase in the FWM efficiency [42]. The decrease in threshold is related to
the intra-cavity power of the resonant wave, which may exceed the input pump power,
depending on the cavity transmission. In particular, a larger value for the cavity
transmission leads to a greater reduction in the FWM threshold. The intra-cavity power
of the Stokes wave, for the case of T=0.7, is given by the green dashed-dotted curve.
The Stokes power for the cases of T=0.3 and T=0.5 is similarly related to the anti-

Stokes power by a constant offset that is equal to the difference in initial powers.
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Figure 2.10: Fibre OPO intra-cavity powers for three values of the cavity-transmission (T), at their
respective optimised linear phase mismatch values. Solid and dashed lines are used for the pump and

resonant anti-Stokes waves, respectively. The dashed-dotted green curve shows the power evolution for
the Stokes wave corresponding to T=0.7.

2.3.4 Practical Considerations

So far, Section 2.3 has been concerned with FWM under ideal conditions. However, in
reality, the fibre medium is manufactured to a finite precision and external influences
may also have an impact on the FWM efficiency. In the following, we briefly consider

some of the mechanisms responsible for a departure from the preceding idealized FWM.
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In practice, the dimensions and doping concentrations of a fibre do not remain
constant along its length. Small variations in these manufacturing quantities lead to
variations in the dispersion of the fibre. From Section 2.3.2 it is clear that the fibre
dispersion, and in particular the ZDW, plays an important role in the phase-matching
process. For this reason, so-called longitudinal fibre inhomogeneity presents a
significant limitation to the FWM efficiency and has been studied extensively [58], [59],
[60]. The process is typically treated by considering the distribution of the fluctuations
in the core diameter along the fibre length as either periodic or stochastic. A figure of
merit for the parametric gain may then be defined as the product of the length over
which the fluctuations occur and the amplitude of the fluctuations. For random
fluctuations, results indicate that the largest fluctuation length scale is typically of the
same order as the fibre length. For this reason, longer fibres show a greater sensitivity to
longitudinal inhomogeneity [61]. It furthermore follows that parametric processes
associated with larger frequency-shifts are affected more severely, for a given figure of
merit [62], [61]. This result is consistent with the previously established correlation
between the frequency-shift and the parametric bandwidth.

The fibre dispersion can also fluctuate as a result of changes in temperature,
pressure or strain. In fact, measurements on dispersion-shifted fibres indicate a linear
relationship between temperature and ZDW with a slope of 0.03 nm/°C [63]. For large
frequency-shift FWM, this effect can therefore easily become significant, especially if
its influence is localised. It is worth mentioning that a position-dependent ZDW can be
used to tailor the FWM gain profile. Experiments to this end have been performed,
using the temperature dependence of the ZDW [64], but also by simply splicing fibres
with slightly different values of 1, together [65].

For non-PM fibres, small departures from circular symmetry, for example, can
lead to random birefringence (refer to Section 2.1.3). The combined effects of random
birefringence and nonlinear polarization rotation lead to position and time-dependent
changes in the relative polarization of the interacting FWM waves [5]. As the terms in
the coupled amplitude equations (2.47 to 2.49) depend on the relative polarization of the
waves, this effect can be very detrimental to FWM. Studies have shown that the
reduction in average parametric gain, as well as the fluctuation in the gain, relative to

the average, is proportional to the phase-matched frequency-shift [66].
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2.4 Ytterbium-Doped Fibre Sources

As stated in Chapter 1, the aim of this thesis is to investigate the feasibility of fibre
FWM as an approach to wavelength conversion. Specifically of interest is the ability of
FWM to generate up-converted frequencies, which can be implemented to construct a
flexible light source in the visible and near-infrared parts of the spectrum. Since
conservation of energy restricts the FWM anti-Stokes frequency to the second harmonic

of the pump frequency, the pump wavelength should not exceed 1.3 pum.

Fortunately, the 1 pum spectral region is host to a number of potential pump
sources, including bulk crystalline and fibre-based gain media. A fibre-based laser
represents a natural choice as a pump source for fibre FWM devices, since it allows for
all-fibre integration and can lead to compact and robust systems. Moreover, fibre lasers

are capable of high gain and high power, whilst maintaining a single transverse mode.

As far as fibre lasers are concerned, ytterbium-doped silica remains the preferred
gain medium by virtue of its high efficiency, broad gain bandwidth and power-scaling
ability [67]. It is for these reasons that Yb-doped fibre lasers (YDFL) and amplifiers
(YDFA) were also chosen for the work of this thesis. In this Section we therefore briefly
consider some of the properties that make Yb-doped fibre (YDF) gain media so
appealing. The spectroscopic features of ytterbium in silica as well as some general
features of ytterbium's use as gain medium are reviewed in Section 2.4.1. This is
followed by the discussion of Section 2.4.2, where we consider the most important
technological advancements in the field of high-brightness, high-power fibre sources.
Finally, Section 2.4.3 introduces the important concept of the master-oscillator power-
amplifier (MOPA).

2.4.1 Spectroscopy and General Properties

To illustrate the spectroscopic properties of ytterbium, we shall make use of its energy
level diagram (in a silica host), shown in Figure 2.11 [68]. Both the ground-state (*F+))
and excited-state (°Fs,) manifolds are split into a number of sublevels as a result of the
crystal-field (Stark) interaction. As opposed to Yb in a bulk crystalline material, Yb-
doped silica is subject to strong line broadening leading to Stark transitions that are not

fully resolved at room temperature. For this reason Yb-doped silica has a very broad
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bandwidth for absorption and emission [69]. The manifolds are separated in energy by

10000 cm™, which is large enough not to be susceptible to nonradiative decay as a result

of multiphonon emission.
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Figure 2.11: Energy level diagram for Yb*" in germano-aluminosilicate [68]. Energy levels in the ground-
state (°F;;) and excited-state (°Fs;,) manifolds are labelled, along with their energy separation from the

ground-state. Wavelengths corresponding to various transitions are indicated.

Due to its relatively simple spectroscopy, ytterbium is not subject to processes
such as excited-state absorption (ESA) or concentration quenching. Consequently,
higher concentrations of Yb-ions can be incorporated into the glass host, resulting in
higher pump absorption per unit length. This attribute, together with a characteristic low
quantum defect, is responsible for the superior conversion efficiency and power-scaling
properties of Yb [70]. The broad emission bandwidth furthermore makes Yb ideal for
use as a wavelength tunable laser, or for short pulse amplification. Particularly
favourable for pulse amplification, is Yb’s long upper-state lifetime of between 0.8 and

1.5 ms, which allows for a high energy-storage capacity.

The exact fibre composition of Yb-doped silica fibres is known to have an
influence on the cross-sections for absorption and emission [71], [72]. Whereas Yb-
doping is essential for laser action, the core of the fibre is doped with germanium or
phosphorus to increase the refractive index for guiding. Other elements such as
aluminium are added to the fibre composition due to the fact that it increases the
solubility of the fibre, thereby greatly alleviating clustering of ytterbium ions.
Aluminium as a dopant has the added advantage of controlling the radial ytterbium
doping profile [69]. Although Ge-doping does not lead to significant changes in the
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cross-section distribution, Al-doping is preferred over P-doping if a pump wavelength at
910 nm is desired [73], [74]. Al-doping however has the disadvantage of being more
prone to photodarkening, compared to P-doping for example [75]. Since the
photodarkening effect is strongly related to the population inversion levels at which the
laser or amplifier is operated, this effect is manageable in the quasi-CW regime. The
Yb-doped fibres used in the experiments of this thesis all have a germano-
aluminosilicate composition, of which the cross-section distribution can be found in the
paper by Paschotta et al. [72].

Figure 2.11 also indicates the different transitions that occur between the
sublevels of the ground-state and excited-state manifolds. In accordance with the
Boltzmann distribution for ytterbium at room temperature, the strongest absorption and
emission transition occurs between level a and level e of the ground-state and excited-
state manifold, respectively. This energy difference corresponds to a wavelength of 975
nm. The absorption band, extending from 800 nm to 1100 nm, shows a secondary peak
at a wavelength of ~910 nm. Both peaks are at wavelengths for which high power laser
diodes are readily available. The emission band extends from 900 nm to 1200 nm and
has a secondary peak at ~1035 nm. Due to the small thermal populations in levels c, d,
f, g, and to a lesser extent, b, transitions from these levels are not dominant. Especially
the absorption transitions do however play a significant role as far as the lasing
wavelength is concerned, since they result in reabsorption of the signal light. Although
reabsorption takes place at all wavelengths for which the absorption and emission bands
overlap, its effect diminishes for longer wavelengths (=1080 nm). For this reason,
ytterbium is often described as a three-level gain medium for shorter signal
wavelengths, whilst it approaches the behaviour seen in four-level gain media at longer
wavelengths [68]. The correct fibre length for laser action at a specific wavelength is
therefore a function of gain and reabsorption and has been the subject of several studies
[72], [76].

2.4.2 Key Technologies

In addition to the steady progress that has been made in the fabrication of low loss
optical fibres, a number of key technological advancements have lead to a remarkable
increase in the output powers of fibre laser sources. The most revolutionary of these was

the advent of double-clad (DC) fibres [77] (also see [78]).
59



Chapter 2 —Background

Similar to the fibre of Figure 2.1, the DC fibre consists of a core and a much
larger cladding. The cladding is however surrounded by a second cladding of lower
refractive index. In this way, the inner cladding forms an additional waveguide that
overlaps the core region. Typically the rare-earth dopant (Yb for our purposes) is
contained in the core region. A pump beam, launched into the (inner) cladding, is
therefore progressively absorbed into the core as it propagates down the fibre. For this
reason, the modal characteristics of the laser emission are still determined by the
waveguide properties of the core. However, since the cladding has a significantly larger
acceptance cone than the core (refer to Section 2.1), multi-mode (MM) laser diodes
(LD) may now be employed as pump sources. Advances in the area of high-power MM
LD sources for the purpose of so-called cladding pumping therefore present another
enabling technology for power-scaling of fibre lasers.

An obvious drawback of cladding pumping, compared to core pumping, is the
increased absorption length due to a significantly lower overlap between the pump beam
and doped area. In fact, some of the cladding modes never interact with the doped
region, leading to unabsorbed pump power and therefore a decreased efficiency. For this
reason, DC fibres typically require some element to break the circular symmetry of the
inner cladding. This can, for instance, be achieved by using a D-shaped or hexagonal

inner cladding.

For pump powers of several hundred watts, DC fibre technology is commonly
employed using a free-space pump launch. However, specifically for the purpose of
increasing the power-scalability of all-fibre laser sources, the tapered fibre bundle
(TFB) provides an elegant solution [79]. In its simplest configuration, this device
combines several MM input fibres in a taper, where their respective powers are
transferred to a single MM output fibre. Alternatively, a single mode fibre is bundled
along with the MM fibres and the output fibre is itself a DC fibre. In this way, the
output fibre can be spliced directly to a DC doped fibre in an end-pumped amplifier

configuration.
2.4.3 All-fibre Master-Oscillator Power-Amplifier

Although free-space pump launch configurations was employed during the work of this
thesis, it was primarily used as a first approach for the characterization of fibres and
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components. The experimental results to follow in Chapters 3 through 5 are therefore

based on fiberized configurations, on which a brief introduction follows.

MM LD| 9 MM LDf )
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4 TFB — —> — TFB e
FBG DC YDF DC YDF
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AMPLIFIER
> > >
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()

Figure 2.12: Experimental configuration for: (a) a simple linear laser oscillator, (b) a laser amplifier and
(c) a master-oscillator power-amplifier, consisting of a laser (or SM LD) and three cascaded amplifiers,
all separated by in-line fibre isolators. In all cases, the gain fibre is a double-clad ytterbium-doped fibre

and pumping occurs via a tapered fibre bundle.

Figure 2.12(a) shows the basic configuration of a CW linear laser oscillator. It
consists of a DC YDF, pumped by a single MM LD, via a TFB. Feedback at the lasing
wavelength (2;) is achieved through the use of an FBG, designed for high reflectivity at
AL, on the one end, and a flat fibre cleave on the other. The flat fibre cleave results in a
4% Fresnel reflection, leading to the formation of a standing wave. The configuration is
slightly more complicated than that of Figure 2.12(b) for a fibre amplifier. In this case,
both fibre ends are terminated by angled cleaves to avoid feedback into the fibre core.
Consequently, laser light makes a single pass through the DC YDF and is amplified

through stimulated emission.

High power fibre lasers often offer little in the way of control over the spectral
and temporal (in the case of pulsed systems) properties of the output [67]. It these cases
it may be preferable to adopt an approach whereby a low power seed laser, with the
desired properties, are power-scaled through the use of cascaded fibre amplifiers. This is
the foundation of the master-oscillator power-amplifier (MOPA) configuration. The
concept is illustrated in Figure 2.12(c). Through the use of TFBs and similar fibre

components, the setup can be completely fiberized. The seed laser and amplifier stages
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are typically separated by in-line isolators. This is done to avoid backward propagating

light from depleting the population inversion in the preceding amplifier, whereby

catastrophic damage may be caused.
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Chapter 3

Ytterbium-Doped Fibre MOPA

From the discussion in Chapter 2, it should be evident that efficient four-wave mixing
places several requirements on the pump source. This is particularly true for FWM
processes associated with large frequency-shifts, for which the parametric bandwidth is
typically quite small. In this case, the appropriate pump source should have a narrow
spectral linewidth and should furthermore be capable of kW-level output powers. It is
then also crucially important to ensure a high spectral purity, since seeding of
competing nonlinearities can easily allow their dominance, especially when the phase-
matching is degraded. Satisfying these requirements is not trivial, especially when an
all-fibre pump source is additionally preferred. However, the modular approach of the
MOPA architecture allows one to satisfy these requirements in stages, thereby providing

the ideal pump source solution.

This chapter is dedicated to an overview of the pulsed pump MOPA, used in the
majority of the optical parametric amplifier and oscillator experiments to follow in
Chapters 4 and 5. Since the system was improved throughout the work of this thesis,
different experiments correspond to different pump source characteristics. For this
reason, the chapter details three distinct permutations of the MOPA, using one of two
possible seed lasers. Section 3.1 describes the attributes of the MOPA seed lasers, whilst
Section 3.2 elaborates on the performance of the cascaded amplifier stages.
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Chapter 3 - Ytterbium-Doped Fibre MOPA

3.1 MOPA Seed Source

Depending on the desired MOPA characteristics, several seed laser sources may be
considered. For pulsed MOPA systems in particular, the choice of seed laser will be
different depending on the intended pulse duration regime. If picosecond or
femtosecond pulses are required, the MOPA seed will typically be a mode-locked laser.
Nanosecond pulsed lasers can similarly be constructed through the introduction of an
intra-cavity Q-switching mechanism. The pulse durations associated with these sources
are typically a few nanoseconds or longer. If still longer pulse durations are required,
direct modulation of the laser diode current becomes an option. For pulse durations
ranging between 200 ps and 5 ns, external modulation of a CW laser through the use of
a fast electro-optic modulator (EOM) provides a flexible solution. The rapid modulation
capabilities of EOMs not only allow for (almost) arbitrary pulse durations at arbitrary
repetition frequencies, but also enable pulse shaping [1] and generation of bursts.

For the work of this thesis, the pulse duration regime of interest was determined
by considering a number of factors. Firstly, the large frequency-shift FWM processes of
interest are typically subject to differential group delays of the order of 10 ps/m. Since
walk-off results in a significant reduction in the FWM efficiency, the pump pulse
duration should preferably exceed 100 ps. It is worth noting that this restriction can be
circumvented through the use of highly-nonlinear FWM fibres. However, the small core
diameters associated with highly-nonlinear fibres may preclude an all-fibre device due
to splice losses, and a limitation on the power scalability. For this reason, our
considerations are based on the nonlinear attributes of more typical fibres, instead.
Secondly, if the pump pulse duration exceeds a few ns, the SBS threshold is reduced
significantly (refer to Chapter 2) for the case of (near) transform-limited pulses like
ours. Not only can this lead to a scenario where SBS dominates over FWM in the
nonlinear converter, but SBS may in fact also disrupt the amplification process
throughout the MOPA. Finally, it is worth considering the average-power-handling
capabilities of common fibre-components used in the construction of all-fibre systems.
Typically, fused fibre couplers, for example, may be limited to about 10 W average
power, although powers at the 100 W level have been reported in state-of-the-art
demonstrations [2]. In order to reach kW-level peak powers it is therefore required to
operate the pump source at a duty cycle of ~1%. However, in an OPO, a low pulse
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Section 3.1 — MOPA Seed Source

repetition frequency (PRF) will require a long intra-cavity fibre length for the purpose
of synchronous pumping, which may result in unacceptable losses and nonlinear
degradation (refer to Chapter 5). This effectively places an upper limit on the pump
pulse duration required for a desired peak power.

Based on the preceding considerations, it was decided to construct a MOPA for
operation in the sub-5 ns pulse duration regime. For this reason, the CW seed laser is
modulated external to the cavity, prior to being amplified. This section gives an
overview of two CW seed sources used in the experiments of Chapters 4 and 5.

3.1.1 Ytterbium-Doped Fibre Ring-Laser

As a first approach, a seed laser was constructed from available fibre-optic components.
The chosen configuration was a uni-directional fibre ring laser. The experimental setup
is given in Figure 3.1. Unless otherwise stated, all fibres and fibre-components may be

assumed to be polarization maintaining (PM).

PUMP
4;4
PM DC YDF //

TFB

SPLICE

TAP
COUPLER

CIRCULATOR

J—E

ISOLATOR

FBG

Figure 3.1: Experimental setup for the double-clad (DC) ytterbium-doped fibre (YDF) ring laser. A fibre
Bragg grating (FBG) at a centre wavelength of 1079 nm is used to filter the laser feedback. TFB: Tapered
fibre bundle.

The PM double-clad (DC) ytterbium-doped fibre (YDF) for the ring laser was
manufactured by Liekki (Yb1200-10/125) and has a core diameter and NA of 11 um
and 0.076, respectively [3]. The aluminosilicate YDF has a length of 10 m and is

specified to have a cladding absorption of 1.8 dB/m at a wavelength of 920 nm. A single
69
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MM pump diode, emitting at a wavelength around 910 nm (JDS uniphase [4]), is
spliced to a 6+1:1 TFB (Avensys Tech [5]), which is in turn sliced to the YDF. Each of
the TFB’s six multi-mode (MM) input fibres have a core diameter of 105 um and a NA
of 0.22. The double-clad TFB output fibre has a core diameter and NA of 5 um and
0.14, respectively. As a result of the MFD-mismatch (refer to equation 2.18), it proved
difficult to reduce the splice loss between the TFB and YDF below 2 dB for the signal.
The splice between the TFB and YDF is coated with a low refractive-index polymer to
ensure guidance of the pump light in the cladding. The splice at the output of the YDF is
similarly coated with a high-index polymer to remove residual pump light from the

cladding.

Laser feedback is facilitated through the use of a circulator (Opto-Link
corporation [6]) and a single polarization (SP) fibre isolator (AFW Technologies [7]).
The functionality of the circulator is two-fold. Firstly, it enforces uni-directional
propagation within the cavity. Secondly, the circulator accommodates the spectral filter,
provided here by a fibre Bragg-grating (FBG). The in-house fabricated FBG has a
centre wavelength of 1079 nm and a 3-dB bandwidth of 0.1 nm? The SP isolator
enforces single polarization conditions in the ring laser. This is achieved by introducing
large losses for light propagating in the fast axis of the PM fibre, allowing light
orientated along the slow axis to saturate the gain in the YDF. This then prevents power
build-up in the fast-axis polarization.

Laser light is extracted from the cavity through the use of a fibre coupler (Gooch
& Housego [8]), with a coupling ratio of 80/20, at 1079 nm. Initially, the output coupler
was arranged to couple 20% of the light back into the cavity. However, since the cavity
has high losses due to the presence of the circulator (4 dB in total), isolator (2 dB),
TFB-YDF splice (~1.8 dB) and FBG (~3 dB), the output coupler’s ports were
exchanged. With 80% of the light coupled back into the cavity, the intra-cavity power is
increased, leading to stronger gain saturation and in turn larger suppression of ASE.
Increased intra-cavity power requires greater care, since both the circulator and isolator
have maximum power handling ratings of 300 mW. For this reason, the output-coupler

is located prior to these low-power components, directly following the YDF output. The

2 Courtesy of Morten Ibsen
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un-spliced output coupler pigtails, as well as any other loose fibre ends, are terminated

by angled cleaves to prevent feedback from Fresnel reflections at the glass-air interface.

Figure 3.2(a) shows the ring laser output power as a function of absorbed pump
power. The threshold pump power is 0.63 W and the slope efficiency is 3.7%. The low
value for the slope efficiency is a result of the high intra-cavity losses and the low
output coupling. Despite the poor efficiency, the CW output power is sufficient, since
the power-handling of the EOM is a mere 30 mW (refer to Section 3.2). Figure 3.2(b)
gives the ring laser output spectrum at a power of 42 mW, measured using an Ando
AQ-6317 optical spectrum analyser (OSA) at a resolution of 0.1 nm. The spectrum
reveals a high extinction ratio of over 60 dB, at the laser wavelength. The ASE
envelope, stretching from ~1060 nm to 1200 nm, has its peak around 1095 nm. This
value suggests that the YDF is longer than required for a laser wavelength of 1079 nm,
at the operating pump power of 1.15 W [9]. At the maximum OSA resolution of 0.01
nm, a measurement of the ring laser linewidth gives 30 pm. The polarization extinction
ratio (PER) of the ring laser, operating at an output power of 42 mW, was measured to
15 dB.
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Figure 3.2: (a) Ring laser output power at 1079 nm as a function of absorbed pump power. (b) Output
spectrum at a power of 42 mW (spectral resolution: 0.1 nm).

3.1.2 Laser Diode Seed Source

For the experiments described in the latter part of this thesis, the ring laser MOPA
seed was replaced by a single-mode laser diode at a wavelength of 1080 nm (Lumics

[10]). This substitution was primarily motivated by the inclusion of an EOM with a
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higher power handling rating, of 100 mW. The new EOM enabled the use of a higher-
power seed source, which in turn allowed for sufficient gain saturation in the first

amplifier stage at lower duty cycles than before.

