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HIGH-POWER CLADDING-PUMPED RAMAN
AND ERBIUM-YTTERBIUM DOPED FIBRE SOURCES

by Christophe André Codemard

Raman fibres and rare-earth doped silica fibre® lmen investigated for many years as gain
media for the amplification of optical signals eldcommunications thanks to their broad gain
bandwidth. They are now widely used for that agian. It is only recently that power scaling
of fibre laser sources has taken place with thesldgwment of double-clad fibres and high-
power laser diode pump sources. Cladding-pumped fi#sers are now a rapidly expanding and
emerging technology with a wide range of appliaaiovhere high-power and high-brightness
laser sources are required. Nevertheless, so fast mgh-power lasers have been based on
highly efficient ytterbium-doped fibre, while praggs to power-scale other rare-earth doped
fibres and fibore Raman laser has been much moreshod

This thesis can be divided into two main themes fiilst concerns the power-scaling and study
of erbium-ytterbium doped fibre laser sources fotical amplification or as laser sources. The
second theme concerns the development and studygbfpower Raman fibre lasers and

amplifiers based on the novel concept of a cladgingped Raman fibre. The themes are
jointed in that the cladding-pumped Er:Yb dopedtasdeveloped in the first theme, are used
as pump sources in this second part for the Raresitas. They are also jointed in that they
both concern power-scaling of “eye-safe” sourcemaiind 1.6um.

Firstly, in collaboration with co-workers, high-pew large core, erbium-ytterbium doped fibre
laser sources are developed. Output powers in exfed) W are obtained. Good beam quality
output is achieved thanks to a tapered fibre secfitne taper is compatible with standard
single-mode fibre which enabled the realizatioriunfeable fibre lasers free from bulk external
grating. The laser’'s tuning characteristics areestigated in the C- and L-band range.
Subsequently, a master-oscillator power-amplifldOPA) based on large core Er:Yb doped
fibres is developed for the generation of high-gpepulses. The details of the MOPA are
studied and presented. With careful design coraiibers, pulses free from non-linear effects,
with energy up to 1 mJ and peak powers up to 6.6 Wh narrow spectral linewidth, are
obtained at 1535 nm.

Secondly, using a double-clad fibre, consistinga$ed index, germanium doped, core and
inner cladding, with a pure silica outer claddiaghigh-power CW single mode Raman fibre
laser, pumped by a multi-mode erbium-ytterbium dbfilere laser, is demonstrated for the first
time. The laser slope efficiency is 67% and thepoutpower is in excess of 10 W. An
experimental and theoretical study of the lasgreidormed. Then, the pulse amplification in a
cladding-pumped Raman fibre is studied in a sipgles amplifier configuration. The effects on
the laser performance of the pump and Stokes sewdrp, fibre length and four-wave mixing
are presented. The Stokes’s small-signal gain eaasthigh as 50 dB. Using this configuration,
700 ns long pulses are amplified up topOwhich shows that, potentially, optical pulsesldou
be amplified to much higher energy. Finally, thessults together, let predict that, soon,
cladding-pumped Raman fibre could be used as dirgghtness converter.
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Chapter 1: Overview

Chapter 1 Overview

This chapter presents the motives and contentsifttesis. Section 1.1 introduces, historically,
fibre lasers, describes some of their propertied atvantages, and presents their fields of
applications. Then, section 1.2 exposes the mativaitto study erbium-ytterbium doped fibre

and Raman fibre lasers. After that, in section ih® thesis objectives are stated and the
achievements are given. Finally, section 1.4 shihw@sorganization of the thesis and gives an

overview of its contents.

1.1 Fibre laser sources

1.1.1 History

The first laser was made in 1960 by T. Maiman fithea Hughes Research Laboratory.
It was a ruby rod emitting at 694 nm pumped byaaHllamp. Only three years after the birth of
the laser, the first fibre laser was demonstratégld arbium and neodymium doped glass lasers
by Snitzer and Koester [2 - 4]. The first fibredasonsisted of a coiled neodymium-doped fibre
transversely pumped by a flash lamp. The fibrerlaseitted around 1060 nm with a multi-
mode output. However, progress was slow duringnéhe two decades, due to the difficulties in
manufacturing high-quality, low-loss fibres and d&ese the only viable pump sources were
flash lamps, which necessitate transverse pumgpiibge lasers are not well suited to transverse
pumping. Still, during this period, the first longglinally pumped fibre laser, pumped by a laser
diode, was demonstrated by Stone and Burrus [SarMéile non-linear effects such as Raman
scattering, Brillouin scattering and four-wave mixi in single-mode silica fibre were
extensively studied [6, 7]. The break-through ia fhbrication of rare-earth doped silica fibre
came in 1985 thanks to the development of soluligming as a way to incorporate rare earths
into preforms fabricated through modified chemiwapour deposition (MCVD) by Poole,
Payne and Fermann [8] at the University of SouttiampLater, Mears, Reekie, Poole, and
Payne demonstrated a Nd-doped silica singlemode Faser [9] followed by the first erbium
doped-fibre amplifier (EDFA) [10]. Since then fibigsers made with various rare-earth dopants
including Nd, Er, Yb, Tm, Pr, Ho, and Sm have béerestigated. In addition to silica, new
types of glass hosts called soft glasses (e.grifleeand chalcogenide glasses) have also been

developed [11]. However, it is the EDFA for optidglecommunications which catalyses
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telecom research, resulting in the development @feh pump laser diodes and optical
components. The first laser-diode pumped optitaefamplifier [12] was demonstrated in 1988
by Snitzer et al. and in 1992 the first commerEBIFA was produced. In addition, fibre Raman
amplification was developed to complement EDFAs tnelixtend the reach of optical signals in
long-haul transmission. Meanwhile, practical FiBragg Grating (FBG) [13] and Distributed

FeedBack (DFB) fibre lasers [14] were also devedope

In parallel, with a few years’ delay, high-powebre amplifier and laser development
started with the invention of the double-clad fiht2, 15] in 1988 and thanks to the progress
made in high-power multi-mode laser diodes. Nowagdadjode-stacks and other pump sources
based on a large number of multi-mode emittergpcaduce several kW of output power. These
have enabled the emergence of high-brightness la#sclibre lasers [16 - 18] operating at
around 1080 nm. Rare-earth doped fibres can alsopeeated to generate or amplify light
pulses. Recently, record energy-levels from a famlifier have been demonstrated [19] with
extremely high-peak powers and high brightness wiutphe progress and developments are
steady and commercial products are becoming materame available, thus making fibre laser

sources strong contenders to conventional “bulkhfmwaveguiding) solid state lasers.

1.1.2 Properties and advantages

Optical fibres which form the gain medium of fiblasers, are primarily optical
waveguides which transport energy in the form ecebmagnetic radiation. Most fibres are
made of silica glass, which is transparent in tisible and near infrared wavelength spectra.
Conventionally, light is guided by a core with gtér refractive index than the surroundings
through total internal reflection. A schematic af aptical fibre is shown in figure 1.1. The
shape of the fibre refractive index profile and teé&active index difference allow a certain
number of modes to be sustained in the fibre codéoa in the different surrounding layers of
optical material. A main attraction of an opticédré laser source is the ability to control the
fibre modality through the refractive index proféed obtain a diffraction limited output, as

required by many applications.
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Outer
Cladding

Inner
Cladding

Core

Figure 1.1 Schematic of an optical fibre. Typically, the ealiameter is ~ 1Am

while the inner-cladding diameter varies betweer 8Q0um.

Glass fibres can be doped with laser-active elesnamtobtain optical amplification
through stimulated emission, e.g., from rare-eatis. Rare-earth (RE) elements are the most
common active dopant elements used for optical ificgilon in optical fibre. The dopant is
generally situated in the fibre core or in closexgnity in order to interact with both the
exciting optical light-wave, called “pump”, and tloptical light-wave to be amplified, called
“signal”, transported in the fibre core. The opiErgtwavelengths of rare-earth doped fibres are
limited to the specific radiative transitions oethare-earth ions. Some emission bands of RE-

doped silica are shown in figute?.

However, also fibres that do not contain any las#ive dopants and would normally
be passive, can amplify through non-linear scattewwhich occurs in all fibres. Thus, also
passive fibres can become “active”, i.e., amplifdyiwhen optically pumped at the power levels
required for processes such as stimulated Ramaterdeg. In such a case, the optical pump
beam interacts with the material of the opticalrdito create gain through a non-linear
interaction. Thus energy is transferred from theyplibeam to a signal beam. As for rare-earth
doped fibre, the amplification process is nhormatcompanied by a wavelength change. The
composition of the fibre is important. For examgermanium-doping is often used to enhance

stimulated Raman scattering.

The silica fibre benefits from a remarkably low evél loss, as shown in figure 1.2,
and even when loss-increasing rare-earth dopaatsissed the losses can be as low as a few

dB/km. Therefore optical fibres form an ideal arfipéition medium with a tight beam
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confinement, a low background loss and long lengtnsequently, the threshold of non-linear
and actively doped fibre lasers can be reducedaavanW.
Silica Fiber Material Loss

and
some Rare-earth emission bands
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15 €
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Figure 1.2 Silica background loss and emission bands of sainege

earth dopants in the 0.8 - 2ufh wavelength range.

Fibre laser sources differ from other type of ladey their geometrical and mechanical
properties. Practical optical fibres are generaligde from glass, often silica, which can be
readily fabricated in extremely long lengths witbracisely controlled geometry. The diameter
of optical fibres varies from a few microns to amdua millimetre in diameter, where it
effectively becomes a solid glass rod. So-calletbribres can be fabricated with sub-micron
diameter. Most commonly, the fibre diameter lieshea range between §0n to 700um. Such
fibres are relatively easy to work with, and candofled with sub-metre or even cm-scale
diameters. Therefore even kilometre-long fibres lsarompactly packaged into small-footprint

devices.

Furthermore silica based fibres are excellent catds for high power operation thanks
to the high damage threshold of silica and thegdgihermal properties. Although silica glass is
not a very good thermal conductor, this is compeusdy the long length and the small
transverse dimension of the fibre which allow fasy thermal management [20 - 22]. Still,
active fibre cooling is used in commercial prodtetinsure long term performance across a

certain temperature range.

C. A. Codemard 19



Chapter 1: Overview

Finally, silica fibres can be fusion spliced witlery low losses which eliminates
alignment problems. Consequently, a fibre lasetesysan maintain a diffraction-limited beam
guality (maximum brightness at a given power leuatlependent of variables like system age
or environmental changes. Also, wavelength refiscto filters can be integrated directly into
the fibre by either writing fibre Bragg gratings by appropriate waveguide design. For
example, guiding can be completely suppressed damio wavelength ranges, allowing for
strong distributed filtering throughout the fibRolarisation effects which are intrinsically very
small can be enhanced by fibre design if requifdtls fibre devices can easily be made
compact and robust with integrated functionalitg &0 present unique advantages that enable a

large number of applications.

1.1.3 Applications

Applications for fibre lasers and amplifiers fafite two main categories: industrial
applications and scientific applications. Industr@gplications can be divided into several
categories. The first and principal applicationiristelecommunications, for amplification of
optical signals, thanks to the broad and high gamlable in for example erbium doped fibre
amplifiers and Raman amplifiers. These amplifigoerate in the low loss region of the silica
fibre (also called third window) which extends fradM50 to 1650 nm. Recently, it has been
proposed to use high-power fibre lasers for freseegpnter-satellite [23] or even inter-planetary
telecommunications. The second industrial appbeats in heavy industries where high-power
fibres are becoming a competitive alternative tlidsstate lasers for drilling, cutting or
soldering [16]. In addition fibre lasers are usedconsidered for defensc and aerospace
applications such as remote missile defence andteesensing and range-finding, including
LIDAR. An emerging area of potential applicatiorts fibre lasers is in display technology

where fibre lasers are used for high-power vissiolerces.

The second category is scientific applicationsré-ilasers have multiple applications in
medicine such as for microsurgery, dentistry anticapcoherence tomography which requires
broadband sources. Other scientific applicationd eagsearch areas include sensing, atom

cooling, interferometry, spectroscopy and non-liragatical conversion.

C. A. Codemard 20



Chapter 1: Overview

1.2 Motivations

1.2.1 Erbium-ytterbium co-doped fibre laser sources

Power-scaling of fibre laser sources has startégreacently with the development and
improvement of double-clad fibres and the powerdase from diode pump sources. Cladding-
pumped fibre lasers and amplifiers have attractedraendous interest due to their capability to
deliver high output power with good beam qualityately, fibre lasers and amplifiers have
demonstrated, in cw operation, up to several kWutput power with single-mode output beam
[17 - 18] and tens of kilowatts with multi-mode put while, in the pulsed regime, MW peak
power [19, 24] and multi-mJ [25] energy have beehieved. The growth and development of
fibre lasers have made the most of the improveméantfibre design and fabrication in
conjunction with the availability of reliable puntiiode sources. Therefore, fibre lasers are now
used in cutting [26], engraving and soldering. Hearethese results and these lasers are mainly
obtained in the 1 — 1Am wavelength range with highly efficient ytterbiudoped fibre sources
[27]. These are superbly well suited to power scgrlithanks to factors such as a broad
absorption band, simple energy level diagram witly dwo levels, resilience to concentration
guenching, small quantum defect, and more. SinesetHibres emit at wavelengths of 1 —
1.1um, they can be used as plug-in substitutes for R@&Yasers at 1064 nm in a large
number of systems. However, other rare earths antther wavelengths that are better suited
to meet the needs of other applications. At tharmegg of my thesis project, power-scaling at

those wavelengths had been quite modest in congparis

Fibre lasers in the 1530 — 1670 nm wavelength raigehe so-called “eye-safe”
spectral range, are also very attractive becausgoofl atmospheric transmission and the
existence of well-established and reliable comptsedeveloped for optical fibre
communications which facilitate the realizationsophisticated high-power systems. There is,
especially for narrow linewidth laser, considerabiterest in numerous applications which
require sources operating in this specific parth&f spectra, for example, in the domains of
defense and aerospace, from remote sensing to-fimageg [28], free-space communications
[29] to name a few. “Eye-safe” narrow linewidthdasre also used for scientific research (e.g.

non-linear optical conversion) and in medical scee(e.g. laser surgery [30] and imaging). In

! Radiation at wavelengths longer than 1400 nmréngty absorbed by tissue so it does not penetinate
through the eye and does not cause retinal darkbegese the term "eye-safe”, even though it is famfr
safe for the eye even at a power level of a wattrelality none of the lasers | have worked with is
anywhere near eye-safe. Still, scattered lightde a concern, and a much higher level of scatjecam
be accepted from “eye-safe” lasers.
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addition, these lasers are of interest for matepabcessing, in particular for work that for some
reason cannot be completely enclosed. Dependinghenapplications these lasers can be
operated in the continuous-wave or pulsed regimenboast often high power and narrow

linewidth output are required.

Power scaling of erbium doped fibres at 1.5 —fx6relies on the double-clad fibre
structure to allow for the injection of high powmrmp light together with ytterbium co-doping
[31] to enhance the pump absorption. The pump @bsaris otherwise too low in cladding-
pumped Er-doped fibres, because of the modest naximpermissible Er-concentration and

because of the low peak absorption cross-secti@rof

Indeed, in 2003, the maximum output power in thertsvavelength range of the
erbium emission band, called the “C-band”, was reggbby Nilsson et al. [32]. Even though
this was a cladding-pumped erbium-ytterbium fikaeel, it was limited to 16.8 W of output
power in a free-running double ended configuratién6.7 W tuneable fibre laser with a
linewidth of 0.25 nm was also demonstrated. In khveg wavelength range or “L-band”,
Laroche et al. [33] developed a cladding-pumped lEico-doped tuneable fibre laser pumped
at 940 nm by two beam-shaped diodes to achieve @9 W of output power with a broader
linewidth of 0.6 nm. The laser was tuneable fror61L6m to 1627 nm using an external bulk
grating. The output beam was not diffraction limdif@? = 2.9). In both cases, the laser cavity
was built using free space optics which resultutkyp setups. Therefore there is a clear need to
reach higher output power from EYDF laser and tpriome the laser brightness, preferably
using all-fibre configurations to keep the benetitdibre lasers: compactness and small form

factor.

Another interesting feature of rare-earth dopedefibis their ability to generate or
amplify light pulses to high energy levels. In poas work, 0.5 mJ pulses [34] have been
obtained from a large core erbium-doped ytterbiwee fmulti-mode fibre amplifier. As
discussed previously, the power and energy scalirfiyfb-free) erbium doped fibre is difficult.
Therefore, efforts have been concentrated on eryitenbium doped fibres which can be more
easily power scaled. However, high energy extracfrom EYDF had limited success. For
example, 0.1 mJ pulses were obtained from a Q-Bedcerbium-ytterbium doped fibre laser
[35]. Here, the energy stored was constrained bysthall cross-sectional area of a fibre core
close to that of a standard single-mode core. Heegy available for extraction (energy stored
in the gain medium) is defined by the number ofitexcions in the active medium. There is an
upper limit for the ion concentration in silica lbese of the clustering of the rare-earth ions.
Furthermore, the output from [35] was not narromeVidth, which restrains the application

range of this type of source.
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The energy stored can be increased by augmengngumber of ions by expanding the
fibre doped area [36]. In addition, a large coréigaies non-linearities which can broaden the
linewidth. At the beginning of my thesis work, asfiencouraging result was demonstrated by
the HPFL group at the ORC. Large core EYDFs werdusuccessfully, to amplify 100 ns
long, 20 kHz spectrally wide, pulses to 0.29 mJ.[Z®nsequently, this result, in combination
with the in-house fibre facilities of the ORC, ited me to further investigate energy scaling of
narrow linewidth EYDF lasers with good output begoality. To meet the requirements to
generate high energy pulses, large core EYDFs waaldsed in conjunction with a taper fibre

section to improve the laser brightness.

1.2.2 Cladding-pumped Raman fibre laser sources

High-power rare-earth doped fibres are restrictethbir wavelength coverage (see fig.
1.2) while Raman fibre lasers are much more wagthenagile. Traditionally, these have been
core-pumped single-mode devices with a relativehals core. Until recently, the lack of
singlemode high-power pump sources had limitedpihwer of Raman lasers to a few watts.
While Raman scattering in multi-mode fibres hasnbéme subject of early studies [37, 38], the
recent availability of high power fibre laser sascand of low loss fibres present a unique
opportunity to explore and study the beam-cleapraperties of SRS [39, 40]. Due to the fact
that SRS is a nearly instantaneous inelastic sc@t@rocess that is not phase-matched, the
instantaneous pump intensity defines the actugmaneous gain profile for the Stokes wave.
In conventional multi-mode fibre, the transversenpudistribution that typically results with
most laser pump sources results in gain prefetgnfi the lower-order modes at the Stokes
wavelength. This results in brightness enhancentightness enhancement through SRS in
multi-mode fibre has seen a revived interest inldlsefew years [41 - 44] and recently Nilsson,
Jang et al. from the ORC demonstrated a claddimgged Raman source [45]. However this
concept still remains unexplored territory in thentinuous-wave and, in particular, in the

pulsed regime.

Single-mode, high energy pulses are required inynagplications. These pulses can be
produced by rare-earth doped fibre devices, oftenan amplifying, so-called MOPA
configuration. High-power MOPAs take advantagehef high gain and high efficiency offered
simultaneosuly by rare-earth doped optical fiblesa MOPA, the light from a low power
oscillator, known as a “seed laser”, is amplifiechigh powers in one or several amplifiers. In
case of a pulsed MOPA, the energy from the oseillistoften below a nanojoule, and high-gain
amplification is then required to reach high outpulse energies. However, in practice, in

conventional rare-earth doped fibre amplifiers, gan is limited to 25 - 30 dB because ASE
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and ultimately spurious lasing leads to large Isssfepower at high gain. In addition, limits on
gain also limit the energy that can be stored axtdaeted with RE-doped fibre amplifiers.
Already small amounts of stored energy lead toga lgain because of the tight confinement of
fibre amplifiers. Thus several amplification stagee required to amplify a nanojoule seed
pulse to high energies, but this lead to a compjestem of cascaded amplifiers [34]. In order to
reduce the propagation and amplification of the ABEhe MOPA, the different stages are
isolated using optical isolators, spectral filteand / or time gating elements. These additional
components lead to extra losses which must be cosaped for. One solution to this problem is

to use a large doped core fibre, where the gaiedsced and the energy stored is increased. The

small signal gainG, (in linear units) and extractable enerfy,, are related by the saturation

fluence&_, and the doped areA by this expression [46]:

sat

Eev = £, AN(G) (1.1)

In addition, large core fibre benefits from an emsed damage threshold [47], which is
particularly critical for the generation of highezgies in short pulses, i.e., high peak powers
[19]. Typically, for pulse durations shorter tha@ ris, damage limits the energy that can be

extracted, whereas for pulses longer than 100e8rttit is set by the stored energy.

However, as the core becomes larger in these filiratso becomes multi-moded and
the signal beam quality is degraded. The highestggnreported from a single-mode or good
beam quality rare-earth doped fibre has been inN@&\& (~ 0.05 - 0.08) Yb-doped fibres [46,
47, [48]. The low NA improves the beam quality amde-core fibres and reduces the number of
guided modes in which ASE builds up. Furthermdre,liigh efficiency of Yb-doped fibres and
the low losses it implies also facilitates high+gyepulse generation. In addition, the saturation
fluence is relatively large in YDFs at 1060 — 1100. Other systems are more challenging to
energy-scale; for example, Yb doped fibres at 98(40], Nd-doped fibres at 930 nm [50], and

Er:Yb co-doped fibre at 1550 nm [51]. There areiowss reasons for this. For example, the

saturation fluencee

sat

is very low for Yb-doped fibres at 980 nm, whilelddoped fibres at

930 nm utilise spectral waveguide filters that iegjvelatively small cores.

2 The NA (Numerical aperture) of the fibre is theesbf the maximum angle (or acceptance angle) of an
incident beam with respect to the fibre axis, sat tthe transmitted beam is guided in the core. (The
underlying assumption is that the incident beame®from air, i.e., from a region with n = 1.) ThA &
determined by the refractive index difference betwehe fibre core and cladding so that the light
propagates with the critical angle for total inedrreflection.
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An alternative to rare-earth doped fibre amplifigssto use non-linear processes to
amplify the pulse seed to higher energy. Scattednd parametric processes have already
demonstrated the capability to achieve extremeiy lgain, e.g., more than 60 dB for a fibre
optical parametric amplifier (OPA) [52]. Stimulatedfaman scattering (SRS), is another
possibility, with the attraction that it is a phemenon which does not require phase-matching.
This is in contrast with, for example, optical pasric amplification, which is based on the

FWM process.

However, because Raman amplification is a weaklinear effect, high pump power
and / or long, low-loss fibre with tight beam cao@ment, e.g., single-mode fibre, are required.
Still, [45] demonstrates that with sufficient powenulti-mode and double-clad fibres can be
used for Raman amplification. In the pulsed regiimgh peak powers simplify non-linear
conversion while the cw regime requires high poawerpump sources. In addition, the novel
approach of cladding-pumped fibre Raman deviceghebenefit of generating an output light
with a better beam quality than that of the pumipisTohenomenon is called the “beam clean-
up” effect [43]. Of great interest is that this ditiness enhancement is possible even in the
pulsed regime. The SRS process does not storeyeimethbe optical medium, but relies on a
nearly instantaneous energy exchange, of the afldew femtoseconds, involving optical

phonons. The nearly instantaneous response istate&rdor brightness enhancement of pulses.

To further illustrate the differences between Ripetb and Raman fibres, Table 1.1

summarises and compares their properties.
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RE doped fibre

Raman fibre

Wavelength

Limited to the emission range ¢
the active ions [53].

Wavelength-agile operation
depends on the pump
wavelength, the material
phonon energy and the
background loss [54].

f

Power scaling

Depends on the active media and

the pump power availability.
Thermal management can be ¢
issue [21].

Other non-linear effects and
cascaded Raman scattering ¢
limit the maximum power
obtainable at a given
wavelength.

AN

an

Energy

Energy stored in active ions [5

Fast energy transfer involving

Bl optical phonons.

)

System dynamics

Slow dynamic gain depending ¢
relevant time constants of the
dopants as well as the photon
flux density (intensity) [53].

n

Instantaneous gain.

Pulsed mode operatio

CW pump and pulsed sign

- CW signal and pulsed pumj
- CW pump and pulsed sign4d

A

and pump [45]

"- Synchronised pulsed signal

—O

Architecture

Multiple stages are required fo

high gain, because of ASE [34].

I Single-stage possible for higl
gain [55].

N

Pulse shape

Pulse distortion due to energy
saturation and ASE.

Clean pulses are possible, i
pump pulses are clean.

Linewidth

Can be single-frequency becau
the device can be very short, e.
[56].

Stimulated Brillouin scattering
makes it very difficult to
operate with single-frequency
because of the much lower
sethreshold than SRS. Narrow
glinewidth operation is possiblé
but then FWM (in CW or
pulsed regime) and SPM (in
pulsed regime) can also be
present and increase the outy

U

ut

linewidth.

Table 1.1 Properties of rare-earth doped and Raman fibres

The concept of cladding-pumped Raman fibre lasgresents an appealing solution to

transform multi-mode light into either in CW or pall single mode laser output. This is

possible thanks to the unigue properties of SR&mbeean-up and fast energy transfer. Such a

laser source benefit from the wavelength flexipitf Raman process. Furthermore, there are no

restrictions on the type of pump light sourcesaasylas they are bright enough. This new field

would seem to provide much potential for pioneednd exciting research.
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1.3 Objectives and achievements

In the previous section, the need for higher poawet higher energy eye-safe fibre laser
sources was identified. In this thesis, | propase approaches to power and energy scale fibre
lasers operating in this wavelength range. Bothragahes rely on the brightness conversion

process which takes place in cladding-pumped fibre.

The first approach is based on large core erbiuaritm doped fibres. Here, the
objective is to demonstrate that power and enecglirgy of narrow linewidth EYDF laser is
possible. So far the power and energy of EYDF kdws remained deceptively low by
comparison to ytterbium doped fibre laser. Furtteenthis work is confined to narrow-
linewidth laser sources that have a large apptinatange. Consequently, using large core
EYDF and tapered fibre section, | have, with thip loé others, demonstrated the highest power
[57 - 58] and energy [28, 51, 59] from any erbiuttesbium sources, and any source in the

1.5 — 1.6um spectral range, at that time.

The second approach is completely new and largekpawn, and, therefore, is more
challenging. | propose to realise the power scatiidqRaman fibre laser using a double clad
fibre. This direct brightness enhancement throughutated Raman scatting is possible thanks
to the special properties of SRS. Here, the filsjective is to establish some theoretical
foundation to understand the working principles #vel behaviour of DCRF laser. The second
objective is the demonstration and study of a lngiver CW cladding-pumped Raman fibre in
the “eye-safe” spectral range using a high poweDEYaser as pump sources. This objective
has been fulfilled and the first continuous-wavghhpower DCRF fibre laser with a single
mode output compatible with standard SMF has beemodstrated [60 - 61]. The power levels
obtained were also amongst the highest reported &#d&aman fibre laser. The last objective is
to investigate the potential and possibly to dertrates high energy pulses from a DCRF source.
The potential has been put in evidence with a Iggim in single-stage configuration [55] and
the demonstration of the generation ofydOpulses. Still, the full capability of claddingfpped

Raman fibre laser still remains to be investigated.

1.4 Outline

This thesis is divided into three related, but iditive, sections. The first section
comprises two chapters. This first, current, chapteoduces fibre lasers and their properties,
and presents the motivations, objectives and aehients of this thesis. The second chapter

gives an overview of the background theory. Firdthe laser beam quality and brightness are
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defined. Secondly, the general properties of clagigiumped double-clad fibres are presented.
Thirdly, a comprehensive view of the modal progertdf optical fibres is given. Finally, non-

linear effects are introduced with an emphasis am&h scattering.

The second section contains the work on powerrsgadind the study of erbium-
ytterbium doped fibre laser sources. Chapter 3ainstbackground information specific to
erbium-ytterbium doped fibre and pulsed rare-eddped fibre amplifier. In addition the details
of the fibres, used in this thesis, are presentedChapter 4, C- and L-band tuneable, high
power, continuous-wave EYDF laser sources are thestrBoth lasers include a tapered fibre
section to control the output beam quality. Therabgeristics of the lasers are also discussed.
Next, Chapter 5 contains the work on pulsed erbytterbium doped fibre lasers. High-energy
pulses with narrow spectral linewidth have beeraioled from a MOPA based on large core
EYDF. Challenges and limitations on energy scalingerbium-ytterbium doped fibre are

discussed.

The third section concerns the development andystlithigh-power Raman fibre lasers
and amplifiers based on the novel concept of adatgdpumped Raman fibre. This section also
contains three chapters. Fibre laser sources deselpreviously are being used as intermediate
pump sources to create Raman gain in an undopdaedolad fibre. Firstly, Chapter 6 presents
the principles and theory of continuous-wave anl$qal cladding-pumped Raman fibre laser
sources. Then, in Chapter 7, an experimental amgerioal study of high-power continuous-
wave single-mode Raman fibre laser is presentect,Ne Chapter 8, a high gain pulse
amplification operation is demonstrated in a sifgAss configuration. In addition, the potential
to reach high-energy pulse in a double-clad Rantae famplifier is discussed and illustrated
with some experimental results. Limitations dueotber competing non-linear effects are

examined and alternatives to overcome these adared.

Finally, Chapter 9 summarises the main results actevements of this thesis and
describes possible areas for further research. thieis concludes with two appendices.
Appendix | treats the modeling of stimulated Ransaattering in multi-mode fibres with an
example of a computer program. Finally, Appendigdhtains a list of the publications arising

from my work during my Ph.D. studies at the ORC.
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Chapter 2 Background

This chapter is divided into several sections grasent an overview of theory and information

required to understand the later chapters. Firstigtion 2.1 presents the notion of brightness
and its relation to the beam quality in the casa &bre laser source. Then, in section 2.2, the
principle of cladding-pumping and double-clad fibfer high-power, high-brightness output is

introduced. Thereafter, the fibre waveguide thedhat describes the properties of electro-
magnetic fields in an optical fibre, is briefly pented in section 2.3. This helps in the
understanding of non-linear effects in multi-modwd. Finally, section 2.4 introduces some of

the non-linear effects that arise from the propagatigh intensity optical field in optical fibre,

with a particular attention for Raman scattering.

2.1 Beam quality and brightness

Laser sources with high beam quality enable tiglcu$ing of a beam, for example, in
laser material processing, printing, marking, agftiand drilling, as well as long working
distances and low divergence beams, such as in RIDAfrequency conversion. These laser
sources are generally optically pumped lasers wthem, normally, generate laser beams of
much higher brightness than the pump beam; althabhghoutput power is lower the beam
quality is much higher. Furthermore compared teralitive pumping schemes, optical pumping
has the advantage that its primary requiremenigis aptical quality, but that will necessarily
be fulfilled by any laser gain medium. By contragther pumping schemes such as electrical
injection place many additional requirements ondh& medium, which are often difficult to

combine with high-power, high-brightness operation.

Fibre lasers based on double-clad fibres which ednVight from multi-mode
semiconductor pump source into diffraction limitaetput beam are examples of lasers that can
be optically pumped by high-power, low-brightnegaims. Consequently they can be seen as
brightness converters. In fact, due to recent dgweénts, fibre lasers are among the brightest

laser sources in existance, as figures 2.1 andhb&.
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Brightness and BPP for 5 kW output power
from different sources
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Figure 2.1: Comparison of the brightness and Figure 2.2 Comparison of the brightness
beam parameter product from different laserfrom commercially available semiconductor

SOurces. and fibre laser sources

Due to confusion between beam quality and brigisinésis convenient to remind
oneself of the definitions of these. Indeed thentergh-brightness indicates either a high power
output and/or a high beam quality. The brightnesalso called the radiance and is defined as
the amount of light that passes through or is eahiftom a particular area, and falls within a

given solid angle in a specified direction. Brigkga is expressed in W/(sf)m

Therefore, in the small angle approximation, inogtical fibre, the brightnes8 can

be expressed as [1]:

_P__P
QA NATA (2.1)

where B is the fibre brightness; is the emitted power from an area of si#ein a solid-angle
Q (in the far-field), andNA is the fibre numerical aperturd is expressed in W/(srin
Hence a high brightness fibre laser is one witbva dptical divergence from a small emitting

core and with a high power output, whose perforreaapproaches that of an idealised beam.

The beam quality of a laser source is describethbybeam propagation factdv 2

which can be expressed as [2]:

D,©
7y
%r (2.2)

where D, is the diameter of the focal point (i.e. waistrdéder), © is the full angle in the far

M? =

field of the light emerging through the focal pommd A is the wavelength of the optical

radiation.
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Note that normally, the beam forms a waist at theefend. Hence, the in-fibre beam diameter

can be used fdp,.

The M? factor is related to the minimum spot size, whieln be achieved at a certain

wavelength with a certain aperture and numericarae. However, it is independent of the
power. Practically, theVl? factor can be measured according to ISO standhktd6l[3] by a
fitting procedure from the measured evolution & #econd order moment of the beam radius
along the propagation direction. In the case ofefilasers, a diffraction-limited beam can be
obtained when the laser operates uniquely on thedborder mode of the fibre core. However,
even with a single-mode fibre, thel ?-value depends on the refractive index profile taf t

core. A diffraction limited beam has B2 factor which is unity. A single-mode step-index

fibre typically has anM -value of 1.05, which still can be considered tadifraction-limited.

Conveniently, the beam propagation factor is linteethe source’s brightness by:

P

)

(2.3)

where P is the power emitted from the lasé¥l? is the beam propagation factor aAdis the

wavelength of the optical radiation.
Finally, there is another common term, which isdusequantify the beam quality of a

laser source, called the “beam parameter produdP®. It is defined as:

BPP= Mzi: D,®
T4 (2.4)

Other definitions may exclude the factor of 1/4.dontrast to theM * -parameter, the BPP
directly tells us how tightly a beam can be focued certain numerical aperture), without any

explicit dependence on the wavelength.

2.2 Double-clad fibres

2.2.1 Principles

The breaktrough RE-doped fibres realised in the-18i80s were single- or few-moded
devices that were pumped in the core. They geweralied on single-mode pumping, which
limited their scope for brightness-enhancement.irThetential for power-scaling was also
limited, since suitable single-mode pump-laser d#odre still limited in power to the watt-level.

To overcome these limitations we would like to brélae constraint of single-mode pumping
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and to allow greater amounts of pump power to hpled into the fibre, while at the same time
retain a diffraction-limited output beam. A solutivas proposed in 1989 by Po et al. [4] which
consisted of a fibre whose cladding is surroundgea fower index outer cladding which then
forms a waveguide, outside of the primary core wgaise. The pump light can be introduced
into the inner cladding and can propagate alondikine, interacting with the rare-earth doped
core as shown in figure 2.3. Such a fibre is cadletbuble-clad fibre [5]. Since the core is often
single-moded, a diffraction-limited output is olod even with high-power multi-mode

pumping.

Figure 2.3 Working principle of a double-clad fibre lasehélpump light (in blue) from
a laser diode propagates in the inner claddingefibuble clad fibre, while lasing (in

red) occurs in the core in a cavity formed by twibedded fibre gratings.

In order to maximize the amount of pump power ttam be launched, the second
cladding must have a refractive index as low asiptes to yield an NA of the inner cladding
that is as high as possible. The inner claddingatsm have a significantly larger area than the
core. Consequently, with a typical value for silfeee damage of about 10 M#t® at around
980 nm, more than 1.256 MW could theoretically &enched into a 400m diameter circular
fibre. Unfortunately, although a larger inner-cladgdenables more pump power to be coupled
into the fibre structure, as long as the core defsidixed with a fixed RE-ion concentration, the
pump absorption decreases as the interaction bettteepump and the core is reduced (the
overlaps between the modes of the inner claddimitla@ core decrease). Nonetheless this can
be compensated with a longer fibre length, up maité set by background loss and non-
linearities. In addition, the pump power coupletbithe fibre can be further increased with
spectral and spatial multiplexing of multi-mode guaources such as laser diodes stacks, diode
bars or multiple single laser emitters. Theref@man the development of the double-clad fibre,

a new class of high power high-brightness lasercesuemerged: the fibre laser.
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2.2.2 Cladding designs

Double-clad fibres have a secondary lower indexemweladding. There are three types
of outer cladding. Firstly, the cladding can be posed of a low-index glass. For example,
fluorine doped silica yields a numerical apertufaypically about 0.2 to 0.3 for a pure-silica
inner cladding. Such double-clad fibres are aldledall-glass double-clad fibres. Advantages
include a high thermal resilience and low propammatioss. It is based on well-known
technology used for the fabrication of large-cdbeefs, but then with a large pure-silica core
surrounded by a fluorosilicate cladding. The dowdbsl fibre design would introduce a
(primary) RE-doped core into the pure-silica cofesuch a fibre. Secondly, the outer cladding
can consist of a polymer or polymer-like coatingy.,ea fluoro-acrylate or a silicone. In this
case, the NA (relative to a pure-silica inner clagyl can become 0.4 — 0.5. This is the most
commonly used approach because the fabricatiotragystforward and the cladding can be
easily removed and the fibre easily cleaved. Figugeshows a cleaved end-face of D-shaped
double-clad fibre which was coated with a low ingmtymer. Finally, the secondary cladding
can consist of air holes in a silica fibre as shawfigure 2.4, such fibres being known as all-
glass air-clad fibre (also Jacketed Air-Clad fibr&he numerical aperture depends on the
structure. Values approaching unity have been tegd6], but are difficult to realise and to
work with in practice. Typical values are lowerg.eabout 0.6 [7]. This is much higher than the
other fibre designs due to the high refractive indentrast between silica and air. Still JAC
fibres are challenging to fabricate and to handk# gherefore, are only occasionally used.

Figure 2.4 Jacketed Air-Clad fibre whose Figure 2.5 D-shape double-clad fibre with a
outer cladding is formed by air-holes low-index polymer outer cladding.

(here, the inner-cladding diameter is 181

[7].
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Another important aspect of the cladding designtdsshape, which influences the
interaction between the pump light and the dope@ ¢8 - 11]. For example, in fibres with
circular symmetry, there are skew modes, which neverlap with the core. In a step-index
structure, these correspond to higher-order Bdgsetions, which vanish in the centre. Odly
is nhon-zero in the centre, and the correspondindemavill see a high absorption. In contrast,
the pump power contained in skew modes cannotactefficiently with a core in the centre of
the fibre. A large part of it is simply lost, withbcontributing to the amplification process. In
the case of circular fibre, bending the fibre caduce some pump mode mixing. Thus, for
example, pump power can be transferred into JAmodes and prevent these from being
depleted. Therefore bending is commonly used toease the pump absorption in circularly
symmetric fibres. A more robust and repeatableradtéeve is to use cladding designs that do not
support skew modes [12, 13] as shown in figure Bd. example, fibres with a rectangular
inner cladding have shown an increased pump albsorpver circularly symmetric fibres [14 -

16]. An off-centre core is another way of breakihg symmetry of circular fibres.

O () (&)

a) b) c) d) e) f)

Figure 2.6 Common shapes of the inner cladding of doubld-fitaes: a) circular, b) square,

¢) rectangular, d) hexagonal, e) flower shape,-§hBpe [17].

2.2.3 Lightinjection methods

The injection of the pump light into the inner-alidy of the DCF can be achieved
through various means, partly depending on thesfilpometry. The choice of the injection
method is important as it, together with the pumgHiness, determines the maximum
permissible pump power, which can be coupled infaiCé. In many cases, this determines the
performance that can be reached with a high-poies faser. The pump injection methods can
be divided in two groups according to the locatidrihe injection point along the double-clad
fibre: end-pumping and side-pumping. There are lajdwid schemes, in which the pump power
is first launched into a passive fibre throughsites. The pump power is, then launched into the

active fibre through its end, by splicing the pasdibre to the active one.
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The simplest method is to launch the pump dirdatly the inner cladding of the active
fibre through one or both of the fibre ends usiregfspace coupling optics. Free-space end-
pumping is easy to implement in an experimentalpeand the launch efficiency is generally
good (e.g., 80%) if the beam quality of the pumprse is sufficiently high. An additional
advantage of free-space end-pumping is that thepgaower can be scaled using diode bars or
diode stacks whilst maintaining a high launch efficy. Sometimes, free-space end-pumping is
the only practical brightness-preserving solutiohew the source and fibre NA are very
different, for example, in the case of high-NA, dnraner-cladding fibres such as jacketed air
clad fibres which have down to B@n inner cladding diameters [7]. However, the lauaptics
require precise and stable alignment. Furtherntbeefibre ends are not accessible for splicing
which means that the signal has to be accessedfrgghspace optics (at least with double-
ended pumping). However, in commercial productdilate pumping schemes are preferred as
it reduces or replaces a number of bulk optic camepts, enabling the construction of
monolithic fibre laser sources in which the lightpagates within the fibre. For example, fused
components and fibre splices cannot be misaligatiough they can still suffer from excess

accumulated heat in some cases).

Therefore, tapered fibre bundles (TFB) with sigfedd-through [18, 19], which are
only recently becoming commercially available, acenmonly used in fibre laser. A tapered
fibre bundle combines a fibre with a signal-guiditmye and a number of pump fibres into a
single double-clad fibre, guiding both the sigmalts core and the pump in the inner cladding.
Typically, the common double-clad fibre is not R&pedd, but is spliced to an active double-
clad fibre. However, with a passive TFB that isicgal to the end of an active fibre, this
effectively becomes an end-pumping method. As sihehmaximum number of injection points
is limited to the two fibre ends. In addition, ilgh power applications, the high pump power
intensity at the injection points can lead to tharfoading at the fibre ends and special cooling

arrangements must be then implemented to redueedémage.

The second group of injection methods utilise sammepling mechanism that takes
place on or along the side of the double-clad fibtee notch coupling invented by Goldberg et
al. [20] consists of a V-shaped groove cut intofthee inner-cladding which is used to reflect
the pump. V-groove side pumping allows for multipdgection points along the fibre with a
typical launch efficiency of 75% [21]. However, thewer scaling ability is poor because the
number of V-grooves increases with power and thpuiypower of laser diodes chips remains
quite limited. Other side pumping methods consfsinjecting the pump light through a side
fibre in optical contact with the inner-cladding2[223]. This co-linear coupling is basically a
long coupler, extended over the whole fibre whaeegump and signal fibre are independently

free and share a common low index cladding. Thigpliog mechanism is less prone to high
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thermal loading because the pump power is slovdiributed to the active fibre inner-cladding
[24]. Another side coupling method is the fusedetagide-coupling invented by Samartsev et al.
[25]. Little is really known about the power hamgjicapability of this method, but in its design
it is quite similar to the tapered fibre bundle astibuld have comparable power handling

capability.

2.3 Fibre modes

To understand the properties of an optical fibiretiie propagation of an optical wave, it
is necessary to consider the optical fibore modeas.ofttical field can be described as the

superposition of guided modes and radiation modébre modes describe how the
electromagnetic fielc(E,H) (whereE, H are the electric and magnetic fields, respectjvsly

distributed transversely in the waveguide and hiogvlight propagates along the fibre. Many
aspects of light propagation in optical fibres éstdescribed in terms of modes. Therefore, they
are important to understand the behaviour of clagipumped devices. In order to determine
the properties of these modes, generally, the yhebelectromagnetic wave propagation in a
linear medium is considered. Thus, like all elettagnetic phenomena, the optical field is
governed by Maxwell's equations and associated daynconditions. Because derivations are
rather lengthy and tedious and because the egsatrenwell known and presented in numerous
textbooks, e.g. [26], they are not shown here taileBroadly, from Maxwell's equations and
after some considerations regarding the physicapgrties of the propagating medium (for
example, the medium is non-magnetic), and some anatical manipulation [26], Maxwell’s
equations can be converted into the wave equatldnhnis also called Helmholtz's equation.
This equation is used to describe the propertiesptital waves in a waveguide. The optical
waves, which can propagate in the waveguide, aeate solution of the wave equation and
are referred to as modes of the waveguide. The hpodperties of optical fibre depend on the

fibre geometry, the material refractive index anel wavelength of operation.

2.3.1 Helmholtz equation

When a medium where the optical field is propaggiim non-magnetic, Maxwell's
equations can be converted [26] into the wave égugR.5) for the electric fieldE (and

similarly for the magnetic field ). .
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1 0°E 0°P
(Ox[OxE=———+— 1. ——

2o o (2.5)
where E is the electric field vector? is the induced polarisation from the electric dgsocC

is the velocity of light in the vacuunyy, is the vacuum permeability and is related to {iesesd
. 1 . o
of light by (4,£, =— whereg&, is the vacuum permittivity.
c

This relation is valid in the electric-dipole apgiration with a local medium response.
The wave equation can be further simplified by th&ation LIX[IXE =D(D IZIE)—DZE
where [I[D = &1 =0 and € represents the medium dielectric constant. Intewidiif the

optical loss of the fibre is small (i.€.= n?), then (2.5) can be written as:

D2E+D{E Dnz}_ n’ 0%

n2 _F 6t2 (2.6)
where n is the refractive index distribution of the optisgaveguide medium, angd is the

velocity of light in vacuum. The terniin® can be neglected if the relative change of the
refractive index is small over the distance of evavelength [27] (that is the case in a real

optical fibre). Thus, by expressing the field ie fihequency domain by a Fourier transform (i.e.

E(r,a)= IE (r,t) e’ dt), equation (2.6) can be reduced to the well-kntawmogeneous

—00

wave equation (also called the Helmholtz equation):

28 2 o = _
O2E(r,w) +n*(r a))?E .w)=0 e

Here E is the electric-field vector in the frequency damand is linked toE by a Fourier

transform,r is the position vector and is the angular frequency.

Assuming the slowly varying envelope approximatipd6] and a circularly symmetric
structure like an optical fibre, the electric fietdn be written as a function of independent

variables in (2.8).
E(r,w)=A(zw-a,) F(r)exp(ximy) exd i3, 2 (2.8)

where F is the transverse field distribution which only dagds on the radial position, the

angular dependence is given byp(iimw) wherem is an integerA is the amplitude of the
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field that varies along the -axis of the fibre and the termxp(i,[i’oz) contains the phase

modulation during the propagation wi}, the propagation constant.

By inserting equation (2.8) into equation (2.7%¥ thariablesk and A can be separated
into two distinct equations:

2 1d 2.2 32 —
Lrﬁ;J*{ko n*(r)=B%(v.1) - rZHF(V'r)ZO (2.9)
OA =2 2\ A —
z.ﬁo—az+(,3 -B’)A=0 (219

where n(r) is the radial refractive index distribution,is the radial mode numbem is the

azimuthal mode numberk, is given by Kk, 29227”, and [i is the eigenvalue of (2.9).
C

Equation (2.9) defines the transverse field digtidn while equation (2.10) describes the field

amplitude variation during its propagation in thewsguide.

In a step-index fibre, the general solution of Y299given by Bessel functions of the
first and of the second kind. There are severaltiswis for each integer value ofi, which, in

order to have a physical meaning, must decay exiatig for large value ofr , away from the

waveguiding region. Therefore, the fibre modesdasignated by the numbe(rm,l/) to which

correspond a unique valu,é’. These numbers are used to designate LinearlyriBada(LP)

fibre modes, ignoring the degenerate modes origigdtom the polarization orientation of the
modes [28].

Equation (2.10) can be expanded to the non-lineardinger equation when the Kerr

non-linearity is included. This equation is disad$urther in section 2.4.1.

Generally, a fibre optical waveguide consists alykndrically symmetric core region
surrounded by a low index cladding region to formvaveguide and guide the light along the
core as in figure 2.7. The eigenequation (2.9) niessolved for the given refractive index

profile (RIP) to find the propagation constantshaf various LP modes guided by the structure.
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b) Radial distance d)

Figure 2.7: Optical fibre waveguiding structure: a) fibre ssesection b) typical
double-clad fibre RIP ¢) multi-mode fibre RIP whigh index coating and d)
Measured RIP of the core F402-LF122 manufacturédea©ORC

In the case of an arbitrary index profile, severaherical methods in the literature [29 -

31] are discussed to solve equation (2.9). Dependimtheir values of3, [32], the modes are

either predominantly propagating in the core regiond are core modes, or they propagate
(predominantly) in the cladding region and are ezhltadiation modes. In the case of single
mode fibre, the radiation modes extend into theldilag region and into the jacket, which is
generally absorbing. Hence, this category of maateld to disappear quickly in single mode
fibre but not in double clad fibre because of thieolow refractive index region. In fact, in that

case the modes in the inner cladding are also duidles.

2.3.2 Modal excitation

When an optical fibre is illuminated with an incamilight beam, certain modes are
excited according to the spot size, offset anduilth respect to the optical axis of the fibre) of
the illuminating light beam. Hence, the incidentweo is distributed among these excited
modes. This can be used to selectively or prefialnexcite low order modes in large-core
multi-mode fibre, e.g., the fundamental mode of alttmode fibre [33]. Therefore, it is
important, in order to model accurately any multea system, to know the modal power
decomposition at the light injection point. Theaat modal power decomposition can be

determined from a knowledge of the incident lightim properties. Several methods exist, for
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example, the mode matching method, the plane wegvansion [34] and the direct phase vector
matching method [35]. It is also possible to detagrexperimentally the modal excitation of
optical fibre, but, so far, it is rather difficulb measure it in device-length fibre and it is

practically cumbersome [36].

Based on the mode matching method, the modal dezsitign coefficientr ., for an

incident input fieldF, into a supported modg,,, (wherem and n are the azimutal and the

radial mode numbers), is calculated using the Walg well-know overlap expression [37]:

0 00

[ [F(xy)-Fon(x ) dxdy

00 —00

”J[I T oo ] {1 6.5 o

—00 —00 —00 —00

(2.11)

where F (x, y) is the input field,F,, (X, y) is the modal field. This is the method used is thi

work to calculate the modal excitation of multi-neofibre such as the double-clad fibre used

for Raman amplification.

The same principle of modal excitation is used @tedmine the butt-joint splice loss,
between, for example, the fundamental mode lostéwa fibres. The splicing loss for two
fibores with mismatched fundamental-mode diametatsalateral displacememt is given by
[38]:

4 2 eXF{_ 2%)
G
o) AW (2.12)

wherew; andw, are the mode field diameters of the first and sdddore, respectively.

I‘s.plice_ dB = _10L0910

2.3.3 Mode coupling

Mode coupling occurs in multi-mode optical fibre evhthe waveguiding properties of
the fibre are perturbed, for example, through mdenading [32] or core deformation [39].
Mode coupling can be undesirable when the fibre ahadtegrity must be preserved, for
example, in the case of single mode operation wiudii-mode fibre [33]. On the contrary, in

some cases, strong mode coupling and mode mixiguseful feature, for example in rare-
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earth doped double-clad fibre where strong couplifigpump modes increases the pump

absorption. In this work, mode coupling is impottlon the cladding-pumped Raman fibre [40].
Let us consider an optical fiell which travels down a fibre. The field can be

constructed as a superposition of mode fiellfs, which are supported by this fibre and

associated with the propagation constaffs Equation (2.13) [41 - 43] expresses such a

superposition of modes of amplitudée.

E(xv2=Y A(3H x yB( exp( [is( } (2.13)

If the fibre is translatlonally invariant, theren® mode coupling but mode beating occurs. In

that case, the modes fields,, and the propagation constafit can be calculated by solving

equation (2.9). Otherwise, the modes and the padjfmagconstants at every poiat evolve and
the F.’s and the propagation constanffs become a function of . These modes are known as

local modes.

Assuming the weak guidance approximation [43], diogpequations can be used to

describe the modal power transfer which can becetito tracking the evolution of the modal
amplitudesA (Z) [41 - 43]. Equation (2.14) governs the evolutidrihe amplitudes along the
propagation axis (the -axis).

A8 A()=36(340)

(2.14)
where theCi]. are the mode coupling coefficients betweenitheand j™ modes. The value of
the mode coupling coefficient@lj depends on the type of perturbation. In the alesefa@any

perturbation the amplitudé) oscillates along the propagation axis suchipbz) = A. &% If

the fibre perturbation is small and oscillates atban average value then the mode coupling
coefficient is given by equation (2.15) where ttansverse dependence is omitted for simplicity
[43].

G, ()= [. (7()-70) Fa) F(8) e

(2.15)

where K is the amplitude of the wave vector defined intisec2.3.1,n,, is a representative

reference index i.e. typically the core refractimdex, andS, represents the infinite cross-
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section at a given position. Théj 's represent the propagation constants of the motidse

unperturbed waveguide.

If the waveguide perturbation is significant, e.iq,the case of a strong taper, the

concept of local modes must be used and the cauptiafficient is now given by:

_ ok 1 on’(2) S
Q;(Z)-anefﬁ(z)_ﬂj(z)j& 0z FA)R(A)ds (2.16)

where the local mode fields, 's are functions of the position through a local3 (z) [43].