Figure 3.3(a) gives the power characteristics of the Lumics SM diode, whilst
Figure 3.3(b) gives the corresponding output spectrum at a power of 103 mW. As a
result of FBG stabilization, the diode displayed a linewidth identical to that of the ring
laser (30 pm). Transmission measurements through a single polarization isolator also
confirmed an excellent PER.
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Figure 3.3: (a) Lumics SM diode output power at 1080 nm as a function of pump current. (b) Output
spectrum at a power of 103 mW (spectral resolution: 0.01 nm).

3.2 Amplifier Characterisation

As stated in the introduction, the characteristics of the MOPA may be sub-categorized
into three groups. However, the general architecture depicted in the schematic of Figure
3.4 is applicable regardless. The CW seed source, with an output power in the range 30
mW to 100 mW, is protected by a SP isolator (AFW Technologies) and spliced to an
80/20 tap-coupler (Gooch & Housego). This tap-coupler removes 20% of the light at
~1080 nm and is used primarily to monitor the seed laser characteristics. The 80% port
is spliced to the EOM (intensity modulator). Initial experiments made use of a 10 GHz
Eospace EOM [11]. This component was eventually replaced by a 5 GHz Selex EOM
with improved power handling [12]. The radio frequency (RF) input to the EOM
typically consisted of square pulses of duration 200 ps to 2.5 ns, at repetition

frequencies ranging from 1 MHz to 5 MHz. Depending on the required modulation
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speeds, the RF signal was provided by either a 150 MHz pulse generator (Agilent
8110A), or by the combination of a 4 GHz arbitrary waveform generator (Tektronix
AWG710) and a 1 GHz RF-amplifier (Mini-Circuits ZHL-2-8). In addition to RF
modulation, a DC bias voltage is also applied to the EOM. The bias voltage ensures that
the EOM is operated at the optimum pulse extinction ratio. As the EOM is very
sensitive to counter-propagating radiation, it is followed by a second SP isolator, which

is spliced to the input of the amplifier chain.

FIRST AMPLIFIER

RF INPUT : :
: PM DC YDF
l : (11 m/7um) -
SPLICE :
SEED — \s/r ' @
ISOLATOR  “a720% LTIzt
ISOLATOR OLATOR
o\ =
! PM DC YDF
OUPLER p (Om/7pm) COUPLER
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THIRD AMPLIFIER SECOND AMPLIFIER

0 ¢

PM DC YDF
(<35m /12 um)

A OUTPUT PORT

Figure 3.4: Experimental setup for the MOPA. Refer to the main text for details. A and B are markers that
indicate the positions of the narrow-band spectral filter and band-pass-filter-integrated isolator,

respectively (refer to Sections 3.2.2 and 3.2.3 in the main text). All fibre-components are PM.

All three amplifier stages consist of a co-pumped aluminosilicate PM DC YDF.
The YDF used for the first and second amplifiers was fabricated in-house (T0278-
L30178)%. This fibre has a core diameter and NA of 7 um and 0.1, respectively. The
MFD at the seed wavelength is calculated to be 8.6 um. Since this YDF has a specified
absorption of 1 dB/m (at 915 nm), it was decided to use device lengths of 11 m and 9 m,

for the first and second amplifier, respectively. The 6+1:1 TFB used in all amplifier

® Courtesy of Jayanta Sahu
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stages has a MFD of 6.8 um (Gooch & Housego). For this reason, the T0278-L30178
YDF and TFB spliced well. In contrast, the splice between the TFB and third amplifier
YDF gave a loss of ~1.5 dB. The loss is mainly attributed to this YDF having a larger
MFED for the purpose of minimizing unwanted nonlinearities within the amplifier. The
third amplifier YDF was acquired from Coractive (DC-Yb-PM-12/125-10-01) and has a
core diameter of 12 um and an NA of 0.1 [13]. Whilst the corresponding V-number, at
1080 nm, has a value of 4.1, a beam quality measurement confirmed single-mode
guidance (M? < 1.1). Since this fibre has a large 915 nm cladding absorption of 3.2

dB/m, the device length never exceeded 3.5 m.

Amplifier stages are separated by SP isolators from Shinkosha [14] (post
amplifier-1) and Agiltron [15] (post amplifier-2), as well as low-ratio tap-couplers. The
isolators protect the seed laser and pre-amplifiers from counter-propagating light, but
also ensure an acceptable PER (~15 dB) throughout the system. Tap-couplers allow for
easy evaluation of the amplifier powers, spectra and temporal characteristics. A portion
of the power from the post amplifier-1 tap-coupler is continuously monitored on a
power meter that provides feedback to an analog-to-digital converter. The converter, in
turn, is connected to a computer, which uses a simple algorithm to adjust the DC-bias
input to the EOM via a digital-to-analog converter. In this way, the EOM is always
assured to have the appropriate bias to keep the pulse ER optimized under changing

thermal and mechanical conditions.
3.2.1 YDFL-Seeded MOPA

The low power handling rating and high insertion loss (3.8 dB) of the EOM, together
with a low duty-cycle modulation (<1.25%), results in first-amplifier input average
powers of around 30 uW. Despite this low value, the amplifier gain is sufficiently
saturated, with the output spectrum displaying an ER >30 dB at 1079 nm, at a spectral
resolution of 0.1 nm (see Figure 3.5(b)). Also shown in Figure 3.5(a) is the amplifier
average output power, as a function of absorbed pump power, for 2.5 ns pulses at a PRF
of 5 MHz. The first amplifier was typically operated at average output powers around 7

mW, with an associated amplifier gain of ~24 dB.

Figure 3.6 similarly shows the output average power and spectrum from the

second amplifier, for the above mentioned modulation parameters. From the spectrum,
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it is clear that the ER of the signal, relative to the ASE envelope, has degraded from the
first amplifier. This is a result of further amplification of the ASE originating from the
YDFL and first amplifier. The spectral noise furthermore extends out to 1140 nm,
where it provides seed photons for the first order Raman Stokes. Since the peak powers
in the second amplifier and subsequent fibre components are of the order of 100 W,
SRS start to build up and can grow to unacceptable levels inside the third amplifier. To
mitigate this effect, the second amplifier was mostly operated at an average power of no
more than 640 mW.
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Figure 3.5: (a) YDFL-seeded first amplifier output at 1079 nm, as a function of pump power. (b) Output
spectrum at an average power of 6.2 mW (spectral resolution: 0.1 nm). Modulation parameters: 2.5 ns
pulses at 5 MHz.
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Figure 3.6: (a) Second amplifier output at 1079 nm, as a function of pump power. (b) Output spectrum at
an average power of 640 mW (spectral resolution: 0.5 nm). Modulation parameters: 2.5 ns pulses at 5
MHz.
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The third and final amplifier’s average output power, as a function of absorbed
pump power, is shown in Figure 3.7(a). The measured values correspond to a YDF
length of 3.3 m. Whilst the output power did not show any signs of saturation and the
available pump power was more than adequate, the MOPA was typically operated at a
modest average output power of 4 W. This was necessitated by the emergence of SRS.
The MOPA output spectrum, at an average power of 4 W, is shown in Figure 3.7(b) for
duty cycles of 1.25% (2.5 ns pulses at 5 MHz) and 0.2% (1 ns pulses at 2 MHz).
Whereas the spectrum for a duty cycle of 1.25% (blue) shows initial signs of SRS, the
spectrum for 0.2% shows significant levels of SRS at the first and second Stokes, as
well as the first-order Raman anti-Stokes. Not only does this level of SRS compromise
the spectral purity of the FWM pump source, leading to competing nonlinearities, but it
also depletes the power at 1079 nm. Significant levels of SPM and possibly XPM are
inevitable, too, at these levels of nonlinear interaction.
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Figure 3.7: (a) Third amplifier (3.3 m YDF) output at 1079 nm, as a function of pump power. (b) Output
spectrum at an average power of 4 W, for a duty cycle of 1.25% (2.5 ns pulses at 5 MHz) and 0.2% (1 ns
pulses at 2 MHz). (spectral resolution: 1 nm).

3.2.2 YDFL-Seeded MOPA: Improved Setup

In order to access higher peak powers, changes were made to reduce the impact of SRS

in the MOPA. To this end, a tunable narrowband spectral filter (Agiltron [15]) was

included following the second amplifier in the setup of Figure 3.4, at the position

marked by A. Figure 3.8(a) gives the average power from the second amplifier, as

measured at the output of the spectral filter for a duty cycle of 0.2% (1 ns pulses at 2
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MHz). As before, the second amplifier was operated at a pump power of 2.2 W. This
time the resultant output power was 258 mW, primarily attributed to 1 dB and 2.3 dB
insertion losses at the fibre isolator and tunable filter, respectively. The output spectrum
from the filter, with its 1 nm bandwidth centred at 1079 nm, is given in Figure 3.8(b).
The effect of the filter, whereby out-of-band light is suppressed by up to 30 dB, is easily

verified from a comparison to the spectrum of Figure 3.6(b).
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Figure 3.8: (a) Second amplifier output via a narrowband filter, at 1079 nm, as a function of pump power.
(b) Output spectrum, via a narrowband filter, at an average power of 258 mW (spectral resolution: 0.5
nm). Modulation parameters: 1 ns pulses at 2 MHz.

Although the presence of the narrowband filter lead to reduced seeding at the SRS
wavelengths inside the third amplifier, additional measures were required to optimise
the spectral purity at the MOPA output. It was therefore decided to reduce the third
amplifier’s YDF to a length of 2.3 m. Although a shorter YDF resulted in a reduction of
absorbed power, it also reduced the effective length for SRS. The shorter YDF
furthermore lead to a shift in the gain peak towards shorter wavelengths, subsequently
lessening the contribution of ASE to SRS seeding. The resultant power and spectral
characteristics are shown in Figure 3.9. At an identical launched pump power, the
MOPA average output power of 3.8 W represents a slight reduction relative to the 3.3 m
YDF. Also the output spectrum (blue) compares favourably to the corresponding duty
cycle in Figure 3.7(b). Not only is the spectrum free from SRS features, but the ER at

1079 nm is also noticeably enhanced.

In the absence of appropriate high power fibre isolators and filters, some initial
experiments relied on a free-space launch from the MOPA. This enabled the use of high
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power free-space isolators. In terms of additional filtering, volume Bragg-gratings
(VBG) were preferred over short-pass dichroic mirrors, primarily due to their narrow
pass-bands (0.5 nm), high suppression (>60 dB) and low loss (<0.2 dB). The red curve
in Figure 3.9(b) gives the spectrum of light diffracted off the VBG, for an incident
spectrum similar to the blue curve.
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Figure 3.9: (a) Third amplifier (2.3 m YDF) output at 1079 nm, as a function of pump power. (b) Output
spectrum at an average power of 3.8 W, in the absence (blue) and presence (red) of a VBG spectral filter
(spectral resolution: 1 nm).

3.2.3 Diode-Seeded MOPA

In the final MOPA configuration, used in the experiments reported towards the latter
part of Chapter 5, the emphasis shifted and an all-fibore FWM pump source became a
priority. Whilst the experimental setup for the external modulation and amplifier chain
remained unchanged from that of Figure 3.4, including the improvements of Section
3.2.2, the YDFL seed laser was replaced by the 1080 nm Lumics diode of Section 3.1.2.
More importantly, a band-pass-filter-integrated fibre isolator, at a centre wavelength of
1080 nm, was incorporated following the third amplifier, at the position marked by B
(see Figure 3.4). This component was developed in collaboration with Shinkosha to
have a customised set of properties [14], including a relatively high power handling
rating (2 W), broad pass-band (1060 — 1082 nm), large out-of-band suppression (1100 —
1120 nm >25 dB, 1120 — 1145 nm >50 dB) and large mode-area fibre pigtails (Nufern
PMO085 LNA). The performance of the first and second amplifiers were found to be

qualitatively similar to the results of Figures 3.5 and 3.8. However, the presence of the
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fibre isolator-filter affected the characteristics of the third amplifier, and consequently
the MOPA output.

The MOPA average power, as measured from the band-pass-filter-integrated fibre
isolator output, is given in Figure 3.10(a). The output power was limited to 2.2 W, by
the damage limit of the fibre isolator-filter. The damage limit was determined to be
around 3.4 W average power, based on a low power measurement of the component’s
insertion loss (1.9 dB) and an accidental destructive measurement. This insertion loss,
together with an additional 0.5 dB loss associated with the splice between the YDF and
fibre isolator-filter pigtail, is responsible for the reduced slope in Figure 3.10(a). The
output spectrum at a duty cycle of 0.2%, shown in Figure 3.10(b), compares well to the
VBG-filtered spectrum of Figure 3.9(b). Despite the all-fibre nature of the power
delivery, SRS power levels are below the measurement threshold, at a spectral
resolution of 1 nm.
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Figure 3.10: (a) Lumics-seeded third amplifier (2.3 m YDF) output via a band-pass-integrated fibre
isolator, at 1080 nm, as a function of pump power. (b) Output spectrum, via a band-pass-integrated fibre
isolator, at an average power of 2.3 W (spectral resolution: 1 nm).

Shown in Figure 3.11 is the spectral linewidth of the output from the Lumics-
seeded MOPA, for two power values. It is clear that the 3 dB linewidth is almost
invariant to the effect of SPM, which only succeeds in generating small satellite
features, as can be expected for optical pulses with a super-Gaussian profile [16].
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Figure 3.11: Lumics-seeded MOPA output linewidths at low power and at maximum power (spectral

resolution: 0.01 nm). As a result of the square pulse shape, the MOPA linewidth is resilient to the
broadening effect of SPM.
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Chapter 4

OPA Using Conventional Fibre

This chapter details the results from an initial investigation into large frequency-shift
FWM. The approach considers conventional, non-microstructured fibres for the
nonlinear converter. This decision was based on the rationale that the impact of the
previously mentioned longitudinal inhomogeneities (refer to Section 2.3.4) would be
less severe in conventional fibres, for which the manufacturing techniques are more

mature.

Section 4.1 is devoted to results from numerical models that were used to identify
fibres of interest. Experimental results from the chosen fibre, in noise-seeded and
externally seeded configurations, follow in Section 4.2. The chapter is concluded with a

brief summary of important results and their implications.

4.1 Evaluation of Fibres

In this section, the process whereby different commercial fibres were investigated in
terms of their potential for FWM, is detailed. The process essentially consists of two
stages. In the first stage, the procedure outlined in the following paragraphs is used to
evaluate the dispersion and phase-matching properties of real fibres (Section 4.1.1).
Stage two subsequently demonstrates how the phase-matching properties and
waveguide attributes of the chosen fibres influence the optimal fibre length required for
FWM, under ideal conditions (Section 4.1.2).
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Since the dispersion properties of commercial fibres are typically only specified
for a narrow spectral range about the telecommunications window, a method to extract
the dispersion over the desired range was required. Whilst fibre dispersion can be
measured in a variety of ways [1], the methods often involve long fibre samples and
short broadband pulses, or time consuming free-space alignment. For this reason, a
numerical procedure was used to calculate fibre dispersion, using measured values for

the refractive index profiles (RIP) as input parameters.

The numerical procedure, used to obtain the mode propagation constants and
mode fields of a real fibre at a specific wavelength, A, can be explained at the hand of

the following:

1. The fibre RIP is measured using the refracted near-field (RNF) method, at a
wavelength of A = 630 nm*. Examples of measured RIPs for commercial fibres,
considered during the initial stages of our investigation, are given in Figure
4.1(a) to (d). For simplicity, the refractive index distributions of these fibres
were assumed to be circularly symmetric. In what follows, the Pirelli Freelight
fibre (Figure 4.1(d)) will be used for reference purposes.

2. From the RIP and the value for the refractive index of pure SiO, at Ay, ng, the
presence of dopants can be identified. In the case of the Freelight fibre, the
presence of an index-increasing dopant is identified. The dopant is assumed to
be GeO..

3. Using the Sellmeier coefficients of the doped material, specified at a certain
doping concentration, m., the Sellmeier equation (equation 2.19) is used to

calculate the refractive index of the doped material, n., at Ay.

4. The refractive index of the medium may now be obtained for an arbitrary doping
concentration, m, through the use of the following equation (identical to

equation 2.20):

m 172 (4.2)
n= [n% +m—(n§r —n3)
+

* courtesy of Robert Standish
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5. Equation 4.1 enables the mapping of the measured RIP into a doping index
profile (n(r)— m(r)).

6. The Sellmeier equation may now again be used to calculate the refractive index
of the doped material (m.) and SiO, at the wavelength of interest, A.

7. The values of n, and ng at A together with m(r) are substituted into equation 4.1

to obtain the RIP at A.
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Figure 4.1: RIPs used in a numerical procedure for the calculation of fibre dispersion: (a) Corning SMF-
28, (b) Sumitomo HNLF (representative), (c) Lucent Truewave and (d) Pirelli Freelight.

By repeating the above procedure over a range of wavelengths (1), and by solving the
wave equation (Chapter 2.1.1) for n(r,A), the total dispersion for a given fibre is
obtained. As an example, Figure 4.2 shows the calculated total dispersion for the

Freelight fibre, which is found to compare well to measured values.

® courtesy of a time-of-flight measurement, performed by Carl Farrell
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Figure 4.2: Comparison between the measured and calculated values for the total dispersion of the

Freelight fundamental mode.

The dispersion of the effective refractive index allows us to search for phase-
matched components according to Ap = B, + Bs — 28, (see Chapter 2.3). This is done
by assigning a constant value to the pump frequency (®p), Whilst varying the frequency-
shift (Q = w, —w, = w, — ws). As Q is varied, m, and wg assume specific values,

p p

which, together with wp, satisfy the conservation of energy requirement. The value of
nes at each of the relevant frequencies is obtained through interpolation of the

calculated dispersion. The phase mismatch is calculated before a new value for oy is

chosen and the process is repeated. The application of this approach follows next.
4.1.1 Phase-Matching Calculations

The fibres shown in Figure 4.1 all have ZDWs in excess of 1273 nm, which is the zero
material dispersion wavelength for silica. Consequently, the intended FWM pump
wavelength in the range 1060-1080 nm, is normally dispersive (B2 > 0). According to
the discussion in Chapter 2.3.2, these fibres may therefore lend themselves to co-
polarized fundamental mode phase-matching (refer to Figure 2.7(b)). However, when
the wavelength difference between the pump and ZDW becomes too large (100 nm or
more), the value of B, can become enormous. In this case, a large negative contribution
from B, is required as compensation, to achieve phase-matching. Provided that the fibre

dispersion results in a negative PB4, this critical value will only be reached for very large
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values of the frequency-shift, if a solution is in fact physically realizable. Large phase-
matched frequency-shifts are also correlated with small parametric bandwidths (for the
co-polarized fundamental mode process), leading to extremely inefficient FWM in real
fibres (refer to Chapter 2.3.2). It is therefore clear that the preceding conventional fibres
preclude the use of co-polarized fundamental mode FWM. For this reason, an
investigation into the plausibility of using the mixed higher-order spatial mode phase-
matching process of Figure 2.7(c), was conducted [2], [3]. The findings of this study is

covered next.

Before we proceed with a discussion on the use of higher-order modes, as a
method for phase-matching, the following should be noted. The modes obtained from
the COMSOL software are fully vectorial (refer to Chapter 2.1.1). In contrast, the
coupled amplitude equations (equations 2.47 to 2.49) and the accompanying overlap
integrals (equations 2.50 and 2.51) were derived under the approximation of linearly
polarized (LP) fields. For this reason, the consolidated approach presented below
employs a superposition of the calculated COMSOL vector modes (refer in Chapter
2.1.1).

As for Section 4.1, we start off by considering the Pirelli Freelight fibre. This
fibre supports five modes in the wavelength range 800 nm to 1700 nm. From the cut-off

wavelengths and the available modes, a number of possible mode combinations for
multi-mode phase-matching were identified. These include LP[ LP§,LP;; (for A,<1210
nm), LR}, LP$ LP§, (for A,<1010 nm) and LR}, LP$ LPf; (for ;<1130 nm), where a
superscript indicates the relevant frequency component for a given mode. The modes of

the latter combination are shown in Figure 4.3, where different colours illustrate the
relative field amplitude.

0 0 40 - 0

() (b) (©
Figure 4.3: Combination of higher-order Freelight modes resulting in phase-matching: (a) LPj,, (b) LP§;,
(c) LPy;.
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For A, = 1060 nm, Figure 4.4(a) gives the phase-matched frequency-shift for the
LPY, LP LPf; combination. In accordance with the discussion of Chapter 2.3.2, the
positive contribution from ARy is initially dominated by a large negative contribution
from APw, resulting from the specific combination of interacting modes. However, as
the frequency-shift is increased beyond 10 THz, the phase mismatch starts to reduce,
eventually leading to a zero-valued mismatch at Q/(2n) ~ 58 THz. Figure 4.4(b) shows
the signal and idler wavelengths as a function of the frequency-shift. Solid and dashed
black lines are used to indicate the wavelength values at zero-mismatch and the modal
cut-off wavelengths, respectively. It is clear that both modes are guided at 58 THz. The
process is summarised by the phase-matching diagram of Figure 4.4(c), where the
phase-matched wavelengths are displayed as a function of pump wavelength for values
in the range 980 nm to 1130 nm.
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shift for A, = 1060 nm. (b) Cut-off wavelengths for the relevant modes. (c) Phase-matching diagram for

the combination of higher-order Freelight modes.