2.4 Raman scattering and non-linear effects in opticdiibres

2.4.1 Introduction to non-linear effects

Optical fibre shows a non-linear response to irdemgtical fields which give rise to
effects such as harmonic generation, beam selfsfogu Kerr effect [44] and stimulated
scattering processes. This non-linear responsénatas from several effects, including the
oscillation of nuclei and the anharmonic motionbofund electrons under the influence of an
applied field. In general, when a propagating eledield E exists in a material, a polarization

density P is induced which may be expressed as a powessartbe field [26]:

P=g, ()((1).E+)((2).E.E+)((3) EEE+ ) 2.17)

where &, is the vacuum permittivity and)((j)(j =1,2,..) is the medium’'sj™ order

susceptibility represented by a tensor of rgrik The linear susceptibility((l) is the dominant

contribution of the polarization. The linear suddafity results in a refractive indexr and an

attenuation coefficientr . The second order susceptibiliw(z) is responsible for non-linear
effects such as second harmonic generation andfregumency generation. In an isotropic
material such as a silica fibre, this phenomendaesaifrom a lack of inversion symmetry of the
medium. However it is extremely weak and in pratwanishes. Therefore, the lowest-order
non-linear effects in optical fibre originate frotine third order susceptibilitw(g). This is
responsible for phenomena such as third-harmomergéion, four-wave mixing, the intensity
dependence of the refractive index (Kerr effect) aon-linear inelastic scattering. Tme(s)

processes can be separated in two distinct classesattering effects. Elastic scattering effects

do not exchange energy with the medium by definitibhese effects are phase matched and
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arise from the electronic response of the mediuime Becond class concerns scattering
processes that are inelastic in that part of thealfield energy is transferred to the non-linear
medium. These effects are non-phased matched amdnduced by the nuclear or the

electrostrictive response of the medium. Thesetlagethree main processes that commonly

contribute to;((s) depending on the light — medium interaction.

X(g) = X|(£:|g()ectronic + X(nszclear-'- X((?;ectrostrictiow (218)

The electronic contribution results from the nomaielic nature of the electronic
energy wells. It has a minimum response time oeortD™® s, while the nuclear contribution
arises from optical-field-induced changes in maiah the nuclei and has a response time of
order 10”s. The electrostrictive contribution results fraectric-field induced strains and

responds in 19s.

In order to simplify some equations it is usefulindroduce the non-linear intensity

dependent refractive index, that collects up thg((3) effects

n=ny+nl=n+(r+ o) | (2.19)
where | is the light intensity,n, is the material refractive indexp, is the non-linear

contribution i.e. perturbation ta,. The real part of the non-linear refractive index, which
corresponds to the electronic response, is foundatp in the range 2.2 - 3.9 Tom”W* for
silica fibre. The variation in the value of, is explained by the different dopants used in the
fibre core and cladding, such as Ged ALOs. The imaginary part of the non-linear refractive

index nizmg is related to the non-linear scattering processes.

For a better understanding of non-linear phenoniermgtical fibres, it is necessary to
consider the theory of electromagnetic wave propaigdn dispersive non-linear media. Like

all electromagnetic phenomena, the propagatiorpo€al fields in an optical fibre is governed

by Maxwell’s equations (2.5) where the polarizatienis replaced byP =P, .., + Py, . If we

inear

consider only the third order susceptibility, thendinear contribution becomes:

Pu () =X E(rDE [ LLE € 0t) (2.20)

And, after insertion of (2.20) into (2.5), the imhogeneous wave equation (2.21) is

obtained:

0°E 9°P, ny 0°P,,

1
OxOxE—— =
Zar toar THTar (2.21)
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The total electric field E can be represented as a superposition of one werade

monochromatic waves in one or several modes:

E(r.t) ZiZ::Ei cofwt- A2

(2.22)
Then the non-linear contribution to the polarizatilcomes:
N N N
Pu (rt) =6, X9> > > E cofwt-42) E cogw t-8 2 E cofy +4 3 029
i=1 j=1k=1 .

where i, ] and k represent the index of various modes considered wi and S their
respective optical frequency and propagation comsta
The same process as in Section 2.3.1 can be ussdlv® the scalar wave equation

(2.21). A new amplitude equation called the noedin Schrodinger equation (NLSE) [26]

describes the various non-linear effects:

R N R

(2.24)

In practice, the power is a more convenient repites@n than the amplitude of the electric

field because it can be directly measured. The poReis related to the amplitudé\ by

P= AA:I FF dS, with F being the field distribution over the cross-setti8. Once, the
S

equation (2.24) is integrated over the cross-se8iothe equations of the evolution of
stimulated Raman scattering are derived (2.26).27(2 In that case, effective areas [45] are

introduced and are defined as:

JUEF asf|7 od| 6 af £ o

[FFRFds
S

ikl =
ff
(2.25)

where F (x, y) is the optical mode field distribution over thartsverse are® of the optical
fibre andi, j ,k andl| are indices which represent the various fibresemaaddvolved in the non-

linear process. The overlap integrﬁl,:i F, R FdS, arising from integration over the waveguide
S
mode-fields can differ depending on the specifiddesinvolved. This overlap integral is non-

zero for processes like Raman scattering whichsdetth two distinct modesi = j andk =1
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in equation (2.25)) or for combinations of modeshvthe proper symmetry in processes, like

four-wave mixing, which involve four distinct fibraodes.

2.4.2 Raman scattering
2.4.2.1 Introduction

As seen in the previous section, the optical medtam give rise to an electronic and
nuclear non-linear response under the incidence liigh intensity beam. The interaction of
optical photons with phonons (vibrational statejuits in the scattering of the pump photons
called Stokes wave. The spontaneous scattering®bguhe optical phonon vibrational modes
of the medium determined by the temperature ofntleelium. The intensity of the scattered
wave is strongly dependent on the angle of scaggesind the optical power density in the
material. However, in silica fibre, a fraction tietscattered light generated by the spontaneous
scattering is captured by the waveguiding corayltieg in the transfer of energy from the pump
wave to the Stokes wave [46]. Because of the camffect, the Stokes wave light is emitted in
the forward and backward direction of the waveguitld@s phenomenon is called the Raman
effect. The Stokes wave is frequency down shiftét vespect to the pump wave, by an amount
determined by the optical phonon of the medium.[#tised silica and other fused silica doped
glasses, like GeQand BOs, exhibit a broad Raman gain spectra, as showA#dh flue to the
amorphous nature of the glass. In silica fibre, peak gain frequency shift is about 13 THz
from the pump frequencgnd the gain bandwidth is 10 THz. It is noteworthgt the Raman
shift is independent of the pump wavelength butritensity scales inversely with the pump

wavelength.

In the case of low-loss optical fibre and an ineepsmp wave, the scattered radiation
can propagate with the pump wave over long disrdeder these circumstances, it is possible
for the Stokes wave to continue to interact effidie with the pump wave and, therefore, to
grows exponentially with much of the pump energyngetransferred to the Stokes wave.
Alternatively, the Stokes wave can be seeded teftre energy transfer from the pump wave.

This is referred as Stimulated Raman Scattering{SR

2.4.2.2 Theory of Raman scattering in optical fibre

Signal amplification by SRS, in the CW and quasi-@time, in a single mode fibre

for the pump and the Stokes wave, can be exprésstad following equations:
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dP w,
_1:__32&&&_aﬁ%

dz @ A, (2.26)
I Gepp_op

dz = Ay (2.27)

where Pp and P, are the power of the pump and Stokes optical wasedlating at the
frequenciesw, and @, , respectively.A,; is the effective area for a two wave interactisn a
defined in (2.25) andg, is the Raman gain coefficient of the optical fibw, and a;
represent the pump and signal background lossgltibire propagation.

If the solution for the pump evolution is substtitin (2.27), the signal can be solved

and takes the form:

z N

(3= r0)ew| S T a(d aro. 3= @0 e & Lpa

ff 0 K Ag y
(2.28)

where P,(0) and P, (0) are the Stokes wave and the pump power at thelsigiaction point,
respectively,P, (z) is the pump power at the distanzefrom the injection pointK is a factor
which depends on the polarization state of the pamg signal,L, is the pump effective

length, anda, is the Stokes wave background loks.takes the value 1 if the pump and signal

waves are polarization matched or 2 if both areoliesed. If the pump and signal are
orthogonally polarized, K becomes large as the Ranmaeraction between crossed

polarizations is weak.

As the pump wave propagates along the fibre, it&vgpodecreases because of

attenuation and non-linear interaction. Thus, fifecave length is defined by [26]:

ij(u)du
Leff =2 =

R(O) R

ap (2.29)

with @, the background loss of the pump in.nThe maximum effective length is when the
non-linear interaction is weak. In that case thmpus only attenuated by the background loss.

If the background, grows, the effective length tends toward a finidue of% while in
p

the absence of background loss, approximatesz, i.e., the actual length of the fibre.
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From (2.28), the small-signal gain for the firsbl&ts, neglecting the signal background

loss, is expressed as [48]:

55 = exp| 22 P (0
inear exp(A% p( ) Leffj

ff

(2.30)

linear

It is related to the gain in decibel by the expi@ssG, > = 4.34In(G SRS). For example, at

1um, the Raman gain coefficient g, =10™ m/W. Thus the gain, per unit length and unit

area, become§y;°= 0.43dBum? /(W.m). Therefore, high Raman gain can be achieved with

high pump power, long effective lengths, small eifee area and high SRS gain coefficient.

2.4.2.3 Numerical modeling

It is possible to expand (2.26) and (2.27) in otdepbtain a more realistic model of the
SRS phenomenon. A large number of wavelengths @rernrompassed using multiple
wavelength bins. In that case, a more complex gagian equation of the optical power present

in the fibre can be considered:

d >+ +
S =-a(y)R’ .
iw”ﬁM +
+P Z,: A, (Vj,Vi)(H +P)av (b)
+2V§iM(Pj++H_)AV.h/i 1+ - (9
j ff(Vj,Vi) {h(Vj _Vi)J
exp —— -1
KT
e G ) o oy ©
TV A (Vv)) (2.31)

where indexi refers to the signal considered at the poRewhile j is the index of any other

signals. O’(Vi) is the background loss at the frequeney, The sign = indicates the
propagation direction witi for forward and— for backward.A., (V j,Vi) is the effective area
between the mode at the frequengyand v; respectively.Av is the optical bandwidth of the

wavelength bin considered), (I/ j,|/i) is the effect Raman gain coefficient for a wavgten
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shift ‘Vi -V, ‘ h is the Planck’s constanlzcB is the Boltzman'’s constant arfd is the absolute

temperature of the fibre in Kelvin.

The term(a) represents the propagation loss of the signal. t&hes (b) and (c)

represent the stimulated energy transfer from hidheuency signals and the spontaneous

generation of signal due to the thermal noise. t€hm (d) represents the energy transfer of the

signal to lower frequency optical signals. The algacts as a pump for the longer wavelength

signals, which can become amplified by SRS intdéigrder Stokes.

The set of equations (2.31) can be numerically gmatied using well-established
methods such as Runge-Kutta, to model the CW osidtd/ behaviour of the various signals

propagating along the fibre.

2.4.2.4 Critical power and threshold

The critical power is a useful criterion to estimahe pump power or fibre length at
which the SRS becomes significant. This is the gdsn designing a Raman amplifier or when
one wants to avoid SRS, for example, in a high-ponaes-earth doped fibre amplifier. The
Raman critical power is defined as the input puropvgr at which the Stokes power, when
unseeded, becomes equal to the pump power abtteediutput. The critical pump power can be

expressed as follows [48].
In case of forward SRS:

5 AqK
O Les (2.32)

Pp

critical

=1

In case of backward SRS:

O Abff K
O Let (2.33)

Pp

critical

=2

where A, is the fibre mode effective are¥ is a factor which takes into account the pump

and signal states of polarization (for polarizeghti K =1 and for un-polarized ligh€ = 2),

Ji is the SRS gain factor, arld, is the effective interaction length defined ir2@.

In the case of a Raman fibre laser, it is alsoulgefdetermine the pump power or fibre
length required to reach the lasing threshold. thineshold corresponds to the point where the

SRS gain compensate the cavity loss, and, in daifgbry-Perot, is given by [49]:
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_a,A, aSL—;In(RlRZ) A

p
theshold -

ff _1
Jr | 1-exp(-a,L) _gRLeiasL 2ln(R1R2)}
(2.34)

where L is the fibre cavity length an& , R, are the mirrors reflectivity that forms the cayity

and the other terms already defined.

2.4.3 Overview of other non-linear effects

In this section, not all the non-linear effects srgewed (e.g. modulation effects); only

the most relevant effects to the content of thesithare presented.

2.4.3.1 Stimulated Brillouin scattering

When an intense light beam propagates in optitaé fia non-linearity can arise from
the interaction between the propagating light wgpbdstons) and the acoustic waves (phonons)
in the fibre core. A fraction of the light wave wedling through the medium is scattered by the
acoustic noise originating from the thermal noiskis phenomenon is called Spontaneous
Brillouin Scattering. The scattered light interfersith the forward propagating light to create a
power-induced index modulation of the propagatiedimm through the Kerr effect. The index
modulation acts a grating that scatters the incgnlight through Bragg reflection. This
phenomenon is called electrostriction. Due to ebsttiction, periodical compression zones
moving at a speed given by the optical frequenéfgrdince are induced in the material. If this
speed corresponds to the speed of sound in theiahaethis frequency, an acoustic wave is
created. This acoustic wave in turn reinforces gbattering process. The scattered light is
downshifted in frequency, because of the Doppléft alksociated with the grating moving at
the acoustic velocity. In that case, the scattepraress is referred to as Stimulated Brillouin
Scattering (SBS). The SBS phenomenon takes plaeeviery narrow bandwidth of about 20

MHz in case of an optical wavelength of 1}5% in silica fibre.

The Stokes intensity is found to grow exponentiatlythe backward direction. The
impact of SBS can be estimated at low power leyehl concept of critical power. The critical
power of SBS, defined in [48], corresponds to tbevgr where the Stokes wave at the fibre
input becomes equal to the pump power at the blotput. The SBS critical power is defined,

under the nondepletion assumption and assumingentzian gain shape, as [50]:

Pp’t' | :21AmK Avp+AvB
Ogler  AVg (2.35)
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where A is the fibre mode effective ared is a factor which takes into account the
polarization of the pump (for polarized light =1 and for un-polarized lighK =2), g; is
the SBS gain factorl, is the effective interaction length defined as $®S by (2.29), and
AI/p and Ay, are the Lorentztian linewidths of the pump andhef SBS gain, respectively.
The value of the factor 21 may change with theefilength as discussed in [51], but it remains
that (2.35) gives an indication of the thresholhéeWAv, >>Av  equation (2.35) reduces to
the well-know critical power definition as [48]:

K
I:)cgtical = Zli
5 Ler (2.36)

The peak value ofj; is nearly independent of the pump wavelength aedypical parameter

value for fused silica isg, =5.10™ m/W. This value is nearly three orders of magnitude

larger than the SRS gain coefficient.

2.4.3.2 Four-wave mixing

Four-wave mixing (FWM) (also called four-photon mig) involve four optical waves
interacting through the electronic response oftkia-order susceptibility. It generally occurs
when two or more light beams with different propamaconstants propagate through an optical
fibore with a high intensity. When the light beamee gphase matched, additional light
components are generated by transferring someabgtwver from the pumps waves into the
anti-Stokes and Stokes wave. In fact two pump piwotre annihilated with the simultaneous
creation of an anti-Stokes and a Stokes photon.aftieStokes wave has a higher frequency
than the pump frequencies while the Stokes haswearldrequency. The phase matching

(conservation of momentum) requirement, in an apfibre, is given by [52]:
ﬁl+182 =18a+185 (237)

where B, and (3, are the propagation constants for pump 1 and Bvf) and S, are the ones

for the anti-Stokes and Stokes waves, respectivlythermore, the frequencies must also be

matched, i.e.q + w, — w, —w, =0 (conversation of energy).

If only the pump lightwave is incident in the fibsgith the frequencies and propagation

constant phase-matched, the Stokes and the akgsSteaves can be generated from noise and
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then amplified by the parametric process. The patdamgain in a single-mode fibre is

expressed as:

o= ]

(2.38)

where y is the (averaged) non-linear parametérand P, are the incident pump powers and

K is the net phase mismatch. The parametric gamasimum when the phase matching is

satisfied, i.,ex =0.
The non-linear parametey;, is defined by:
neleca)
y= 2 %o
CAy (2.39)

elec

where n,~ is the electronic contribution to the non-lineafractive indexqy), is the pump

frequency andA,; is effective area of the photon distribution iatging in the process.

The net phase mismatch can be expressed as:

K =0k+2yR (2.40)

where AK is the phase mismatched defined Ak = 8, + 5, - B, — B,. This represents the
contribution of the dispersion due to the wavegqujdand to the material. The teryP,
represents the non-linear contribution to the phagematch whereP, is the total launched

pump power (i.eF, = B+ B).
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Chapter 3 Principles of erbium-ytterbium
doped fibre laser

This chapter presents the fundamentals of cladplimgped erbium-ytterbium doped fibre
(EYDF) and of pulsed rare-earth doped fibre. Sec8dl presents the motives for co-doping
erbium doped fibre with ytterbium ions to powerlsciaser output power from erbium ions.
Then, section 3.2 presents background informatiorihe fabrication and characterization of
EYDF as well with some typical characteristic valu&ubsequently, the details of erbium-
ytterbium co-doped fibres used in this work areegiin section 3.3. Thereafter, the properties
of pulsed rare-earth doped fibre are introducedh wétails specific to EYDF. Finally, section

3.5 summarises this chapter

3.1 Introduction

Originally, co-doping, also called sensitisatiorasninvented [1] to improve the often
undesirably low pump absorption of rare-earth dofiled. In a double-clad fibre, because of
the low brightness of the pump source and the maxinon concentration permissible in silica
fibre, it leads to a low pump absorption. Senditigaalso reduces the threshold, which is
particularly important in systems with significagitound-state absorption. In co-doped fibres,
the pump radiation is absorbed by the sensitizes, izvhich then become excited. These ions
then transfer their energy nonradiatively to a &laesonant energy level of the acceptor ions,
which in turn, emit photons on a lower energy tidms, at a longer wavelength. The best
example is erbium doped fibre sensitized with yiten ions. Such fibres have been widely
used in high power double clad lasers and amgifgenitting at wavelengths around 1550 nm.
Because of the poor absorption of Er-doped fibwathéut Yb co-doping), it is difficult to use
cladding-pumping to power-scale them. Core-pummhgDFs at 980 nm or 1480 nm works
quite well, but the output power is limited by tpemp power available from single-mode
diodes. By contrast, EYDF can be pumped in the dmgéerbium absorption band (~910 —
980 nm) by high power, low-brightness, multi-mdédeer diode sources in double-clad fibre
configurations. Therefore, co-doping or sensitwatby ytterbium ions in a double-clad fibre
structure, is the current approach to power scaibgum doped fibre laser sources operation in

the 1.5 — 1.um wavelength range.
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3.2 Background on erbium-ytterbium doped silica fibre

3.2.1 Fabrication

Erbium-ytterbium doped fibres are commonly fabecatsing the modified chemical
vapour deposition (MCVD) process and the solutiopidg technique, which was adapted by
J. E. Townsend at Southampton University [2]. Iis throcess, the soot deposition and the
sintering phase are separated, which improvesdhwgeneity of the fibre core doping. A soot
layer is processed on the inside of a quartz tobiéed a preform, using the MCVD technology
to form a porous frit. The perform is then soakedhisolution containing a solvent and the

dopants such as chlorides, for example, ng{bCIg,, AICls. In order to achieve a uniform

doping, the preform is dried evenly to avoid anywen dopant build-up under gravitational
force. The preform is dehydrated on the lathe tusifye the frit and lock the solute in the glass
by vaporising the solvent. The dopant chloridesleftein the glass. The preform temperature is
increased so that the chlorides become oxidisedr@ndopant oxides are consolidated into the
silica glass. Then, the glass is sintered. Findlig, preform is collapsed under heat treatment
into a solid core rod. The deposited soot layemfothe core while the silica tube forms the
inner cladding. The rod can be "sleeved" with aepsifica glass tube to make the cladding

thicker, or etched to make the cladding thinner.

Currently, phosphorous based glass is considerbe the best host for Yb-sensitised
Er-doped fibre because of the high RE-solubilitg &me low occurrence of energy back transfer
from Er* to Yb* [26, 3]. Consequently, the most efficient silicasbd Er:Yb co-doped fibre
devices have used a phosphorous doped glass nplriXhis host is often referred to as
phosphosilicate. However, the high volatility ofgsiphorous during the collapse process limits
its incorporation into the fibre core. As a resaflthe phosphorous volatility, a central dip in the

refractive index profile is quite common in EYDF.

Furthermore, the control of the dopant concentnatiith the solution doping process,
which depends on solute concentration, soot dereity dehydration conditions, can be quite
challenging in practice. The concentrations of\tadous dopants are found to vary along the

preform [5], and the lasing performance will vacgardingly from section to section.

Finally, erbium-ytterbium co-doped phosphosilichiees not only benefit from a high
pump absorption, but also from a higher than upaahissible Er-concentration. This is a result
of the high solubility of rare earths in phosphiosile, as well as of the low probability of Er
clustering: RE-ions are prone to form clusters,limgause the Yb-concentration is much higher

than the Er-concentration, the Er-ions are morelyito form clusters with Yb-ions than with
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other Er-ions, as the Yb- and Er-ions are essgnthemically equivalent. While clusters with
several Er-ions are expected to be detrimentastets with an Er-ion and one or several Yb-

ions may even enhance the performance.

3.2.2 Spectroscopy

Rare-earths, including erbium (atomic number: 68) giterbium (atomic number: 70)
all belong to the lanthanides group. The lanthanile characterised by the progressive filling
of the 4 electronic shell. Because the electrons are shdeldan the outer perturbation, the
radiative transitions occur within energy leveldéween an inner orbital of the electronic shell.
These transitions are comparatively host indepand@nthanides are generally trivalent when
oxidised in the glass matrix, e.g. ¥tand Ef*. The energy level corresponding to the electronic
layer is annotated according to the Russell-Sasngelneme or LS coupling. An ion energy
level is represented by the L, S and J trigfl&ti(,), where L is the angular orbital momentum, S
the angular spin momentum and J is the total angutamentum. The conventional energy-

level diagram of an erbium-ytterbium co-doped sysi®g shown in figure 3.1.
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Figure 3.1 Energy level diagram for the Er:Yb co-doped syste
(from [6])
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In figure 3.1, N,, N,, N; and N, are the erbium populations of tfigs, 113 *l112

and’le, Stark’s split energy levels, respectively, whié, and M, are the population for the
’F,,, and °F5, energy level of Yb. The large arrows correspondlisorption and stimulated

emission transitions with ral/, andW, , respectively between th& and " energy level. The

ji®
solid line arrows correspond to the spontaneoussam rate (fluorescence decay) from the
excited level to the ground state level, while dashed line arrows correspond to non-radiative

decay from upper levels into intermediate energelle The lifetime of the™ energy level
decaying to the"jenergy level is denoted; for the erbium ion and21' for the ytterbium ion.
The homogeneous upconversion process for two fEstitrom®l,s, to *lg;, that can occur for
two excited Er-ions is also shown, represented witthicker dashed line. The cooperative
upconversion is an energy transfer process bettweerexcited Er ions, in close proximity in

the “l13, level, that interact to promote one of the Er iom® the“ly, state and de-excites

nonradiatively the other in tht,s ground state. This process decreased'lthe population

proportionally to the term-C, N22 and reduces the gain available for amplificationd ghe

available stored energy [7]. The dependence of upeonversion paramete€, on the

concentration in EYDF is discussed further in .-

Finally, the energy transfer between iso-enerdetiel 112 and*Fsy, is represented by
dotted arrows and the transfer rate &g . and R., _,,. It is normally assumed that both
coefficients are equal. Generally, they are diffieras they are given by overlap integrals of

different emission and absorption spectra. Howelecause the dominant Yb absorption and

emission peaks are quite sharp and nearly overitiptiae Er-peak, the rates will be similar if
not equal. A previous study [10] found thR®, . is strongly dependent on the ytterbium
concentration and that the coefficient can be rbugpproximated by a linear relation in the
10°® — 107 ions/nt range. The YBEr energy transfer increases the population of‘thg
energy level byR, . N M,, while the E®Yb transfer decreases tfk,,, population and

indirectly the®l;s, population byR_. ., N, M,. This back-transfer process is usually neglected

because it requires a significant population ofghert-lived’l,,-level to become significant.

Using the population rate equations, EYDF lasetscas can be modelled and several
publications [6, 8, 11 - 13] cover this subjecteThodel can be made as complex as required to
encompass for example, the effect of cross-relandti4 - 16], or to include the upconversion

processes of the erbium ions [14].
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3.2.3 Characterisations
3.2.3.1 Absorption and concentration

The measurement of the absorption of light propagah the core and inner cladding
by the dopant ions in a double-clad fibre is venportant as it can help to determine the dopant
concentration and the length of fibre required orgiven pump absorption. The dopant
absorption in a double-clad fibre depends not onlyhe ion concentration, but also on the fibre
geometry. Furthermore, different cladding-modes eeiemce different absorption, so the
measured absorption depends on the excited modetheFnore, the absorption does not
follow Beer’s law (i.e., it is non-exponential). Ufithe absorption depends on the measurement
set-up, and can be difficult to perform in an aaterand relevant manner. Typically, the
absorption spectrum is measured with a low-poweadipand light source that is transmitted
through a given length of fibre and a detectioniesys e.g., an optical spectrum analyser (OSA)
[17]. A cut back method is generally used to remdive uncertainty in the light launch
condition. The inner-cladding can be over-filed tweate a reproducible well-defined
measurement condition to further reduce the uniogytaStill, there are generally fewer
uncertainties with core absorption measurementesdtare, therefore, often better for exact
determination of dopant concentration. Howeverthie case of EYDF, the absorption by the
ytterbium ions is so large that the core absorpisodifficult to measure. Instead, the inner-
cladding absorption is measured by injection olfitlioto the fibre inner-cladding, taking care
that all the transmitted light is collected by a®A From the cladding and doped region
dimensions it is possible to estimate the core rphem [18]. Typical core absorptions of
EYDFs are in the range 1000 — 2000 dB/m at 975Timerefore, even with large cladding the
absorption is significant, in the range of 1-5 dBAith these fibres. The absorption by the
erbium ions is best measured in the 1550 nm wag#ierange because the absorption at
980 nm from the Y ions dominates the Er-absorption at this wavekerigtaddition, because
of the large concentration difference between th& ¥nd the EY ions, the absorption from the
Erbium is preferably measured through a direct cabsorption measurement. From the
absorption data, it is possible to either calcuthie dopant concentration knowing the dopant
cross-section [17], or simply by using a look-upléawhich accounts for dopant cross-sections,

molecular weights, and densities as necessary [2].

3.2.3.2 Cross-section

In order to model doped fibre laser sources redsgneell it is important to accurately
determine the fibre absorption and emission (flsceace) cross-section. Several methods, not

detailed here, are used to experimentally obtadrctbss-section [19 - 22].
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In the case of Er:Yb doped fibre, reported crostises vary a lot, depending on the
fibore composition [23] (and undoubtedly also aseault of measurement inaccuracies). For
example, the absorption cross-section for the 9@7peak from the YH ions, has been
measured in the range 0.9 to 2.8*10¢. The cross-section of one of the EYDFs, F195-LF59,
used in this thesis, is shown in figure 3.2.

Cross-section

3.0

=  Er Emission
=== Er Absorption
Er ESA
=== Yb Absorption
= Yb Emission

Cross-section [1 (P mz]

900 1000 1100 1400 1600

Wavelength [nm]

Figure 3.2 Er and Yb cross-section of F195-LF59

(measured by M. Laroche)

3.2.3.3 Lifetime

The lifetime of the excited states of ions is gilmnthe decay of spontaneous emission,
which can be measured with a pulsed pump sourcdashdetector [17, 24]. Continuous-wave
excitation is possible as well, and this often dd some differences in the excitation
conditions. In any case, when turned off, the pwsoprce must decay more rapidly than the
spontaneous emission of interest. While the lifetioh metastable states of rare earths is long
enough for this to be simple, other states as agefipid initial effects can exhibit much shorter
time constants and are therefore more difficultrieasure. Furthermore, the pump should be
switched off during a period several times londmant the lifetime of any involved energy
levels, so that all excited ions return to the gabgtate. In addition, the energy of the pump
pulse must be sufficient to excite a sufficientcfran of ions in order to have a clear

measurement trace. The accuracy of the measurelapahds on the speed and dynamic range
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of the detection system. However, amplified spostais emission and reabsorption must be
avoided, by making sure that the fibre is suffidigishort and / or that the fraction of excited

ions is small. Typically, the pump power level &ied to verify that the fluorescence decay is
free from fast decay caused by ASE, for examplefagt decay can also be caused by
upconversion processes or quenched ions [25].IFinkaé fluorescence light must be filtered to

remove any pump or any emissions from other tr@anst In the case of some EYDFs used in
this work, the erbium lifetime has been measuréagube excitation of thle, energy level by

a 808 nm pulsed laser diode.

3.2.3.4 Signal background loss

The signal background loss of Er:Yb co-doped filsrgenerally significantly higher
than that of Yb- or Er- doped fibre because ofhifgh concentration required for an efficient
energy transfer. Figure 3.3 shows the backgroussld commercial EYDF from different fibre
manufacturers as a function of the core erbium rtiem (i.e. concentration), and also, for
comparison, the background loss of erbium-dopestlyitim-free fibres.

Erbium and erbium-ytterbium doped fiber
background loss
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Figure 3.3 EDF and EYDF background loss at w3
(Data from various commercial doped fibre. Manufaets: INO and

Coreactive)

The background loss of EYDF is typically in the 20800 dB/km range and seems to be

relatively invariant with respect to the erbium centration. By contrast, in erbium-doped Yb-
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free fibre, the background loss increases withetium concentration, as one would expect.
This difference is explained by the large numbeYbfions in the glass as required for efficient
fibre. Typically, the Yb ion concentration is 10 20 times larger than that of the Er ions.
Therefore, the Yb ions contribute more significanid the background loss than the Er ions.
Furthermore, EYDFs are also heavily doped with phosous, and this can well contribute to
the background loss. Obviously, the relatively higdckground loss restricts the maximum
useable length of EYDF but this is compensatedafenuch higher pump absorption which
enables the use of relatively short cladding-punfpeds.

3.3 Fibre characteristics

As discussed previously, EYDF fabricated with th€WD technique tends to have a
central dip in the fibre refractive index profilefore of the phosphorous evaporation during the
fabrication. Some of the Er:Yb co-doped fibre prefe used in this thesis suffer from such a
dip. The fibre preform refractive index profileseahown in figure 3.4. Note, however, that the

refractive index can vary significantly along threform (and fibre).
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Figure 3.4 Refractive index of EYDF preforms of fibres usedhis thesis.
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Such fibres have predominantly ring-shaped modeduding even the fundamental
mode. The fundamental mode will not be diffractionited when its shape differs strongly
from that of a gaussian beam. To circumvent thidblem it is possible to dope the fibre with
aluminium, which is less prone to evaporation tttemphosphorous during the collapse phase.
This reduces the central dip so that a more Gauwdikiaa fundamental mode can be obtained.
Fibre F225-LF69 is such an example. The centralipld be less of a problem if these fibres
could be manufactured with a low numerical apertitewever, the high phosphorous- and
ytterbium-concentrations increase the refractivdex) already EYDFs with moderately large
cores are multi-mode with a typical numerical apertof about 0.2. Consequently, it is
important to eliminate the central dip, and eveenthspecial measures have to be taken to

enable large-core fibres to operate in the fundaahemode.

In addition to the refractive index profile, a nuentof other criteria must be considered
in order to achieve high performance from the EYBiFstly, the ytterbium concentration needs
to be high enough to efficiently absorb the pumpgoin a double-clad fibre. Therefore, the
Yb concentration is typically between 10000 and (&0Ppm. Secondly, the erbium-
concentration needs to be high enough to be ablreate a sufficient gain per unit length
somewhere in the 1.53 - 1.6 wavelength region. The Er concentration is tyipiccom
1000 to 3500 ppm. Finally, the overall compositionst be well balanced such that the pump
energy can be efficiently transferred from®Ybo Er* while avoiding the creation of high gain
at 1um and excessive upconversion. Also, the signal dgracikd loss must be kept low. Our

fibres were quite typical with background loss &0 dB/km at 1300 nm.

A widely accepted rule of thumb is that the bebiwen:ytterbium concentration ratio is
1:20. This is based on the work of J. Townsend lvisicows that this ratio gives the lowest
lasing threshold in Er:Yb AD; co-doped fibre [2]. However, the most efficient Y
characterised by the HPFL group, e.g. [4], hadlsuer:ytterbium ratio of between 1:8 and
1:15. With typical erbium concentration of 2000608 ppm, this corresponds to a core
absorption of roughly 2000 dB/m at 975 nm for Yhs@and a core absorption at 1535 nm in the
50 — 100 dB/m range by the erbium ions. The comatgoh and absorption, as well as other

characteristics of the fibres used in this thesig,given in Table 3.1.
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) Absorption| Absorption Threshold
_ Core | Cladding Eqpat | Egyat Where
Fibre _ , at 976 nm| at 1535 nm| [Er] [Yb] | Core area
| diameter| diameter 1535 | 1565 SRS SBS used
designation (um) () (dB/m) (dB/m) (ppm) | (ppm) (um?) w) w)
m m nm nm
" g clad. core w.md) | (w.m?) | (Chapten)
F196-LF59 35 400/375 45 86 —101 | 3090- | 18000 710 64.2 227 | 163600 164 4,7
3500
F225-LF69 25 400/375 25 45-50 | 2300- | 18000| 628 56.8 201 | 144700 144 4
2500
F260-LF35 50 400/375 | 18.3-20.3| 29— 34| 1000- | 20000-| ;500 135.7 480 | 345600 345 5 8
1200 | 25000
F402-LF122 27 186 25.7 57 2500 | 20000-| 575 52 183 | 131800 131 5
25000
F546-LE218 90 510 10 48 2200 | 7000-| 6360 575 2035 | 1465500 1465 5
12000
Table 3.1 Characteristics of Erbium-Ytterbium doped fibussed in this work.
Notes:

! _ D-shaped cladding

2 _ Threshold estimatation based on a 50 dB gain
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3.4 Pulse amplification in erbium-ytterbium doped fibre

This section is focused on high-energy pulse aioptibn, meaning that the energy

extracted from the amplifier by a single pulsedfisiently high to alter the gain in the fibre.

3.4.1 Saturation energy

An important parameter for a doped fibre is theimsic saturation energy which
corresponds to the energy that halves the absarpti@ain, per unit length locally in a fibre.

The intrinsic saturation energy of a doped fibrgiien by (3.1).

S - hVS AOI‘E

* (ozrad) T (3.1)

where hvg is the energy of a signal photon acf] and g are the emission and absorption
cross-section at the signal wavelength, respegtivéhile A, is the doped core area ang

is the signal overlap with the doped area. Gengrhl] is equal to or less than unity and in this

work it will be assumed to be unity unless statdwiwise. The (intrinsic) saturation energy is
the same irrespective of the state of the fibee, if it is pumped or un-pumped and there may
or may not be signals or ASE present. Furthermibrean be assessed at any wavelength,
including the pump wavelength. The pump saturagaergy of a double-clad fibre is quite

large, because of the low value of the overlap betwthe pump and doped area.

Note that a saturation energy can be defined gilpiddso for an extended fibre, but this
will have a different dependence of the fibre paters and will depend on the gain or

absorption of the fibre.

3.4.2 Frantz and Nodvik's model

The well-known model of Frantz and Nodvik [27],tially developed for bulk solid
state amplifiers, can be used to predict the outpetgy also for fibre amplifiers according to
(3.2).

Eoue = EsaIN ( G I:EXp( E./ Esat) a ];|+ ]) (3.2)

whereE_, E

in? out

and E__, are the input, the output and the saturation eegrgespectively, and

sat

G, is the linear gain in the fibre immediately befahe pulse enters the input of the fibre

amplifier. Once the input pulse is launched intoaanplifier, it extracts energy, whereby the
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energy stored in the form of an inverted gain mexliis reduced and the gain compresses.
Then, once the pulse exits the fibre, the pumpxoiies the ions until the initial gain is reached
again (in case of stable pulsed operation). Theggretorage and gain depend on the geometric
and fibre parameters, and also on factors sudheasfticiency and background loss of the fibre.

Equation (3.2) neglects any excess loss mecharsanis as background loss and excited state
absorption. Note that equation (3.2) is valid dffthe inequality, E_,, >> E,, exp(Q)) , is not

satisfied, which is the case generally.

If the incident number of photon is sufficientlyde, i.e. E,, > E_,,, equation (3.2) can

be approximated by:

Eout = Ein + &atln ( Q) (33)

3.4.3 Extractable energy

Assuming the doped fibre is in a steady state whpulse enters and perturbs the fibre

inversion, the energy stored before the pulsevisrgby:

stored = h/sAcore_[ Q 3 d:
(3.4)

where the integral term represents the sum ofhalibns in the excited state and can be

L
rewritten as: .[n dz- LN g In that casen is the averaged ratio of excited ions and
0

Ng' is the total number of erbium ions present inftbes of lengthL . It is here assumed that
all excited ions are in the upper laser level (I&)e

Energy can be extracted from the stored energygarfibre only as long as the dopants
provide a net positive gain [28], i.e. down to gwnt where the amplifier becomes transparent

(GY" =1). From (3.2), the linear energy gaiB," , can written as:

E._E
Sout = Seat / 1
E. E (G [exp(E, /8.) -1+ (3.5)

G =

Thus, the energy extractable is given by (3.6).

EExtractabIe: Eout_ Ein= Ein( GIE _1)

(3.6)

Using equation (3.3) into (3.6) yields:
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EExtractabIe =E satln ( Gb) (37)

Using the average inversion model [17], the lireraall-signal gain is given by (3.8).
G =exp(r. N L{(0F +0% ) n~(07))) (3.8)

In an erbium-ytterbium doped fibre the small-siggain per unit length per ppm, according to

the average inversion, using the cross-sectiorengivfigure 3.2, is shown in figure 3.5.

Erbium-Ytterbium small-signal gain
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Figure 3.5 Net small-signal gain as function of the avertiges

inversion, A

Thus, using (3.7) and (3.8) [29], the extractalvlergy becomes:

hy
S S
o, +o;

E

Extractable — (

AN (0% +0% ) =(0%)
) (3.9)

wherev is the signal wavelengttg:' andg." are the erbium emission and absorption cross-
sections respectivelyA. is the doped areal. is the amplifier length,N:" is the Er-

concentration (ions per unit volume), an_pl is the fraction of excited ions.

The energy extraction possible from an erbium-giten doped fibre according to Eq.
(3.9) is given in figure 3.6. This has a strong elamgth dependence because the bleaching
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level is wavelength-dependent. At wavelengths bdy@610 nm, excited-state absorption

(ESA) reduces the extractable energy.

Extractable energy vs wavelength in Er-Yb doped fibre
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Figure 3.6 Extractable energy and optimum gain (indicatedhgysymbol o)

according to the average population inversion aediavelength.

In figure 3.6, the best extractable energy is avaly 1600 — 1620 nm. From (3.7), a
high small-signal gain helps in actually extractihg energy, i.e., in “saturating” the energy
extraction. The small-signal gain of EYDFs normaiBaks at 1544 or 1565 nm, although it can
also peak at around 1535 nm for short fibres anldrajer wavelengths for long fibres. The
optimum gain, marked in figure 3.6, correspondsthe highest small-signal gain in the

wavelength range for a given inversion.

Note that the extractable energy can be limitedfdmyors such as ASE and spurious
lasing. In the high gain regime, the stored enésdimited by self-saturation from ASE (from
the erbium ions). In self-saturation, the numbeioas, in the excited state, is clamped and any
increase of the pump power produces more ASE, aug increases the stored energy (i.e.
number of ions in the excited state) by a smaditiom. In optical fibre, ASE is dependent on the
fibre core NA, diameter, core refractive index avalvelength, which determine the fraction of
spontaneous light captured by the core modes [tifjortantly, in EYDF, ASE can occur from
the Er and from the Yb ions. The ytterbium ions,ickhhave a much higher dopant

concentration then erbium ions, are also suscepithASE and spurious lasing [30].
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3.5 Summary

In this chapter, a brief overview of the fabricatiand features of cladding-pumped
erbium-ytterbium doped fibre is presented. Subsetfyjethe characteristics of the EYDFs
fabricated at the ORC and used in this thesis msepted. These EYDFs have generally a large
core and their typical erbium concentration is abu2000 ppm while the ytterbium

concentration is about 20 000 ppm.

Then the last section of this chapter is focusedtten background theory of pulse
amplification. The Frantz and Nodvik’s model is b to erbium-ytterbium doped fibre to
determine the maximum extractable energy from EY®&pending on the wavelength

operation.
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Chapter 4 Continuous-wave erbium-ytterbium
doped fibre lasers

This chapter treats of the power scaling of dowlbde- erbium-ytterbium co-doped fibre in the
continuous-wave regime. Firstly, section 4.1 introes and reviews CW erbium-ytterbium
doped fibre laser. Then, section 4.2 describesrghairements for single-mode operation of
large core fibres with an emphasis on fibre tagaha means to select low order mode. Section
4.3 presents C and L-band continuous-wave tundidoke lasers based on large-core fibre and
tapered fibre section. Then the lasers charadterisre shown and discussed in section 4.4.

Finally, section 4.5 summarises the results ardiris of this chapter.

4.1 Introduction

As discussed in Chapter 1, continuous-wave, witlelgable and narrow-linewidth laser
systems are of great interest in the “eye-safe”alemgth range. Cladding pumped EYDF lasers
should be able to reach much higher power thanriegadn the literature [1 - 4] while
maintaining good output beam quality and good spkproperties, i.e. a narrow spectral line.
However, the power-scaling of narrow-linewidth sms is difficult because of the modest
efficiency of EYDF (typically around 30 - 40%) abdcause of the limitations associated with
non-linear effects. In particular, a relatively ¢pfibre with a small core diameter (typically
<10um) leads to a low threshold power for stimulatednBa scattering (SRS), which degrades
the laser performance and can limit the maximunpaupower achievable [5]. Furthermore,
when working with single-frequency lasers (typigadlith a linewidth narrower than 50 MHz),
stimulated Brillouin scattering is the dominant dimear effect. Therefore, for power-scaling, a
careful design of the laser system is requiredrdento suppress the effect of SRS or SBS, for
example, by using a large-core fibre and a shoricdelength. However, special precautions

must be taken to avoid the degradation of the bgaatity with such large core fibres.
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4.2 Single mode excitation

4.2.1 Single mode operation and mode selection

In some case, it is convenient to use large-ctwre ®ither to increase the energy stored
for the pulsed operation of rare-earth doped fitorsimply to avoid non-linear effect through
the reduction of the core light intensity. Howeuggh, even diffraction-limited, beam quality is
desired in most high power, high brightness lagstesns. Therefore, single mode fibres with
large mode area have been developed [6]. Typicley size of the mode field is increased by
reducing the effective numerical aperture of thesceither by special fibre refractive index
profile designs [7] or by simply reducing the NA afstep index fibre [8]. In 1998, Broderick
and co-workers [6] demonstrated that a large mada 8.MA) fibre was able to produce a
robust single-mode output while the mode effectivea was increased several times over that
of a standard single-mode fibre. However, there ipractical limit to how complex the
refractive index profile can be designed and to haw the fibre NA can be (typically NA ~
0.06 - 0.08) before the core stops guiding theaidight without significant losses into the
cladding.

Furthermore, e.g., for erbium-ytterbium doped fifiE&¥ DF), it is not easy to reduce the
core NA without a special refractive index profilych as raised inner-cladding, because
efficiency requirements imposes constraints on dbpant. Thus, single mode operation of
multi-mode fibre with relatively large cores is uéged for some applications. This can be
achieved by using a distributed modal loss [9]yubing a discrete discriminating loss element
such as a taper which removes any higher order snfid or by selective modal excitation

[11]. In this section, different methods that aemgrally applied to EYDF are reviewed.

4.2.1.1 Distributed modal losses

The simplest way to select the fundamental moda multi-mode fibre is to coil the
fibore such as to create a distributed and selecthadal bend loss. In 2000, Koplow
demonstrated a single mode output amplifier fromuti-mode coiled double clad fibre [9].
The core diameter was Bn and the V-numbémwas 7.4 thus the fibre was supporting a large

number of modes. By coiling the fibre, significdmés was induced to all modes except for the

® The V number is a parameter which determines tiraber of modes supported by the fibre. It is
defined as: V=#/A.a.NA, where\ is the vacuum wavelength, a is the radius of ik fcore, and NA is
the numerical aperture. For V values below 2.40fbr@ is single-mode. Above, this value the filise
multi-mode.
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fundamental mode, LR Therefore, the output of the multi-mode amplifiesis single-moded.
This method can be applied to both fibre lasersfidmd amplifiers. More recently, in 2001, the
fundamental-mode operation of a fibre with 2Q@6° core area was achieved with the coiling

technique [12].

However, for this method to be efficient, whichais over-riding requirement at high
powers, the loss for the fundamental mode mustdve [This requires that the effective
refractive index of the modes must be well sepdratéhen the modes are tightly spaced tighter
coiling is required to discriminate the fundamentadde from the other modes. In order to
illustrate this, the bend loss for a step indexdfitvith a 0.2 NA, operating at 1060 nm, coiled
with 30 mm radius, is shown in figure 4.1 as a fiomcof the V-number. The estimate of the
losses induced by the bending of a fibre can beutated using the formulae given in [13] for
step index fibre and in [14] in case of an arbitrfiiore refractive index profile. In any case, the

bend loss is calculated by evaluating the amoupbwfer traveling outside the core.

Mode bend loss
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Figure 4.1 Modal bend loss estimation versus the V-numbex stiep
index core fibre (NA = 0.2). The bend radius iefixat 30 mm.

When the fibre has a V-number of 10, in figure 4hg, four lowest order modes, §;P
LP.1, LP,; and LRy, respectively, are well guided for this given beadius. A tighter bend
radius is therefore required to discriminate thedamental mode from the other modes.

However, there is a limit, below which the bendiuadbecomes impractical. This is an even
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greater concern when the fibre has a large claddiameter in order to accept more pump

power like the EYDF used in this work.

4.2.1.2 Discrete mode selection

The alternative approach is to use a discrete rsetistive element, which removes or
prevents the propagation of higher order modes hi@a fibre while maintaining a low
transmission loss for the fundamental mode. Fomgyka a pin hole placed after a multi-mode
laser will act as spatial filter and can be useddlect some lower order modes, but this will
considerably reduce the laser efficiency. Altenglyi, the mode filter can be placed within the
laser cavity. For example, in [10], a tapered figeetion placed inside a fibre laser cavity shows
a M? improvement from 2.4 to 1.9 while the output pougereduced by 19%. Thus, the laser

brightness improved by 2.4 times.

Single mode operation of an amplifier can be addewsing selective mode excitation
as demonstrated by M. E. Ferman [11]. A light seuscimaged onto the input fibre facet such
that the image has a maximum overlap with the foretdgal mode of the fibre. The modal
excitation is determined by equation (2.11). Inciice, a set of lenses is used to launch the light
from a diffraction limited source into the multi-oh® core. The diffraction limited source has a
gaussian transverse mode profile which can, wiir@piate imaging optics, be matched in size
to the fundamental mode of the multi-mode fibreth image is centred on the core (and does

not propagate at an angle), only circularly symioetodes are excited.

A more robust way of selective mode excitationdsuse a tapered fibre section to
progressively adapt the size of the mode field di@mwhile at the same time ensuring that
mode-coupling does not occur [11]. The taper cgpsu a single mode in one end and then
increase in core size to the required diametealligethe taper can be used for connecting two
mismatched fibres to each other, without any intafite free-space propagation. This
approach removes any uncertainty from optical rigeaient and allows for all-fibre beam
propagation as well as easier integration and sfoath device. However, it is very important
that the loss of the taper is minimised and theeefihve taper must be adiabatic for the

fundamental mode [15].

Another requirement for single mode operation wlitcrete mode selection is that the
fundamental mode must not couple power into higitder modes, as it propagates down the
fibre. Mode-coupling degrades the output beam tuand reduces the laser brightness.

Typically, mode coupling arises from perturbatidrttee core-cladding interface. For example,
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these perturbations can be induced by microbermus the fibre fabrication process. Then, the

mode coupling coefficient can be approximated 8}:[1

1
1+ (mbny K AY @.1)

n

where k is the perturbation amplitude due to index andofiend fluctuations andn,, is the

difference in effective indices between the différenodes at the wavelength Thus a large

An,, is desirable for low level mode coupling (efn, >10%. However as the fibre’s

effective area increasen,, decreases as the modes become closer [11] and coagéng

cannot be avoided. Thus, large core are fibresrbeamore sensitive to index perturbations in
the core and tighter control of the fibre fabrioatis required. Because the amplitude of the
core perturbation is dependent on the cladding eiem larger diameter fibres are less
susceptible to core perturbation and to mode coglvith a fixed core sizgl1]. Therefore, it
should be possible to use larger diameter core EYith for example an outer diameter of

400um, and still achieve good beam quality from a muitide core as demonstrated in [17].

4.2.2 Taper for single mode operation

In some of the experimental work presented intthesis, fibre tapers are used to ensure
single mode or low order mode operation of high @ovarge core fibre laser sources. The
tapers losses for the fundamental mode must betkegtminimum in order to insure a good
optical performance but most importantly to avoxtess heat being dumped into the tapered
fibre section. The role of the taper is to seléet dbperating laser mode and to suppress any
higher order modes while managing any waste heatdsglting from this modal loss. To
minimise mode coupling in the taper, the taper nhestfree from imperfections, which can
locally couple modes together and excite higheromiodes. In addition the taper should

reflect as little as possible of the higher ordedes back into the large diameter core.

Thus, the taper must gently adapt the size of theddmental mode during the
transition, i.e. an adiabatic taper. Otherwise, esqmwer will be radiated into the (inner)
cladding. From there, it may be absorbed by a mighx material or it may couple back into the
core, e.g., in the waist region of another tapdre Taper loss is minimised when the taper is

slowly varying according to the adiabatic criterdefined as [18]:

< r (:31 _:82)
- n (4.2)

dr
dz
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where 3, and [, are the local propagation constants in the tramsif the fundamental mode

(LPo;) and the closest mode ( typically 4 Pand r is the core radius which varies along the
taper. When this criterion, which defines an angge,achieved the loss is minimal and
essentially no power is coupled between the md@essequently, the closer the two modes are,

the smaller is the angle and the longer the tajpet re.

It is possible in the case of a linear taper toraxmate the taper length required in

order to have only the fundamental mode preserg.rimber of LP modes present in the large

2

core fibre can be approximated b — where V is the V-number defined by

modes

=27”.NAr. Under the assumption that the modes are equastitdited in the core, their

neff

o _— n,.—nN
effective index spacing i, =—2¢—<d Thys the taper angl@ becomesQ =r. IR

modes

where r is the radius of the large core fibre addis the operating wavelength. Ideally, the

taper defines a single mode when the radius reaxkhatue where the V-number is 2.405. The

largest core radius for single mode operation Memiby r; 2%. Therefore the
—NA
A
minimum taper length for an adiabatic taper candleulated as:
2.405
r_2ﬂ
(r—r ) — NA
Lt _ final ) _ A
ot Q r Aneff
A (4.3)

For example, a fibre with a core of 0.22 NA, {rh radius operating at 1.5%@n, requires a

linear taper of about 6.8 mm long to be adiabatit single mode.

Even though the modes are not evenly distributedstep-index core, the expression is

still a reasonable estimate of the required tagragth.

In practice, the taper waist region is spliced sirgle mode fibre. Although, this fibre
is singlemoded, it can have a different mode failimeter (MFD) than the waist region. Thus,
the waist diameter must be tailored to minimise spkce loss between the dissimilar MFDs.
The final dimension core radius can be determimgdnitching both fibres MFD using the

following expression for the MFD [19] valid whah < 8:

C. A. Codemard 84



Chapter 4: Continuous-wave erbium-ytterbium dopleceflasers

2w, = Zatore( 0.65+£i9+2'—8673
A \ (4.4)

There are other parameters, which can contributbdgerformance of the taper such as the
smoothness of the surface of the taper. A smoatlacaihelps to avoid any mode coupling in
the transition region. Finally, an important usdagers is to connect readily available standard

sized fibre components with large-core fibres torf@ractical all-fibre high-power solutions.

4.2.3 Taper fabrication

The taper fabrication generally consists of heatingjlica fibre to the softening point
and then stretching the fibre to taper it. Thet iapers made by myself, were fabricated using a
standard splicer (Ericsson FSU-995). At first, fitee is heated by an electrical arc, between
two electrodes, then a displacement of the fibdddre stretch the fibre. However, the splicer
did not allow for a good control of the taper shapel length, and only fibre with a diameter
less than 35Qm could be tapered adequately with this machinefigore 4.2, a taper
manufactured using the Ericsson splicer is shovae. [Eft hand side is the waist section which
is then spliced into single-mode fibre, while tight hand side is the transition region from the

large-diameter fibre to the waist.

Figure 4.2 Large core fibre tapered and spliced to a singiee

fibre using an Ericsson splicer. The total lengtalbout 5 mm

Therefore, a commercial industrial-grade splicingchine with tapering facility from
Vytran (LDS-1250) was used to fabricate the tapetiens. Here, the heating element consisted

of a tungsten filament, which could reaches tentpezaas high as 3000 °C. In contrast to other
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existing method, e.g. moving flame [20], the filarhés set at a fixed position while the fibre is
feed through the furnace at a differential ratemeen the left and right fibre holders. The
transfer rate is determined by the glass volume fitament temperature and the desired taper
shape. This method gives a good control of the eslaaqal dimension while also giving a good
uniformity of the taper shape. In general the tapeere deliberately made about 1 cm long to
reduce the core loss. Thus, the typical total foss the single mode fibre to the large-core
fibre (including the splice loss in the waist rag&nd the taper loss) was measured in the region

of 0.3 to 0.5 dB with an 1,@m laser source.