From equations 2.50 and 2.51 we may now calculate the overlap integrals for the
higher-order mode combination of Figure 4.3. The values of the overlap integrals (fj; or
fij) should reveal the extent to which the respective modes will be able to exchange
power. In FWM literature a quantity called the effective area, defined as Aefr = 1/f for fi;
or fiju, is often used to describe this interaction strength for the processes of SPM, XPM
and FWM [4]. The value of A is useful since it can be compared to the cross-sectional
area of the fibre core. Since the Freelight fibre does not have a clearly defined core, the
A values for a hypothetical fundamental-mode phase-matching process, at a
frequency-shift of 58 THz, can be calculated as reference. This was done, yielding a
value of 40 pm? for the FWM Aqs-parameter. In contrast, the corresponding value for
the case of Figure 4.3 approached infinity. Whilst the value of 40 pm? makes sense in
terms of the dimensions of the Freelight fibre ‘core’ area, the higher-order mode value
essentially indicates zero-overlap. Closer inspection however revealed that this result is
consistent in terms of symmetry considerations and equivalently holds for the other two
higher-order mode combinations identified for the Freelight fibre (LP[LP$,LPS, and
LPY LP$,LPg,). For an LPy, mode, the analytical expressions for the mode fields,
together with the numerator in equation 2.51, may be used to show that at least one of

the following three equations should be satisfied for non-zero overlap:

-1 =0
87



Chapter 4 - OPA Using Conventional Fibre

|la - lsl = le (42)

o +15 = 21,

Here, | denotes the azimuthal mode number as defined for an LP mode, whilst the
subscripts a, s and p again refer to the anti-Stokes, Stokes and pump wavelength
components, respectively. Analysis of the remaining fibres in Figure 4.1 revealed less
higher-order modes than that obtained for the Freelight fibre. Consequently, the only
possible mode combinations that were found to be suitable for phase-matching, did not
satisfy the conditions of equation 4.2. The following section gives a brief overview of a
higher-order mode combination for which the conditions of equation 4.2 are satisfied, in
order to get an idea of the typical Aes-values that can be obtained with this phase-

matching method.
4.1.1.1 Multi-mode fibre

The RIP of the Freelight fibre was used as starting point in the search for alternative
higher-order mode combinations. The approach here was to stretch the RIP in the radial
direction by a factor ¢, whilst keeping the cladding radius fixed to 60 pm. In this way ¢
= 1 simply returns the dimensions of the Freelight fibre. In terms of a step-index fibre
this procedure is equivalent to an increase in the core radius. For discussion purposes,
this fibre is labelled the ‘Adjusted Freelight’ fibre.

Using the preceding approach, the dispersion was computed over a range of o-
values. For each of the resultant fibres, the phase mismatch for various mode
combinations, was calculated. To reduce the number of calculations, whilst retaining all

the results relevant to the aim, as stated in Chapter 1, a pre-defined frequency-shift was

used. This frequency-shift of roughly 70 THz was obtained by fixing A, and A, to 1060
nm and 850 nm, respectively (As = 1408 nm).

In addition to shifting the cutoff wavelengths of the existing Freelight higher-
order modes to longer wavelengths, a stretch of the RIP introduced additional guided
modes. This resulted in a greater rate of increase in the number of mode combinations,
that had to be evaluated in terms of phase-matching, for larger values of ¢. Most of the
mode combinations could however be discounted on the basis of the modes reaching

cut-off or the conditions for non-zero overlap. Among the remaining mode
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combinations a number of phase-matching options were identified. The two results that
showed the most promise are the LP},LP%LPf; combination at ¢ = 1.06 and the
LP}LP§,LP§, combination at ¢ = 1.36. Figure 4.5(a) shows a comparison of the
Adjusted Freelight RIP with ¢ = 1.36 and the Freelight RIP. The phase mismatch
solution for the case ¢ = 1.06 is given in Figure 4.5(b). Calculation of the effective area
for FWM give values of 601 pm? and 1127 pm? for the cases of ¢ = 1.06 and ¢ = 1.36,
respectively. The LP},LP%LPf; combination was therefore found to be the most

feasible option for higher-order mode phase-matching at the given frequency-shift.
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Figure 4.5: (a) RIPs for the Freelight and Adjusted Freelight (¢ = 1.36) fibres. (b) Phase mismatch for the
Adjusted Freelight LPy, LP% LPf; mode combination at various values of ¢, for a 70 THz frequency-shift.

Zero-mismatch occurs at ¢ = 1.06.
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4.1.1.2 Polarization maintaining fibre

Compared to the hypothetical Aes-parameter, computed for the fundamental mode of
the Freelight fibre, the preceding higher-order mode Acs-parameter of the Adjusted
Freelight fibre (¢ = 1.06) implies an order of magnitude relative decrease in the rate of
power transfer via FWM (refer to Section 2.3.1). It is interesting to compare these
values to that accessible through birefringence phase-matching in a PM fibre [5]. The
general details of this approach were covered in the discussion of Section 2.3.2, in
reference to Figure 2.7(c). Here, | will only give an overview of the application of this

technique and the subsequent results.

To investigate birefringence phase-matching, the Fujikura SM98-PS-U25A PM
fibre, was used. This fibre uses stress-induced birefringence to maintain the polarization
of a mode and is of the Panda type (see Figure 2.2(b)). The measured RIP of the Panda
fibre along the axis containing the stress applying parts (SAPs) is given in Figure 4.6(a).
Circular symmetry was once again assumed. The SAP is indicated by the large area of
decreased refractive index (due to the presence of B,0O3). Orthogonal to the axis shown
in Figure 4.6(a), the RIP looks exactly the same apart from the absence of the SAP (i.e.
a flat cladding).

In contrast to the previous dispersion simulations, the PM fibre was modelled by
approximating the measured RIP with index steps (see dashed lines in Figure 4.6(a)).
Following the procedure outlined in Section 2.1.3, the modal birefringence was
calculated. For this purpose, Young's modulus and the Poisson ratio for the core,
cladding and SAPs were approximated by the silica values of E = 7.8x10* N/m? and v
= 0.186, respectively [6], [7]. The relative stress-optic coefficient was taken as C =
3.43x10™? m?/N [7]. Since the correct thermal expansion coefficients for the respective
fibre materials depend on their doping concentrations, the procedure at the start of

Section 4.1 was supplemented by the following [8]:
a=(1—-my)oy +m,a, (4.3)

Here, m. again denotes the doping concentration, whilst ap and o are the thermal
expansion coefficients of the host material (silica) and dopant, respectively. The a
values for pure SiO,, GeO, and B,0; are 5.4x107 °C™, 7x10° °C* and 10x10° °C*,
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respectively [8]. The difference between the drawing temperature and room temperature
was taken as 1300 °C.
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Figure 4.6: (a) RIP of Panda fibre along the axis containing the SAPs. (b) Numerically calculated

effective refractive index of the slow- and fast axes, showing the birefringence responsible for

maintaining the polarization.

The wavelength dependence of the calculated effective refractive index for the

two orthogonal polarization components of the PM fibre’s fundamental mode is shown

in Figure 4.6(b). The upper curve, for which the effective refractive index is larger,

corresponds to the slow axis of the fibre. The COMSOL simulation gave a value of B,

= 4.77x10™ for the modal birefringence at A = 1000 nm. This value was found to be in

good agreement with that obtained from a measurement of the beat length of this fibre
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(Bm = MLg = 4.84x10™), as well as that calculated from an analytical expression using
the same parameter values (B, = 4.84x10™) [9]. The modal birefringence shows only a

weak dependence on wavelength.

The discussion of Section 2.3.2 explained how the different terms in the
expansion of the linear phase mismatch can be balanced by polarizing the normal-
dispersion-regime pump-wave along the slow fibre axis. The calculated dispersions for
the slow and fast axes were therefore used to evaluate the phase-matching properties of
the PM fibre, according to AR = [} w, + i} ws — 2fi¥w,]/c (also see equation 2.62).
Figure 4.7(a) shows the phase mismatch, as a function of frequency-shift, for A, = 1080
nm. The general trend in the phase mismatch resembles that of Figure 4.4(a) and yields
a zero value at a frequency-shift of 78.5 THz. The corresponding phase-matched
wavelengths are Az = 842 nm and As = 1506 nm. In analogy to Figure 4.4(c), Figure
4.7(b) gives the phase-matched Stokes and anti-Stokes wavelengths for pump

wavelengths ranging from 1040 nm to 1140 nm.

The FWM overlap integral for the birefringence phase-matching process
corresponding to Figure 4.7(a) has a value of A« = 46 um?. This value is significantly
better than that of the Adjusted Freelight fibre and compares well to the hypothetical
fundamental mode process of Section 4.1. It is however instructive to also consider the
solutions to the coupled amplitude equation. This is done in the following section.

2000
1000 /
0

-1000

-2000

-3000

Phase mismatch (m‘l )

-4000

-5000 0 Data
— Fit

-6000
0 10 20 30 40 50 60 70 80 90
Frequency shift (THz)

(@)

92



Section 4.1 — Evaluation of Fibres

anti-Stokes
Stokes

Phase-matched A (um)
- 2 R & r @ @

<
©

o
)

1.06 1.08 1.1 112 1.14
Pump wavelength (Lm)

(b)
Figure 4.7: (a) Birefringence phase-matching at A,=1080 nm in a PM fibre. (b) Phase-matching diagram
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for the pump polarized along the slow axis of a PM fibre.
4.1.2 Numerical Solutions to the Coupled Amplitude Equations

Armed with the calculated overlap integral values, the theory of Chapter 2.3 was
applied to the multi-mode (MM) and polarization maintaining (PM) fibres. Whilst the
theory is only approximate in the sense that it assumes perfectly uniform fibres, it still

provides a basis for comparison.
4.1.2.1 Scalar OPA solution

The coupled amplitude equation formulism describes the power and phase evolution of
the interacting LP modes under the assumption that the relevant waves remain co-
polarized along the propagation distance. It is important to note that this assumption is
violated for the MM fibre in question. The resulting solutions should therefore be
considered as indicative of the potential of the fibre, with the understanding that the
fibre length required for near-complete pump depletion may be significantly longer in

reality.

In accordance with the examples in Chapter 2, the calculation used a constant
value, of n, = 2.6x10%° m%W, for the nonlinear index coefficient of silica [4].
Particularly for this case, where the overlap integrals vary significantly depending on
the combination of interacting modes (SPM, XPM and FWM), the definition of y

precludes its use. The individual values of the overlap integrals were therefore inserted
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into equations 2.47 to 2.49. Since the targeted Stokes and anti-Stokes wavelengths are
both in spectral regions where seed sources are available, the Stokes wave was
arbitrarily chosen as the input wave, whilst the anti-Stokes wave was assumed to build
up from noise. The pump power at the input to the fibre was chosen to be consistent
with the requirements identified in Chapter 3. The OPA simulation therefore used P, = 1
kW, Ps =10 mW and P, = 0.1 uW [10].

The result, obtained at an optimum value for Ap=APm+APw, of -0.104 m'l, is
shown in Figure 4.8. The peak pump-to-anti-Stokes conversion efficiency is 62.3%,
which corresponds to a maximum pump depletion of 99.97% after a propagation length
of 45 m. As this fibre length may lead to non-negligible losses, particularly towards the
short-wavelength side of the spectrum, the solution was re-calculated with loss
included, as outlined in Section 2.3. For this purpose, the linear attenuation constants
(ox) Were approximated as 0.203 km™, 0.514 km™ and 0.334 km™ (or 0.88, 2.23 and
1.45 in units of dB/km) at the pump, anti-Stokes and Stokes wavelengths, respectively
[11]. The result closely resembles that of Figure 4.8 and yields a peak pump-to-anti-
Stokes conversion efficiency and maximum pump depletion of 61.5% and 98.72%,
respectively. In accordance with this relative reduction in power transfer, the optimum
fibre length for the process is reduced to 40 m. Although the power transfer is reversed
for longer fibre lengths, the calculation indicates a conversion efficiency of 61.1% at 45
m. It is therefore clear that, for the relatively low values applicable to our fibre, the

influence of loss may be neglected as a first approximation.
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Figure 4.8: Optimized result for an OPA using the Adjusted Freelight multi-mode fibre: P, = 1 kW.
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4.1.2.2 Vector OPA solution

For a PM fibre with the pump- and daughter waves polarized along the slow and fast

axes, respectively, the scalar coupled amplitude equations need to be adjusted. A vector

equivalent to the equations of Chapter 2 may be obtained by replacing Ax with Z; =
A, é;,, where Ay is the scalar amplitude and é; is the associated normalized Jones vector.
By applying a vector operation [12],

foa a AT e AN A AN (A A NCA AN L A ANCA A 4.4
[ei;ej'ek;el] = g[(ei ' ej)(ek ) + (ej &) (6 &) + (& 'ei)(ej -¢))] (4.4)

to the SPM, XPM and FWM terms, it can be shown that all XPM and FWM terms,
except for the XPM interaction between the co-polarized signal and idler, are multiplied
by a factor of 1/3. This factor of 1/3 has its origins in the fact that the perpendicular
magnitude of X(3) is roughly three times smaller than its parallel magnitude. With these

scaling factors, the coupled amplitude equations may then be solved as before.

The solution for the PM fibre was calculated using the parameter values of the
preceding section along with the appropriate overlap integrals. The result for Ap=0.245
m™ follows in Figure 4.9. A maximum pump-to-anti-Stokes conversion efficiency of
45.6% occurs after 42.5 m (black dashed line). Notably, the maximum achievable pump

depletion for this process is 71.1% (compare to Figure 4.8).
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Figure 4.9: Optimized result for an OPA using the Fujikura PM fibre: P, = 1 kW.
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It is furthermore of interest that, whilst the initial power transfer is slow, the majority of
power is transferred from pump to Stokes and anti-Stokes (and vice versa) over a short
fibre length. The resulting power inversion is therefore short-lived and in stark contrast
to the case of Figure 4.8.

4.1.2.3 Bandwidth considerations

On the basis of the preceding analysis, the Adjusted Freelight fibre, and its associated
higher-order mode phase-matching, provides superior performance compared to the
birefringence phase-matching process. A comparison between these approaches will
however not be complete without due consideration to their parametric bandwidths
(refer to Section 2.3.2). In addition to being a measure of how robust the FWM process
will be under the influence of dispersion fluctuations, the parametric bandwidth also
determines the FWM pump source requirements in terms of linewidth (refer to the

discussions in Section 2.3.4 and the introduction to Chapter 3, respectively).

For the purpose of calculating the small-signal parametric bandwidth, equation
2.63 was used. Whilst an approximate functional expression for the mixing bandwidth
(Ax) exists (see Section 2.3.2), its value can easily be calculated from the simulations in
Sections 4.1.2.1 and 4.1.2.2. The value of the derivative in equation 2.63 may similarly
be calculated from Figure 4.7(a) and the corresponding result for the Adjusted Freelight

fibre. The results are given in Table 4.1.

MM fibre PM fibre

Ax (m™) 5.97 x 10" 2.52
_da (m/s) 9 9
36 4 o 6.30x 10 7.55x 10
AQ (GHz) 3.76 19.0

Table 4.1: Calculated parameters for the parametric bandwidth of the Adjusted Freelight and Fujikura PM

fibres.

The parametric bandwidth for the Fujikura PM fibre is larger than that of the Adjusted
Freelight fibre by roughly a factor of five. This may seem counter intuitive considering

that the relevant birefringence phase-matching process yields gain over the range
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—2yP,/3 < Ap < 2yPB,, compared to the —4yP, <A4pf <0 associated with co-
polarized waves (refer to the discussion in Section 2.3.2). The result is however
consistent with the superior overlap between the interacting fundamental modes of the

birefringence phase-matching process (see Sections 4.1.1.1 and 4.1.1.2).

As a result of the importance of the parametric bandwidth for FWM build-up in
real fibres, the Fujikura PM fibre was chosen for the experimental phase of the OPA
investigation. This decision was additionally motivated by the Fujikura fibre being
readily available. In contrast, the Adjusted Freelight fibre would have required precision
fabrication, not to mention the fact that the use of higher-order modes would have lead
to significant complications with regards to launching the pump and seed light
(particularly in an all-fibre configuration). Other practical considerations, such as the
influence of bend-loss on the propagation characteristics of the involved higher-order

modes, provided further incentive for the use of the Fujikura PM fibre.

4.2 Experimental Results

This section details the results from our experiments on fibre optical parametric
amplification (OPA) and generation (OPG) using the Fujikura PM fibre as nonlinear
converter. The discussion is separated into two parts. Section 4.2.1 gives an overview of
the OPA experiments for which the MOPA, described in Section 3.2.1, was used as
pump source. OPG experiments using alternative pump sources are reported in Section
4.2.2.

4.2.1 OPA Configuration

Several experiments were performed to investigate the plausibility of large frequency-
shift parametric amplification using birefringence matching in the Fujikura PM fibre.
The work presented in this section provides an overview of two of these experiments.
Whereas both experiments made use of the same pump source, different seed sources
were employed. The discussion is therefore two-fold and follows in Sections 4.2.1.1 and
4.2.1.2.
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4.2.1.1 Narrow-Band Pulsed Seeding

In an initial approach, a tunable source was constructed for seeding at around the
calculated Stokes wavelength (1506 nm). The experimental setup for the seed source,
implementing the Raman amplifier configuration, is depicted by the red portion in
Figure 4.10. The source consists of a directly modulated tunable laser (Photonetics
Tunics-SW 3642HE 15 TLS) [13], with a wavelength around 1495 nm, and a co-
propagating CW pump Raman laser (BFI Optilas FRL-DC) at 1405 nm [14]. The two
waves are combined by a WDM-coupler before passing through 8 km of Freelight fibre
(chosen purely for convenience). At the output from the Freelight fibre, a second
WDM-coupler is employed to separate the Raman-amplified component from the
residual pump light at 1405 nm. A polarization controller is included at the output from
the Freelight fibre in order to control the launched polarization of the seed light upon
combination with the linearly-polarized pump light from the MOPA in a PM WDM.

14
WDM ..........9..5..nm....b BLOCK

1080/ 1495 nm
PM WDM
-, 1079 nm

),

......................... » QOSA
1405/ 1495 nm FUJIKURA PM
1405 nm WDM 1079 nm 21 m) VBG (1079 nm)

RAMAN

Figure 4.10: Experimental setup for an OPA constructed from 21 m of Fujikura PM fibre. Seed light at
the Stokes wavelength around 1495 nm is provided by a Raman amplifier (red portion). Details on the

configuration of the MOPA are provided in Chapter 3.2.

The applicable pump MOPA characteristics are described in Section 3.2.1. This
particular configuration for the MOPA was typically operated at repetition rates of 5
MHz, with pulse widths of 2.5 ns. To facilitate optimum synchronisation between the
pulses from the MOPA and the Raman amplifier seed source, the tunable laser was
modulated using the same parameter values. The output spectrum for the tunable laser,
as measured from the 1495 nm output-WDM, in the absence and presence of pump
power, is shown in Figure 4.11. At a CW pump power of 2.85 W, the 1495 nm seed
experiences a gain of 30 dB and is amplified to an average output power of 1.65 mW, or
roughly 132 mW in terms of peak power.
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Figure 4.11: Output spectrum of the Raman amplifier, as measured from the output-WDM (spectral
resolution: 0.5 nm). The tunable laser input power (red) experiences 30 dB gain at a CW pump power of
2.85 W (black).

The MOPA output power was typically limited to 4 W by the onset of significant
SRS in the amplifier chain (refer to the discussion in Section 3.2.1). As such, the
maximum pump peak power had a value of approximately 320 W. From the calculated
result for a pump power of 1 kW (Figure 4.10) and the discussion in Chapter 2.3.1, it
follows that this pump power would require a fibre length in excess of 120 m for near-
complete pump depletion. However, calculations show that substantial pump depletion
can be obtained for significantly shorter lengths of Fujikura PM fibre. This is illustrated
in Figure 4.12(a), where a fibre length of 21 m leads to a pump-to-anti-Stokes
conversion efficiency of 38.8% and 60.56% pump depletion. Therefore, considering that
a shorter nonlinear converter also leads to a reduction in the severity of competing SRS,
a slight reduction in pump depletion represents a reasonable trade-off. The experiment

subsequently employed a 21 m length of Fujikura PM fibre (refer to Figure 4.10).

Figure 4.13 displays output spectra from the OPA experiment for a pump peak
power of 320 W. In analogy to Chapter 3, a VBG was once more employed as a spectral
filter. This time however, its intended purpose was to provide relative attenuation at the
FWM pump wavelength of 1079 nm, to avoid saturation of the OSA detector (see
Figure 4.10). Figure 4.13(a) shows the VBG transmission in the absence and presence
of seeding at 1495 nm. Both spectra show two orders of Raman scattering at 1132 nm
and 1191 nm. In addition, a single order of Raman anti-Stokes can be identified at about
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Figure 4.12: Optimized results for an OPA using the Fujikura PM fibre. (a): P, = 320 W and L = 21 m.

(b) P, = 320 W and L = 2 m (logarithmic scale). All
Section 4.1.2.2.

other parameters are identical to those used in

1038 nm. In the presence of seeding, the FWM anti-Stokes emerges at a wavelength of

844 nm, in excellent agreement with the theoretically predicted value (see Figure
4.7(b)). Figure 4.13(b) shows the dependence of the generated anti-Stokes on the seed

wavelength. The anti-Stokes power reaches its maximum for a Stokes wavelength

around 1494 nm and shows a relative reduction

for shorter and longer seed wavelengths.

Whereas the Stokes seed power is dependent on its wavelength, owing to the SRS gain

profile (see Figure 4.11), this influence is relatively negligible. The trend in Figure

4.13(b) may therefore be associated with changes in the average phase mismatch over

the length of the nonlinear converter.
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Figure 4.13: (a) Output spectra from 21 m of Fujikura fibre in the absence and presence of seeding at
1495 nm, for P, = 320 W (spectral resolution: 2 nm). (b) High resolution spectra of the generated anti-

Stokes, as a function of seed wavelength (spectral resolution: 0.1 hm).

The anti-Stokes power in Figure 4.13 is several orders of magnitude smaller than
the calculated result in Figure 4.12(a). However, the experimental result compares
relatively well to Figure 4.12(b), showing the calculated result for 2 m of Fujikura PM
fibre. This comparison seems to imply that coherent build-up of the anti-Stokes power
only occurs over lengths of up to 2 m, before the process is interrupted, resulting in an
incoherent anti-Stokes wave after 21 m of propagation. Since this FWM process is
characterised by a walk-off length of 118 m (equation 2.37), a discontinuity in phase-
matching is the most likely cause of disruption to coherent power build-up. In turn,
changes in phase-matching may be attributed to inhomogeneities in fibre dimensions, as
discussed in Chapter 2.3.4. To investigate the influence of non-uniformities, the
previously calculated frequency bandwidth for the birefringence-matching process
(refer to Section 4.1.2.3) may be used to estimate the parametric gain’s tolerance to
core-size variations. This was done by increasing the core radius of the Fujikura PM
fibre by 1% and calculating the resultant phase-matched wavelengths for A, = 1079 nm.
The zero-mismatch frequency-shift (o) corresponding to the 1% increase was found to
be 245.6 GHz larger than that associated with the original fibre dimensions. Assuming a
linear relation between the magnitude of the core radius variation and the increase in the
zero-mismatch frequency-shift, core radius variations in excess of roughly 0.1% (0.003

um) will disrupt the gain. Physically, the core radius variation shifts the newly
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generated signal- and idler waves out of the existing gain bandwidth. Although the
signal- and idler waves still experience gain at the shifted wavelengths, the overall
power transfer to the calculated wavelengths of Section 4.1.1.2 deteriorates. This
dependence of the overall power transfer on the longitudinal homogeneity of the fibre
may therefore lead to very different behaviour from that indicated in Figure 4.12(a) and

the figures of Section 4.1.2.
4.2.1.2 Broad-Band CW Seeding

The experimental work of Section 4.2.1.1 concluded that parametric gain inside the
Fujikura PM fibre is only piece-wise coherent, as a possible result of longitudinal fibre
variations. In an effort to explore the validity of this hypothesis, a set of experiments,

using different lengths of fibre, were conducted.

For the experimental results presented here, the peak power from the MOPA of
Chapter 3.2.1 was increased by decreasing the PRF from 5 MHz to 2 MHz. To avoid the
associated increased levels of nonlinear scattering, free-space VBG-filtering was
employed (refer to the approach in Chapter 3.2.2). The filtered pump light was lens-
coupled into a 1080/1495 nm PM WDM-coupler. The second WDM input port and
combined output port was spliced to a seed source and the Fujikura fibre, respectively,
as illustrated in Figure 4.10. Peak pump powers at the input to the Fujikura PM fibre
was typically limited to an estimated 580 W.

Since the work of Section 4.2.1.1 established the optimum FWM Stokes
wavelength, it was no longer necessary to employ a tunable seed source and simpler
alternatives therefore became an option. To this end, a 1450 nm single-mode CW laser
diode (Fitel FOL14xx series), was chosen [15]. By controlling the operating
temperature, it proved straightforward to shift the spectral response to 1495 nm (at

54°C), where the CW diode was typically operated at around 100 mW.

The output spectra from two lengths of Fujikura PM fibre, as measured through a
VBG (refer to Figure 4.10), are given in Figure 4.14(a). Here, spectral measurements
were performed in a consistent manner to allow a direct comparison. This is also true
for the spectra compared in Figure 4.13(a). However, no particular effort was made to
standardise spectral measurements across experiments. It is therefore difficult to

compare Figures 4.13(a) and 4.14(a). Having said that, a number of qualitative

102



Section 4.2 —Experimental Results

differences can be identified. Most notably, the result for 21 m of fibre (black curve)

illustrates reduced power levels for the first and second order Raman Stokes as well as

for the Raman anti-Stokes. This may seem surprising considering that the pump peak

power increased from 320 W to 580 W. The result however highlights the value of

filtering and its influence in terms of seeding at SRS wavelengths. It is furthermore

interesting that the

reduction in SRS and increased pump power did not result in a

significant change in the anti-Stokes power, compared to that of Figure 4.13(a).
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spectra from 21 m (black) and 2 m (red) lengths of Fujikura fibre under CW

seeding at the Stokes wavelength, for P, = 580 W (spectral resolution: 2 nm). (b) High resolution spectra

of the generated anti-Stokes for the cases of (a) and an alternative 2 m fibre sample (blue) (spectral

resolution: 0.1 nm).
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In accordance with theory, the spectrum from a 2 m length of Fujikura fibre
shows a significant relative reduction in SRS (red curve). This is in contrast to a
comparison of the calculated and measured relative power at the anti-Stokes wavelength
(refer to Figure 4.12). The anti-Stokes power only experiences an approximate 5 dB
decrease as the fibre length is reduced from 21 m to 2 m. This result therefore appears to
corroborate the hypothesis that coherent parametric gain only occurs over fibre lengths
of roughly 2 m. Figure 4.14(b) compares high resolution spectra of the anti-Stokes for
different nonlinear converter lengths. In addition to the 21 m and 2 m fibre samples
corresponding to Figure 4.14(a), the comparison includes a spectrum for a different 2 m
fibre sample. Anti-Stokes waves from the 2 m fibre samples are not only associated
with different powers, but also with different spectral distributions. These differences
are consistent with relative differences in the phase-matching, and therefore dispersion,
of the samples. In further support of this argument, the spectral width of the 21 m fibre
sample is significantly larger than that of the 2 m samples. The 21 m fibre sample may
therefore be regarded as a collection of shorter fibres, each with their own associated
dispersion and anti-Stokes spectra. In this picture, the 5 dB increase associated with a 19
m gain in fibre length, is indicative of a fairly low degree of overlap in the parametric
bandwidths of the constituent fibre samples. The conclusion must therefore be that the
Fujikura PM fibre suffers from longitudinal inhomogeneities, relatively large compared
to the parametric bandwidth associated with a frequency-shift of 78 THz.

4.2.2 OPG Configuration

The simplest way of reducing the disruptive influence of longitudinal fibre
inhomogeneities is to increase the parametric bandwidth. In accordance with the
discussion of Section 2.3.2, this can be achieved through an increase in pump power.
The following sections briefly report on two experiments in which this approach was
explored. Both experiments relied on the simplest possible configuration whereby a
high-power pump source was lens-coupled into an un-seeded nonlinear converter, via

polarizing optics.
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4.2.2.1 Pico-Second MOPA Pump Source

In an initial approach at using a high-power source, a 1 m length of Fujikura PM
fibre was pumped by 20 ps pulses from a YDF-based MOPA at 1060 nm. Details on
this source, capable of delivering peak powers of up to 40 kW, are given in Ref. [16].
The fibre length was limited to 1 m by the walk-off length for the large frequency-shift

process in the presence of 20 ps pump pulses.

In the absence of active cooling at the input to the Fujikura fibre, launched pump
peak powers were typically limited to around 10 kW. At these power levels, the
calculated parametric bandwidth approaches 0.5 nm. This relative increase in bandwidth
should lead to a significant improvement in the fibre length over which coherent
parametric gain occurs. However, upon pumping the fibre along the slow axis, the
measured optical spectrum showed no sign of FWM (refer to red line in Figure 4.15).
Instead, this output spectrum is characterised by significant spectral broadening and
small features at the Raman Stokes and anti-Stokes wavelengths. The origin of the
spectral broadening is rooted in the pulse shape from the MOPA’s mode-locked seed
laser. Whereas the MOPA of Chapter 3 delivers square-shaped pulses which are
relatively robust against SPM-induced spectral broadening, this is not the case for the
current pump source [4]. The incident pump linewidth has a value of roughly 0.4 nm
and is easily accommodated by the pump acceptance bandwidth of roughly 0.8 nm.
However, as a result of linewidth broadening, this scenario changes over the course of
propagation through the fibre which results in a reduction to the effective length for the
FWM process (refer to the discussion in Section 2.3.2) [3]. The influence of linewidth
broadening may thus equivalently be described as a process that reduces the effective
pump power at 1060 nm, leading to a decrease in the parametric bandwidth.

The blue (and black) line in Figure 4.15 shows the measured optical spectrum for
the linearly polarized pump aligned at 45° to the slow fibre axis. In addition to a
reduction in the generated Raman Stokes, compared to the red line, this output spectrum
contains relatively strong features around 1030 nm and 1090 nm. The symmetry of
these features, with respect to the pump frequency, is consistent with fibore FWM. At the
time, it was therefore decided to revisit the analysis of Section 4.1.1.2. Similar to the
approach employed there, the phase mismatch for a non-degenerate FWM process,

using two pump photons with opposite linear polarizations, were calculated over a range
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of frequency-shift values. Phase-matching for this particular case, where a normal
dispersion-regime pump wavelength is used, can only occur for a fast and slow
polarized anti-Stokes and Stokes wave, respectively [17], [18]. The results, as a function
of pump wavelength, are shown in Figure 4.16 (compare to Figure 4.7(b)). The
calculated phase-matched wavelengths are in excellent agreement with those of Figure
4.15, thereby confirming this observation as the divided pump birefringence matching
process alluded to in Section 2.3.2.
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Figure 4.15: Output spectra from an un-seeded 1 m sample of Fujikura fibre, pumped by a high-power
pico-second MOPA. Blue line (bottom axis): Incident pump polarization aligned to the slow fibre axis.
Red line (bottom axis): Incident pump polarization aligned at 45° to the slow fibre axis. Black line (top
axis): Close-up of the small frequency-shift FWM process. In all cases the spectral resolution is 1 nm.
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Figure 4.16: Phase-matching diagram for the small frequency-shift FWM process, where the pump power
is divided between the slow and fast axis of the Fujikura PM fibre.
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The divided pump birefringence matching process is characterised by a relatively
small frequency-shift, compared to the degenerate process of interest. FWM based on
this approach therefore exhibits relatively large parametric bandwidths and are
subsequently more robust against the influence of fibre dimension variations (refer to
Section 2.3.4). It is furthermore interesting to note that different combinations of
interacting polarizations lead to changes in the solution to equation 4.4, which
influences the coupled amplitude equations. However, since the small frequency-shift
process is not the focus of this study, these changes will not be discussed here. The

interested reader is referred to Ref. [12].

From Figure 4.15, the measured bandwidth of the generated FWM products is
approximately 7 nm, in good agreement to a theoretical estimate. The associated
parametric gain clearly exceeds that of competing SRS. This is in contrast to the case
for which the pump polarization is aligned to the slow fibre axis, where insufficient
coherence allows SRS to dominate. These experimental results therefore serve as an
example of the importance of the parametric bandwidth and the requirement for a

narrow linewidth, high peak power pump source.
4.2.2.2 Nd:YAG Pump Source

To assess the plausibility of large frequency-shift FWM in the Fujikura PM fibre, in the
presence of a narrow linewidth, high peak power pump source, experiments employing
a Nd:YAG laser were performed. The output from the 1064 nm Nd:YAG laser,
characterised by a spectral linewidth of a few GHz, was lens-coupled into a 2 m length
of Fujikura PM fibre. As before, launched peak powers were limited by the use of
passive fibre cooling techniques. Nevertheless, pulse energies of up to 53 pJ (10 ns
pulses at a PRF of 10 Hz) were successfully coupled into the fibre. The associated peak
power was calculated from a measurement of the pulseshape. Although the peak power
of the Gaussian pulse envelope only approached 3 kW, the pulse was found to contain

sharp features of width ~100 ps and peak powers in the range 7 to 10 kW.

Spectral measurements were complicated by the low PRF of the pump source.
This is evident from the noise-like features of the Fujikura output spectrum, in Figure
4.17. The result actually consists of two measurements. Two band-pass filters were used
in separate measurements to attenuate the 1064 nm pump line, whilst providing high

transmission across the FWM Stokes (1120-1600 nm) and anti-Stokes (760-1000 nm)
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spectral bands. The resulting spectrum is therefore a merger of these measurements at a
wavelength of 1000 nm (see red dashed line). Whilst the result shows efficient SRS,
cascaded across multiple Stokes orders, other features are also resolved at 836 nm, 857
nm and 1455 nm. Anti-Stokes and Stokes wavelengths of 836 nm and 1455 nm,
respectively, are consistent with the calculated result in Figure 4.7(b). Since the
measurement only shows a peak for the FWM Stokes, it has to be concluded that the

feature at 857 nm is in fact SRS generated from the FWM anti-Stokes at 836 nm.
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Figure 4.17: Output spectrum from an un-seeded 2 m sample of Fujikura fibre, using a narrow linewidth
high-energy Nd:YAG pump source (spectral resolution: 2 nm).

Temporal analysis of the Fujikura output revealed a correlation between the
generated Stokes and anti-Stokes pulses and the spikes in the pump pulses. This implies
that the observed FWM is not a result of the pump pulse envelope, but instead originates
from 100 ps pulses. This realisation is important, since the results are now comparable
to those of the preceding section, with the most notable difference being the pump
linewidth. Although a 100 ps pump pulse in 2 m length of Fujikura PM fibre should
lead to walk-off limited FWM, similar results from a 1 m sample showed reduced
parametric conversion. It therefore appears that the parametric gain in the 2 m fibre
sample still only experienced piece-wise coherence. Based on these findings, it can be
concluded that, whilst a narrow linewidth pump certainly can lead to noise-seeded large
frequency-shift parametric gain, the peak power required to overcome fibre
inhomogeneities exceeds 10 kW.
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4.3 Summary

This chapter gave an overview of the approach and results of our investigation into large
frequency-shift FWM through the use of conventional, non-microstructured fibre. Initial
work was focussed on the refinement of a procedure whereby the chromatic dispersion
could be calculated from the refractive index profile of a fibre. The chromatic dispersion
was subsequently used to determine the wavelengths for which phase-matching can be
achieved in a given fibre, at a pump wavelength in the range 1060-1080 nm. As a result
of the zero-dispersion wavelength associated with silica-based conventional fibre, this
analysis concluded that the use of higher-order spatial modes or different polarization
modes were the only viable options. Both these options were then explored in terms of

readily available fibres.

Calculations for the so-called Adjusted Freelight multi-mode fibre and the
Fujikura polarization-maintaining (PM) fibre showed phase-matching at frequency-shift
values of 70 THz and 78.5 THz, respectively. The overlap between the interacting
modes of the Fujikura PM fibre was found to be superior to that of the multi-mode fibre.
Despite this, the multi-mode fibre gave almost complete pump depletion, compared to
only 71% for the Fujikura PM fibre over a similar fibre length. However, the mode
overlap also determines the parametric bandwidth, for which the value of the Fujikura
PM fibre was larger by an order of magnitude. Based primarily on this finding and the
importance of reducing the influence of longitudinal inhomogeneities, the Fujikura PM
fibre was chosen for the experimental phase of the investigation.

Experiments using the Fujikura PM fibre were performed in optical parametric
amplifier (seeded) and generator (un-seeded) configurations. The OPA experiments
made use of the purpose-built pump MOPA of Chapter 3. Whereas the generated anti-
Stokes power was very small compared to analytical and numerical predictions, its
wavelength was in excellent agreement with the calculated value. Additional
experiments on shorter lengths of Fujikura PM fibre verified that the FWM process was
subject to piece-wise coherent build-up, as a result of longitudinal inhomogeneities. To
increase the parametric bandwidth in a bid to circumvent this limitation, subsequent
experiments employed high-power pump sources. The first of these OPG experiments

was unsuccessful in generating observable light at the Stokes or anti-Stokes wavelength.
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This was attributed to the relatively large linewidth of the pump MOPA, as well as its
susceptibility to spectral broadening due to self-phase modulation (SPM). A second
experiment therefore made use of a narrow linewidth Nd:YAG pump source. Whilst this
laser had a pulse width of 10 ns, the pulse shape was compromised by the presence of
several high-power 100 ps features. It was however these features which succeeded in
generating low-power FWM products at the anticipated wavelengths. This result was
important, since it served as an indication of the plausibility of large frequency-shift
FWM in the Fujikura PM fibre. This chapter therefore concludes that the
inhomogeneities in the Fujikura fibre precludes large frequency-shift FWM at

reasonable pump peak powers (<10 kW).
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Chapter 5

OPO Using Photonic Crystal Fibre

Although the results for the Fujikura fibre illustrated its potential use as an OPA, the
conversion efficiencies were low at the pump powers employed by us. This was
tentatively attributed primarily to longitudinal fluctuations in the fibre diameter and the
resulting dominance of competing SRS. To circumvent the limitations imposed by
longitudinal fluctuations, it therefore became necessary to consider alternative nonlinear
converter fibres. To this end, we considered photonic crystal fibres (PCF) [1]. Section
5.1 gives calculated results for the dispersion and phase-matching of the PCF chosen for
our experiments. Following that, Sections 5.2 through 5.4 discusses the different
experimental arrangements used in our investigation of PCF-based FWM. The chapter
concludes with an overview of the main results and potential ways of improving the

performance of these fibre-based FWM devices.

5.1 Dispersion and Phase-Matching Calculations

The air-holes in the cladding of a PCF allow unprecedented customization of the fibre’s
dispersion through appropriate design. It is therefore possible to shift the zero-
dispersion wavelength (ZDW) to values below the ~1300 nm limit that applies to
conventional silica step-index fibres (refer to Section 2.1.4). In this way, it has been
shown that large frequency-shift FWM can be achieved by positioning the pump

wavelength within the PCF’s normal dispersion regime (refer to Section 2.3.2) [2]. In
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fact, recent results have shown that this method of phase-matching can lead to
exceptional parametric conversion efficiencies over frequency-shifts exceeding 100
THz [3] - [5].

After considering a number of PCFs, using the methods described in Section 2.1.4
and 4.1, a large mode-area fibre from NKT Photonics was selected. This fibre,
designated PCF-LMARB, is characterized by A = 5.6 um and d/A = 0.49 (where A and d
are the pitch and diameter of the PCF air-holes, respectively).
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Figure 5.1: (a) Calculated chromatic dispersion and (b) mode-area as a function of wavelength for PCF-
LMAS.
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The calculated dispersion is shown in Figure 5.1(a) and yields a ZDW of 1153 nm. This
value for the ZDW is well-suited to large frequency-shift FWM, since it allows normal-
dispersion-regime pumping by high-power ytterbium-doped laser sources (refer to
Section 2.4). Another attractive property of this PCF is that it exhibits single-mode
operation over the full wavelength range of interest (600 — 2500 nm). Of particular
interest is that the mode-field diameter, and consequently the effective mode-area,
remains approximately constant over this range (see Figure 5.1(b)). As a result, the
FWM conversion efficiency is improved, owing to a higher degree of spatial overlap
between the interacting modes. It is furthermore notable that large mode-area PCFs are
relatively insensitive against the influence of longitudinal inhomogeneities, compared to
highly-nonlinear PCF varieties [5].

The dispersion data of Figure 5.1 was used to calculate the phase mismatch for the
PCF-LMAS. In contrast to the Fujikura PM fibre, the nonlinear contribution to the
phase mismatch may be important for the calculation of the phase-matched wavelengths
in the PCF. This is due to the fact that the linear contribution to the phase mismatch
converges to zero as the pump wavelength approaches the ZDW. The phase mismatch
was therefore calculated for a typical pump peak power of 1 kW (refer to Chapter 3).
For this purpose, the nonlinear parameter of the PCF was approximated as y = 3.9 X
1073 m?*W?, by taking n, = 2.6x10%° m*W and by using a nominal value of 38.5 pm?
for A Figure 5.2(a) shows the phase mismatch as a function of frequency-shift for a

pump wavelength of 1079 nm.
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Figure 5.2: (a) Calculated PCF-LMAS8 phase mismatch as a function of frequency-shift for a pump
wavelength of 1079 nm. (b) Phase-matching diagram at a pump peak power of 1 kW.

Phase-matching is predicted at a frequency-shift of ~132 THz, corresponding to Stokes
and anti-Stokes wavelengths of 2066 nm and 730 nm, respectively. The phase-matched
wavelengths as a function of pump wavelength are given in Figure 5.2(b). This phase-
matching diagram contrasts the frequency-shifts achieved from pumping in the normal
or anomalous dispersion regime and emphasizes the significance of the zero-dispersion
wavelength for fibre FWM. Whereas the pump power significantly influences the
magnitude of the frequency-shift when pumping close to the ZDW, the nonlinear
contribution to the phase mismatch becomes negligible for the pump powers and pump-

wavelength-ZDW separation used in this chapter.

5.2 Single-Pass Configuration

As a first approach, the fibre MOPA, detailed in Section 3.2.2, was spliced to an 18 m
length of PCF-LMAS8 to investigate the system’s single-pass FWM performance. To
maximise the peak power at the 1079 nm MOPA wavelength, the system was adjusted
to produce 1 ns pulses at a PRF of 1 MHz. The resulting peak power at the input to the
PCF was typically no more than 2.2 kW within the ~40 pm linewidth at 1079 nm
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From the numerical solution to the coupled amplitude equations (see Chapter 2), Figure
5.3 shows the ideal power transfer for a pump peak power of 1 kW. According to the
calculated result, 10 m of PCF should be sufficient for almost-complete pump depletion
at power levels well below that accessible from our MOPA. However, the measured
PCF output spectrum, given in Figure 5.4, shows a supercontinuum (SC) stretching
from 615 nm to beyond the long-wavelength limit of the spectrum analyser (1750 nm).
In addition to the pump wave and Raman Stokes at 1079 nm and 1131 nm, respectively,
an anti-Stokes wave at 715 nm (142 THz frequency-shift) can clearly be identified.
Although this value is in good agreement with that predicted by Figure 5.2, the anti-
Stokes conversion efficiency is very small. The small discrepancy in the phase-matched
frequency-shift may well be due to tiny differences in the specified and actual values for
the structural parameters of the PCF. However, the large contrast between the
theoretically predicted power transfer and the spectrum in Figure 5.4 emphasizes the
importance of discriminating against competing nonlinear processes. As the first order
Raman Stokes cascades to higher orders, located in the anomalous dispersion regime,
the spectrum broadens rapidly as it propagates down the fibre. Suppression of the

Raman Stokes, through the prevention of seeding (for example), is therefore crucial.
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Figure 5.3: Optimised result for an OPA using the PCF-LMAB8 , at a pump power of 1 kW.

In accordance with the experimental work of Chapter 4, a spectral filter at the output of
the MOPA can suppress seeding of the Raman Stokes. However, whilst spectral

filtering can prevent (unwanted) MOPA nonlinearities from seeding unwanted nonlinear
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conversion inside the PCF, such conversion occurs even in the absence of seeding at
sufficiently high peak powers. To mitigate this limitation, the current optical parametric
generator may be reconfigured into a cavity [6]. In this configuration, a fraction of the
desired anti-Stokes output is re-launched into the PCF. This then seeds further desired
nonlinear conversion. Thus, the so-called optical parametric oscillator (OPQO) has been
demonstrated as a means of lowering the parametric threshold [2], and thereby the

power requirements for FWM.
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Figure 5.4: Supercontinuum generated in the PCF-LMAS at a pump power of 2.17 kW. The spectrum
shows a sharp feature at 715 nm, together with features at the pump (1079 nm) and Raman Stokes (1131
nm) wavelengths (spectral resolution: 1 nm).