4.3 CW tuneable laser set-up

Narrow-band tuneable lasers are useful in their ogitt. Equally important for my work is that
wavelength tuning provides important additionaloinfiation about the laser, which helps to
better understand them. For high-power high-brigksnoperation, it is necessary to use a large

core and a mode-selector such as a taper, as skstimsthe previous sections.

4.3.1 C-band laser

L=3.5m
Lens DM @ L:m égg'\?e
977/1550
o77nm| ] O T N2 —~ N\ 7
Pump |______}\/--- T \ DCF
4% facet _
Reflection A=1533-1568nm
Laser
Output

Er/Yb DCF _
OD-360m OD=125um

Figure 4.3 Experimental setup of tuneable EYDFL.

The experimental setup for the C-band tuneable lasghown in figure 4.3. The laser

consists of a cladding pumped large core Er:Yb ddiiee (F196-LF59). The inner-cladding is
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D-shaped in order to increase the pump absorpliba.inner-cladding diameters for the long
and short sections are 4(0th and 36Qum, respectively. The phosphosilicate core is coedop
with Er and Yb. It has a diameter of @&, with a numerical aperture of 0.22. The core
refractive index profile is shown in figure 3.4nglly, the fibre is coated with a low refractive
index polymer which provides the outer cladding tlee double-clad structure with an NA of
0.48. The fibre has a pump absorption of abouti®/m at the pump wavelength of 975 nm and
the total fibre length is L = 3.5 m. The fibre l¢éings such that the total pump absorption is
about 15 dB, such as to protect the opposite @ The pump is launched into the inner-
cladding through the free fibre end, so that tlsedas counter pumped with respect to the laser
output. The laser cavity is formed by the 4% Fréseiection of the perpendicularly cleaved
fibre end facet at the pump injection point andal9.9% reflectivity fibre Bragg grating in the
other end. The grating is written in a standardjlsirmode fibre, which is spliced to the doped
fibre.

In order to achieve the best matching of the furetaail-mode between the single-
mode fibre and the large core doped fibre, thedast tapered to a suitable diameter [21, 22].
The single mode fibre is 1 m long and high-indeated. The purpose of this section of fibre is
to eliminate any higher order modes propagatinghm laser and therefore to achieve an
improved beam quality. Higher order modes are tadiaut from the core in the taper and then
stripped away (and partially absorbed) by the lnglex gel which covers the taper. The mode
stripping arrangement is such that it takes pldoagaa certain length to distribute the heat
generated by the remaining unabsorbed pump andhtti@ed higher-order signal modes. The
taper is cooled to prevent any damage from leakigly power light. The estimated unabsorbed
pump power is only a few watts. No thermal damags wbserved in the SMF section or the

taper, even with 140 W of launched pump power.

The grating was manufactured in-house by Dr M. nibesed packaged in a way so that it
can be tuned from 1533 to 1578 nm based on a gretimpression technique [23]. The grating
fibre is terminated by an angle-cleave to avoid asflection which could lead to spurious

lasing at other wavelengths, e.g. at{dni by the Yb ions.

The EYDF is pumped by a diode stack based sour@ézahm. A dichroic mirror (DM)
with high reflectivity at ~1.5um is used to separate the pump radiation at 97from the
output of the tuneable laser around 1550 nm. ArsdaM with a high reflectivity at ~1.jim
is also inserted between the pump and launch effittedo out any laser emissions at Jufn
which, due to the excitation of Yb ions, might had@maged the pump. Finally, the pump

launch end of the fibre is held in a water-cooleetatlic V-groove that is designed to prevent
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thermal damage to the fibre coating by any non-gglidump power or by the heat generated in

the laser cycle itself.

4.3.2 L-band laser

A setup similar to the previous one (fig. 4.3) &d for an L-band tuneable laser. Here,
the EYDF (F225-LF69) is 10 m long and has a phositibate core of 2um diameter with NA
of 0.22, surrounded by a D-shaped pure silica hHofedding with a 40@um diameter. The fibre
is coated with a low refractive index polymer thatdvides an inner-cladding NA of 0.48. In this
case the fibre has a small-signal inner-claddingogition of ~ 2.5 dB/m at the pump
wavelength of 975 nm. The cavity design is idemtiocathat of the short-wavelength laser. A
fibre taper connects and mode matches a single tiogewith a HR FBG written in it. A
diode-stack based pump source, operating at 975saunched into the EYDF through a
simple combination of lenses. The laser outpuaken from the pump launch end via a dichroic
mirror, HR at ~ 1.5 — 1.6m.

4.4 Laser characteristics

441 C-band laser

The incorporation of a fibre Bragg grating in tlasér cavity provides a wavelength
selective feedback into the cavity, thus restrigtihe laser operation to the bandwidth of the
grating. The grating reflection spectrum is showfigure 4.4 (dashed line). It has bandwidth of
0.7 nm (FWHM). In comparison, the laser radiati@olifl line) is much narrower with a
linewidth of only 160 pm, due to the normal linetticharrowing that occurs in a laser with its
multiple pass amplification. The experimental restdibr the laser linewidth, shown in figure
3.8, were measured at an output power of 20 W waithoptical spectrum analyzer (ANDO
AQ6315) with a 50 pm resolution bandwidth.
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The fibre Bragg grating was fabricated for a wangth of 1566 nm in its unstrained
state and compression-tuned by as much as 33 nam tiba wavelength of 1533 nm. Figure
4.5 shows the laser spectra for the different ggatvavelengths at an output power of around
20 W, measured using an OSA with a resolution badtth(RBW) of 0.5 nm. The short-
wavelength tuning range is limited to 1533 nm bg thduction in the Er:Yb gain at shorter
wavelengths [3, 4]. For shorter tuning wavelengths,Er excitation level required for lasing is
so high that the gain at the gain peak becomesssixee to the point where ASE at the gain
peak starts to dominate the emission and the tzssymes unstable and prone to self-pulsing.
This would damage the laser. It can be observdidjume 4.5 that already at 1533 nm the ASE
build-up is quite significant. The limitation of efating the laser at wavelengths longer than
1566 nm is only due to the grating fabrication wemgth in this case. As the Er:Yb gain
spectrum of this fibre extends up to almost 1580 Inmould expect that the laser would be able
to be tuned up to that wavelength. The laser turamge would be about 45 nm. Similarly as
for short-wavelength tuning, a low gain relativethe peak gain would ultimately limit the
long-wavelength tuning. Nevertheless, already &selts shown in figure 4.5 illustrate the wide

tuning capability of this laser configuration.
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Figure 4.5 Spectrum of the tuneable C-band laser for differe

grating wavelengths

The laser slope efficiency and threshold at a vemgth of 1550 nm were measured to
be ~30% and ~3.3 W, respectively. Figure 4.6 shtves laser output power for different
launched pump powers. As most of the power is &leshrthe difference between absorbed and
launched pump power can be neglected. Althouglaadtigh as that achieved in free-running,
non-tuneable lasers, the laser efficiency is gmomsidering that the quantum defect limited
efficiency for the laser is around 63% and thats@ower is lost in the taper (about 1 dB of the
power launched into the taper), the fibre backgdolmss, the imperfect transfer of energy from
the Yb ions to the Er ions, and the ASE atnl Emission at im in EYDF can occur from
excited Yb ions which do not transfer their enesdgiethe Er ions. The most likely explanation
is that a fraction of the Yb ions are too remotediergy transfer to any erbium ions. These Yb
ions will produce some parasitic emission at il In this laser, this emission is relatively
low (< 2 W) at the output, even at the highest outpvel. Still, most of the 1.Am emission is

expected to be lost in the taper and therefongoiger could not be reliably determined.
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Finally, the output power of the laser is measudedlifferent wavelengths and pump
powers. These results are shown in figure 4.& tthiserved that the laser output power is very
flat across the wavelength range from 1533 nm 86X8n. Output powers in excess of 39 W
were obtained over the whole tuning range with aimam of 43 W at 1545 nm. The output
beam quality is measured to be 1.7 times diffraclimited, although the core with a V number
of 15.6 can support a large number of modes. Anvalue of ~ 8 would be expected if all

supported modes were equally excited.
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Figure 4.7: Measured output power of the laser as function of

the wavelength for different pump power levels
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The pump power was not increased further for fémotential damage to the large-core — SMF
splice region. Nonetheless, this experiment showggaificant capacity for power-scaling of
complex all-fibre laser cavities, which in this eagcorporates a tapered splice and a single-
mode fibre with a FBG for improvement of spatiatiapectral brightness as well as broadband
tuning.

4.4.2 L-band laser

Figure 4.8 shows the laser output characteristictha wavelengths of 1560 and
1590 nm for the L-band laser. Figure 4.9 showsigidiata. The output power increases linearly
with the pump power at 1560 nm with a slope efficie of 30%. A similar behaviour is
observed in the wavelength range of 1550 - 1570 Byn.contrast, in the 1585 - 1602 nm

wavelength range, a roll-off in the output poweoliserved at high pump power.
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Figure 4.8 L-band EYDF laser output at 1560 Figure 4.9 L-band EYDF laser tuning

and 1590 nm. characteristics.

Similar behaviour has previously been observedlowepower experiment [24] and in
simulation [25]. In the simulation, the roll-off isduced by the lasing or strong ASE from Yb-
ions at 1.lum. From the laser configuration, one expects thiat power is lost in the taper.
Thus it is difficult in this case to experimentatlgtermine how much power is lost through this
process. The emission from the ytterbium ions cawehdifferent causes. Firstly, the energy
transfer from Yb to Er ions can become less efficihen the signal at 1550 nm does not
saturate the erbium ions, for example, near the efighe core. In this case, the energy transfer
saturates, which results in the growth of the gairi.1lum. Secondly, there can be Yb ions

which are isolated from any Er-ions and so canratsfer any energy to them. Such Yb-ions
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are readily excited and generate gain and ultipatedit through ASE at 1.[Am. In addition, it
has been experimentally [26] verified that in soofeour EYDF the composition varies
significantly along the length of a fibre preforirherefore, a fibre from the same preform can
exhibit a different concentration ratio at diffetdibre ends. In particular low concentrations

tend to lead to poor energy transfer and thus laehityaction of excited Yb-ions.

The roll-off can also be exacerbated by the largeumts of heat deposited in the fibre
core [27, 28]. Indeed, even in efficient EYDFs, 06©% of the pump power is lost in the
wavelength conversion process, mostly in the fofrheat. Canat et al. [29] have shown that
EYDF have a higher gain in the 1560 nm range thémkise thermal effect on the population of
the Stark energy sublevels. Their modeling alsacatds that from 1580 to 1600 nm the ground
state absorption increases as the fibre heatship.wiould increase the threshold in a fictitious
fibre laser in which the temperature is kept camstan the real fibre with a varying
temperature, this results in a roll-off, althoughsi unclear if the heating can account for the
observed size of the roll-off. Nonetheless a maxmuutput power of 70 W at 1560 nm is
obtained for 240 W of launched pump power (slodiiehcy ~ 30%). Although the beam
quality was not measured in this casé, 32 was obtained with this fibre in a slightlyfdifent

configuration [30].

The laser could be tuned from 1550 to 1602 nmhaws in figure 4.10. The short end
of the tuning range is limited by the tuneabilifitme FBG. The linewidth was ~ 0.2 nm.

Power [dBm]

1540 1560 1580 1600 1620

Wavelength [nm]

Figure 4.1Q Normalized tuning spectra at 200 W of nominal pum

power
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4.5 Summary

In this chapter, the power-scaling of large coraulde-clad Er:Yb doped fibre is
presented. The requirements for single-mode operati large core fibres are reviewed, these
being the fundamental mode excitation and the idication of the higher order modes. In
order to achieve this, a tapered fibre sectionseduin all-fibre Fabry-Perot laser cavity. This
leads to the construction of a short and a longelgngth range, tuneable, continuous-wave
fibre laser. High output power with good beam dyals thus achieved. Such lasers are
constructed using large-core EYDFs and a tapelwée Section connected to a compression-
tuneable fibre Bragg grating. The EYDF are 3.5 ngléor the C-band and 10 m for the L-band
laser, but their dopant concentrations are aldereéifit. The lasers could be continuously tuned
between 1533 — 1565 nm and 1550 — 1602 nm withreowalinewidth of 0.16 and 0.2 nm,
respectively. The laser slope efficiency is 30%ath cases. The output beam is good with a
typical M value of 1.7 — 2, thanks to the mode selectiothkyfibre taper. The output power is
about 40 W over the tuning range except at thedshgavelengths where competing emission
directly from the Yb ions reduces the laser efficig In the short wavelength range strong ASE
reduces the gain available for the laser signailevthe parasitic emission from Yb ions remains
quite low. The laser output powers are limited hg fibre preparation, i.e. fibre cooling,

protection of the taper and fibre end-facet qualitliiich could easily be improved.

These results demonstrate that with a simple cordigpn, a larger core EYDF can be
turned into a high-power, high-brightness and biyotitheable laser source. However, different
device configurations, in particular fibre lengtheed to be used for operation in the long and

short wavelengths of the eye-safe spectral range.
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Chapter 5 Pulsed erbium-ytterbium doped
fibre MOPA

This chapter considers pulse energy scaling of EYBIFstly, section 5.1 introduces and
reviews the performance of pulsed erbium and erhjitierbium co-doped fibre laser sources.
Then, section 5.2 describes known challenges toggrecale pulsed narrow linewidth laser
sources. Subsequently, in order to demonstratehmitgue to overcome these issues, a fibre
MOPA based on large core EYDFs is constructed. @kmerimental set-up is presented in
section 5.3. The MOPA is capable of delivering higlak power, high-energy pulses while
maintaining a narrow linewidth. The detailed chédstics of each of the amplification stages
are given in section 5.4. The performance of theRAQs also discussed. Finally, section 3.6

summarises the results and findings of this chapter

5.1 Introduction

High gain, high efficiency, and high average powa&n be obtained simultaneously in a
rare-earth doped fibre. These properties make M&seillator, Power-Amplifier (MOPA)
configurations attractive for pulsed sources, itipalar when a narrow-linewidth is required.
In a MOPA, a low power seed from a Master Oscitle&gamplified to a higher power by one or
several Power Amplifiers. In multistage MOPASs, thignal gain can well exceed 50 dB.
Furthermore, this configuration allows for excetléemporal (e.g. pulse shape, pulse duration
and repetition rate) and spectral (e.g. linewiditi wavelength tuneability) control of the pulsed
light. At the same time, high output power can é&ched. Thus fibore MOPAs provide a unique
and attractive combination of high power and fldkig whilst still retaining the advantages of
fibre based sources such as compactness and rblse@fficiency, which suit a number of

applications.

Previously, several actively [1, 2] and passiv@ly@-switched erbium doped fibre lasers
were constructed, and energy up to 0.5 mJ withraé¥®V of peak power demonstrated. It is
only recently that EYDFs have been used in a palgsi®-switched laser [4]. In [4], the laser
was tuneable from 1532 to 1563 nm with an outpergn somewhat less than 100 for a
pulse duration as low as 3.5 ns. In a MOPA conégan, energy up to 0.5 mJ in an erbium-

doped Yb-free fibre has been demonstrated as &jell [
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The objective of this chapter is to demonstrate ploaver and energy scaling of narrow
linewidth EYDF laser is possible by realizationaohigh energy pulsed MOPA. The simplest
solution to reach high energy is to implement ailaimapproach to [6], with large core EYDF.
However, the source has to have a narrow linewidttput and be more flexible than a Q-

switched fibre laser.

5.2 Challenges

Ideally, higher energy pulses can be obtained where energy is stored in the active
medium. Therefore, fibres with large core and heghcentrations are utilized [7] to increase
the energy storage (see equation (1.1) and retated However, in the 1.5 — 116n spectral
range, it has always been more difficult to extradot of energy from erbium-ytterbium co-
doped fibre than pure erbium doped fibres [8]. @& dne hand, it is difficult to power-scale
pure erbium-doped fibre [8] because the high-brighs pump sources required are limited to
about the watt level. On the other hand, higher pyower can be used with EYDF, but the
complex and various energy transfer processes whlahplace seems to limit the extractable

energy.

Short duration, high energy pulses have high peatep. Therefore, non-linear effects
can become significant inside the active or pasBbres that make up the laser source. Self-
phase modulation, four-wave-mixing and stimulatean@n scattering deteriorate the temporal
and spectral properties of the pulse. In order itayate the non-linear effects which scale with
the intensity-length product [9], an arrangementaofier core and/or shorter fibre lengths are
typically used in the laser source. When the souscearrow-linewith (e.g. one or several
single-frequency lines), stimulated Brillouin sesittg (SBS) becomes the major obstacle to
high peak power output [10, 11]. Here, the highkppawer, high energy pulsed fibre laser
source presented in this section is based on a MGip#iguration, so that each amplification
stage is optimised to avoid non-linear effect atiltiget the best performance. In this MOPA,
non-linear effects are managed by using short leBYDF with high concentration and large

cores.

The other challenge is that large-core step-indeium-ytterbium doped fibres are multi-
mode because of the phosphorous co-doping, requareahance the energy transfer. This leads
to a core with a large NA, typically ~ 0.2. Henfibres with core diameters of 30n are highly
multi-moded with large V number (~ 12). If all theiodes are equally excited the expectéd M

value is ~ 6. Still, large and multi-moded fibree® can be made to operate on the fundamental
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mode with the appropriate modal excitation and bypsessing higher-order mode coupling
[12, 13].

Finally, amplified spontaneous emission (ASE) scalgith the number of modes
sustained by the core, and can become strong enmudimit further energy extraction.

Therefore, the gain of the MOPA stages must bertdl for a given desired output energy.

Consequently, based on these considerations, a M&RAguration and the use of the
EYDF fibres seem like the best approach to reagh-bBnergy, high peak power, narrow-
linewidth output in the “eye-safe” wavelength ranf®r example, a high-coherence EYDF
MOPA with energy of 0.4 mJ [14], and a milljoulegle-stage MOPA with good beam quality
and 575 ns long pulse [6] but with a large outmewidth (~7.3 nm) have been demonstrated.

Other high-energy, narrow-linewidth results haverbmuch more modest, i.e. [11].

5.3 Pulsed MOPA set-up

The fibre MOPA consists of a pulsed seed sourdevield by four fibre amplifiers (fig.
5.1). The master oscillator is a directly modulatxternal-cavity tuneable laser (TLS) source
(TUNICS-Plus) operating at 1535 nm. The seed learrbe tuned across the Er emission range
in the 1.5 — 1.um window. In this experiment, the choice of the wlangth is dictated by the
short fibre length and the strong pumping of thecaded amplifiers. As shown in figure 3.6,
with a relative inversion above 60%, the wavelength the highest gain is around 1535 nm. In
order to avoid SBS, it is best to operate with highest gain possible in the amplifier [15].
Therefore, monitoring taps have been introducedaaitor the spectral and temporal evolution
of the pulse along the MOPA. The pulse duratio?58 ns and the repetition rate is set between
1 and 4 kHz. Though the precise linewidth is unknpivis sufficiently narrow to generate SBS
in the cascade. This indicates that some singtpsrecy lines are contained in the pulse. Direct
measurements with an optical spectrum analyser sholwmewidth of less than 0.05 nm
(resolution-limited). Therefore, to avoid SBS, tbeerall length of the MOPA is kept to a
minimum, < 12 m, including any passive fibres, dhd power of the different amplifiers is
adjusted to avoid both SBS and ASE saturation.oBeélator output is first amplified in a core-
pumped erbium-doped fibre (EDF) amplifier (lengtl3 m, core diameter ~J2n), the output
of which is time-gated with a synchronized acousttic modulator (AOM). The signal is then
further amplified in a cladding-pumped Er:Yb co-ddpfibre amplifier (length ~2.5 m, core
diameter ~ 1§m). Its output is spectrally filtered with a narrtband FBG at the signal
wavelength. Time-gating with a fibre-coupled AOMathl had available was not possible

because the peak power leads to optical damageeiM©OM. Time gating by the AOM and
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spectral filtering with the FBG is necessary tousal any forward propagating ASE between
pulses, as this would otherwise limit the energiragtion in the amplifier cascade. The third
amplifier consists of a 2.5 m long, double-clad EYDvith a core diameter of 5{m

(F260_LF35). The signal is injected through a tafzee figure 5.1 inset) and spliced to the

previous stage with a single-mode fibre.

A polarisation controller (PC) is used to optimike gain of the third amplification stage.
Indeed, any doped fibres exhibit a degree of prdéion dependent gain [16 - 19], either
because of the pump polarization [17] (althougls thiunlikely here due to the nature of the
pump source), or because of the anisotropy of tpawk ions [18]. In addition, polarization
dependent gain (PDG) has been shown to be morertiampon multi-mode [19] than in single
mode fibre lasers. Still, PDG is expected to beegweak in rare-earth doped fibres, and
polarization-dependent loss seems a more likelycgoof polarization-dependence, when this is

observed.

The signal is then free space launched throughlicgupptics into the final 2 m-long
large-core (core diameter ~ fén) fibre (F546-LF218) amplifier. The two final segjare end-
pumped with multi-mode pumps sources at 915 andh@b@espectively, using dichroic mirrors
to separate the signal and pump wavelengths. Bés@éichroic mirror and the lenses, there
are no narrow-band filters or any other componegetsieen the last two stages, because of the

power-level and the non-standard nature of thesibr

grm——— Pulse Generator ..............................................

TLS

12 pm core [, 18 m core /7,
3m 25m FBG
HT@1535 nm HT@1535 nm @ (T
Power-Meter, HR@965 nm EVDE HR@915 nm . PC
Energy-Meter, 7
OSA, ' ———
Detector 90 pm core [J 50 4m core [,
Pump 25m Pump 2m
960 nm 915 nm
22W 15w

Figure 5.1 Experimental set-up of high-energy, narrow-lingtiierbium-ytterbium

large-core fibre MOPA. Inset: large-core fibre tape
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Optical isolation between the amplifications stagelsere possible, is used to prevent leakage
of backward ASE and to protect upstream amplifieosn potential backward high-peak power
pulses induced by SBS. The upstream amplifierscamdponents are particularly sensitive to
damage, as the fibre cores are relatively smatetled components such as AOMs have low
damage thresholds. Nevertheless, thanks to thepugler fibre isolator between second and
third stages, the MOPA can be operated with sewedsdrs of SBS in the third-stage amplifier
without any damage. In addition, the fibre end fa.cé the third and fourth amplification stages
are angle-polished with an angle greater than d2fvbid any core back-reflection, which are
known to reduce the performance of pulsed ampdifirincreasing ASE. Note that a relatively

large end-angle is needed to suppress core-modbéele in fibres with large core NAs.

Finally, the output pulses are characterised witheamal power-meter, an energy-meter
(Ophir), a fast detector (Thorlabs DT310) and atcapspectrum analyser (Ando AQ-6315E).

5.4 Amplification characteristics

5.4.1 Second amplification stage

The second-stage amplifier is first characterisgdh® amplification of short pulses
(2.4 ns). For such short pulses, SBS can be avoitleel input pulse energy of the cladding
pumped EYDF is about 50 nJ, after a 20 dB ampboatiom the first core pumped amplifier.
The wavelength dependence of the energy obtairted e FBG at the maximum launched

pump power is shown in figure 5.2.
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Second stage output at 1kHz rep. rate
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Figure 5.2 Energy dependence on the wavelength of the second

amplification stage.

Clearly, the pulse energy follows the shape ofgimall-signal gain spectrum obtained
with around 50 - 60% of the Er-ions excited. Thasthis condition, the maximum energy
extraction is obtained at 1536 and 1543 nm althdbghmaximum energy extractable from the
excited erbium ions is always around 1600 nm, aé.the longest wavelength possible (but
shorter than the ESA range). However, becausevaérigain, in this case, higher input pulse
energy would be required to actually extract tmergy. Then the repetition rate is changed
with the same initial pulse duration from 100 Hz4t® kHz, which is the limit of the energy
meter used. The energy and pulse peak power obtainthis frequency range, are shown in

figure 5.3.
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Second Stage output at 1536 nm
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Figure 5.3 Peak power and energy at 1536 nm

for different repetition rate.

The energy measured is slightly higher at a vewy llepetition rate than near 5 kHz.
Still the peak power is lower than expected if @oasiders the 2.4 ns output pulse. This is
explained by the fraction of the energy which istemed in the tail of the pulse and measured
by the energy meter. This power comes from a sfradtion of ASE that is leaking through the
AOM, between the amplification stages, and becoputsed. The highest peak power, i.e. the
lowest power leak, is obtained at 1 kHz repetitiate.

This can be explained by the dynamics and intemadbietween the first and second
amplifier. For example, the gain in the first arfipi may build up slower than that in the
second stage because of the different amplifieranpeters, e.g. pumping rate, fibre length. As
the first amplifier gain and ASE grows, the powesidage increases and then compresses the
gain of the second amplifier. Thus, the pulse ghdad fired as soon as the first amplifier has
enough gain, before it produces too much ASE. Toezethe frequency of the source is fixed

to 1 kHz and the operating wavelength is eithe61&31543 nm.

5.4.2 Third amplification stage

For the third amplification stage, EYDFs F402-LF122d F260-LF35 were tested.
When using a 2 m long piece of F402-LF122 pumped Bg2 nm laser diode, and 100 ns long

pulses, the maximum energy obtained isu87efore SBS appears and perturbs the output
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pulse. Any pump power higher than this induceg fired second order Brillouin Stokes waves
and produces very narrow and unstable output pulsesthe energy extracted below SBS
threshold is quite low, a fibre with a core twite tsize is used in the third amplification stage,
namely F260-LF35. Therefore, for the same gain sache absorption length, the energy

extractable should be about 4 times (~B3pbefore SBS sets in.

Indeed, with the same input pulse and a 2 m lomig fimore than 32@J are obtained
at the maximum pump power. The output pulse dumafe@VHM) decreases to between 90 ns
and 80 ns due to the depletion of the EYDFA gahis Torresponds to a peak power of 2.5 kW.
Here, the energy and output power are limited y ghmp power available and the pump
absorption at 962 nm. The output signal is SBS, flee to the large core [20, 21]. The output
spectrum is measured using a single-mode fibreotieat the light and an OSA at highest
resolution (0.01 nm). The output spectrum is véeaie (see fig. 5.4), although some ASE leaks
through the FBG. Still, the signal is 20 dB higtikan the ASE pedestal in the immediate
vicinity of the signal, as seen in the inset ofifig 5.4, and the linewidth is resolution- limited.
Still, in order to suppress any ASE in the finalpdification stage, the signal is set at 1536 hm
to reduce even further the ASE seen around tha¢leagth in figure 5.4.

Output spectrum at 320 pJ
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Figure 5.4 Output spectrum from the third stage amplifiesing fibre
F260-F35, at the maximum energy of 32D The resolution is 0.01 nm.