5.3 Optical Parametric Oscillator Configuration

This section gives an overview of our implementation of fibre optical parametric
oscillation, using the PCF-LMAS8 as nonlinear converter. Section 5.3.1 starts off with a
brief discussion on calculated results for the fibre of choice. Following this, Sections
5.3.2 and 5.3.3 reports on experimental results obtained through the use of a free-space
cavity and all-fibre cavity, respectively. These results also provide a basis for
comparison to the results following in Section 5.4. Finally, Section 5.3.4 comments on

related issues and challenges of this approach.
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5.3.1 Theoretical Considerations

The theory that governs the dynamics inside an optical parametric oscillator was treated
in Section 2.3.3. For the simplest configuration of a linear cavity, the power transfer
between the relevant waves are still described by the coupled amplitude equations (refer
to Chapter 2.3), whilst the influence of resonant feedback is included through the steady
state condition, B.(L)F = B.(0). In this condition, L, F and r denote the total cavity
length, feedback and resonant FWM wavelength, respectively. Such a bi-directional
cavity will give rise to SPM and XPM interactions between the forward and backward
propagating waves. However, for our particular case of pump pulses that are short
compared to the cavity length, the influence of interactions between counter-

propagating pulses may be disregarded from the theory.

For a given set of parameters, the relevant equations are solved in an iterative
manner to find the value of P.(0) for which the steady state condition is satisfied. This
procedure was performed to investigate the performance that can be expected from an
LMAB8-based OPO. In accordance with the calculations of Section 2.3.1, certain effects
of the difference in wavelength between the Stokes and anti-Stokes (AS) waves were
neglected. This assumption once again enabled the use of a nominal nonlinear
parameter of y = 3.9 x 103 m™W™ (refer to Section 5.1). It furthermore allows for a

general discussion on the results, since the choice of resonant wavelength is irrelevant.

Results for a pump peak power of 1 kW are shown in Figure 5.5. The quantity of
interest is the conversion efficiency, defined as the ratio of Stokes (or AS) output power
to pump input power, and displayed as a function of PCF-LMAS length and the cavity’s
out-coupling ratio (T =1 — F). Figure 5.5(a) gives the result for a linear phase
mismatch value of AB = —2yP,. As discussed in Chapter 2, this value corresponds to
maximum gain, provided that pump depletion remains negligible. The result illustrates
that the maximum conversion efficiency can be achieved over a range of fibre lengths
and associated out-coupling ratios. As expected, a shorter fibre length requires a larger
feedback, and vice versa. It is furthermore interesting to note that a secondary region of
maxima is located towards longer fibre lengths. These maxima occur as a result of the
periodic nature of the solutions to the coupled amplitude equations (refer to Section
2.3.1). Importantly, the maximum conversion efficiency only reaches ~28%, whereas

the theoretical limit is 50%.
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Seeing that pump depletion is clearly not negligible, the assumed value for AB no
longer leads to maximum gain. This is illustrated in Figure 5.5(b), for which AB was
arbitrarily chosen as —1.6 m~!. In this case, the maximum conversion efficiency

approaches the theoretical limit.
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Figure 5.5: Pump-to-anti-Stokes average power conversion efficiency, as a function of PCF-LMAS length

and out-coupling ratio, for (a) AB = —2yP, 4, and (b) AB = —1.6 m™. The magnitude of the conversion
efficiency is displayed on the z-axis (refer to right-hand side colour index).

The most important feature of the calculated OPO results is the relative reduction
in fibre length required for significant pump depletion (compare to Figure 5.3). The
results furthermore illustrate the influence of a non-zero phase mismatch on the peak
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conversion efficiency within an oscillator. This is of particular interest to all practical
optical parametric oscillators, where longitudinal inhomogeneities are present to some
degree. For this case, the observed Stokes and AS waves at the output from the fibre
will correspond to those wavelengths for which the average phase mismatch over the
full fibre length is a minimum (see for example, Figure 5.5(a)). In the worst-case
scenario, variations along the fibre can result in partially coherent build-up, in which
case the expected oscillator dynamics will be dramatically different from that depicted
in Figure 5 (refer to Section 4.2).

5.3.2 Free-Space Cavity Experiments

A schematic representation of our initial OPO cavity, constructed using available free-
space components, is shown in Figure 5.6. The MOPA output is launched through a
free-space isolator, before being diffracted by a volume Bragg-grating (VBG) with a
bandwidth of ~0.5 nm (refer to Section 3.2.2). In accordance with the conclusion of
Section 5.2, the VBG serves as a spectral filter to suppress seeding at SRS wavelengths
inside the nonlinear converter. A half-wave plate is used to rotate the polarization angle

of the linearly polarized MOPA output, before it is coupled into the free-space cavity.
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Figure 5.6: Schematic of the free-space OPO. A volume Bragg-grating (VBG) is used as a spectral filter
to remove unwanted seed light at SRS wavelengths, whilst a half-wave plate provides partial control of
the incident pump polarization. Dichroic mirrors with a high reflectivity (HR) at 1080 nm, and partial

transmission (T) at 715 nm, provide resonant feedback at the FWM anti-Stokes wavelength.

The OPO cavity is formed using two dichroic mirrors that are highly reflective at
1079 nm and partially transmitting (~70%) at the established anti-Stokes wavelength of
715 nm. An 18 m length of PCF, together with a delay line, consisting of ~203 m of
HI11060 fibre (Corning), completes the cavity and yields a round-trip frequency similar

to the MOPA’s PRF. Rough alignment of the cavity at the resonant wavelength of 715
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nm was achieved using a SC source and a Si-detector. The estimated cavity round-trip
loss however remained high (~13 dB), owing primarily to coupling-losses, but also to
reflections at the dichroic mirror at the output from the delay line. Precise
synchronization of the AS pulses was achieved by scanning the PRF of the MOPA, via
the sampling rate of the arbitrary waveform generator (Tektronix AWG710), whilst
monitoring the OPO output on an OSA. In this way, the resonant PRF was determined
to be 904 kHz.

A comparison of the OPO output for the cases with and without synchronized
feedback is shown in Figure 5.7(a). The spectra were recorded for an input peak power
of 1.23 kW. The gain at the AS wavelength is 21 dB with respect to the unsynchronized
case, whilst its linewidth was measured to be ~1.5 nm (0.1 nm spectral resolution).
From the spectra, it is clear that a SC is still generated within the PCF-LMAS, although
the shape is severely distorted by the spectral properties of the dichroic mirrors. The
small signal parametric bandwidth at the AS wavelength, for this power level, was
calculated as 0.16 nm (refer to Chapter 2). Since the pump linewidth is narrower than
the associated pump acceptance bandwidth, it stands to reason that fibre
inhomogeneities may be responsible for the broadened AS linewidth (refer to Chapter
4.2.1.2). However, the asymmetry of the broadened AS line is consistent with the
influence of XPM and SPM [7].
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Figure 5.7: (a) Free-space OPO output spectra in the absence and presence of synchronized feedback, for
a pump power of ~1.23 kW (spectral resolution: 1 nm). Synchronization is achieved at a MOPA PRF of
904 kHz. (b) Output power at the anti-Stokes wavelength, measured with the aid of a bulk diffraction

grating and a broadband thermal power meter.

Figure 5.7(b) shows the dependence of the AS average power on the PCF input peak
power. Power measurements were performed by imaging the OPO output onto a bulk
diffraction grating for the purpose of isolating the AS. A thermal power meter with a
flat spectral response (Melles Griot, 13PM001) was used at all times. The oscillation
threshold is reached at a pump power of around 1.07 kW, after which the OPO output
increases linearly up to the maximum pump power. The maximum output power of 1.9
mW translates into a total AS power of ~9 mW at the PCF output, giving rise to a

pump-to-anti-Stokes average power conversion efficiency of ~0.6%.
5.3.3 Fibre Cavity Experiments

The free-space cavity fibre OPO gave a relatively low conversion efficiency, but
nevertheless confirmed that a PCF-LMAS8-based OPO can reach the oscillation
threshold, using the MOPA of Section 3.2.2 as a pump source. In order to decrease the
cavity loss and to converge on the ideal of an all-fibre OPO, the setup of Figure 5.8 was
adopted. Shown here, is an all-fibre cavity OPO, using the same launch configuration as
that of Figure 5.6. In this case, the dichroic mirrors were replaced by WDM-couplers,
centred at 1079 nm and 715 nm. Since both WDM-couplers have a high extinction ratio

123



Chapter 5 — OPO Using Photonic Crystal Fibre

at 715 nm, a tap-coupler was used to extract 10% of the 715 nm light from the cavity. A
second tap-coupler was furthermore employed for the purpose of studying the effect of
higher output-coupling on the oscillator’s threshold. It also simplifies power
measurements as a result of the coupler’s spectral discrimination. To enable a direct
comparison to the free-space cavity OPO results, the PCF and delay line lengths were
kept the same. The resultant cavity round-trip loss, dominated by splice-loss and

attenuation in the delay fibre, was estimated at ~6 dB.

Pump light was launched into the OPO through the input-WDM-coupler. The
WDM pigtails were kept as short as possible to prevent the build-up of significant
Raman scattering inside these fibres. Seeding at SRS wavelengths inside the PCF was
further reduced through an increase in the MOPA’s PRF from 904 kHz (Section 5.3.2)
to 1.73 MHz, resulting in a decreased pump peak power. The extra fibre, added to the
cavity in the form of couplers, resulted in a decrease of the cavity’s round-trip
frequency from 904 kHz to 865 kHz. The new value for the PRF therefore enabled
synchronization at double the cavity’s round-trip frequency. This meant that the cavity

now contained two pump pulses at any given time.
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Figure 5.8: Schematic of the all-fibre cavity OPO. The pump launch setup is identical to that of Figure
5.6. WDM-couplers are used to couple light into and out of the cavity, whilst two tap-couplers remove a
total of 19% of the anti-Stokes power from the cavity. The tap-couplers are associated with extremely

high losses at the Stokes wavelength (2.2 um), thereby ensuring singly-resonant operation of the OPO.

Figure 5.9 shows the effect of synchronized feedback on the AS power, as
measured from the first of two tap-couplers in the all-fibre cavity OPO (compare to
Figure 5.7). At a PCF input peak power of 0.46 kW, the AS wave increases by over 53
dB over its single-pass power. The increase in the FWM AS power, compared to the
free-space cavity OPO case, is evident from the multiple Raman Stokes orders that it
generates within the cavity’s delay line. Once again, the AS linewidth of ~0.8 nm (0.1

nm spectral resolution) is an order of magnitude larger than the 60 pm predicted by
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theory. In addition to the desired FWM, several other interesting features can be
identified from Figure 5.9. Two peaks about the 1079 nm pump wavelength, at a
frequency-shift of ~2.6 THz, is consistent with a FWM process. The efficiency of this
process shows a dependence on the input pump polarization angle and is therefore
thought to derive from polarization modulation instability within the HI1060 WDM-
pigtails [8]. Apart from the first-order Raman Stokes, a Raman anti-Stokes wave is also
observed. The enhancement of this Raman anti-Stokes wave in the presence of
synchronized feedback is a well-known phenomenon and is attributed to the interaction
between SRS and FWM [9]. The long-wavelength edge of the spectrum in Figure 5.9
remains unchanged as the PCF input pump power is increased. This is due to the large
bending loss of the tap-coupler pigtails (Nufern HP-780) at wavelengths longer than
1200 nm. Since the resultant loss for the FWM Stokes is very high, the tap-coupler
effectively ensures that the OPO is singly-resonant [10].
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Figure 5.9: All-fibre cavity OPO output spectra, as measured from the first tap-coupler, in the absence,
and presence of synchronized feedback at a pump peak power of 0.46 kW (spectral resolution: 1 nm).
Synchronization is achieved at a MOPA PRF of 1.73 MHz, corresponding to half the cavity round-trip
time. Note that the output-end WDM coupler attenuates wavelengths around the pump relative to those
around the anti-stokes.

The average power at the AS wavelength, including that of its associated Raman
orders, was measured from the second tap-coupler as a function of input pump peak
power. Figure 5.10(b) gives a threshold pump power of 0.43 kW, whilst the maximum
average output power of 10.8 mW is reached at a pump peak power of 1.09 kW. The
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output spectrum from the second tap-coupler, at a pump power of 1.09 kW, is shown in
Figure 5.10(a). From a comparison to Figure 5.9, it is clear that the coupler attenuates
the long-wavelength part of the spectrum by ~20 dB. It is this spectral discrimination
that allowed us to measure the AS power from this coupler. However, since five orders
of SRS were efficiently generated from the AS peak at 715 nm, integration of the
spectrum confirmed that only 46% of the measured power was in fact located at the AS

wavelength.
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Figure 5.10: (a) All-fibre cavity OPO output spectrum at a pump power of 1.09 kW, as measured from the
second tap-coupler (spectral resolution: 1 nm). (b) Second tap-coupler output power as a function of

pump peak power. The maximum pump-to-anti-Stokes conversion efficiency was calculated to be 4.6%.
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From the out-coupling ratios (both 10%), the calculated combined AS output power
from both couplers at a pump power of 1.09 kW is 10.5 mW, whilst the total AS power

from the PCF reaches 78 mW. The associated conversion efficiency is 4.6%.

It may be reasoned that the five orders of cascaded SRS in the sub-900 nm portion
of the spectrum have their origin in the FWM AS at 715 nm, which had to serve as the
pump source for the process. In this case, one can argue that the actual pump-to-anti-
Stokes conversion efficiency is likely twice as high, or ~9%. However, the fact remains
that cascaded SRS in the long OPO cavity is depleting the AS at 715 nm. For this
reason, the power at 715 nm cannot simply be improved by using higher pump powers
at the PCF input. The preceding measurements were therefore repeated with a 75 m
delay line and a cavity synchronized at a MOPA PRF of 1.95 MHz (corresponding to
the cavity round-trip time). Although the results were qualitatively no different from
those reported in Figures 5.9 and 5.10, the spectra from the tap-couplers showed slightly
reduced power levels for the Raman orders. The conclusion must then be that SRS in

the delay line represents a limit to the power scaling of this OPO.

Several options are available for getting around the limitation of AS-generated
SRS. An alternative to using a shorter delay may involve intra-cavity filtering at the AS-
SRS wavelengths. The implementation of this approach is common with fibre OPO
devices pumped in the anomalous dispersion regime [11], [12]. Another option to
mitigate SRS in the delay fibre would be to decrease the power there, by using a higher
output-coupling ratio. A drawback is that it will lead to a higher pump threshold power,
but provided it is possible to operate well above threshold, a higher output power will be
possible before SRS occurs. I will return to these issues in Section 5.4, where the OPO’s

dependence on a variety of parameters are considered.
5.3.4 Discussion

Although 9% is a respectable conversion efficiency, it is still below what has been
demonstrated in parametric oscillators with smaller wavelength shifts [13]. It is also
smaller than the Raman conversion efficiency to 1132 nm, despite the intrinsically
larger gain and smaller polarization dependence of the parametric process [14]. As
already mentioned, inadequate phase-matching is a possible explanation for this. The
underlying reason for inadequate phase-matching is most likely related to the influence
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of longitudinal fibre inhomogeneities and the small parametric bandwidth associated

with the large frequency-shift process and the relatively low pump powers used.

An investigation into the temporal behaviour of the output from the OPO of
Section 5.3.3 revealed that not every pump pulse is converted into a corresponding AS
pulse. Although variations along the length of the fibre are known to result in decreased
parametric conversion, they cannot on their own explain pulse-to-pulse variations.
Although the pump peak power does vary somewhat from pulse to pulse, these
variations were small compared to the AS variations. We suspect that these were caused
by the evolution of the relative polarization of the interacting waves. The theoretical
work of Lin and Agrawal suggests that birefringence and polarization mode dispersion
(PMD) not only lead to a decrease in the average parametric gain, but also to
considerable power fluctuations in the generated sidebands [15]. These fluctuations,
which were found to scale with the magnitude of the frequency-shift [15], may therefore
account for the pulse-to-pulse variation detected from our OPO. Since the OPO of the
current work is significantly different from the generic FWM treated in Ref. [15], a
detailed investigation into the influence of polarization is needed for further insight in

our case. This topic will be revisited in Chapter 7.

In an attempt to improve the temporal instabilities of the pump MOPA, the 1079
nm YDFL seed was replaced with a 1064 nm Q-photonics diode. This wavelength was
chosen since it enabled the use of an all-fibre band-pass-filter-integrated isolator,
thereby allowing the MOPA to be spliced to the input WDM of the OPO cavity. The
move to an all-fibre system improved the stability of the pump source by removing the
influence of temperature drift at what used to be a free-space pump launch (refer to
Section 5.3.3). With the pump wavelength moving to 1064 nm, the calculated
frequency-shift increases to give Stokes and AS wavelengths of 2323 nm and 690 nm,
respectively. However, the frequency-shift may actually be larger by up to 2%, judging
by the discrepancy between the calculated and experimental AS wavelengths for the
case of a 1079 nm pump wavelength (refer to Sections 5.1 and 5.2). The increased
frequency-shift introduces a host of potential complications. Firstly, since the Stokes
wavelength is approaching 2.5 pum, it is moving into a regime where the transparency of
silica can no longer be assumed to be perfect. Several studies in the fibre FWM
literature have been aimed at exploring the importance of Stokes loss (or AS loss) on

the conversion from the pump to the AS wave (or Stokes wave). It has, for instance,
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been suggested that loss at one of the daughter waves would lead to a reduced peak
conversion efficiency, but an increased parametric bandwidth [16]. Other studies have
however concluded that the effect of loss will essentially remain negligible within a
silica PCF at Stokes wavelengths as high as 3 um [4], [5]. A second complication of an
increased frequency-shift is an increased sensitivity of the phase-matched wavelengths
to fluctuations in the fibre dimensions. It is then altogether not surprising that the
parametric oscillator threshold could not be reached for the case of a 1064 nm MOPA
seed. The experiment did however serve as a guideline to what a realistic tuning range
for a tunable OPO may constitute. It also strengthened the belief that fibre non-
uniformity is a severe limitation to the conversion efficiency inside the PCF-LMAS at

the pump powers of interest.

The impact of longitudinal non-uniformity in the PCF, on the FWM process, can
possibly be reduced through the use of fibres with increased mode-areas. This is
because the dispersion of these fibres has a smaller contribution from waveguiding and
consequently shows a reduced dependence on the exact waveguide dimensions.
However, a larger core will reduce the signal intensity, and this increases the threshold.
While this can be compensated for by a longer fibre, an increased fibre length will result
in a reduction in the phase-matching bandwidth which increases the sensitivity to
fluctuations. Furthermore, since waveguide dispersion is responsible for a shift of the
zero-dispersion wavelength to values below that of bulk silica, a reduction in its effect
would result in an increased phase-matched frequency-shift when pumping at 1079 nm
[5]. This increase in frequency-shift will lead to an increased sensitivity to fibre non-
uniformities [17], which will demand the use of higher pump powers to maintain the
required parametric bandwidth for efficient conversion. Therefore, which fibre design
allows for the lowest threshold in an OPO configuration is an open question that

warrants further investigations and fell outside the scope of this thesis.

5.4 All-Fibre OPO

The investigation of Section 5.3 highlighted the requirement for a more stable pump
source at a wavelength around 1080 nm. To this end, the MOPA was fitted with a 1080
nm Lumics seed diode. In accordance with our intention of an all-fibre experimental

setup, a band-pass-filter-integrated fibre-isolator at a centre wavelength of 1080 nm (10
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nm FWHM) was developed in partnership with Shinkosha. Details on the performance
of the resultant MOPA are provided in Section 3.2.3.

A schematic representation of the full experimental setup is shown in Figure 5.11.
To provide full polarization control of the launched pump power and the AS feedback
power, mechanical polarization controllers were employed at the output from the
MOPA and directly following the second tap-coupler (also refer to Figure 5.8). The
general setup depicted in Figure 5.11 was used as the basis for an investigation into
various aspects of PCF-based OPOs. The following sections aim to give an overview of

our resulting findings and are structured according to:

54.1 Influence of Out-Coupling Ratio
54.2 Influence of PCF Length

54.3 Intra-Cavity Filtering

54.4 Pump Pulse Width

ISOLATOR PG1  1080/718nm (1gm) 1080/7180nm

WOM  LMAgPCF WDM ’I

DELAY LINE < 718 nm
(75 m) ¥ 900 TAP
718 nm

Cw SEED
DIODE
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1080 nm FILTER

780 ps, 2 MHz

Figure 5.11: Schematic of the all-fibre Pump-OPO system at 1080 nm. A fiberized isolator with built-in
band-pass filter allows maximum suppression of out-of-band ASE and SRS and yields improved stability

and robustness.
5.4.1 Influence of Out-Coupling Ratio

Experiments on the all-fibre OPO, using an 18 m length of PCF-LMABS, were performed
for two AS out-coupling ratios. Whilst the first tap-coupler had a fixed out-coupling
ratio of 10%, the second tap-coupler was configured for 10% or 90% to yield total out-
coupling ratios of 19% or 91%, respectively. The resultant output spectra, as measured
from the second tap-coupler, are given in Figure 5.12(a). For these spectra, the MOPA
was configured for a pump peak power of ~1 kW at the PCF input (750 ps pulses at a
PRF of 2 MHz). The results illustrate the effects of a higher intra-cavity AS power.
With an out-coupling ratio of 19%, the AS peak power is significantly higher upon

entering the 75 m delay fibre, resulting in noticeable broadening of the AS spectrum as
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well as SRS. These mechanisms therefore effectively limit the circulating AS power

within the parametric bandwidth.
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Figure 5.12: (a) Comparison of OPO output spectra for two values of the out-coupling ratio, as measured
from the second tap-coupler at a pump power of ~1 kW (spectral resolution: 1 nm). (b) Corresponding

total anti-Stokes average power at the PCF output, inferred from the measured out-coupled power.

The ~1 kW of launched pump power was the highest achievable for the pump
pulse duration and PRF we used. This was limited by the power handling of the final
isolator, specified as 2 W average power. From the measured average AS output power,

we were able to infer the total AS power at the output from the PCF. Figure 5.12(b)
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compares these values for both out-coupling ratios. Although having a higher pump
threshold value, as can be expected due to the increase in cavity round-trip loss, the
cavity with 91% output-coupling reaches a considerably higher maximum AS power
than the lower loss cavity. As suggested by the slope of the red curve in Figure 5.12(b),
the output power is limited by the available pump power. However, it is to be expected
that the case of 91% output-coupling will eventually also be subjected to the spectral
broadening associated with the 19% output-coupling ratio. The onset of spectral
broadening should then be delayed through the use of delay fibres with shorter lengths
or larger mode-field diameters. Experiments using relatively short delay fibres have
confirmed that a longer delay line may in fact be preferred, which points to the

existence of an optimum length (refer to Section 5.4.3).