Inset: enlarged signal spectrum.
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The same MOPA has been tested with even higher power using a 976 nm pump
source from Laserline based on laser diode stdd&siever, energy scaling is not possible
beyond ~ 35QJ because of fibre damage. A close inspection Byffetov places this damage
at the boundary between the core and cladding, winidicates multi-mode operation of the
fibre at the moment of damage as shown in figuke Because the shape of the damage is
different to the bullet shape that forms during skew optical discharge [22], it may be due to
the so-called fast optical discharge (FOD) [23].0F® characterised by a velocity of half the
longitudinal sound velocity and only slightly low#ran transverse sound velocity. Here, the
damage happens over a short distance of about Fanther investigation is required to
establish whether this is due to, for example, ahaacement of SBS or of the associated
acoustic wave, because of back-reflection at thpudiend, which interacts with the incoming
pulse. General estimates place the threshold sfddimage around 20 — 30\, which is a

greater intensity than that obtained in this fibre.

Figure 5.5 Two samples of core damages in F260-LF35 at860
(pictures by I. Buffetov [22]).

5.4.3 Fourth amplification stage

A fourth amplification stage consisting of a 2 rmdopiece of F546-LF218 is then
added to the MOPA. The average input power to tha famplification stage is 233 mW at
1 kHz repetition rate. The input pulse energy iesueed to be 17@J. Although this is not the
maximum energy that one can extract from the fhrste amplifier stages, this is optimum for
the final stage. This pulse is then amplified ud 1011 mJ pulse at the maximum pump power
(fig. 5.6).
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Figure 5.6 Signal output energy and average output powéhneof
signal, ASE and total output from the final EYDFA.

The total average output power (ASE included) & 1650 nm wavelength range is more than
1.5 W. It seems that the energy extraction is 8ahiby ASE saturation, which represents about
30% of the total output power. However, at a higinp power level, even the ASE seems to
roll off. Therefore, it appears that the pump egdsgvasted in another process. One possibility
is light generation at ~ @m. The power and spectrum atih could not be directly measured

because of the dichroic mirrors that were used. i@, the same fibre was used in a cw laser

configuration and the output spectrum is showngare 5.7.
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Optical Spectrum in CW operation
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Figure 5.7 optical spectrum of F546-LF218 lasing in a 4984 davity
configuration with 10 W of pump power absorbed.

In this configuration the ASE from the ytterbiumgaite strong and represents about
50% of the total output power. Therefore, it issm@able to assume that similarly when
operating with a higher inversion in the final aifiphtion stage ASE in the im Yb gain band
starts to siphon off some of the pump energy. Iddi#dnas been shown in [24] that the parasitic
emission by Yb ions reduces the laser performariceY®F. This is mainly due to a poor
energy transfer from ytterbium to erbium ions, eithhecause of a large fraction of Yb ions

isolated from the Er-ions or because of a hightioacof excited Er-ions, as is the case here.

Still, the ASE at 1.5 and dm can be reduced by increasing the repetitionlratehis is
at the expense of lower signal energy becauseeostibrter signal-gain build-up time between
pulses. Alternatively, a better fibre end-facethwibwer feedback could be prepared and

additional time gating elements could be introdugetiveen the amplification stages.

The pulse peak power at the maximum output enex@yd kW for a pulse duration of
88 ns, as shown in figure 5.8.b. The pulse is cesgwd in the amplifier from the original
250 ns to 88 ns FWHM pulse duration due to theeatapil-induced difference in gain between
the leading and the trailing edge of the pulse. &ha@ution of the signal peak power and the

average gain is shown in figure 5.8.a.
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Figure 5.8 a) Peak power and average signal gain in F546:8F2
b) Output pulse shape at 1 mJ.

Using the model of Frantz and Nodvik (equation 3.2t the maximum output energy the

initial gain, G,, is expected to be about 12 dB, although it i§iadilt to know exactly how

much of the signal is launched into the fibre cétewever, thanks to the large core dimension,

it is expectred that practically all the power @bhk launched into the core.

A problem with the pulse compression, as obsemdifjure 5.8.b, that results from the
high initial gain and with the subsequent gain dgph, is that the peak power grows
accordingly and can induce SBS, in the case ofesiingquency laser lines. Shaping of the input
pulses could allow the peak to be controlled sotthepulse peak remains below the non-linear
threshold while the duration is sufficiently longr fmaximum energy extraction. In many cases,
rectangular pulses would be ideal. With the texkb@BS gain coefficient being about
5x10" m/W for polarised light around 1550 nm, the SB&shold becomes around 700 W
peak power in a passive fibre of equivalent leragitd core size. However, no SBS is detected
despite the peak power well exceeding the caladiltiteeshold. In reality it is likely that pulse
linewidth is larger than the SBS linewidth of ~ Bz — possibly in the 100 — 1000 MHz range
— which would reduce the Brillouin gain (equatidh3g)). Such broadening would not be
measurable with our OSA. Furthermore, it is welblkn that a high quantum defect combined
with a high concentration of active ions in Er:Ybped fibres leads to large amounts of heat
being deposited in the core. This leads to a stittvegmal gradient in the fibre when end-
pumped from only one end. The thermal gradientuin, broadens the SBS gain coefficient
since the Brillouin gain shifts by around 1 MHz/R5] 26]. Thus a temperature difference of
50°C between the input and output ends increarethei case of a linear gradient, the SBS

threshold by 2.5 dB [15]. In the large core fibeemuch larger amount of heat deposit is
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expected near the pump injection point. Thanksh& dombination of these effects, SBS is

absent from this system.

The output optical spectrum at the maximum outptrgy is shown in in figure 5.9-a.
The ASE level is 25 dB below the signal wavelengtbwever, a closer look at in figure 5.9-b
shows a spectral pedestal due to the cw ASE letlkedgh the FBG filter and amplified in the
amplifier cascade. A comparison with the seed spectshows that the output linewidth
remains unchanged and is still resolution-limiteelow 0.05 nm (fig. 5.9-b). Furthermore, the
output spectrum is free from second order SBS oiF\idicating the absence of non-linear
effects.

Normalized Spectrum
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Figure 5.9 a) Normalized output optical spectrum (resoluflods nm) at the maximum energy

output, b) Enlarged spectra from: output (soliet)i diode (dashed line)

Finally, experience with this fibre suggests thegt beam is not diffraction-limited, but
may have an Kvalue of 5. This value was measured in the cwmegiThe direct measurement
of the beam-quality of the pulses is difficult whtere is a significant ASE-background. Whilst
the launch of the signal pulses can be adjustedbést beam quality, the ASE cannot be
controlled in this way and can therefore have arggobeam quality. On the other hand, the
population dynamics in the pulsed regime may degrdte beam quality relative to cw
operation. A more advanced set-up that could hatenduished the beam quality of the pulses

from the ASE was not available.

This result represents to the best of my knowledgeunprecedented combination of
high brightness, high energy, and high spectrakitiefirom an erbium-ytterbium doped fibre

source.
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5.5 Summary

In this chapter, the energy scaling of an EYDFdmdnstrated. The challenges to reach
high energy pulses while maintaining a narrow liitlv output are discussed. Using these
design consideration, a fiore MOPA based on sevarge core EYDFs is implemented. The
properties and performance of the various amptificastages are discussed. The final stage
delivers up to 1 mJ, 6.6 kW peak power pulses ohs88uration, (FWHM) at 1 kHz repetition
rate. The main limiting factor is thought to be AB&m the erbium and ytterbium ions. Thanks
to the large core, the signal is free from deletesinon-linear effects such as stimulated Raman
scattering and stimulated Brillouin scattering. STheésult indicates that even higher energy is
possible with an improved fibre design and higrexgr pump sources. This example illustrates
the energy-scaling capabilities of pulsed EYDF Hdaser sources which can be used as stand
alone devices or, like in this thesis, as intermtedbrightness converters for the generation of

single-mode pulsed SRS laser light.
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Chapter 6 Principles of cladding-pumped
Raman fibre lasers

This chapter describes stimulated Raman scattariagnulti-mode fibre which is then applied
to the particular case of double-clad fibre. Secédl introduces and reviews previous works on
continuous-wave and pulsed multi-mode Raman figsens. Section 6.2 presents the details and
characteristics of the double-clad Ge-doped Ranilre fused in the experimental study
presented in the next two chapters. Then, the yhefdRaman scattering in multi-mode fibres is
presented in section 6.3. Subsequently, a simpldeimfmr CW operation, which treats the
multi-mode pump as an equivalent mode, is introducedescribe the general behaviour of a
multi-mode Raman fibre in the continuous-wave ragind/ith this model the threshold of
cladding-pumped Raman fibre laser action can bmattd. In addition, mode excitation, pump
mode mixing and the generation of higher order &oladiation in the case of a double-clad
fibre are discussed. Then section 6.4 treats tke oh Raman lasers with pulsed pump and
Stokes beams. Here, the walk-off length parametéich defines a maximum length over
which the pump and Stokes pulses are temporallglapmed, is introduced. In this regime, also
called the quasi-CW regime, SRS can be treated theghCW Raman propagation equation
which simplifies SRS modelling. Then, for variousngp pulse durations and fibre refractive
indexes, the calculated SRS small-signal gain dedpgump critical power, are presented.
Furthermore, the limitation by material damage shodd in the case of pulsed cladding-pumped
Raman lasers is also briefly discussed. Finallgti@e 6.5 summarises the findings presented in

this chapter.

6.1 Introduction

High-power Raman fibre lasers are much more wagtheagile than rare-earth doped
fibres which are restricted by their wavelengtherage (see fig. 1.2). Traditionally, these have
been core-pumped single-mode devices with a relgtismall core. Until recently, the lack of
single-mode high-power pump sources had limitedphver of Raman lasers to a few watts
although this is now changing with the developmehtpowerful single-mode fibre laser
sources. An alternative to core-pumped fibre isige multi-mode fibre which can be pumped

with low-brightness sources. In the seventies, Rastattering in multi-mode fibres has been
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the subject of experimental [1] and theoretical §&]dies. However, it was only in the 1990s
that Liu shows that multi-mode fibres could effitily generate SRS [3]. In the same period of
time, Chiang [4] experimentally demonstrated tharbeclean-up properties of SRS in multi-
mode fibre, i.e. brightness enhancement through iBRSmulti-mode fibre, and envisaged the
single mode operation of such a fibre [5]. The SB& laser was pumped by a high-peak
power pulsed dye laser and low order mode operat@ms achieved by the appropriate modal
excitation of the multi-mode fibre. The Raman bedean-up properties were first investigated
in a solid state “bulk” (non-waveguiding) laser J8,and subsequently in a multi-mode fibre by
Russell and co-workers [8]. Meanwhile llev presdraguneable double-pass fibre Raman laser
based on a multi-mode fibre [9], although the bequoality was not investigated. In
conventional multi-mode fibre, the transverse puiigiribution results in Raman gain which
preferentially favours lower-order modes at thek&sowavelength. Consequently, the output
beam quality is improved with respect to the pureprb quality. Still, in a cladding-pumped
fibre the power injected into the fundamental moflehe Stokes can be controlled more easily
than in large multi-mode structures. Furthermoetednination of the Stokes output power is
facilitated as the fibre modes are well discrimgmatTherefore, the real performance of the
beam clean up process can be evaluated more azgurbiowever, there has been little
theoretical work on the understanding and modeltfighe behaviour of cladding-pumped
Raman fibre devices. Thus, some theoretical foumaaspecific to these fibres are required for

cw and pulsed operation regimes.

6.2 Characteristics of the double-clad Raman fibre

6.2.1 Double clad fibre

The double-clad Raman fibre (DCRF) (F71-LF11), usedmy experiments, was
fabricated at the ORC using a standard modifiednited vapour deposition process. The
DCRF is an all-glass fibre formed by a pure-silicder-cladding and a germanosilicate inner-
cladding and a germanosilicate core. The core finetk as the section with raised refractive
index (with respect to the inner-cladding) of tiited as shown in figure 6.1. Here, the core is
formed by increased the germanium concentratiore fimer cladding has a diameter of
21.6 um and an NA of 0.22 with respect to the odi@idding. The core has a diameter of 9 um
and an average NA of 0.14 relative to the inneddilag. The outer cladding has an outside
diameter comparable in size to that of a standdt& 8bre. The core has an estimated cut-off

wavelength of 1630 nm.
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Figure 6.1 Double-clad Raman fibre with  Figure 6.2 Measured refractive index profile
idealised refractive index profile and cross- of F71-LF11.

section: (a) - outer silica cladding,
(b) - germanium doped inner cladding and

(c) - core.

The measured refractive index profile of the fipreform (F71-LF11) is shown in figure 6.2. A
central dip is present in the fibre refractive ingeofile due to the evaporation of germanium
during the preform collapse. The dip modifies thepe of the fundamental mode at the Stokes
wavelength, but it does not affect the working pipte of the Raman amplification process.

The core section is still single-mode around 1660 n

6.2.2 Raman gain coefficient

The Raman gain coefficient, in the presence of garam dopant, can be estimated [10
-12] from the difference of refractive index of tdeped region with respect to fused silica.
From the empirical formula given in [10 -12] forveavelength at 1550 nm and from the
refractive index profile shown in figure 6.2, tharRan gain coefficient is expected to be around
5.29 10 m/W in the inner-cladding whilst in the core it isstimated to be around
6.34 10" m/W because of the higher germanium concentraffomnthermore, the germanium
concentration used in the fabrication “recipe” séirnated to be around 25 to 30% (mol.) which

fits with a previous estimation of the Raman gaigfficient [11] of 5.5 18" m/W.
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6.2.3 Raman Gain spectrum

The gain spectrum of the DCRF was measured usingi@@ light source which was
amplified with pulsed pump light. The pump poweképt low enough to avoid the presence of

amplified spontaneous Raman scattering. The SREagaifficient spectrum obtained is shown
in figure 6.3.

Core SRS gain spectrum

—— Theoritical
Experimental

Gr [107 m/W]

o T T T T T
100 200 300 400 500

Wavenumber [cm™]
Figure 6.3 Core SRS gain coefficiengy,, : theoretical spectrum (black

curve) from [13] and experimental measurement ¢rede).

The measured core gain spectrum compares wellthdtispectrum calculated, from the
core germanium concentration in the silica matuising the formula given by Kang [13]. At
short wavelength shift (below 300 &rthe SRS gain coefficient displayed is an artifsaised
by the residual pump spectral content.

6.2.4 Background Loss

The high germanium concentration used in the desfgr71-LF11 leads to scattering,
which translates into background losses for the ppamd signal. Originally, the fibre core
background loss has been measured to be 3.1 dBHist\w the inner-cladding this loss was
2.3 dB/km. However, at a later stage of my studna a high resolution optical time-domain
reflectometer, several small sections of the DCR#ewfound to be defective (most likely
because of the high-germanium concentration). Suiesely these sections were removed and

the fibre respliced which reduced the overall backgd of the fibre. At that point, after
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remeasuring the losses with a cut-back methodcahe fibre loss became 2.3 dB/km and the
inner-cladding loss 2.0 dB/km in the 1500 - 1700 wavelength range. Therefore, in the
experimental work presented in the following chegtéhe corresponding fibre background loss
is given. The actual background loss value of tigRP is slightly worse than the value given
by Bubnov [14] and Dianov [15] of about 1.33 dB/lar a 30% (mol.) Ge@doped fibre at

1550 nm. This fibre was also manufactured usingtaedard MCVD process.

6.3 Raman scattering in cladding-pumped fibre

6.3.1 Theory of Raman scattering in multi-mode fibre

In a multi-mode fibre, stimulated Raman scattedniges from the non-linear response
of the core material under the high intensity agitiield that is propagating in the core. The
light is transported in a number of excited moddsciv are supported by the waveguiding
structure, i.e., the fibre core and inner claddifibe power of each of these modes, then,
contributes to create an optical power distributidmch generates a SRS gain proportional to
the local intensity. It is essential that the dggion of SRS in a multi-mode fibre takes into
account the contribution of all pump and Stokes @sod order to give an accurate description
of the phenomenon [2]. Using the notion of effestarea, equations (2.26) and (2.27) that
describe SRS in a single mode fibre can be expatwadiude the case of multi-mode fibres.
Equation (6.1) shows the temporal and spatial ¢iolwf the pump light while equation (6.2)

and (6.3) represent the evolution of the first aadond order Stokes:

OR™(20), 1 0P (29 _ r 15 = 4)
2 TV ot -afR*(z 1)~ P; . F(z)P(z)

Z (‘ AP‘)PP(z,t) P2(z)

P k'=1 Ik K (6.1)
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Here, R'%'% is the power in a specific modei, orj, of either the pumpR), or first () or

second &) Stokes beamsy 3% is the group velocity, and;;'® is the background loss (in

Neper per metre) of the corresponding mode at treesponding wavelengthl The

R
Raman gain coefficieng, (in m/W) depends on the frequency difference between Stoke

and pump waves and the phonon energy spectrune afgtical medium. FinaIIyAf’fJT'k « is the

effective area of the modes interacting in the Rapracess as defined by equation (6.4) [16]:

. ("l 0w r,6) rdrd &
( elﬁjj) :<¢I|’¢{1¢Ij1¢/j>: _ wjo Io|lﬂ2(r )| “/:,”(rm )‘rr ;
jo jo . (r,0) ronrolej0 jo l, (r,6)| rdrd @ 6.4)

wherey, ; is the transverse electric distribution of thé modes considered in the fibre. The

effective area represents an equivalent area whithe inverse of the mode overlap integrals
over the waveguide. Depending on the modes involire effective area varies. Furthermore,
higher-order modes can be degenerate, with a $dcsihe and cosine mode. However, when
those modes interact with the circularly symmeltffg, modes, like the L2 mode, the overlap

integrals are identical. Therefore, because thg bfdde is the one of interest in the DCRF, |
will assume that these degenerate modes are eqemtiyed, so that the pump beam is

independent of the angular coordinate.

In addition, pump mode beating is neglected. Thay tme justified by the fact that the

SRS gain is small over a characteristic lengthgibe the inverse ok, — K., wherek

min?

(K., ) is the largest (smallest) wavevector of any pumpde at the pump wavelength.
, 2T .
Assuming thak ., — K., = /‘—( Nore — rguter_claddmg) , the “coherence length” of the pump light

p
in different modes is of the order of 1f. Very little happens over such distances in m#&a

amplifier. Therefore, it is justified to neglecetinterference of the pump modes

Furthermore, the mode beating between the Stokessa@an also be neglected. Garth
and Sammut have demonstrated [17] that the implaotaale coupling of the Stokes waves

depends on the modal gain. Here, the strong rel&nhancement of the fundamental Stokes
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when seeded or when selected by a grating or bgpanture (e.g. by a spliced single mode

fibre), reduces the effect of modal interferences.

Moreover, the effect of pump mode coupling due édyrbations (see Chapter 2) can
be reduced to the two extreme cases: weak andgstnaae coupling [2]. In the absence of
mode coupling effects, the pump modes are depbdtddferent rates. On the other hand, when
strong mode mixing is present over a length whieee SRS gain is small, the pump power
becomes averaged over the number of modes ankleathbdes are depleted at the same rate.

This case is discussed further in section 6.3.5.

In conclusion, the set of non-linear differentiguations (6.1) - (6.3) can be integrated
over the fibre length with the corresponding bouwdzonditions using, for example, a high-
level language mathematical package like Méatlabhd Mathemati¢3 to simulate cladding-
pumped Raman fibre laser sources. An example ofrtbdel used in this thesis is given in
Appendix |, where mode coupling is neglected. A enaccurate model could be considered by
taking into account the local intensities of thenpuand signal modes which are then integrated
over the transverse cross-section to obtain theaingower representation but this would be

more complicated.

6.3.2 Averaged behaviour of multi-mode Raman fibre

In section 6.3.1 the simulation of the SRS phenanerequires the knowledge of the
initial boundary conditions which corresponds te fibre modal power distribution and, in
particular to the power distribution of the pumpdas, which can be numerous in large multi-
mode optical fibres. In order to simplify the prgpsion equation, the evolution of the total

pump power can be considered independently of theber of pump modes or their power

content. The total pump power Iaunchéﬁ’,(o,t), at the instant can be written as the sum of

the powerP" (0,t) of the fibre pump modes:

PTF’(O,t)=§ R°(0,1) 69

where N is the total number of pump modes. Alternativélg power of each mode can be

written as the fractionk, , of the total pump power:

R"(0)=k R (0) (6.6)
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Np
with ZKI =1. By substituting in the differential equation (6.the term P"(zt) with

1=1
equation (6.6), and then summing the pump waveteagtations with respect tlérp(z, t), the

differential equations can be written as:

M:_pf(z,t)”liw-j_ﬁ #(2)), P(2Xgds- 4)@2 ]

0z [ Ikk

P X 3
_A_?gp(z,t)kzﬂli%(zbgz(\/‘sf”)[,z ??k.’k.j (6.7)
%:—aﬁﬁ(ztﬂﬁ’@(zbﬁ(”9(\”81 J N=1 A
Ns, /]
_j_SZRS(Zt)ZMP%(ZD (6.8)
: 2w 6.8
. Np
wz—afzpj%(z,tﬁ F(z) P (72} 9("‘P‘A%D; AT
ki (Leﬁkk ‘)Psl(z,t)ﬁ’%(zb (6.9)

Equation (6.7) represents the total power evolutibile equations (6.8) and (6.9) still represent

the evolution of the various modes of the first aadond Stokes respectively.

Because it will be never possible to accuratelyresgnt the true multi-mode pump
propagation, an “equivalent’effective area can beduto describe the propagation of the total
pump power. This “equivalent” effective area whiehcompasses the various effects of the

pump power distribution can be defined as:

- Np
(%) =2 al
=1 MYy (6.10)

If the fundamental mode at the Stokes wavelengtimig considered, the “equivalent” effective

ff _eq

poLpump: 1 NEN, the joint effective area can be

area, that I will call the joint effective area, A{"

used with the standard propagation equations andome of the well-known equations

introduced in section 2.4.2.
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6.3.3 Cladding-pumped Raman fibre laser threshold

Thanks to the introduction of the joint effectivifeetive area which takes into account
the weight of each pump mode, it is possible tothseexpression, already established, for the
SRS gain (equation (2.30)) and for the threshold tafser (equation (2.34)). These expressions
are also valid for a multi-mode core. From [18]e tBRS gain in a cladding pumped fibre

becomes:

SRS _ gR
c-:'Iinear =exp “aeff_eq PP LEff
P01, pump

(6.11)

The threshold of a Raman fibre laser [19] can hiamesed using the modified expression of

equation (2.34), and becomes:

eff _eq asL_éln(RiRz) eff _eq

1
Ppump — ' p"LPOL pump — POl,pump|:a, L-Z1In }
threshold gR 1_ eXF(—O'pL) gR Leff S 2 (Ri RZ)

(6.12)

6.3.4 Modal excitations

It is clear from equations (6.1) - (6.3) that iremoBs different pump modes have
different effective areas for the interaction withe Stokes beams, the performance of a
cladding-pumped Raman fibre laser source depentiseodistribution of the pump power in the
waveguide structure [20, 21]. In the absence of enoaolpling between the pump modes, the
modal distribution is determined by the modes ext#t the pump injection point. In our case,
where the fibre is free-space end-pumped, the aiait depends on the incident pump field
shape (i.e., spot size in case of a gaussian beadfagt and angle with respect to the fibre
optical axis. Using equation (2.11) and the knogtedf the properties of the pump field, it is
possible to estimate the modal power distributiod tnerefore model such sources. It is worth
pointing out, that the effective area according&d0), will not be equal to the spot area of the

pump beam incident on the fibre.

The modal power distribution in a multi-mode Ranfére laser determines the
transverse SRS gain profile [4]. In a long multigeofibre, at equilibrium, the pump
distribution tends to have a flat top or a gausshape [22] in the absence of pump modes
depletion. Because the lowest-order modes havdatigest overlap with a gaussian pump

distribution, they mostly benefit from the Ramanngereated by the pump. These modes are
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closer to being diffraction-limited than the pumeam. Hence, the so-called, beam clean-up

process, which converts the low-brigthness pumprbedo a higher brightness laser output

beam. The modelling of a single-pass cladding puhiRaman fibre amplifier brings out the

behaviour of various pump modes (see fig. 6.4).

Modal Excitation on amplifier configuration

300
Pump - LPO1
— — — - Pump-LP02
4 | T Pump - LPO3
e o U | —— Pump - LP11
Pump - LP12
——————— Pump - LP21
200 T — . — . — Pump - LP22
Signal-LP01
g —————— Signal-LP2
@ 150 - Second order Stokes
g Third order Stokes
o
100 A
50 A
0 T
0 100 200 300 400 500 600

Fibre Length [m]

Figure 6.4 Simulation of a single-pass cladding-pumped Rafitaa amplifier.

In this example, the amplifier consists of a 500y cladding-pumped Raman fibre with the

same physical properties as F71-LF11 given in @edi2.1. Here the core background loss is

3.1 dB/km and the inner-cladding loss is 2.3 dB/kiave considered a launched pump beam

of 300 W, at 1545 nm, which is decomposed in varimodes of the fibre. The pump modal

decomposition is given in Table 6.1. Note that saihthe modes are degenerate, and split into

sine and cosine modes.

Pump
Mode

LPos

LPo

LPos

LP;1

LP;

LPy;

LP,,

%

10

20

10

10

10

30

10

Table 6.1 Pump power distribution between the different esd

Here, the pump and Stokes mode coupling mechardseseglected. Then, to demonstrate the

effectiveness of the SRS beam clean-up propettieaye assumed that a signal at the Stokes

C. A. Codemard
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wavelength (around 1660 nm) is injected in the D@REo-propagation with the pump launch
direction. The total signal power injected in tiwd is 1 mW of which 16% is in the kPmode
whilst 84% is in the LB mode. For simplicity’'s sake, only the effectiveeas at the pump
wavelength are considered because of the smadrdifEe in size between the modes at the
pump and the Stokes wavelengths. Firstly, the nfadé distributions have been calculated
using a commercial fiore mode solver (FiberCAERrom Optiwav€) and the measured
refractive index distribution (fig. 6.2) of the DERSecondly, each effective area is calculated
using equation (6.4). The effective areas of tlfieidint modes used for the modeling are shown
in Table 6.2.

LPoy LPo> L Pos LPy LP1, LP2y LP2,
LPo, 64.97 233.19 171.42 93.56 208.25 223.12 175/01
LPg, 198.15 267.47 322.35 245.04 280.51 400.58
LPgs 168.01 274.51 390.4 362.14 359.25
LPyy 102.81 260.11 178.77 182.7
LP;, 218.43 312.33 269.98
LP,, 188.63 282.31
LP,, 205.86

Table 6.2 Effective Areas (irum?) of interacting modes.