The PCF subsequently gave a maximum average output power of 148 mW, which
translates to an average-power in-fibre pump-to-anti-Stokes conversion efficiency of
10.3%. Although this result is, in terms of conversion efficiency, only marginally better
than that achieved for the free-space pump launch OPO, it clearly shows a significantly
better spectral density as only a single order of Raman Stokes is present for both
coupling-ratios. This result in itself represents the highest fibore OPO conversion
efficiency, for such a large frequency-shift, to date. It also conclusively illustrates the

potential for robust all-fibre OPO systems.
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Figure 5.13: Temporal behaviour of the pump and generated anti-Stokes at an incident pump power of 1

kW. A measurement bandwidth of 20 GHz and sampling of 50 GSa/s were used.
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Figure 5.13 gives an example of the temporal behaviour of both the pump MOPA
(red) and the AS output at 719 nm (blue). The measurement was performed at the
maximum pump power and made use of two 24 GHz photo-detectors (Discovery
Semiconductors DSC30S [18] and New Focus Model 1414 [19]) and a 20 GHz real-
time oscilloscope with a sampling rate of 50 GHz (Tektronix DSA72004B [20]). Thus,
all peaks are well resolved. In contrast to the case with 1079-nm fibre-laser seeding, the
pump pulses are very stable. Although relatively small pulse-to-pulse amplitude
variations are still present, these variations cannot be correlated to those of the
corresponding AS pulses. As the pump power is reduced to lower values, the severity of
the pulse-to-pulse amplitude fluctuations for the AS wave increases significantly. This
behaviour is to be expected closer to the parametric threshold, since certain pulses may
only just reach threshold, whilst others may remain just below threshold.

The comparison in Figure 5.12 clearly shows that the out-coupling ratio has a
strong influence on the dynamics inside the OPO. In light of this, it would have been
interesting to compare the results to those using different out-coupling ratios.
Unfortunately, alternative WDM couplers were not available for such an experiment.
The analysis was however extended to consider how the performance of OPOs, based
on different PCF nonlinear converter lengths, compare for the accessible out-coupling

ratios. These results are presented next, in Section 5.4.2.
5.4.2 Influence of PCF Length

If the parametric gain in our OPO is indeed subject to degradation as a result of
polarization effects and longitudinal inhomogeneity along the PCF, it seems probable
that small contributions distributed over the length of the PCF will add up to produce
the observed FWM at the wavelengths which have the highest degree of effective
phase-matching (refer to Chapter 4.2.1). The presence of such a distributed gain may
thus be an argument for the use of an even longer PCF. Although the use of very long
fibres (even several times the walk-off length) has not been reported for a PCF-based
OPO, Sloanes et al. have reported relatively high conversion efficiencies for a PCF-
based optical parametric amplifier of this type [21], with what appears to be incoherent
growth of the AS power. Translating this to an OPO, a longer PCF should help to
reduce the pump threshold, which is an important consideration. However, once the

fibre becomes too long, large frequency-shift FWM is dominated by the relative
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strength of nonlinear processes that do not require active phase-matching. This places
an upper limit on the fibre length, and therefore a lower limit on the threshold that can
be realised. By contrast, in longer pump-wavelength OPOs, the desired FWM have been
demonstrated to dominate even in km-long fibres [22].

To investigate the influence of the nonlinear converter length on the dynamics
within the OPO, a series of experiments were performed. In contrast to the experiments
of Sloanes et al., it is not only the absolute length of the nonlinear converter that
impacts on the performance of a fibre OPO, but also its relative length compared to that
of the full cavity. In this section we consider how these parameters combine to influence

the OPO output power, spectral attributes and temporal qualities.

Experiments on PCF lengths shorter than 18 m gave very low conversion
efficiencies, provided that threshold could be reached at the pump peak powers
accessible from the all-fibre MOPA, operated with 750 ps pulses at 2 MHz. For the case
of an 11 m length of PCF, operated in a cavity configured for 91% out-coupling, the
threshold pump power had a value of about 800 W. The associated threshold-power
fibre-length product is in good agreement with the corresponding value for the 18 m
PCF length (red curve in Figure 5.12(b)). This result is however somewhat surprising.
Figure 5.14 shows the calculated relative group delay of PCF-LMAS8 and indicates
differences of 46 ps/m and 23 ps/m between the pump and Stokes waves, and the pump
and AS waves, respectively. Since the FWM process will be limited by the largest of

these, the calculated walk-off length for 750 ps pump pulses yields 16.3 m.
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Figure 5.14: Calculated group delay for the PCF-LMAS, indicating the three relevant FWM wavelengths.
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This length, which is the length after which the pump and Stokes pulses will be
completely separated, is possibly longer than the actual fibre length over which the
pulses will exchange energy, due to the additional influence of temporal gain narrowing.
Temporal gain narrowing describes the process whereby the shape of the pump pulse is
distorted by the exponential FWM gain and where only those parts of the pulse, where
the instantaneous power exceeds the parametric threshold, are converted. Both walk-off
and gain narrowing are likely responsible for the relative compression in the comparison
of Figure 5.15, which shows a pump pulse (750 ps) and its associated AS pulse (200 ps)
for the case of the above-mentioned experiment using 18 m of PCF. Since walk-off
should have a more severe impact for a longer nonlinear converter, one might expect the
threshold-power fibre-length product for the 11 m PCF to be noticeably less than that
for the case of 18 m PCF. Even more so, considering that, from a practical perspective,
the conversion efficiency in a shorter fibre should be less susceptible to the influence of
longitudinal inhomogeneity. However, as it stands, the experiment adds value to the
notion that the longitudinal inhomogeneity in the PCF-LMAS is distributed, i.e. has a
high spatial frequency [23], [17].
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Figure 5.15: Comparison of the pump and anti-Stokes pulse widths for 18 m of PCF-LMAS. A

measurement bandwidth of 20 GHz and a sampling of 50 GSa/s were used.

In accordance with the preceding conclusion, I was unable to reach threshold for a
cavity consisting of 7 m PCF-LMAS8. From the established threshold-power fibre-length
product, the required pump power is 1.28 kW, compared to the ~1 kW accessible from

the all-fibore MOPA. Despite attempts at increasing the pump peak power, by means of
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decreasing the pump pulse width to values below 300 ps (at a PRF of 2 MHz), threshold
still could not be reached. The exact reasons for this are not understood, although one
hypothesis is that the temporally compressed circulating AS pulses are not synchronized
appropriately as a result of timing jitter of the arbitrary waveform generator used to
modulate the EOM. Measurements of the timing jitter typically showed a Gaussian
distribution for the repetition rate, with a standard deviation of ~20 ps. Assuming a
similar ratio for the pump-to-anti-Stokes pulse compression, the AS pulse width may be
below 100 ps, in which case the timing jitter of the AWG can have a significant effect
on the synchronous feedback of the OPO.

The in-fibre pump-to-anti-Stokes average power conversion efficiency for the 11
m PCF only reached a maximum value of 1.2%. Since this value is limited by the
available pump peak power, the experimental setup was reconfigured to extend the
investigation. To this end, the delay line was removed from the cavity, reducing the
cavity length to 18.6 m. To accommodate the associated cavity round-trip time and to
increase the pulse peak power, for a 750 ps pulse width, the MOPA seed was modulated
in burst-mode. In the presence of gain saturation within the MOPA amplifiers, measures
had to be taken in order to ensure that the OPO input pump pulses within each burst
have comparable peak powers. This was accomplished through shaping of the group of
pulses that constitutes the pump seed burst. Figure 5.16(a) shows the output from the
first MOPA amplifier for two differently shaped input waveforms. Both burst-mode
waveforms shown here have 20 pulses per burst, with an intra-burst pulse repetition
period of ~93 ns and a burst delay of 15 ps, resulting in an average PRF of 1.33 MHz.
Whilst the green waveform in Figure 5.16(a), designated shape 2, was chosen
arbitrarily, the black waveform, called shape 1, was calculated according to the
approach set forth in the work of Malinowski et al. [24]. In Ref. [24], the authors
illustrate that the input pulse (or burst) shape, required for a desired output pulse shape,
can be calculated if values for the small-signal gain and saturation energy of the
amplifier system are known. It is shown that these values can be obtained from a fitting

procedure to the output pulse from the amplifier system, for a known test input pulse.

Figures 5.16(b) and (c) show the resultant temporal behaviour at the OPO output
for the pump wave (red) and AS wave (blue), for shape 2 and shape 1 in Figure 5.16
(a), respectively. The pump wave was measured at the 1080 nm port of the cavity’s

output WDM-coupler, whilst the AS wave was measured from the second tap-coupler,
136



Section 5.4 —All Fibre OPO

configured for a 90% out-coupling ratio. From Figures 5.16(b) and (c), it follows that
the two seed burst-shapes leads to notable differences in the shape of the output pump
burst. Shape 2 has the majority of its high peak power pulses located towards the
trailing edge of the pulse, with shape 1 favouring the leading edge. This difference
clearly plays an important role in the number of round-trips it takes for the AS light to
reach the measurement threshold. As such, shape 1 gave superior OPO performance and
was also found to give a higher average power conversion efficiency. The results from
shape 1 are compatible with those from a continuous pump pulsetrain, provided that we
neglect the small number of pulses in every burst, required for the AS to build up from
noise. The burst-mode data can therefore be used to supplement our initial

measurement, to provide a proper comparison to the data for other PCF lengths.

—shape 1

1 ——shape 2
0.8
=
E'J 0.6
n
[}
=
=04
(]
[
0.2
0
05 0 05 K 15 2 25
Time (us)
@
[— pump
1 — anti-Stokes
0.8
=
E" 0.6
N
(3]
5
S 0.4
o]
[
0.2

20 205 30 305 315 32 325 33

31
Time (us)

(b)

137



Chapter 5 — OPO Using Photonic Crystal Fibre

pump
anti-Stokes ||

o o
o ®

Relative Signal
g

0.2

0

29 28.5 30 30.5 315 32 325 33

31
Time (us)

(©
Figure 5.16: Influence of MOPA seed burst-shape on the MOPA output burst-shape and generated anti-
Stokes burst, for a PCF length of 11 m. (a) Two examples of MOPA seed burst-shapes. (b) Output for
shape 2. (¢) Output for shape 1. All measurements made using a bandwidth of 20 GHz and a sampling of
50 GSals.

To investigate the OPO performance for cavities using longer lengths of PCF, the
MOPA was reconfigured to its previous operating state with continuous modulation. To
ensure that the results are comparable to each other and to that of the 18 m length of
PCF, each cavity’s round-trip length was supplemented with a delay fibre, as required,
to yield 108 m. The associated pump pulses had a width of ~800 ps and a PRF of 1.85
MHz. Provided that the parametric threshold could be achieved, measurements were
performed for two out-coupling ratios (19% and 91%). Sets of results for all the
available PCF lengths, for both out-coupling ratios, are given in Figure 5.17(a) and (b).
As before, the y-axis gives the AS average power at the PCF output, as calculated from
the measured power at the second tap-coupler. The results of Figure 5.17 show superior
OPO performance for PCF lengths shorter than 35 m. Whereas cavities containing 65 m
and 100 m of PCF show saturation of the converted power for the case of 19% out-
coupling, we were unable to reach threshold at 91% out-coupling. Interestingly, Figure
5.17(a) shows threshold pump powers that appear to be almost invariant to the length of
the nonlinear converter. This is in contrast to Figure 5.17(b) (with 91% output
coupling), where the cavity containing 18 m PCF has a threshold power quite similar to
those of (a), whilst this value increases significantly for PCF lengths of both 35 m and
11 m. This behaviour suggests that the dynamics inside the OPO show a greater
sensitivity to competing nonlinearities as the cavity loss increases.
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Figure 5.17: Comparison of the anti-Stokes PCF output average power for several lengths of LMAS, for
cavities configured to (a) 19% out-coupling and (b) 91% out-coupling. A pump pulse width, ranging
between 750 ps and 800 ps, and a PRF, ranging between 1.85 MHz and 2 MHz, is used throughout, apart
from the specified burst-mode results.

It is worth noting that the slope of the burst-mode result for the 11 m nonlinear

converter is in good agreement with the corresponding continuous pump pulsetrain
result (refer to Figure 5.17(b)). Although the burst-mode result shows a slightly larger

threshold value, it is to be expected, since the AS pulse has to build up from noise in

every burst, as indicated by the missing blue pulses in Figure 5.16(c).

Figure 5.18 gives a direct comparison of the calculated AS average powers at the
output of an 11 m PCF (burst-mode) and a 35 m PCF, for both out-coupling ratios. For
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both PCF lengths, Figure 5.18 illustrates superior slope efficiency for the higher out-
coupling ratio. Although this effect is less pronounced than in Figure 5.12(b), for the 18
m PCF cavity, the result is consistent with AS gain saturation as a result of secondary
nonlinear effects caused by high intra-cavity AS powers. By extrapolating the measured
data, it furthermore follows that the increase in threshold pump power, associated with

the increased out-coupling ratio, becomes larger for longer nonlinear converters.
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Figure 5.18: Comparison of the inferred total anti-Stokes average power at the output of 11 m and 35 m
lengths of PCF, for OPO cavities configured for an out-coupling ratio of 19% (black) and 91% (red),
respectively.
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Figure 5.19: Comparison of OPO output spectra for four lengths of PCF-LMAS8 with the cavity
configured for 19 % out-coupling. The measurements were taken from the first tap-coupler at a pump

power of ~1 kW (spectral resolution: 1 nm).
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The findings related to Figure 5.18 are consistent with Figure 5.19, which shows
an ever-increasing influence of competing nonlinearities, with increased PCF length.

The spectra were measured from the first tap-coupler at the maximum pump power.

The results from Figures 5.17 through 5.19 are compatible with the hypothesis
that a distributed, partially coherent gain may be responsible for the observed AS build-
up. However, in contrast with the results achieved by Sloanes et al. for an OPA [21], the
OPO conversion efficiency does not simply increase for longer nonlinear converters.
Figure 5.20 shows the maximum pump-to-anti-Stokes average power conversion
efficiency over the range of nonlinear converters for which measurement were made,
irrespective of the out-coupling ratio used. Here, we find that the conversion efficiency
has a sharp leading edge, peaking at 18 m, after which it slowly decays with fibre
length. This result once again points to a scenario where the parametric gain benefits
from the added PCF length, despite the influence of walk-off, but only up to the point
where competing nonlinear processes such as SRS start to dominate as a result of their

independence from phase-matching. Since Figure 5.14 gives the walk-off between the
pump and first-order Raman Stokes as 0.4 ps/m, this effect is essentially negligible for

the pump pulse widths employed here.
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Figure 5.20: Influence of PCF-LMAS8 length on OPO average power conversion efficiency, for a pump

pulse width of approximately 800 ps.

The contrast with the results of Ref. [21] is not altogether surprising, seeing that the

dynamics inside an oscillator is significantly more intricate. Furthermore, the fibre used
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in their experiments gave phase-matching at a frequency-shift of ~54 THz, which would
have resulted in a relatively large parametric bandwidth, in turn making the FWM

process more competitive in a non-uniform fibre.
5.4.3 Intra-Cavity Filtering

During the course of investigating the spectral properties of the converted AS waves for
different PCF lengths, an interesting observation was made. Figure 5.21 shows OPO
output spectra, from a cavity configured for 91% out-coupling, for 18 m (red), as well as
11 m (blue) lengths of PCF. The 11 m result corresponds to the burst-mode-operated
OPO experiment (refer to Section 5.4.2). A typical pump pulse and generated AS pulse
for the 18 m and 11 m results are shown in Figures 5.15 and 5.22, respectively.
Compared to the 18 m result, the AS pulse width associated with the 11 m result is
relative large (~350 ps). This observation is consistent with a reduction in walk-off
within the 11 m PCF. However, the increased AS broadening and AS-generated SRS for
the 11 m result of Figure 5.21 are inconsistent with the reduced AS peak power (refer to
Figure 5.17(b)) and the associated experimental setup’s absence of a delay fibre. At
first, this observation was believed to be related to the higher AS pulse energy,
associated with the burst-mode result. However, further calculations revealed a more

complex underlying dynamic.

o

—— 11 m, burst |4
— 18 m

-
o

N
o

(]
o

-50

-60

-70

Normalized relative power (dB)

-80

[l

Yoo 710 720 730 740 750 760 770 780
Wavelength (nm)

Figure 5.21: Comparison of the anti-Stokes output spectra generated for 18 m (red) and 11 m (burst-
mode, blue) PCF-LMAS lengths, at their respective maximum conversion efficiencies. The out-coupling

ratio for both cases is 91% (spectral resolution: 1 nm).
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Figure 5.22: Comparison of the pump and anti-Stokes pulse widths for 11 m of PCF-LMABS, operated as a
burst-mode OPO. A measurement bandwidth of 20 GHz and a sampling of 50 GSa/s were used.

The analysis started by calculating the round-trip group delay for both OPO
cavities associated with the results in Figure 5.21. For this purpose, the group delay
values in Figure 5.14 were used for the PCF, whilst the values for the remainder of the
cavity were approximated using those of bulk silica. The round-trip group delay values
were next employed to calculate the walk-off lengths between the AS and AS-generated
SRS waves, for both cavities. Choosing these values as approximations to the effective
interaction lengths (refer to equation 2.35), allowed us to calculate the AS-generated
Raman gain for the respective cavities. The applicable AS peak power was
approximated by path-averaging the value over the length of each cavity, taking account
of the loss mechanisms throughout. This approach, which accounts for the differing AS
pulse widths, PCF lengths, round-trip lengths and AS peak powers, successfully
explained the observation of Figure 5.21 as follows. In the presence of a 75 m delay
fibre (18 m result), the AS and AS-generated SRS experiences a relative round-trip
delay of ~360 ps, which exceeds the AS pulse width for this case. Since the cavity is
longer, the path averaged AS power is also lower, compared to the 11 m PCF cavity.
The end result is a relatively increased SRS threshold. In contrast, the round-trip delay
for a cavity round-trip length of 18.6 m is only ~60 ps, which is short compared to the
AS pulse width of ~350 ps, and the SRS threshold is therefore significantly lowered. It
is therefore clear that the length of the delay fibre presents a trade-off. On the one hand,
its absence is desired, since it will contribute to AS-generated SRS for relatively
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efficient cavities operating at acceptable thresholds. On the other hand, the delay fibre is

seen to act as a temporal filter that increases the SRS threshold at the AS wavelength.

When the use of a short delay fibre is preferable, spectral filtering of the cavity
feedback is seemingly the only appropriate alternative to temporal filtering, for the
suppression of FWM AS-generated SRS. To explore this, a free-space band-pass filter
was inserted into the cavity. The free-space path was constructed between the tap-
couplers in the experimental setup of Figure 5.11. Figure 5.23 shows the transmission
spectrum of the band-pass filter. It has a 3 dB bandwidth of 10 nm. The filter can be
rotated with respect to the incident light to suppress AS-generated SRS by up to 30 dB
(red dashed line), relative to the peak transmission (blue dashed line). Whilst this value
is relatively small compared to the calculated suppression achieved through so-called
temporal filtering (> 60 dB), these band-pass filters can be cascaded for greater effect.

Relative transmission (dB)

: Wl e

720 740 760 780

660 680 700
Wavelength (nm)

Figure 5.23: Transmission spectrum of the band-pass filter inserted into the OPO cavity feedback
(spectral resolution: 1 nm). Red dashed lines indicate the position and relative suppression of the FWM

anti-Stokes pumped first-order Raman Stokes.

One drawback of the device in Figure 5.23 is its insertion loss, measured as 2.2
dB. In combination with the requirement for a free-space path, for which we only
managed a re-launch efficiency of 71%, the value for the loss effectively becomes 3.7
dB. This value is large and has a direct effect on the FWM conversion efficiency, in a
cavity already characterised by relatively high losses (10-11 dB). For this reason, the
free-space band-pass filter was used in a cavity with both tap-couplers configured for

10% out-coupling. The experimental setup furthermore employed a 35 m length of PCF
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and a delay line of 65 m, thereby accommodating a comparison to the findings of Figure
5.17. This comparison is given in Figure 5.24 and shows an increase in the threshold
pump power for the case with intra-cavity filtering, in accordance with the increased
cavity loss. Importantly though, the slope efficiency for the case with filtering (red)
exceeds that of the case without filtering (black), which merits the use of a spectral
filter. It is however notable that the slope efficiency for the OPO employing spectral
filtering is still lower than that of the corresponding OPO using an output-coupling of
91% (see Figure 5.18).
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Figure 5.24: Comparison of the anti-Stokes average power for the case of a 35 m length of PCF-LMAS,

in the absence (black) and presence (red) of an intra-cavity free-space spectral filter.
5.4.4 Influence of Pump Pulse Width

Up to this point, the results reported for the all-fibre pump-OPO system have only
involved pump pulse widths ranging between 700 and 800 ps. It has however been
illustrated that, depending on the length of the nonlinear converter, the pump pulse
width can significantly influence the pulse width of the oscillating AS wave. Since
changes to the pulse width affect the AS peak power, it is pivotal to the interplay
between the various nonlinear processes within the OPO. For this reason, experiments
were also performed for pump pulse widths shorter, and longer, than those of the

preceding sections.

Figure 5.25 compares the generated AS average power from the PCF output, for
three different pulse widths, for cavities containing 18 m and 35 m PCF lengths.
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Whereas the results of (a) relate to an 18 m PCF cavity with an out-coupling ratio of
91%, the 35 m PCF cavity in (b) corresponds to an out-coupling ratio of 19%. The
results are difficult to explain. Figure 5.25(a) shows similar values for the threshold and
slope efficiency of the OPO for pump pulse widths of 750 ps and 1 ns. This result
suggests that both pulse widths are large enough not to be influenced by walk-off and
that an increase from 750 ps to 1 ns only leads to a reduction in pump peak power. This
is in contrast to the result for 535 ps pump pulses, where the average power conversion
efficiency appears to suffer from the influence of walk-off. Figure 5.25(b) gives a more
varied response for the different pump pulse widths. The dominant performance for the
case of a 1.33 ns pulse width, over the case of an 800 ps pulse width, is consistent with
an increase in walk-off length from 17.4 m to 28.9 m. However, the influence of walk-
off cannot explain the relative superior performance for the case of 530 ps pump pulses
(Lw = 11.5 m). It is furthermore surprising to find a contrast between the comparative
(extrapolated) threshold pump powers for Figures 5.25(a) and (b). The results in (b)
suggest that the threshold pump power remains roughly constant in the presence of
walk-off, and that walk-off only leads to changes in the slope efficiency. However, for
the case of (a), the result for 535 ps pump pulses is characterised by a significantly
higher threshold pump power. Clearly, the differences between the two cases cannot

simply be explained by the higher cavity round-trip loss associated with (a).
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Figure 5.25: Anti-Stokes average power, as a function of pump peak power, for three values of the pump
pulse width, for the cases of (a) 18 m and (b) 35 m of PCF-LMAS.

Figure 5.26 shows the maximum pump-to-anti-Stokes average power conversion
efficiency, for pump pulses shorter and longer than those of the preceding sections, over
the range of nonlinear converters for which measurement were made. The results show
the values for optimum OPO performance, irrespective of the out-coupling ratio used.
The corresponding result for ~800 ps pump pulses is included for comparison (refer to
Figure 5.20). According to Figure 5.26, the AS conversion efficiencies for ~500 ps and
>1 ns pulses have their optimal values for a PCF length of 35 m. It furthermore follows
that OPOs using PCF lengths longer than (at most) 60 m, favour larger pump pulse
widths. Figure 5.26 shows peak conversion efficiencies for ~800 ps and >1 ns pump
pulses at fibre lengths roughly equal to their walk-off lengths. Results for both pulse
widths indicate a gradual decay for longer lengths of PCF. This is in contrast with the
results for 500 ps pump pulses, where the conversion efficiency at 18 m is less than that
of 35 m. At the time of writing, there is no explanation for this perceived inconsistency
in the results. It may be possible that the increase in the parametric bandwidth, due to
the increased pump peak powers, results in a scenario where a greater percentage of the
PCF contribute to AS build-up. Such a scenario would warrant experimental
investigation for additional pump pulse widths and PCF lengths, about the values

associated with the peak of the black curve in Figure 5.26.
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Figure 5.26: Influence of PCF-LMAS8 length on OPO average power conversion efficiency, for pump
pulse widths of approximately 500 ps (black), approximately 800 ps (blue) and larger than 1 ns (red).

5.5 Summary

In this chapter, | have investigated fibre optical parametric oscillators, using photonic
crystal fibre as the nonlinear converter, as a source for spectrally distant wavelength
conversion. In addition to analysing the PCF in terms of its properties as a nonlinear
converter, several experiments were performed, aimed specifically at studying the

performance of the fibre OPO under various conditions.

Initial experiments based on a single pass through the nonlinear converter, using
free-space coupling optics, gave very low conversion efficiencies, but highlighted the
requirement for appropriate spectral discrimination as well as seeding. Following the
construction of a synchronously pumped fibre OPO, pump-to-anti-Stokes in-fibre
average power conversion efficiencies as high as 4% was demonstrated. Although
output spectra still showed signs of supercontinuum generation, as a result of fibre
longitudinal inhomogeneities, cascaded SRS generated by the FWM AS provided

encouragement.

Secondary experiments focussed on an all-fibre pump-OPO system and a pump
source with superior temporal stability. This system was employed to study the
dependence of the OPO conversion efficiency on the out-coupling ratio of the cavity,
the length of the nonlinear converter as well as the pump pulse duration. It was found

that a higher out-coupling ratio is important for the suppression of so-called secondary
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nonlinear effects, pumped by the FWM AS. However, drawbacks included higher cavity
losses, and subsequently, higher pump threshold power requirements. Experiments on
OPOs using various nonlinear converter lengths demonstrated similar threshold pump
powers for low values of the out-coupling ratio. In contrast, high out-coupling ratios
lead to threshold values that were inversely proportional to the PCF length. The latter
case is consistent with the expectation of a constant threshold-power-fibre-length
product, but is somewhat surprising considering that the system is subject to pulse walk-
off and longitudinal inhomogeneities. A tentative conclusion was that the longitudinal
inhomogeneity in the PCF-LMAS8 is characterised by a high spatial frequency. It was
furthermore concluded that the OPO shows an increased sensitivity to competing
nonlinearities as the cavity loss increases. The performance of the OPO, employing
different lengths of PCF, was also evaluated for different pump pulse widths. The
highest pump-to-anti-Stokes conversion efficiency of 10.3%, over a frequency
separation of 142 THz, was found for pump pulses of 800 ps duration and a PCF length
of 18 m. To the best of our knowledge, this result constitutes a record for all-fibre OPOs
operating at frequency-shifts of this magnitude. In contrast, pump pulse durations of 500
ps and >1 ns gave their best conversion efficiencies for a PCF length of 35 m. Whilst
the pump-to-anti-Stokes average power conversion efficiency was found to depend on
the walk-off length between the pump and Stokes waves, for a specific pump pulse
duration, the case of 500 ps pulses proved to be the exception. The exact reason for this
remains unknown. However, it is likely due to the fact that the short pulse has a higher
pump peak power, in combination with partially coherent build-up in segments of the
full PCF length.

Experiments using the all-fibre setup furthermore highlighted the importance of
some mechanism for intra-cavity filtering. As such, it was discovered that the delay line,
used for the purpose of synchronous pumping, can act as a temporal filter through the
process of dispersion. Since the delay line also leads to FWM anti-Stokes-generated
SRS for the case of a sufficiently low out-coupling ratio, its length represents a trade-
off. Measurements using a free-space spectral filter suggest that it can be used as an
alternative to temporal filtering, should a short delay line be preferred. High insertion
loss values, however prevent this from being a valid alternative in the current free-space

configuration.
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Current limitations for an efficient fibore OPO, operating at over ~140 THz,
employing relatively low pump powers of around 1 kW from an all-fibre pump source,
include the following. First and foremost is the longitudinal homogeneity of the fibre
converter. As the parametric bandwidth associated with frequency-separations of 140
THz, at pump powers of 1 kW, is only a fraction of a nanometre, perturbations in the
fibre dimensions have very strict tolerances. Although it may be possible to engineer the
fibre around this limitation, it has never been demonstrated. This topic will be discussed
in detail in the following chapter. Other limitations are those associated with competing
nonlinearities like SRS, SPM and XPM. Care has to be taken to minimize SRS
originating within the all-fibre pump source, since it can easily dominate over FWM,
particularly in the presence of fibre longitudinal inhomogeneity. SPM and XPM
degradation of the pump wave can for instance result in a broadened pump linewidth,
which may exceed the parametric bandwidth, with similar consequences. A further
requirement for an efficient OPO is cavity loss. Although competing nonlinearities can
be classified as a loss mechanism, the word loss in this context refers to absorption and
scattering losses within couplers and splices. A possible route to eliminating the severity

of cavity losses is to employ a linear cavity fibre OPO, using fibre Bragg-gratings
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Chapter 6

Dispersion-Engineered PCF for

Enhanced Parametric Bandwidth

Chapters 4 and 5 concluded that the conversion efficiency of large frequency-shift
FWM in real fibres is severely limited by inadequate phase-matching. This was
attributed primarily to the presence of longitudinal fluctuations in the fibre dimensions
and refractive index profile. Particularly in experiments employing PCF nonlinear
converters, this mechanism is often cited as the primary reason for discrepancies
between theoretically predicted and experimentally observed conversion efficiencies.
The parametric bandwidth, defined as the frequency range over which the phase
mismatch remains sufficiently small, plays an important role in determining how
sensitive a FWM process will be to longitudinal non-uniformities. Traditionally,
progress in large frequency-shift FWM, pumped around 1 pum, had to rely on the use of
higher peak powers and shorter lengths of PCF to increase the parametric bandwidth [1]
— [3]. Since the use of high pump peak powers in a short fibre can preclude the
implementation of an all-fibre solution, it is worth considering alternative methods of

increasing the parametric bandwidth.

To this end, the current chapter investigates the possibility of increasing the
parametric bandwidth through design of the PCF dispersion. The approach expands on
the theoretical work of Laegsgaard who performed a similar analysis for single-material
silica PCF [4], [5]. Here, it was shown that specific PCF designs lead to phase-matched
FWM between group-velocity matched Stokes (down-converted frequency) and anti-
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Stokes (up-converted frequency) waves, for pump wavelengths around 800 nm. We
illustrate that this procedure for enhancing the parametric bandwidth can be extended to
other pump wavelengths, particularly around 1 pum, by doping the core region of the
silica PCF with germania. By exploring the parameter space, it is shown that various
designs of this type can achieve a desired parametric bandwidth and frequency-shift. In
addition to a decrease in sensitivity to longitudinal fluctuations, an increased parametric
bandwidth leads to an increased pump acceptance bandwidth, which offers greater
flexibility in the pump source technology available to large frequency-shift FWM

applications.

The chapter is structured as follows. Sections 6.1 and 6.2 provide details on the
fibre design methodology and solutions from the analysis, respectively. The stability of
the general fibre design is considered in Section 6.3, where the discussion explores
relevant issues such as the absolute and relative manufacturing tolerances. Here, as well
as in the summary of Section 6.4, the question of whether the proposed design can

reduce the severity of longitudinal inhomogeneities, is answered.

6.1 Numerical Approach

As a starting point, we consider the expression for the small-signal parametric gain
bandwidth (also refer to Chapter 2.3.2) [6]:

. (6.1)

1

Ty 2 2
AQ =2 [(E) + (yP)Z] 3@p,,,
The term in square brackets is the so-called mixing bandwidth and y, L and P denote the
nonlinear coefficient of the fibre, the fibre length and the applied pump power,
respectively. The derivative outside the brackets depends on the functional relationship
between the phase mismatch (Af) and the frequency-shift (©2), for which the following

definitions hold (refer to Chapter 2.3):

AB = B(ws) + B(wa) - ZB(wp) (62)

Q=w, —ws =w, —w, (6.3)
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As usual, B denotes the mode propagation constant associated with a particular angular
frequency w, where a subscript assignment of p, s or a indicates the pump wave, Stokes

wave or anti-Stokes wave, respectively.

The parametric bandwidth defines the frequency range over which the phase
mismatch is sufficiently small for the parametric gain to stay within (slightly less than)
half its peak value. From the mixing bandwidth in equation 6.1 it is clear that the
parametric bandwidth can be increased through an increase in pump power and a
decrease in fibre length. However, an alternative method for increasing the parametric
bandwidth is afforded by the derivative in equation 6.1. Although the fibre dispersion
can be modified to a certain extent, through the application of tension, the controlled
implementation of this technique is complicated and potentially expensive [7].
Consequently, the derivative in equation 6.1 is fixed for a given fibre and pump
wavelength, and can only be optimised through appropriate design of the fibre
dispersion prior to fabrication.

The approach whereby the fibre dispersion can be optimised was demonstrated in
the theoretical work of Laegsgaard, where the author explored the parameter space of
regular triangular lattice single-material silica PCF [4]. Leegsgaard concluded that with
the proposed method, the dispersion required for an optimum parametric bandwidth can
only be achieved for a specific range of pump wavelengths, which excluded those in
excess of 1 um. To overcome this limitation and to find similar solutions at pump
wavelengths relevant to the work of this thesis, the current investigation focuses on
silica PCF for which the core region is doped with germania. Studies on FWM in
germania-doped PCF have been reported, most notably by Yatsenko et al., who
commented on the implications for dispersion engineering [8]. These fibres have also
been fabricated by several groups [9], [10] and in some cases have even been

demonstrated as sources for efficient FWM [11].

The PCF structure considered in this investigation is given in Figure 6.1. As for
single-material PCF, the structure is characterised by the pitch (A) and diameter (dn) of
the air-holes in the cladding. Additionally, the core region with corresponding diameter
(dc), is assumed to be uniformly doped with germania. Both the doping-concentration

and the diameter of the doped core will affect the fibre dispersion, with different
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wavelength dependencies. Therefore, GeO,-doping brings two additional degrees of

freedom to the fibre design.
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Figure 6.1: Structure of the GeO,-doped silica PCF. The structure is characterized by the pitch (A) and

diameter (dy) of the air-holes, as well as the core diameter (d.) and GeO,-doping concentration.

The investigation into the dispersion properties of the structure in Figure 6.1 was
conducted using a commercial finite-element-method package, COMSOL (refer to
Chapter 2.1). Values for the material dispersion of GeO,-doped silica at arbitrary doping
concentrations were calculated using the Sellmeier equation and coefficients from
Fleming [12]. The material refractive-index values were then incorporated into
COMSOL, from which the mode propagation constants over the wavelength range of
interest (700 — 2100 nm) were calculated. All PCFs in this study incorporated five rings
of air-holes.

The calculated mode propagation constants allowed for the direct evaluation of
the phase mismatch, according to equation 6.2. For the purpose of keeping the
discussion general, the nonlinear contribution was excluded from the calculation of the
phase mismatch (also refer to equation 2.57). Since the effect of the nonlinear
contribution, at a given pump power, is simply to impose an offset on the calculated
phase mismatch, it is straightforward to apply the general results to any desired pump
power. Furthermore, while we only consider the fundamental spatial mode of the fibre,

higher-order modes may well allow for additional phase-matching combination
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6.2 Phase-Matching Results

The dispersive properties required for the optimisation of the parametric gain bandwidth
can be explained at the hand of Figure 6.2. In order to facilitate a comparison to the
single-material silica PCF, used in the experiments of Chapter 5, the pump wavelength
was chosen as 1080 nm. Red curves represent the results for a GeO,-doped PCF
characterised by A=2.426 pm, dn/A=0.49, d./d»=0.5 and a doping concentration of
35% (mol). Similarly, blue curves show the comparative results for the silica PCF
characterised by A=5.6 um and d/A=0.49.

Figure 6.2(a) gives the calculated phase mismatch as a function of frequency-
shift. The fibre parameters for the GeO,-doped PCF were chosen to yield a phase-
matched frequency-shift of ~130 THz, which is comparable to that of the single-
material silica PCF. For the silica PCF the phase mismatch varies rapidly with
frequency-shift about its zero value. This is in contrast to the GeO,-doped PCF, where
the phase mismatch curve reaches a turning point as it approaches the zero-mismatch
value. The net result is a relatively slowly varying phase mismatch, which is responsible

for an extended parametric bandwidth, in accordance with equation 6.1.

The relative differences in Figure 6.2(a) can be explained at the hand of Figure
6.2(b), showing the chromatic dispersion and group delay of the relevant fibres.
Differences in the chromatic dispersion (solid lines) are pronounced on the long-
wavelength side of the spectrum and are a result of the changing influence of the
germania-doping in the core of the PCF (refer to Chapter 2.1.4). The group delay
(dashed lines) displays a decreased slope for the GeO,-doped PCF in the vicinity of 2
pm, as is evident from the chromatic dispersion which converges on a second ZDW.
This effectively enables matching of the group velocity (GV) for the phase-matched
Stokes and anti-Stokes waves of the germania-doped PCF, resulting in the behaviour

seen in Figure 6.2(a).

Assuming a value of y=4 (W km)™, which is expected for the all-silica PCF of
Figure 6.2, and choosing a fibre length and pump power of 5 m and 1 kW, equation 6.1
may be evaluated for both fibres. Based on the calculated values for the derivative, the
parametric bandwidth for the germania-doped PCF is found to be ~11.7 THz, compared
to ~83 GHz for the all-silica PCF. Note that these numbers neglect the effect of an
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increased y-value, due to the larger nonlinear refractive index and smaller effective
mode area, associated with the GeO,-doped PCF [13].
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Figure 6.2: Comparison of the (a) phase mismatch (A,=1080 nm) as well as (b) chromatic dispersion and
group delay of a commercial all-silica PCF (A=5.6 um, d/A=0.49) and a GeO,-doped silica PCF
(A=2.426 pm, dy/A=0.49, d./d,=0.5, 35% (mol)).

Figure 6.3 expands on the results in Figure 6.2 and shows how the phase-matched
Stokes and anti-Stokes wavelengths, for the silica PCF and GeO,-doped PCF, depend
on the chosen pump wavelength. In the absence of the nonlinear contribution to the
phase mismatch, both fibres only have phase-matching solutions at frequency-shifts
greater than zero when pumped in their respective normal-dispersion regimes (A,>1154
nm and A,>1096 nm for the silica and GeO,-doped PCFs, respectively). However,
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whereas the silica PCF only has a single pair of phase-matching solutions within the
wavelength region of interest, the germania-doped PCF show two pairs of solutions in
the vicinity of 1080 nm. The inset to Figure 6.3 clearly shows the convergence of the
two pairs of phase-matching solutions at a pump wavelength of ~1080 nm, where the

resultant Stokes and anti-Stokes waves are GV-matched.
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Figure 6.3: Phase-matched wavelengths for generated Stokes (dashed lines) and anti-Stokes (solid lines)
waves as a function of pump wavelength, for the fibres of Figure 6.2.

The GeO,-doped PCF of Figures 6.2 and 6.3 is only one example of a
combination of design parameters that satisfy the criteria for an optimised parametric
bandwidth. The example was chosen because the GV-matched phase-matched
frequency-shift is comparable to that of an all-silica PCF of practical interest. However,
as was the case for the solutions demonstrated in the work by Lagsgaard for silica PCF,
combinations of design parameters may be found for similar solutions over a wide range
of frequency-shifts. To this end, we systematically considered how these solutions
depend on the GeO,-doped PCF design parameters. The results will be discussed at the
hand of Table 6.1.

Table 6.1 gives the design parameter values for a range of GeO,-doped PCFs that
lead to the solutions of interest for a pump wavelength of 1080 nm. Also given are the
corresponding parameters for an all-silica PCF, at a pump wavelength of 800 nm, as in
Ref. [4]. The tabled parameters for the fibres designated PCF 1-5 and Silica are
presented at the origin of Figure 6.4(a). The figure shows how the GV-matched phase-
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matching solutions for each of the designated fibres depend on relative changes in the
tabled structural parameters (A and din/A). Since d. is coupled to dy in the calculated
results, its value effectively also varies by the percentage indicated on the figure’s x-
axis (apart from Silica). Figure 6.4(b) displays the phase-matched frequency-shift values
associated with the GV-matched solutions in Figure 6.4(a). Here, the tabled parameters
for the applicable fibres correspond to the lowest-valued phase-matched frequency-
shifts.

Designation % (mol) dc/dn dn/A A (Um)
Silica - - 0.550 1.282
PCF1 35 2 0.467 1.597
PCF 2 35 15 0.524 1.518
PCF 3 35 1 0.570 1.538
PCF 4 35 0.75 0.540 1.705
PCF 5 35 0.5 0.348 2.230
PCF 6 45 1 0.630 1.440
PCF 7 25 1 0.490 1.786
PCF 8 15 1 0.365 2.097

Table 6.1: Parameter values for different designs of GeO,-doped PCFs that yield group velocity matched
phase-matching solutions, for a pump wavelength of 1080 nm. The parameters for the corresponding
solutions in an all-silica PCF is also shown, for a pump wavelength of 800 nm. Note that the last two
columns only indicate the solution parameters for the lowest-valued frequency-shift (origin in Figures
6.4(a) and 6.5(a)).
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Figure 6.4: Constant GeO,-doping concentration of 35% (mol). (a) Group velocity matched phase-
matching solutions for PCF 1-5 (A,=1080 nm), as well as that of an all-silica PCF (A,=800 nm), for the

parameters given in Table 6.1. (b) Frequency-shifts corresponding to the solutions in (a).

From Figure 6.4 and Table 6.1 it is evident that the distribution of the solutions
has a strong dependence on the relative diameter of the doped region. The frequency-
shift associated with the solutions of PCF 1, for example, shows a very high sensitivity
to variations in the normalised air-hole diameter. However, the associated variation in
the pitch of the air-holes is large. This is in contrast to PCF 4, for which the frequency-
shift varies gradually over the range of values for di/A, whilst the corresponding values

of A only covers a relative change of 3%.

Figure 6.5 similarly compares PCF 3 and PCF 6-9 to each other and to the Silica
PCF. In contrast to the fibres in Figure 6.4, the fibres compared here have the same ratio
for d¢/dn, whilst their doping concentration are different. Figure 6.5(a) gives the
distribution of the solutions, whilst the associated frequency-shift values can be found in
Figure 6.5(b). The solutions show a strong dependence on the doping concentration, but
display a relatively predictable trend wherein a higher doping concentration leads to
solutions at lower values of A and higher values of dn/A, and subsequently d./A (refer
to Table 6.1). As for Figure 6.4, the most important aspect of Figure 6.5 is the fact that
several parameter combinations can be used to achieve an optimised parametric gain
bandwidth at a desired frequency-shift. This enables the fibre designer to choose the

most appropriate design for a particular application.
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Figure 6.5: Constant d./dy, ratio. (a) Phase and group velocity matched solutions for PCF 3 and PCF 6-9
(A=1080 nm), as well as that of an all-silica PCF (A,=800 nm), for the parameters given in Table 6.1. (b)

Frequency-shifts corresponding to the solutions in (a).

6.3 Additional Considerations

An important consideration for the choice of a particular GV-matched phase-matching
design is the associated sensitivity to variations in the structural parameters. To explore
this aspect, the current section considers how the phase-matched frequency-shift and
parametric bandwidth varies about the GV-matched solutions of PCF 3 in Figures 6.4
and 6.5 (d¢/dn=1 and 35% (mol))
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Figure 6.6(a) considers solutions about A=1.6175 and d»,=0.95 and shows how the
lowest-valued phase-matched frequency-shift changes as A and dx (as well as d.) depart
from the reference values. Empty space on the graph indicates parameter combinations
that do not allow for phase-matching within the wavelength region of interest. For the
parameter combinations that do result in phase-matching, two distinct regions can be
identified. The first region includes the origin and contains the GV-matched solutions
on its left extremity. As the value of dn (and d.) increases, or the value of A decreases,
relative to those of the GV-matched solutions, the lowest-valued phase-matched
frequency-shift decreases. A second higher-valued phase-matched frequency-shift
simultaneously increases, but is not displayed. For even larger departures from the GV-
matched solutions, the lowest-valued phase-matched frequency-shift becomes zero,
leaving only an increasing phase-matched frequency-shift. This transition region is
presented by the hatched strip in Figure 6.6(a), since the steep gradient of the phase-
matched frequency-shift made it very hard to accurately resolve the behaviour within
this region. The remaining phase-matched frequency-shift now gives rise to the second
phase-matching region, extending diagonally upwards from the lower left-hand corner.
The right-hand side extremity of the second phase-matching region is defined primarily
by the limits of the considered wavelength region, due to the large frequency-shifts
associated with these phase-matching solutions. In contrast to the first phase-matching
region, the frequency-shifts of the second region increases as dn (and d.) is increased, or

A is decreased.