These effective areas and initial conditions ateseguently used when the propagation
equations (6.1) - (6.3) are integrated. For thissdd a modified Runge-Kutta method specially
developed by X. Liu for SRS problems in [23] andhest publications. An example of the

implementation of this method is given in Appentdix

Firstly, figure 6.4 shows that although the pumpde® have very different overlaps
(hence effective area) with the signal that propegyin the LB, mode of the fibre, i.e. in the
core, they are absorbed within a similar fibre tendue to the non-linear pump absorption as
the signal starts to grow. Secondly, in this sirhafathe Stoke power in the kPmode, which
is much less than that of the d.fPnode, experiences a higher gain and dominateg #hanfibre
length. The effective areas with respect to thg bidde are generally smaller than the effective
areas respective to the dPmode. Therefore the joint effective area of theyLEnds
(depending upon the pump modal distribution) tesimaller than that of the other modes. As a
result, the Raman gain of the J:Mmode is effectively larger than that of the othaydes. In
addition the Lk, mode benefits by its position in the core regi@nf the higher SRS gain due
to the higher germanium concentration. Even if bigbrder modes contains a fair fraction of
power at the end facet of the fibre (i.e., follogisignal injection or reflection), the exponential

dependence of the linear gain on pump intensitgsht select the mode with the highest gain

C. A. Codemard 125



Chapter 6: Principles of cladding-pumped Ramarefiasers

and power. Thus if the Stokes J;Anode is seeded in a multi-mode Raman gain filhre, t
output will principally be single-mode as verified[10]. The difference in SRS gain between

the Stokes modes forms the basis of the beam clegmecess.

6.3.5 Mode mixing

In double-clad rare-earth doped fibres, the pumgogition is improved by either a
suitable fibre cladding geometry or by scrambling tladding modes, for example, by bending
the fibre [24]. This influences the optimum lengthd the spectral properties of doped fibres.
However, in practice | found no significant changéghe Stokes output power in the double

clad fibre lasers.

This might be explained by the fact that mode ngixitoes locally change the pump
distribution and, therefore the pump absorptionweleer, in fibre with long interaction length,
this effect is small because of the non-linear puasysorption by the Stoke wave. In the
opposite case, e.g., for short fibre length, pumping helps into improving the number of
pump modes participating in the SRS process. Otkerwome pump modes would be depleted

much faster than modes with larger effective arediicing the device efficiency.

Capasso [2] showed that in the case of strong noodeling, the pump power is

distributed equally between the pump modes. Thezdfe joint effective area becomes:

Np

eff _eq 1_ 1 Z Aeff -

P01, pum N LPOL, 1l
(Afatin) =1 2 (Akn)” 619
The effective area is averaged over the numbempfppmodes sustained by the fibre. If the
number of modes is significant and the modes ageJdhe efficiency of the cladding pumped
Raman laser is reduced and must be compensateadpgrifibre. Thus, in long fibre, it is more
important to get the best modal excitation possibbn to mix the pump modes in order to

achieve the best performance

6.3.6 Higher order Stokes generation

When the Stokes signal power reaches a sufficidmglly power level in the fibre core, it
generates, in turn, a second Stokes wave at a araythl determined by the SRS frequency
shift. This process can be cascaded and used twajerwavelengths far away from the pump
wavelength. However, my work focuses on generaihggh power, high-brightness, first order
Raman Stokes laser. Higher-order Raman scattenngladding-pumped Raman lasers is

interesting, but the lack of characterisation em@pt and components such as fibre Bragg
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gratings at long wavelengths would have hampenadiest of this. In addition, above 1700 nm,
silica glass starts to absorb because of the uili@t transitions of the Si-O bond. This effect
can be somewhat mitigated in very high germaniuncentration fibre [15] whose absorption
curve is shifted towards longer wavelength. In BeRF laser, the second order Stokes will
arise in the core where the Stokes intensity ishigbest. Any parasitic reflections will enhance
the growth of the second order Stokes inside thiadecavity and must be avoided, for example,

by using angle cleaved fibre. In the DCREF, if tlaekground loss is neglected, the second order

Stoke small-signal gain in the fibre coré5g, = 4.34% = 0.003dB /MW . Hence, if one

ff
assumes that around of 60 dB of gain is enougloticerthe growth of the second order Stokes
at the output of the laser, in a 1 km long DCRRlwio loss and a constant longitudinal power

distribution), only 16 W of Stokes power is reqdire

6.4 Pulsed cladding-pumped Raman Amplification

6.4.1 Walk-off length in multi-mode fibre

In the previous section, the set of equations (6.0§.3) describes the temporal and
spatial evolution of the powers of the pump andk&omodes under the Raman scattering
process in a multi-mode fibre. These equationsatao be used to describe the behaviour of
double-clad Raman fibre amplifiers in the pulsegime, with the knowledge of the power in
the various modes involved in the process. In #we of a double-clad Raman fibre pumped by

optical pulses co-propagating with Stokes beams, ghise energy launched into different

modes travel with different group velocitieg,. This is known as modal dispersion. The signal

travels with a different group velocity, as wellorFsufficiently large differencies in group
velocities, as determined by the pulse duration dred amplifier length, this will lead to
(temporal) walk-off between signal and pump lighs a result, the energy transfer between
different parts of the pump modes and the Stokeden{or modes) can be concentrated to

different locations along the fibre [25]. A DCRFtlia large NA for the inner-cladding will

have the pump modes more separated, i.e., witlkeralifferences irnv_, than a low-NA fibre,

even if the V-numbers, and therefore the numbennades, are the same. Pump modes with
group velocities similar to the Stokes group veloavill, with the right timing, interact more
strongly with the Stokes beam and will thereforansfer power more quickly. A second
parameter which defines the energy transfer rathannon-linear process is the power of the
modes involved as discussed in section 6.3.4. Apporade with a small joint effective area

will transfer its power much faster to the Stokesdethan a mode with a larger joint effective
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area. Thus, even when the walk-off is negligiblee power in different pump modes will be
transferred to the Stokes beam with different regatates, because of different effective areas.
Furthermore, the SRS interaction will increase wiiggher intensity, i.e., with higher power as
well as with tighter confinement. However, as thek8s beam grows, it will in turn enhance
the energy transfer from the pump mode with thegdstr joint effective area overlap to itself, so
the presence of power in the pump modes with alsjmiak effective area helps with the
conversion of pump power in modes with a largeectfe area. For a constant V-number fibre,
a low-NA inner-cladding will result in a lower imsity than a high NA design and the fibre
length required for the SRS process will incred$erefore, in pulsed SRS multi-mode fibre
both the temporal overlap and the spatial inteneitgrlap are important parameters; both
depend on the inner-cladding parameters and bdklaffect the temporal as well as the spatial

evolution of the pump and Stokes beams.

The length for the maximum pump and Stokes pulseraction is defined as the
distance in which the Stokes signal passes thrélbghpump pulse. This length is called the
walk-off length and is defined as [18]:

— sz
L\Nalk— off — | . AT

S p

(6.14)

wherey; andv, are the group velocities of the signal and pumpen@spectively and\T is

the launched pump pulse duration. In the particoéese of the double-clad fibre, the greatest
velocity difference, i.e. the shortest interactiength, will correspond to the length involving a

pump mode near the cut-off, i.e., with an effeciivdex near the refractive index of the outer
cladding, and the fundamental Stokes mode travétirthe core. Therefore, in the multi-mode

case, when neglecting the wavelength dependendbeotiispersion (in the 1500 - 1700 nm

wavelength range the chromatic dispersion is at@ups/nrkm [18] in bulk silica) with

respect to the material refractive index, the waffikength becomes [26]:

r]outer cladding 1
Lvateoff = C{ - _ AT
ncore rlcore r-louter_ cladding (615)

where n and n

core outer__ cladding

are the refractive indexes of the core and outfding of the

DCRF. This assumes a low-order signal mode andgh-dnder pump mode, with effective
indices close to the refractive index of the cone auter cladding, respectively. Figure 6.5
illustrates the effect of the pulse duration andhef refractive index difference on the walk-off

length.
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Figure 6.5 Walk-off length in meters for different pulse
durations and (effective) index differences

In the double-clad Raman fibre (F71-LF11) the maximrefractive index difference
(See fig. 6.2) is about 210°, therefore for a 100 ns pulse the expected wélldistance is
about 1.1 km. If the fibre length used is less thhe walk-off length, the SRS gain is
comparable to that obtained with continuous-waverafon during the pulse, which is the case
in the experimental work presented later. Thismeygis called quasi-CW. However, in the case
where the fibre length exceeds the walk-off lengftle, signal pulse duration can start to grow
larger [25] depending on the SRS power transferth&spulse duration decreases, the walk-off
length decreases accordingly which leads to a aotal increase in the pump intensity

requirement for SRS generation.

6.4.2 Gain in pulsed regime
In the quasi-CW regime [18], neglecting the pumpl a@gnal background loss, the

small-signal “averaged” pulsed SRS gain can beesged for a gaussian shaped pulse as [25]:

dB —_ PLF;ldr:fhed R
GStokes_ 4.6035 I‘Walg oft
Ay (6.16)
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where PTU™ is the launched pump poweg,, is the SRS gain coefficient determined by the

material andA,;, is the effective area defined by (6.4). This asssithat the interaction length

is limited by walk-off rather than by loss or thetul fiber length. The term “averaged” gain is
used to designate the gain over the pulse duraioapposed to the instantaneous gain at the
pulse peak. Figure 6.6 shows the intensity requitemtder to reach 60 dB of small-signal gain
according to the pulse duration and the differemewveen the refractive index of the guiding

layers of the fibre.

"Intensity" required for 60 dB small-signal gain
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Figure 6.6 Pump intensity in [W{m?], relative to the joint
effective area required for 60 dB of small-signailng

If the maximum pump effective diameter of the DCRFabout 2Qum and the cladding-core
NA corresponds to a X10° refractive index difference, less than 78 W of kpgawer is
required for a 100 ns pulse in order to reach a ghi60 dB. It should be possible to reach an
even higher gain using higher peak power pulseh @uaigh gain from a single-stage amplifier

is clearly an interesting feature worth investingti
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6.4.3 Critical pump power for first and second-order Stokes

The term pump critical power, defined in [27], ismamonly used to determine the
launched pump power required to obtain an equaliainaf pump and Stokes output power, in
an unseeded amplifier of a given fibre length, untie assumption of an undepleted pump.
While this is an intrinsically inconsistent assuiopt the critical power in the presence of pump

depletion is only marginally different.

The critical pump power for the first Stokes lias,a function of the fibre core-cladding
refractive index difference and the pulse durat®mshown in figure 6.7. Here, for simplicity,

the fibre length is fixed to the walk-off length.

Pump critical intensity for 1% Stokes generation
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Figure 6.7: Pump critical intensity in [Wim?] for the first Stokes
line generation in a cladding pumped Raman amplifieh a 1 mwW

seed.

The pump critical intensities are calculated bwisg equations (6.7) - (6.9). The signal and
pump background losses are also set to 2.3 dB/kpeashe double-clad Raman fibre, F71-
LF11. The amplifier Stokes seed is set to be 1 mW the other modes modelled with an
equivalent noiser input power. The general rul®iset the power of each mode to one photon
per second per hertz per polarization mode withendquivalent bandwidth. As the number of

modes increases with the fibre NA, so does thé ¢gfiaivalent input noise power.
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The top left shaded area defines, approximatedyreéigion where silica damage should
occur for the pump intensity. This is mainly fodioation purpose only, because the intensity of
the Stokes could be higher than the pump interefigr amplification. The right hand side
region indicates where the walk-off length is longfgan the maximum effective length (the
inverse of the pump background loss). In this negian increase of the fibre length, made
possible by longer pulse duration, no longer cbotas to SRS because of the increased overall

background loss.

Then, in the same configuration, with the same mpatars, the pump intensity required
for the output first Stokes power to be equal ® skecond Stokes power, is shown in fig. 6.8.
Here, the second Stokes wave builds up from thenlenoise.

Pump critical intensity for 2nd Stokes generation
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Figure 6.8 Pump critical intensity in [WIm? for the second Stokes
line generation in a Raman amplifier with a 1 m\&dat the first
Stokes.

The operating region, in which the second Stokesib obtained, is much narrower than that of
the first Stokes, due to the increased demand ®mpuimp power. In the case of a 100 ns long
pulse, the minimum pump intensity is about 3 -\®%m* in a 1.1 km long fibre. In a double-

clad Raman fibre, this also depends on the pumpSaokes joint effective area so the critical
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pump peak power will be typically between 100 a0 8/ before the second Stokes becomes

too important.

6.4.4 Pulse damage threshold

The maximum intensity that can be launched intigadibre is limited by the material
damage [28]. This threshold intensity depends an dperating wavelength and the pulse
duration. Typically, the damage threshold is tatete proportional to the square root of the
pulse duration [29]. Figure 6.9 shows that veryhhjgeak power pulses could be used to
generate SRS in a multi-mode fibre, as calculateinf[29]. However, because of the
brightness enhancement process, the Stokes intexmgitd may well exceed that of the pump
and then damage the fibre. Finally, the maximunrgnéassuming square shaped pulses) that
can be launched into a on diameter fibre is also shown to illustrate thdeptial of the
DCRF to get higher energy pulses from a Raman &empliThe damage threshold energy
increases with the square root of the pulse duratnsofar as the (approximate) square-root law

holds for the damage threshold intensity.
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Figure 6.9 Silica damage threshold and maximum energy i@ @2

diameter fibre for a range of pulses duration.
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6.5 Summary

The characteristics of the double-clad Raman fitsed in this work, was presented early
in this chapter. Around 1550 nm, the fibre has en&again coefficient around 0.55fan/W
and the background loss is around 2 dB/km for timeri-cladding, and 2.3 dB/km for the core.
Then, the theory of SRS in multi-mode fibre wasspréed and was extended to form a
theoretical framework which describes the behavafucladding-pumped Raman fibre, in the

cw and the pulsed (quasi-cw) regime.

In the cw regime, an analysis of the propagatiomagqgns (6.1) - (6.3) of the various
pump and signal modes revealed that pump modedbeamllectively described by a power
distribution which depends on the pump modal ekomaand mode coupling mechanisms. This
power distribution is represented by a joint effertarea with the Stokes fundamental mode.
From this joint effective area, the laser threshzdd be derived and numerical simulation can

be easily be implemented without exact knowledgéefpump power decomposition.

In the pulse regime, only the quasi-cw regime uslistd because of the limitation on the
available pump sources to perform experimental wdHe quasi-cw regime is limited by the
pump and Stokes pulse walk-off effect which caupesses broadening and limits the
conversion efficiency. The pulse walk-off effectpdads on the numerical aperture of the
double-clad fibre and on the pump pulse duratibalsio defines a maximum permissible device
length, called walk-off length, over which the punamd Stokes pulses are temporally
coincident. In addition, the transverse dimensibthe fibre leads to a minimum pump intensity
required to reach SRS threshold. This intensityeddp on the joint effective area which can be
altered by the fibre design, i.e. core and claddiimgension and core numerical aperture. Still,
as expected, the simulation indicates that shdgeguwequire much higher peak power because
of the shorter walk-off length. With high peak pawshort pulses, the first Stokes in the low-
order mode grows faster and the threshold for #versd order Stokes can be reached quickly.
Therefore the fibre length must be tailored for fhwemp properties in order to avoid, if
undesired, the second order Stokes. Finally, amiticonsideration for pulse damage threshold

was also discussed that let foresee potentialifdr énergy output.
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Chapter 7 High-power continuous-wave
cladding-pumped Raman fibre lasers

This chapter contains my work on continuous-wavadding-pumped Raman fibre laser
sources. Firstly, section 7.1 reviews some previwoik on multi-mode Raman fibre laser and
recalls the motivations for this study. Then, s@tti7.2 and 7.3 present the experimental
realisation and study of counter and co-pumped DCGRErs. The lasers characteristics are
presented and discussed. Subsequently, the pexpetid limitations of these lasers are
discussed in section 7.4. Section 7.5 presentsip@damprovements to increase the output
power and enhance the laser efficiency. Finallgtise 7.6 summarises the findings of this

chapter.

7.1 Introduction

Recently, Baek and Roh presented a low power singlde Raman fibre laser based on a
multi-mode fibre [1] with a M~ 1.66. The laser consisted of a 40 m longuB0core diameter
fibre with two broadband FBGs written in the mutiede fibre to form the laser cavity. The
laser slope efficiency was quite low at only ~ 7.3%the same time, Nilsson and co-workers
have proposed a cladding-pumped (i.e. multi-moden&h fibre [2]. By comparison to
standard multi-mode fibre, in a double-clad filites mode definition is greatly improved by the
use of a single-mode core which is embedded irtbielenulti-mode waveguide structure which
carries the pump power, similarly to rare-eartheatbfibre lasers. As discussed in Chapter 1,
cladding-pumped fibre lasers provide many advarstagel are especially very good for power
scaling purposes. However, a high power claddingged Raman fibre laser had never been
demonstrated, nor investigated. The critical patarse for a good laser performance, still

remain to be identified for this new class of fikaser.
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7.2 Counter-pumped DRCF laser

7.2.1 Experimental set-up

In this experiment, a cladding-pumped Raman filasel is realised with a counter-
propagating pump (with respect to the laser outdute experimental set-up is shown in figure
7.1 and consists of a multi-mode Er:Yb co-dopedefitaser (EYDFL) pump source and a
Raman fibre laser based on a DCRF. The fibre lasep source consists of a 2.5 m long Er:Yb
co-doped fibre (F196-LF59), fabricated at the ORBich is cladding-pumped by a multi-mode
laser diode stack source at 975 nm from Laserlinid The EYDF has a 35n diameter,
0.22 NA core, and a 4Q@m diameter D-shaped inner cladding, surrounded pglymer outer
cladding of low refractive index. With a V-numbelr 22, the fibre output is well multi-mode
and the expected Ms 7.8 for a free-running laser. The EYDF lasetpatipower was up to
26 W at 1545 nm. As there were no wavelength-seteelements in the EYDFL, the operating
wavelength was determined by the Er-spectroscogyttamion inversion (which depends on the
Er-concentration, fibre length, and Er gain levéhe fibre laser output is free-space coupled
into a 1.42 km long double-clad Raman fibre viai@hbic mirror. The presence of defective
regions in the length of fibore means that the ayerbackground loss of the core region is
3.1 dB/km whilst in the inner-cladding this loss2$8 dB /km, i.e., somewhat higher than the

loss measured in defect-free regions.

Dichroic Perpendicular

Mirror cleave
HT@1545nm
EYDF HR@1660I]H1 DCRF
Standard Fibre
975nm 0 (I E) I ) F8G
— »
pump |
U U 1.42 km
/ )\.p= 1545 nm >99%(@1660nm
M‘
Perpendicular A= 1660 nm

cleave

Figure 7.1 Experimental set-up of the counter-pumped DCREra

A cutback measurement shows that up to 55% of ¥ieHE's output power could be
launched into the DCRF. Of the launched power, @d06.8% is the L mode. This was
evaluated by splicing a standard single-mode fibra short piece of DCRF. In the DCRF, the
1545 nm pump beam generates Raman gain with agbedl658 nm. The Raman laser cavity is
formed by a perpendicularly cleaved, 4% reflectifaget at the pump launch end, and a fibre

Bragg grating spliced to the DCRF, at the other@rttie fibre. The reflectivity of the grating is
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> 99% at 1660 nm with a bandwidth less than 0.2 filne transmission spectrum of two
cascaded gratings in the same piece of DCRF isrsivofigure 7.2.

605 Tx spectrum of 2 gratings in DCF(Double Clad Fibre)
65 "J/ \\'w\/“\\ ;/ T s i

1

&

70 :;
|

|

-75 -
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-80 —
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-90 ¥ T T T T T ¥ T Y T ! 1
1654 1656 1658 1660 1662 1664 1666
Wavelength(nm)

Figure 7.2 Transmission spectrum of two cascaded gratingemwri
in the DCRF.

Unlike in a conventional rare-earth doped doubdetdlbre, Raman gain occurs both in
the inner cladding and the core of the DCRF. Thegfcore-mode lasing must be promoted
over any cladding-mode lasing. Here, a fibre Brgggfing selected the core mode in a similar
way to [1]. However, because the inner-cladding also germanium-doped and is
photosensitive, a grating is quite likely to haweb formed in it. Because the Bragg wavelength
of the grating is proportional to the effectiveregtive index of the propagating mode [3],
higher order modes, which have lower effective ¢adithan the Lff mode, are reflected at
shorter wavelength. In the DCRF the number of madeslatively small. Consequently, the
modes are sufficiently spaced in refractive indek their Bragg wavelengths to be a few
nanometres apart. Therefore, any reflections fraghdr order modes would be very distinct

from the LRB; mode and easily identifiable from the output cgitgpectrum.

7.2.2 Laser characteristics

Figure 7.3 shows the Raman laser output power sdfsei launched pump power (at
1545 nm). The laser threshold is measured to bendr@.1 W and the slope efficiency is 67%

which is quite remarkable taken into account theefibackground loss. The maximum output
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power is 3.4 W at 1660 nm for a 27% power conversiblaunched pump power. Here, the

output power is limited by the pump power.

4.0-
§3_5- 3.4 W
= 3.0
Gg.) |

2.5-

g n: 67%
gz.o—_
g 1.5‘_ /
= 107 .
50.5- P.:7.1 W/
()] 1 /
OO —i= T T .'rll. T T T T T T T 1
0 2 4 6 8 10 12 14

Launched Pump Power(W)

Figure 7.3 DRCF laser output power.

Using Eq. (6.12) with the experimental parametévergabove and with the DCRF'’s
Raman gain coefficient, the laser threshold becofir@¥V for a joint effective area of 157,
Note that the average value of a joint effectiveaas 184um? from Table 6.2. Thus this value

of 150um? is quite reasonable because the modal excitatiantiknown exactly.

Figure 7.4 shows the output spectrum of the clagiginmped CW Raman fibre laser at
maximum output power. The signal spectrum is véegrc and some pump is reflected from the
end-facet. As discussed previously, the narrow llsewidth indicates that no cladding modes
are presents. The output beam quality was not meéso this experiment but single mode
operation is expected. Furthermore, no second @thikes is present in the laser. This agrees
with the rough estimation given earlier, which glathe threshold above 16 W of output power.
Nonetheless, the laser fibre length must be tallder the pump power and signal/pump
background loss in order to achieve the best pmdoce, and in particular to avoid higher

second-order Raman scattering at high output powers
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Figure 7.4 DRCF laser output spectrum (resolution 1 nm).

7.3 Co-pumped DCRF laser with true single-mode output

Compared to the laser presented in the previoueetere the DCRF laser is in a co-
propagating pump configuration and provides a highgput power with an improved degree
of brightness enhancement, from M2 ~ 8.5 to a alition-limited beam, using an output port

made of a standard single-mode fibre.

7.3.1 Experimental set-up

The experimental set-up, shown in figure 7.5, csisf a high-power continuous-wave
pump source at 1552 nm and an all-fibre claddingyped Raman laser. The pump source is a
two-stage fibre master-oscillator power-amplifidM@PA) based on Er:Yb co-doped fibre
amplifiers (EYDFASs). The seed source of the MOPAsists of a high-power tuneable fibre
ring laser which uses a commercial 2 W EYDFA froouthampton Photonics, and a tuneable
fibre Bragg grating made in-house, and attacheddioculator. The ring laser is set to an output
power of 1.4 W at 1552 nm. The linewidth of thegriaser is large enough (0.2 nm) to avoid
any stimulated Brillouin scattering in the relativédong Raman fibre laser. The seed from the
ring-laser is then, free-space launched into a lbmg large-core high-power EYDFA. The
Er:Yb doped fibre in the power amplifier (F196-LF5%as a core diameter of 35 pum and a NA
of 0.2. The inner-cladding is D-shaped. The diaméte650 pm and the NA of the pump

waveguide is 0.48, as determined by a low-indeymel coating. This diameter and NA allows
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for a good pump coupling of our diode pump soufidee high-power EYDFA is end-pumped
by a high-power diode stack source at 972 nm (liaseGmbH), launched through the signal

input end. Both end-facets of the large-core EYD& angle-polished to suppress any back-
reflections into the amplifier.

EYDF
MOPA
(1550 nm) DCRF

Analyzer

L=1.2km SMF-28

Power Meter ﬂ (@)
<\ )~

Optical Spectrum

FBG
Dichroic Mirror  HR 1660 nm

HR 1550 nm
HT 1660 nm

Flat-cleaved
End face

O Power Meter

Analyzer

Optical Spectrum

Figure 7.5 Experimental set-up of the co-pumped cladding4pednRaman fibre laser.

An output power in excess of 35 W is obtained fithen MOPA, as shown in figure 7.6, with a
clean spectrum (fig. 7.6 inset). The EYDF must bkatively short to obtain the 1552 nm
emission wavelength required in this experimente ®hope efficiency of the high-power

EYDFA is somewhat low, 21%. It may be because ghéi then expected background losses in

the EYDF.
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Figure 7.6 Multi-mode fibre MOPA output power and opticaksfrum (inset).
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The output beam quality of the MOPA correspondarnaviz of ~ 8.5, because of the
multi-mode nature of the EYDF. The output beanrégfspaced launched into the DCRF via a
set of lenses. It would also be possible to syilieeEYDF directly to the DCRF, but because of
the core size mismatch this was not attempted. fEngaining unabsorbed pump power at
972 nm is removed by a dichroic mirror, so it ig faunched into the DCRF. The 1552 nm
pump beam is reflected by a dichroic mirror whicdnsmits wavelengths longer than 1650 nm,
before being launched into the inner cladding & BCRF, through an angle-cleaved end.

About 60% of the 1552 nm pump is launched intoDERF.

The Raman gain medium consists of a 1.2 km longepa# the same DCRF as before,
but with lower loss. Now, the inner-cladding loss2idB/km and the core loss is 2.3 dB7km
The DCRF output end is spliced to a 1 metre lorggiof SMF-28. A high-index gel is used to
strip all the unwanted modes and also to proterhtgh-index coating of the single-mode fibre.
The splice loss for the core mode is evaluateckttess than 0.5 dB from equation (2.12), while
all other modes are lost at this point to un-guidadiation modes. The Raman laser cavity is
formed with a narrowband (~0.4 nm) highly-refleetivBG at 1660 nm, written in the core of
the DCRF, placed at the 1552 nm pump launch erdladaser output coupler formed by a flat
cleave in the SMF-28 fibre. The highly reflectivB® has a reflection of 80% at 1660 nm.
Thus, some leakage from the Raman laser in thewzadkdirection is expected. Therefore, a
protective dichroic mirror is used to prevent tt&Q nm radiation from being fed upstreams
into the MOPA. The transmission spectrum of thetiggais shown in figure 7.7. It was
measured with an OSA by injecting a broad linewsltimal into the core of the DCRF.

* In this experiment (alone), the background of BI@RF is lower than previously. Indeed, using a high
resolution optical time-domain reflectometer, savesmall sections of the DCRF were found to be
defective (most likely because of the high-germaneoncentration). Subsequently these sections were
removed and the fibre re-spliced which reducedtherall background of the fibre after re-measuretmen
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Figure 7.7: Transmission spectrum of the FBG written in
the core of the DCRF.