15 1 120
1 v :
i A- 4100
=
S 05
=
8 e
g
I
> .05 leo
<
40

20

45 -1 05 0 05 1 15
dh variation (%)

(@)

163



Chapter 6 — Dispersion-Engineered PCF for Enhanced Parametric Bandwidth

A variation (%)

15 -1 05 0 05 1 15
dh variation (%)
(b)

Figure 6.6: Phase-matching analysis of PCF 3 in Table 6.1 (d./d,=1, 35% (mol)), about A=1.6175 and
dn=0.95. (a) Phase-matched frequency-shift in units of THz (A,=1080 nm) as a function of percentage
variation in A and d, (and subsequently d.), with respect to the reference values. (b) Corresponding
normalised bandwidth for the phase-matched frequency-shift values in ().

Figure 6.6(b) shows the normalized parametric bandwidth associated with the
frequency-shifts in Figure 6.6(a). In the first phase-matching region, the parametric
bandwidth is large for the GVV-matched solutions (left extremity). As the frequency-shift
decreases, the parametric bandwidth shows an initial decrease. However, as the
frequency-shift is further decreased, the parametric bandwidth increases again, as is
expected for normal dispersion regime pumping (refer to Chapter 2.3.2) [14]. The
parametric bandwidth for the second phase-matching region is in stark contrast to that
of the first, with values being up to three orders of magnitude smaller. These small
bandwidths are in fact typical for large frequency-shifts and clearly illustrate the
improvements possible with GV-matched phase-matching through the use of GeO,-
doped PCFs. Properly designed, these manage to maintain the large parametric
bandwidths associated with FWM at small frequency-shifts, even at values in excess of
120 THz (refer to Figures 6.4 and 6.5). The largest GV-matched frequency-shift in
Figure 6.6, of 105 THz, corresponds to anti-Stokes and Stokes wavelengths of 784 nm
and 1736 nm, respectively.

The result of Figure 6.6 is crude in the sense that it assumes any variation in the
air-hole diameter to be equal to the variation in the doping-diameter. Nevertheless, it

gives an estimate of the degree of absolute manufacturing precision that would be
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required for phase-matching within the first region, as outlined above. For the chosen
fibre (d¢/dn=1, 35% (mol)), the tolerance relative to the point A=1.6175 (0.4%) and
dn=0.9566 (0.7%) is £0.4% in A and +£0.7% in dn. These values do not account for a
departure from the intended GeO,-doping concentration or profile, which would
certainly affect the behaviour (see Figure 6.5 and Table 6.1). It is furthermore important
to note that the tolerance given above is very large compared to that required to

approach exact GV-matched phase-matching.

The dependence on the absolute manufacturing precision can to some degree be
reduced, particularly if ytterbium-doped pump sources are used. This stems from the
large emission bandwidth of ytterbium-doped lasers and their subsequent suitability as
tunable sources [15]. To illustrate the benefit of a tunable pump wavelength, Figure 6.7
shows how the phase mismatch of points A and B on Figure 6.6(a) are influenced when
the pump wavelength is detuned from 1080 nm. At 1080 nm, neither A nor B result in
any phase-matched solutions within the wavelength region of interest. However, by
sweeping the pump wavelength from 1080 — 1086 nm (point A), or from 1080 — 1065
nm (point B), points A and B can be phase-matched over a wide range of frequency-

shifts, including a characteristic value for which the group velocities are matched.
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Figure 6.7: Phase mismatch as a function of frequency-shift for several pump wavelength values, for

points A and B on Figure 6.6(a).

Figure 6.7 therefore illustrates that, by varying the pump wavelength, either the phase-

matched frequency-shift (and indeed the Stokes and anti-stokes frequencies) or the
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parametric bandwidth can, to some degree, be tailored (but not independently). Since
the pump wavelengths in Figure 6.7 (1064 — 1086 nm) easily fall within the tuning
range of a typical Yb-doped fibre source [15], wavelength tuning is ideally placed to
alleviate the difficulty of attempts to enhance the parametric bandwidth through

dispersion engineering.

The results in Figures 6.6(a) and (b) can now also be used to estimate the required
relative manufacturing tolerance. Here, we are interested in the degree of structural
variation, between different points along the length of the fibre, that can be tolerated
before the difference in phase-matched frequency-shift exceeds that value for which the
associated parametric bandwidths no longer overlap. This quantity will ultimately
determine whether the approach of GV-matched phase-matching translates into a
reduced sensitivity to longitudinal variations, relative to that associated with phase-
matching in a conventional PCF. To enable a comparison, Figure 6.8 shows calculated
results for the single-material silica PCF treated in Section 6.2 (refer to Figures 6.2 and
6.3). Structural parameters are displayed as a percentage change relative to the origin,
where A=5.6 um and dn/A=0.49. As before, empty space indicates the absence of
phase-matched frequency-shift values within the range 700 — 2100 nm, for a pump
wavelength of 1080 nm. Also note that the parametric bandwidth in Figure 6.8(b) is

normalised to the corresponding values in Figure 6.6(b).
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Figure 6.8: Phase-matching analysis of the silica PCF in Section 6.2, about A=5.6 um and d,/A=0.49. (a)
Phase-matched frequency-shift in units of THz (A,=1080 nm) as a function of percentage variation in A
and d,, with respect to the reference values. (b) Corresponding bandwidth for the phase-matched
frequency-shift values in (a). Note that, for comparative purposes, the bandwidth values are normalised to

the corresponding values in Figure 6.6(b).

In contrast to the results of Figure 6.6, the silica PCF only yields a single phase-matched
frequency-shift, for a given parameter combination, over the range of interest (i.e. a
single phase-matching region). The phase-matched frequency-shift (Figure 6.8(a))
decreases monotonically for a reduction in A, or an increase in dy, whilst the parametric
gain bandwidth (Figure 6.8(b)) increases for reduced values of the frequency-shift (refer
to Chapter 2.3.2). The range of phase-matched frequency-shift values and parametric
gain bandwidth values in Figures 6.6 and 6.8 are significantly different. This is
illustrated in the comparison of Table 6.2, where we consider the change in the phase-
matched frequency-shift (o) and parametric bandwidth (AQ) for a 0.3% variation in dn,
with respect to the origin in Figures 6.6 and 6.8. Here, the parametric bandwidth values
were calculated from equation 6.1 by assuming a fibre length and pump power of 5 m
and 1 kW, respectively (refer to Section 6.2). The range of 0.3% is convenient since the
corresponding variation in the normalized parametric bandwidth of Figure 6.6(b) can be
approximated as linear. This allows for straightforward evaluation of the derivative of

the phase-matched frequency-shift and parametric bandwidth relative to the percentage
variation in dn. From Table 6.2, these values follow as -116.7 THz/% (%) and -190.1
h

THz/% (52 for PCF 3 in Figure 6.6, as well as 666.7 GHz/% and 1.3 GHz/% for the
h
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corresponding values of the silica PCF in Figure 6.8. The relative variation in dx, that
can be tolerated prior to a breakdown in phase-matching, can then be calculated by
using Qq(0) — Qy(dy) = AQ(d}y), and equations 6.4 and 6.5:

dQg (6.4)

Q0(0) - Qo(dh) = —Mdh

dAQ 6.5
dd;,
For the fibres of Figures 6.6 and 6.8, these calculated values are 0.19% and 0.125%,

respectively.

Origin (d, = 0) d, = +0.3%
A (um)  |dy/A d/d, GeO, (Mol%) |Q, (THZ) |AQ (THz) |Q, (TH2) [AQ (THz)
Figure 6.6| 1.6175 | 0.5873 1 35 105 58.20 70 1.16
Figure 6.8| 5.6 0.49 131.7 | 00830 | 1315 | 0.0834

Table 6.2: Values for the phase-matched frequency-shift () and parametric gain bandwidth (AQ) before
and after a 0.3% variation in the dy structural parameter, relative to the origin in Figures 6.6 and 6.8,

respectively.

This analysis therefore finds that group velocity matching, as an approach to
optimise the parametric gain bandwidth, leads to a very slight reduction in the PCF’s
sensitivity to relative structural variations. It is however important to note that this
conclusion is based on a comparison of two specific examples. The analysis furthermore
only considers the fluctuations within a certain subset of the full parameter range
contained in Figures 6.6 and 6.8. For a different parameter range, or for different PCFs,

the conclusion may therefore differ significantly.

6.4 Summary

In this chapter GeO,-doped PCF was investigated in terms of its suitability to provide
large frequency-shift phase-matching at Stokes and anti-Stokes wavelengths that are
also group velocity matched, for the purpose of extending the parametric bandwidth.
Although phase-matching solutions of this kind have been reported for all-silica PCF,

their applicability were limited to pump wavelengths below 1 pm. This therefore
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excluded ytterbium-doped fibre pump sources, which has the potential to complement

fibre parametric devices in ways not afforded by alternative pump wavelengths.

GeO,-doped PCF was found to be suitable as a means of extending group
velocity-matched phase-matching to pump wavelengths in excess of 1 pum. Using a
pump wavelength of 1080 nm, calculations were carried out to examine the influence of
the PCF structural parameters and the GeO,-doping concentration on the frequency-shift
for which GV-matched phase-matching is obtained. Here it was found that several
combinations of the design parameters can be used to obtain a solution at a desired

frequency-shift.

The phase-matched frequency-shift and associated parametric bandwidth, were
next calculated over a range of values for A and di (and subsequently, dc), for a chosen
GeO,-doped PCF design. In addition to illustrating the unique combination of a large
frequency-shift and a large parametric bandwidth that results from group velocity
matching of the FWM Stokes and anti-Stokes, this study enabled an estimation of the
required absolute manufacturing precision. These values, found to be £0.7% in dn and
+0.4% in A, are specific to the considered parameter combination and can most likely be
optimised by considering alternative combinations. Since the analysis makes certain
simplifying assumptions, the actual values are likely considerably smaller than the
calculated ones. However, our calculations show that this can, to some degree, be
compensated through the use of a tunable pump source, which can be used to recover a

GV-matched phase-matching solution, albeit not at the exact design frequency-shift.

Finally, the results from our preceding analysis were also used to estimate the
relative structural variations that can be tolerated before the difference in phase-matched
frequency-shift exceeds the parametric bandwidth. For comparison, this analysis was
also performed for a silica PCF employed in an earlier chapter. The resulting relative
tolerance values were found to be 0.19% and 0.125% for the GeO,-doped PCF and
silica PCF, respectively. These values are only approximate, but they do offer some
insight. Whilst other fibre designs may vyield better results, it currently appears as
though the GV-matched FWM process will remain very sensitive to longitudinal
variations in the fibre structure. It would nevertheless be interesting to compare various
different GeO,-doped PCF designs in terms of their relative manufacturing tolerances.

However, due to time constraints, this exercise falls outside of the scope of this thesis.
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Chapter 7

Conclusions

7.1 Summary

The purpose of this thesis was to investigate methods whereby practical and efficient
large frequency-shift fibre FWM can be realised at YDFA pump wavelengths. The use
of an ytterbium fibre gain-medium was motivated by its flexibility as a high-power
source, as well as its potential to enable fibre FWM up-conversion towards visible
wavelengths. The prospect of large frequency-shift up-conversion, from a pump source
that allows for all-fibre integration, may offer a viable alternative to bulk laser sources,
which currently serve the spectral region of interest. In contrast to the high pump power
approach followed in some of the previous investigations on this topic, this thesis
considered the use of nanosecond pulses and modest pump peak powers (1 kW). This
approach necessitated the use of longer nonlinear converter fibres, which in turn created
the requirement for a highly uniform nonlinear converter. As such, this thesis
considered the use of precision engineered conventional telecommunication fibres as

well as microstructured fibres (i.e. photonic crystal fibres).

The use of conventional non-microstructured fibre as a route to phase-matched
FWM was considered in Chapter 4. Here, a 1080 nm all-fiore MOPA, based on
polarization-maintaining (PM) double-cladding ytterbium-doped fibre technology (refer
to Chapter 3), was employed as pump source for a Fujikura PM nonlinear converter in
an OPA configuration. This fibre and the phase-matching approach of using different

polarization modes was earlier identified as the most suitable option for large
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frequency-shift FWM, through numerical evaluation of the dispersion and phase-
matching characteristics of a number of fibres. Although the Stokes-seeded OPA
generated an anti-Stokes wave in excellent agreement with the calculated frequency-
shift of 78.5 THz, the pump-to-anti-Stokes conversion efficiency was orders of
magnitude below the calculated value for a 21 m length of Fujikura fibre. The
conversion efficiency was however roughly consistent with that expected from a
nonlinear converter length of 2 m, which implied piece-wise coherence for the
conversion over a 21 m fibre length. This hypothesis was corroborated by the findings
from experiments on a 2 m Fujikura sample, where the reduction in fibre length lead to
a significant decrease in the anti-Stokes bandwidth, but only a 5 dB reduction in the
peak spectral intensity. These observations were tentatively attributed to the
combination of a small parametric bandwidth and variations of the dispersion (and
phase-matching) along the fibre. In a bid to increase the parametric bandwidth to reduce
the influence of longitudinal inhomogeneity, experiments in the OPG configuration
explored the use of alternative high-power pump sources. Although these experiments
were unsuccessful in generating significant anti-Stokes power, they did serve as
confirmation of the strict requirements that large frequency-shift FWM places on the
pump source, particularly in terms of linewidth, pulse-shape and temporal stability.
Chapter 4 therefore concluded that phase-matching, through the use of polarization
modes in the Fujikura PM fibre, did not offer a viable solution to large frequency-shift

FWM at the pump powers available from the all-fibore MOPA at that time.

In Chapter 5, the use of higher-order dispersion phase-matching in a photonic
crystal fibre (PCF) was investigated as a source for spectrally distant wavelength
conversion. Experiments based on a single pass through the un-seeded nonlinear
converter lead to the generation of an anti-Stokes (AS) at 715 nm, in good agreement to
calculated results. The pump-to-anti-Stokes conversion efficiency was very low, but the
result was useful in highlighting the requirement for appropriate spectral discrimination
as well as seeding to reduce the influence of competing nonlinear processes. Following
the construction of a synchronously pumped fibre OPO, pump-to-anti-Stokes in-fibre
average power conversion efficiencies as high as 4% was demonstrated. Although
output spectra still showed signs of supercontinuum generation, cascaded SRS,
generated by the FWM AS, provided encouragement.
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Subsequent experiments focussed on an all-fibre pump-OPO system and a pump
MOPA with superior temporal stability. This system was employed to study the
dependence of the OPO conversion efficiency on the out-coupling ratio of the cavity,
the length of the nonlinear converter as well as the pump pulse duration. It was found
that a higher out-coupling ratio is important for the suppression of so-called secondary
nonlinear effects, pumped by the FWM AS. However, drawbacks included higher cavity
losses, and subsequently, higher pump threshold power requirements. Experiments on
OPOs using various nonlinear converter lengths demonstrated similar threshold pump
powers for low values of the out-coupling ratio. In contrast, high out-coupling ratios
lead to threshold values that were inversely proportional to the PCF length. The latter
case is consistent with the expectation of a constant threshold-power-fibre-length
product, but is somewhat surprising considering that the system is subject to pulse walk-
off and longitudinal inhomogeneities. A tentative conclusion was that the longitudinal
inhomogeneity in the PCF-LMAS8 is characterised by a high spatial frequency. It was
furthermore concluded that the OPO shows an increased sensitivity to competing
nonlinearities as the cavity loss increases. The performance of the OPO, employing
different lengths of PCF, was also evaluated for different pump pulse widths. The
highest pump-to-anti-Stokes conversion efficiency of 10.3%, over a frequency
separation of 142 THz, was found for pump pulses of 800 ps duration and a PCF length
of 18 m. To the best of our knowledge, this result constitutes a record for all-fibre OPOs
operating at frequency-shifts of this magnitude. In contrast, pump pulse durations of 500
ps and >1 ns gave their best conversion efficiencies for a PCF length of 35 m. Whilst
the pump-to-anti-Stokes average power conversion efficiency was found to depend on
the walk-off length between the pump and Stokes waves, for a specific pump pulse
duration, the case of 500 ps pulses proved to be the exception. The exact reason for this
remains unknown. However, it is likely due to the fact that the short pulse has a higher
pump peak power, in combination with partially coherent build-up in segments of the
full PCF length.

Experiments using the all-fibre pump-OPO setup highlighted the importance of
some mechanism for intra-cavity filtering. As such, it was discovered that the delay line,
used for the purpose of synchronous pumping, can act as a temporal filter through the
process of dispersion. Since the delay line also leads to FWM anti-Stokes-generated

SRS for the case of a sufficiently low out-coupling ratio, its length represents a trade-
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off. Measurements using a free-space spectral filter suggest that it can be used as an
alternative to temporal filtering, should a short delay line be preferred. High insertion

loss values, however prevented this from being a valid alternative in our experiments.

The optical parametric devices investigated in Chapters 4 and 5 all suffered from
longitudinal variations, to some extent. To reduce the sensitivity of the phase-matching
process to these variations, it is common to increase the parametric bandwidth. This
typically involves the use of higher pump powers and shorter nonlinear converters.
However, as a higher pump power is in conflict with the objectives of this thesis,
alternative methods of extending the parametric bandwidth had to be explored. To this
end, Chapter 6 investigated GeO,-doped PCF in terms of its ability to provide large
frequency-shift phase-matching at Stokes and anti-Stokes wavelengths that are also
group velocity matched. Although phase-matching solutions of this kind have been
reported for all-silica PCF, their applicability were limited to pump wavelengths below

1pum.

Using a numerical approach, GeO,-doped PCF was found to be suitable as a
means of extending group velocity-matched phase-matching to pump wavelengths in
excess of 1 um. Calculations were carried out to examine the influence of the PCF
structural parameters and the GeO,-doping concentration on the frequency-shift for
which GV-matched phase-matching is obtained, assuming a 1080 nm pump wavelength.
Here it was found that several combinations of the design parameters can be used to

obtain a solution at a desired frequency-shift.

The phase-matched frequency-shift and associated parametric bandwidth, were
next calculated over a range of values for A and di (and subsequently, dc), for a chosen
GeO,-doped PCF design. In addition to illustrating the unique combination of a large
frequency-shift and a large parametric bandwidth that results from group velocity
matching of the FWM Stokes and anti-Stokes, this study enabled an estimation of the
required absolute manufacturing precision. These values, found to be +0.7% in d» and
+0.4% in A, are specific to the considered parameter combination and can most likely be
optimised by considering alternative combinations. Since the analysis make certain
simplifying assumptions, the actual values are likely considerably smaller than the

calculated ones. However, our calculations show that this can, to some degree, be
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compensated through the use of a tunable pump source, which can be used to recover a

GV-matched phase-matching solution, albeit not at the exact design frequency-shift.

Finally, the results from our preceding analysis were also used to estimate the
relative structural variations that can be tolerated before the difference in phase-matched
frequency-shift exceeds the parametric bandwidth. For comparison, this analysis was
also performed for a silica PCF employed in an earlier chapter. The resulting relative
tolerance values were found to be 0.19% and 0.125% for the GeO,-doped PCF and
silica PCF, respectively. These values are only approximate, but they do offer some
insight. Whilst other fibre designs may vyield better results, it currently appears as
though the GV-matched FWM process will remain very sensitive to longitudinal

variations in the fibre structure.

7.2 Future Work

The past decade has been productive in terms of research on fibre optical parametric
amplifiers and oscillators, constructed from DSF or PCF. Particularly for large
frequency-shift FWM, excellent conversion efficiencies have been achieved in PCF-
based OPAs, using a variety of pump sources and phase-matching techniques. Similarly,
all-fibre OPOs relying on DSF, and pump wavelengths in the region of 1550 nm, have
demonstrated excellent wavelength tuneability and watt-level average output powers,
albeit at relatively small frequency-shifts. It is however notable that little work has thus
far been done on large frequency-shift OPOs at pump wavelengths in the 1 um spectral
region. This is likely a result of the success that single-pass devices have been enjoying.
However, as these devices typically employ high peak-power pump sources, they tend
to rely on hybrid free-space configurations, which limit their potential. The prospect of
an efficient all-fibre OPO system holds several benefits of practical interest. In addition,
the physics involved in an all-fibre pump-OPO device is significantly more interesting
due to the complexities introduced by the interplay of dispersion, nonlinearity, cavity
dynamics and phase-matching (which links to manufacturing precision). The
combination of these effects is difficult to explain using available literature and requires
a structured analysis of the various inter-dependencies. The work presented in the latter
half of this thesis explored these inter-dependencies, but a significant amount of work is

still required.
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The influence of other unwanted nonlinear effects on the OPO gain is one
example of an effect that should be studied more closely. SRS is perhaps the most
important of these and has already been shown to have an intricate dependence on
dispersion inside the cavity. A systematic approach using different nonlinear converter
lengths and delay fibre lengths, at constant pump peak powers and pump pulse widths,
should be very interesting. The influence of polarization is a related issue that requires
particular attention in systems relying on non-PM fibres. This effect has been studied in
single-pass fibre optical parametric devices, where it was found that the severity of
polarization-related gain fluctuations scale with frequency-shift. A study on these
effects in an oscillator with the added complexity of competing nonlinearities will be

important for a detailed understanding of fibre OPOs.

It would furthermore be interesting to experimentally characterise the influence of
longitudinal inhomogeneities on the OPO gain at different frequency-shifts and pump
powers. Of particular interest is the role of the parametric gain bandwidth in mitigating
the limitation imposed by these variations. This ties into an investigation on possible
ways in which the OPO’s sensitivity to longitudinal variations can be improved. One
approach, explored in this thesis, focuses on doing this by expanding the parametric
bandwidth through customization of the fibre dispersion. Although preliminary findings
indicated that the implementation of this technique will be difficult, alternative designs
may well exist and should be explored. The approach simultaneously provides an
expanded pump-acceptance bandwidth, which may allow for greater freedom in the

choice of pump source characteristics.

Finally, it is worth noting that the OPO explored in this thesis used one of several
possible configurations, each of which will have their own trade-offs in terms of
complexity versus flexibility. The combinations on offer from different oscillator
arrangements (e.g. linear cavity) and different mechanisms for phase-matching should

allow for an interesting comparison.
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