7.3.2 Laser characteristics
7.3.2.1 Single-ended output power

The output power from the cladding-pumped Ramarefibser through the SMF-28
output end is shown in figure 7.8 for a 1.2 km,nl &nd 0.85 km long cavity. The general
performance is similar to the earlier work for th& km long fibre. The laser slope efficiency is
67% and the conversion efficiency is close to 48%ha maximum power About 10.2 W of
output power is obtained for 21.4 W of launched pyrower. Here, the thermal loading of the
DCRF launch end can cause some misalignment dfatireh optics and, therefore, limits the

launched pump power.
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Experiment
14

—0— 1.2km

Output power [W]

0 5 10 15 20 25 30 35

Launched pump power [W]

Figure 7.8 Experimental results — single-mode, DCRF laséputu
power for 1.2, 1.0 and 0.85 km lengths of fibre.

A roll-off is observed at high powers in figure @ the shorter fibre length. It could
have been induced by the generation of a secoret-@ubkes wave. However, none could be
detected when using a monochromator and a photedibdrther investigation, using the
modelling of the DCRF laser shows, that the rdll-cdn be explained by the the non-linear
pump absorption. A simple simulation of a 1 km I®@@RF laser, shown in figure 7.9, exhibits
the same behaviour when the output power is plotegdus the launched pump power. In the
experiment it is not possible to measure the alesbpgump power because of the single-mode
fibre attached at the end of the laser cavity. Beeaf the non-linear absorption, the absorbed
pump power can increase quicker than the launchetpower over a limited range of pump

powers (near the laser threshold). As a resultotiput power of the laser seems to roll-off.
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18

16 A

14 -

12 A

10 A

Laser output [W]

—@— Laser output power vs Launched pump power
—{1— Laser output power vs Absorbed pump power

T
0 5 10 15 20 25 30

Pump power [W]

Figure 7.9 Comparison, by simulation, of a single-mode Dd&der
output power with respect to the launch@) &nd absorbed{) pump

power. The fibre is 1 km long.

The non-linear pump absorption also occurs in #sed with shorter cavity length. The laser

threshold and slope efficiency of the differentigalengths are shown in Table 7.1.

Calculated
DCRF Laser slope | Laser threshold| threshold for
Length [m] | efficiency [%] [W] the 2 Stokes
W]
1200 67 6.1 20.9
1000 60.8 6.4 23.9
850 61.7 8.73 27.2

Table 7.1 DCREF laser threshold and slope efficiency

Clearly the threshold is behaving as expectediciteiases as the fibre length decreases
as there is more SRS gain for a given pump poweweier, the experimental measurement of
the slope efficiency is not clear because of theliveear pump absorption. Indeed, as the cavity
becomes shorter, there are less intrinsic lossédes the cavity, i.e., background loss, thus the
slope efficiency should increase. This is confirngdthe numerical simulation of the single-
mode DCRF laser shown in figure 7.10.
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The simulation assumes a cladding loss of 2 dB/ktheapump wavelength and a core
background loss of 2.3 dB/km at the Stokes wavétenthe laser cavity is formed by an 84%
and a 4% reflective grating. The cavity is co-puthpéth 20% of pump power in the core while
the rest of the pump power is in the cladding vatlorresponding average effective area of

about 184un?. Here the slope efficiency increases as the fie@mes shorter.

Simulation
18
O 1.2 km
16 4 V- 1km .o
-0 0.85km Ay
o v
14 1 oV O.~°
av o

z ] gV o
= vV o
g 10 Bo
<] g.e
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o
=) )
O 61 ,'ﬁ:

4 4 8
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0 5 10 15 20 25 30 35

Launched pump power [W]

Figure 7.1Q Simulation — single-mode, DCRF laser output pofeer
1.2, 1.0 and 0.85 km lengths of fibre.

This discrepancy is attributed to some experimeatadrs which might have been caused by
some feedback from the DCRF laser into the finaDEX, which can perturbed the pump

power effectively launched in the double-clad fibre

7.3.2.2 Dual-ended output power

The limited reflectivity of the FBG at the pump taah end leads to a significant amount
of output power being lost at this point. Includitings lost power, the total slope efficiency of
the laser is in fact 84% with a conversion efficigrof 60% in a 1200 m long DCRF laser as

shown in figure 7.11.
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Figure 7.1 Experimental results — Total output power frora BCRF

laser for 1.2, 1 and 0.85 km lengths of fibre.

The details of the dual-ended laser performancerasented in Table 7.2.

DCRF Length Laser slope Laser
[m] efficiency [%] threshold [W]
1200 84 6
1000 70 6.54
850 72 8.65

Table 7.2 Dual ended DCRF laser threshold and slope effayie

As expected, the thresholds measured are, withor erargins, the same for single-ended and
dual-ended output.

In figure 7.12, the simulation of the combined povrem the single-mode end and
from the pump launched end is presented for theetfibre lengths used in the experiment.
Again, it is worth noticing that in this laser capfration the laser exhibits two slope
efficiencies: one directly above the threshold wWhig about 91% for the 1.2 km fibre while it

drops to around 54% for high powers. This is beeaofthe non-linear pump absorption
discussed previously.
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Simulation
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Figure 7.12 Simulation — Total output power from the DCRFeiafor
1.2, 1 and 0.85 km lengths of fibre.

In fact, when the total power of the DCRF considerelearly the laser is highly
efficient and considering the background loss,dieble-ended slope efficiency is very close to
the quantum limit. This demonstrates that cladgingiped Raman fibre lasers can be
exceptionally efficient with a lower background doand that with a stronger grating in the

DCRF, a higher single-ended output power is exjgecte

7.3.2.3 Brightness enhancement

A main attraction of a cladding-pumped device ssiticrease in brightness of the signal

laser compared to that of the pump. In order tosuesthe effectiveness of the brightness

conversion, a brightness enhancement fagtocan be defined simply as the ratio of the signal

(here Stokes) brightness over the pump brightness:

2
2
,7 — Bsignal_out — I:)signal_ out{ M pump irA pump inJ
5= =

2
Bpump_ in I:)pump_ in M signal ouﬂ signal oy

(7.1)

In the case of the DCRF, the maximum power is at@us W at 1660 nm (k4 1) for
30 W of launched pump at 1545 nmiM8.5), so the brightness is improved by 26 tiré®
brightness enhancement depends on the power camveSiciency and the refractive index

profile. The refractive index profile, by and largetermines the improvement in beam quality.
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However, the refractive index profile is also ingically linked to the efficiency, as this
depends on the overlap (the geometry of the réfeacindex distribution) and signal

background loss, which depends on the value ofdfractive index. By comparison a single-

mode fibre will haverp; <1 because of various system losses and because obtiversion to

longer wavelengths. Thus a single-mode SRS soee® & reduction of brightness of the signal
A 3
with respect to the pump of at Iea%{/,ij . At the other end of the spectrum, rare-earth dope
S

fibres are excellent brightness converters becatibeggh signal gain per unit length (or energy
transfer), even when a large cladding is used.eixample in [4], Jeong and co-workers have
demonstrated a 1.36 kW single mode output fromaddthg-pumped fibre laser whose inner-
cladding had diameter of 630n for a numerical aperture of 0.48. If one assuthasthe fibre

cladding is completely filled and taking into acobuhe power conversion of 83%, the

brightness enhancement factor is roughly ~ 15 10

7.3.2.4 Spectral characteristics

The forward optical spectra, emitted from the stAgiode fibre end, are measured at
each power level. The spectra, corresponding tartaeimum output power and close to the
laser threshold, are shown in figure 7.13 with amil resolution. When the output power
increases, the remaining pump power in the singldencore of the SMF is 18 dB lower than
the laser output at 1660 nm whilst most of the apleted pump power in higher-order modes

is lost at the splice point.

The high intensity in the fibre core can lead te tfeneration of a second order Stokes
at the Raman gain peak at 1793 nm. However, usingreochromator, no second-order Stokes
can be found. Its absence can be explained byothedflection level from the angle-cleaved
DCRF end, although at higher powers, significamose Stokes power would build up even

without any feedback.

A broadening of the Raman fibre laser linewidthhe full-width half-maximum from
0.5 nm (near the threshold) to 2.5 nm (at the mawinoutput) is observed. This is caused by
the combination of the high intensity in the cored® and SRS and four-wave mixing (FWM)

in the Raman fibre laser [5, 6].
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Figure 7.13 Optical spectra from the single mode fibre outguthe
maximum output power (solid line) and near therddseeshold

(dashed line) at 1 nm resolution.s

It is well-known that because of the long interagtiength and/or high intensity that is
required to initiate the Raman process, especialth cladding-pumping, other non-linear
effects such as FWM can also be expected [7], edpeavhen the conversion efficiency is
high. In some cases, the competition between bb#na@mena can lead to a bandwidth
reduction of a continuous wave Raman fibre laskif e FWM is induced by the SRS pump,
and if the FWM gain bandwidth is larger, then tiSSshift. Here, the FWM only concerns the
Stokes wave because of its higher intensity insige laser cavity. Based on [9, 10], the
broadening of the laser linewidth can be approxamiaby the bandwidth of the FWM
parametric gain.

In the anomalous dispersion regime of an optitakfithe FWM is phase-matched, i.e.,
at its maximum when the linear phase mismatch mpemsated by a power-dependant non-

linear contribution [11]. The phase-matching coodits:
2yP. =-Ap (7.2)
Here, y is the non-linear parametel, is the Stokes power amtlf3 the linear phase mismatch

N,

ff

due to the waveguide and material dispersion. Eumbre, y is defined asy = , Where

n'2 is the non-linear refractive index (typically beswn 2 and 2.2 18 m?/w), a, is the optical
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angular frequency of the Stokes beafy, is the Stokes modal effective area and the speed
of light in vacuum.
After a Taylor expansion of the dispersion, thesinphase mismatch can be expressed

as a function of the dispersion [9]. Equation (h@fomes:

2yP = ZZC@
22 dA

2rrc dD ANY
A -A)A. -1 2= (- )| =
( s o)( s FWM) AOZ d/‘ ( s O)( 2 j (73)

where A, is the zero dispersion wavelength of the Wavegu(dj@u% is its dispersion and,,

is the peak wavelength of the FWM proceAd. is the wavelength difference between the SRS
Stokes and the FWM maximum. Because of the symnudttite FWM, A = 2|, = Apyyl -

Thus (7.3) can be rewritten such tfed becomes:

p=2 | — P

e dD
\//lozdﬂ(/]s %) (7.4)

Now, the laser linewidth broadening under FWM candughly expressed as:

A/1Ias.er_ no_ FWM If M < A/1Iaser_ no_ FWM
AAlas.er = 2 ,77C dDyPs If AA > A/1Iaser_ no_ FWM
2 4 (/1 - /10)
A dA ™7 (7.5)

where A . ., pwv iNdicates the laser linewidth without any FWM aAd, ., is the laser

laser
linewidth. Note that here the Stokes powEy,is assumed to be constant along the fibre which

is a rough approximation. Still, the experimentad @aheoretical linewidth, using equation (7.5),

agree in a remarkable way for this power rangshasvn in figure 7.14.

C. A. Codemard 152



Chapter 7: High-power continuous-wave cladding-pedRaman fibre lasers

3.0
e
2.5 - -7
| f
T o g
£.20- %
= o2~
& o8 v
(o}
3 15 ,.X/é’
£ e - AA=0.5190 + 0.1833*PRaman
” 8 o¢oo
Q &/
% 1.0 4
= 7 A
& o8&
oA O Measured with 1 nm resolution
0.5 03/ A Measured with 0.01 nm resolution
@ Equation (7.5)
0.0 T T T T T T
0 2 4 6 8 10 12 14

Raman fiber laser output power [W]
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(7.5). The dotted line is the linear fit whose derais shown on the graph.

In some applications, the broadening of the lin¢lwvizhn be problematic. Nevertheless,
FWM can be mitigated by using adequate dispersianagement, for example, with varying

core parameters to disrupt the phase matching tomdequired.

7.3.2.5 Temporal characteristics

Although the steady-state properties of Raman fiasers are well-known, it is only
recently that the temporal behaviour of such lasmurces has been studied [12, 13]. For
example, in telecom system, the transfer of thatike intensity noise from the pump to the

Stokes signal degrades the signal quality by theltiag added noise [14].

In order to measure the temporal fluctuation of theput of the cladding-pumped
Raman fibre laser, the signal output is fed infash photodiode (Thorlabs - DT210) with about
1 GHz bandwidth which is in turn connected to adpEctrum analyser. Figure 7.15 shows the
DCREF laser output, the pump (output from the EYDBRA) and the pump seed (EYDF ring
laser) measured at several watts of output poveen the DCRF laser. Clearly, the pump beam

exhibits a periodic temporal fluctuation with a damental frequency of 7.6 MHz. This noise
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comes from the longitudinal mode beating; corredpamto a round trip in the EYDF ring laser
with a cavity length of 30.7 m. As expected fron#][Tthe pump noise is transferred to the

Raman laser output as shown in figure 7.15.
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Figure 7.15 Temporal spectrum of the outputs from: a) EYD¥griaser,
b) EYDF MOPA and c) DCRFL output.

In theory, it is possible to reduce the intensityse of the pump using a less noisy laser
source; however, in practice, this is not so eBey.example, a semiconductor DFB laser (like a
ILX Lightwave 79800) could be used in a MOPA coufigtion instead of the ring laser. The
narrow linewidth of a semiconductor means that 8BBarise, probably in the MOPA chain or
otherwise in the DCRF. Therefore, the laser need®tphase modulated to reach a linewidth of
the order of 1 GHz. To avoid noise in the Ramaerlagitput one would also have to avoid

frequency modulation to amplitude modulation cosia@r effects.
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If the DCRF is assumed to be relatively homogensmghat SBS linewidth has the

typical value of 20 MHz, the critical pump power 8BS can be estimated using:

21 Av A
I:)Critical = L (14_ A j .
off Ve ) Qe (7.6)

Taking the background loss to be 2dB/km for the puthe effective length,, is then 920 m
for a 1200 m long fibre, the core mode effectiveaad, is about 7Qum? in the DCRF, the
SBS gaing, has a typical value of 5.1 m/W, the SBS linewidtmMAv, is about 20 MHz,

while the laser linewidttAv is 1 GHz; the critical pump powdt.,,. ., is 1.6 W. With 40 W of

pump power being launched into the DCRF and tylyidalver order modes containing 20% of
the pump, SBS becomes a serious issue. SBS cammolebated in the present set-up due to the
absence of isolation between the pump fibre soamnckethe Raman fibre laser. An alternative to
semiconductor DFB lasers is to use for examplé flaser in a linear cavity whose photon
lifetime is long enough so that fluctuations is mised [15]. However, in many cases the

temporal fluctuations measured with the currenugpetvould be acceptable.

7.4 Limitations

7.4.1 Signal FWM

As shown in figure 7.13, the Raman fibre laser ougan suffer from four-wave mixing
which enlarges the spectral linewidth. In some igptibns this feature might not be desirable,
e.g., for wavelength multiplexing or spectroscopiie four-wave mixing process depends on

the non-linear refractive index of the fibre, thaweguide dispersion and the signal intensity-

length product. The non-linear refractive indexis generally correlated witly, because both

are linked to material. Hence, the only practicaute for reducing the FWM effect in the
Raman fibre is to operate in the normal dispersegime of the core; either by changing the
operating wavelength to less than 8, typically, or by shifting the fibre core zerosgersion
wavelength as in dispersion shifted fibre [16]. \Wlmperating at shorter wavelength, standard
single mode fibre tends to have a small core diamét this case, in a DCRF structure a lower
overall efficiency is expected because the ovebletveen the core mode and the pump modes

of the inner cladding is reduced (unless the iteatding is smaller, to0).
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7.4.2 Second-order Stoke generation

Because the signal core mode is smaller than tha af the inner-cladding, the
intensity obtainable in the core can exceed th#tt®@pump. As a result, the fibre length must be
matched to the pump powers and the desired signetplevel, in order to suppress the second-
order or higher order Stokes from cascaded SR®i@ncbre. Alternatively, it is possible to
increase the threshold of the second-order Stoke@derting a wavelength specific loss
element in the laser cavity. For example, longevehengths are more sensitive to bend loss in
step index fibre [17] and SRS filtering by bendican be enhanced with a W-type fibre [18].
Such an effective approach can easily be implerddanta DCRF format, as long as the Stokes

— pump overlap remains unaffected.

7.4.3 Single mode operation

Single mode operation of the Stokes can be achidwedigh either a mode selective
element such as specific waveguiding structureyoa lsontrolled modal excitation in the case
of an amplifier. For example, in some configurasigiwas found necessary to include a mode-
selecting single-mode fibre in the cavity. When EB@RF is not spliced to a single-mode fibre
at one end of the laser cavity, Stokes claddingea@tiarted to lase even at low output power as

shown in fig. 7.16.
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Figure 7.16 Spectrum at 1.6 W of output power at 1660.8 nm in2 km
long DCRF fibre (Res.0.5 nm).
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The grating is also expected to reflect the clagldides. A laser cavity is then formed
with a flat cleave at the opposite end of the DGR¥ch reflects indiscriminately. This clearly
suggests that the Raman gain in the cladding i®itapt when no modal selection is present.
Note that in figure 7.16, the cladding mode lagesharter wavelength as discussed in earlier in
this chapter. In addition, the lack of isolatiortveeen the pump and the Raman laser makes the
pump fibre laser more susceptible to any unwargedifack which can lead to spurious lasing
of the EYDFA.

7.5 Output power scaling

In order to improve the output power from a claddpumped Raman fibre a number of

parameters must be adjusted for best performance.

7.5.1 Signal background loss

The first and main limiting parameter for a Ramdmnef laser which consists generally
of long fibre is the signal background loss. Figuérg7 illustrates the effect of background loss
on the laser threshold and the slope efficiencyairtounter-pumped configuration, from
simulation and using (6.12).

12

O Threshold from equation 100

— —- Threshold from simulation ()

11 A Slope efficiency from simulation /T 95

10 A

Threshold [W]
(o]
Slope Effiiciency [%0]

Background loss [dB/km]

Figure 7.17 Effect of the signal/pump background loss onDI@RF laser
threshold and slope efficiency, assuming a 1 krg lwiece of F71-LF11.
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Here, the DCRF laser consists of a 1 km long filkih a 100% — 4% cavity in a
counter-pumped configuration. The fibre backgroloss of 2 dB/km, identical for pump and
signal in this case, degrades both the laser tblgsind the slope efficiency. A 1 dB variation
or 20% on the background loss translate into a A&hge in the slope efficiency which is not
negligible. As expected, the threshold evaluatadgugq. (6.12) is identical to that obtained
from solving the complete propagation equation§)(6.(6.9). To reduce the impact of the
background loss one can either use low backgroass fibres or short fibres. The Raman
conversion occurs over shorter lengths at high pewalowing shorter fibres with lower total

loss to be used.

7.5.2 Laser configuration

The modelled DCRF laser performance with co- andnt®-propagating pumping
schemes is shown in figure 7.18. Here, the DCRI¥e filmssesses the same properties described
earlier in the experimental work, and the cavitygi is 1250 m. The cavity is formed by a

99% and a 4% reflective grating; both gratingscelg only the core mode.

Co- and counter-pumped DCRF laser

20

—e— Co-propagating pump )
-+ Counter-propagating pump v

= =
o ol
1 1

Laser Output Power [W]

(6]
1

0 5 10 15 20 25 30 35
Pump Power [W]

Figure 7.18 Comparison co- and counter-propagating DCRF laser

The counter-pumped Raman fibre laser shows quiteear dependence on the launched pump

power while in the case of the co-propagating pseipeme the laser slope efficiency is lower.
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The different slope efficiencies can be explaingdhe different background loss experienced
by Stokes light during a round-trip inside the tasavity. In the counter-pumped configuration
the Stokes waves experiences a lower loss thacotpemped configuration, before exiting the
laser cavity as in most fibre lasers. In additiboth cases have an identical threshold as

expected from the theory.

7.5.3 Higher pump power

In order to improve the output power of a claddngnped Raman fibre laser, one can
try to increase the pump power launched into timertladding of a DCRF. However, as the
power of laser sources increases their brightrasdstto decrease, especially if semiconductor
laser sources are used. The obvious choice isal® she dimension of the inner-cladding,
however, this reduces the pump intensity and lofipee lengths are required. Alternatively,
the numerical aperture of the inner-cladding caimbeeased so that smaller inner cladding and
therefore shorter fibres are used. Practically, thin be realised either with a fluorine doped all-
glass fibre [19] or with an air-clad fibre [20].il§tsuch fibres can have a relatively high loss bu
because the SRS gain is quite high at high powshsst fibre lengths can be used.
Alternatively, one can use high peak power pulegsutnp the fibre.

7.6 Summary

In this chapter, two Raman fibre lasers in co- andnter-pumped configurations are
presented and characterised. Both lasers operadéeoand 1660 nm. The fibre laser slope
efficiency reaches 67% and the threshold can Hevass 6 W. In the co-propagation scheme
the output is made truly single-mode with a staddsingle-mode fibre. This is the first
demonstration of a high power diffraction-limiteéRan laser from a multi-mode fibre. In the
single-mode single-ended configuration, up to M.%f output power for 30 W of launched
power are obtained. This represents a power caoveesfficiency of 41% and a brightness
enhancement of 26 times with respect to the brigg#nof the pump. In the dual-ended
configuration, i.e. considering the Stokes powakieg through the highly reflective grating, up
to 16 W of output power is obtained for 30 W ofrlabed pump power. In that case the power
conversion is 53%. Numerical simulations agree \tlign power characteristics of the co- and
counter-pumped DCRF laser and explain the origirthef roll-off observed. The roll-off is
induced by the non-linear pump absorption nearldser threshold. Still, the DCRF laser
performance is near quantum limited consideringotiekground loss of the fibre. These results

are quite remarkable. The temporal behaviour aagplectral characteristics are also presented.
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The laser output suffers from a linewidth broadgmilie to four-wave mixing as most Raman
fibre lasers do at this wavelength. Then, sometisnisi are being proposed to mitigate or avoid
the signal FWM, the generation of second order &tokave and the effects of Stokes light in

higher order modes, encountered in this kind adrlas

These results are actual very promising and evghehioutput powers are foreseeable
with more powerful pump sources. This novel condegst recently attracted attention and there

are now some other research groups involved idérelopment of similar laser sources [21].
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Chapter 8 Pulsed cladding-pumped Raman
fibre laser sources

This chapter contains six sections which cover noykwon pulsed cladding-pumped Raman
fibre laser sources. Section 8.1 reviews the mttma for the study of Raman scattering for
pulse amplification. The theory of pulsed Ramartedag is introduced in section 8.2. Section
8.3 presents experimental results in a high gaisgouSRS amplifier and the demonstration of
the potential for high energy pulses amplificati@hen section 8.4 deals with the competition
of the parametric process called four-wave mixiRgvil) with the Raman scattering process.
This competition can limit the performance of theSSand some solutions are presented to
prevent the growth of the FWM process. Sectionr8dorts studies on the potential for direct
diode pumping of cladding pumped Raman fibres, tiiguld be implemented in the future.

Finally, section 8.6 summarises the findings of tthapter.

8.1 Introduction

For Raman amplification with pulses, the signal gndnp pulses must temporally
coincide in the fibre to achieve the maximum energyisfer, because the SRS gain is only
available to the signal during the pump pulse. Thieferred to as synchronous pumping. The
gain disappears as soon as the pump pulse hasipadssemparison, in a RE-doped fibre, the
pump energy is transferred to the gain medium, #xedgain remains as long as the gain
medium remains excited. The gain created in a Ranaplifier by a pump pulse automatically
forms its own short time-gate, which negates tHeced of spurious feedback and amplified
spontaneous emission (ASE) build-up. There is ndE Agenerated between the pulses.
Moreover, the SRS gain becomes biased co-dirediyondh the pump propagation because
forward- and backward-propagating signal light hdifeerent temporal overlap with the pump
[1]. The gain is higher in the forward directionr(fight temporally synchronised with the pump
pulses).

In a DCREF, the situation is more complicated beedbhe pump is multi-mode while the
Stokes is preferably in the fundamental mode. Harelvecause the pump is multi-mode, one

expects that higher energy pump pulses should hidable and that, therefore, higher energy
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output Stokes pulses could be obtained. Hencdirgtespect to investigate is the gain that can

be achieve in the DCRF and then try to improvedtiput energy.

8.2 High gain single stage amplification

8.2.1 Experimental set-up

The experimental set-up consists of a multi-stagisgel pump source, a continuous-

wave (CW) seed signal and a DCRF as shown in figure
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Figure 8.1 Experimental set-up of the pulsed DCRF ampilifier.

The pump source is a MOPA incorporating a mastettla®or (MO) emitting at 1547 nm. The
MO output is then time gated and amplified in anphimer cascade. In order to avoid any
stimulated Brillouin scattering (SBS) in the lon€RF, the source has an output linewidth of
about 20-50 pm. This is much larger than the Brilogain bandwidth of approximately
0.2 pm. An incoherent source is used because @tivéntional) laser sources, including fibre
laser or semiconductor laser, present one or, djlpciseveral single-frequency components
(i.e., longitudinal modes) under a spectral enwelddowever, even when there are a large
number of modes patrticipating in the laser procésis difficult to rule out the occasional
concentration of the output power into a singlegitidinal mode. When that happens for a
sufficient time, SBS will result. Here, a mode-framplified stimulated emission (ASE) seed
source is used. This is amplified in a core-pumgedble-passed EDFA that incorporates a

fibre Bragg grating at 1547 nm. The grating acta aeflective filter for control of the spectral
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content. The source delivers 34 mW of output powihout any spurious lasing. If the ASE
source is switched off, the EDFA starts to laseahee of the high small-signal gain in
conjunction with various reflections that createaaity with the FBG in one end. The amplified
pump is then modulated and further amplified bypasecutive set of acousto-optic modulators
(AOM) and optical amplifiers. The first amplifies & commercial core-pumed EDFA (Nortel).
The final amplification stage consists of a higlwpo EYDFA delivering up 700 mW of
average power in the present pulse regime. Both A@k modulated by electrical pulses of
100 ns duration at 100 kHz repetition rate, to dvany self-Q-switching in the amplifiers
resulting from a high MOPA gain between pulses g to avoid damaging any components.
Also, the commercial EDFA has a restricted inputv@orange which does not allow for low
repetition rate operation because the average ip@wer becomes too low. Furthermore, the

peak power is limited by the temporal stability dhe noise of the ASE pulse.

The pump source output spectrum is shown in fi@uPe In order to simulate a multi-
mode output, the pump brightness is reduced bgisgliwith an offset, the single-mode output
fibre into a 1 m long multi-mode fibre which is ml in such way it provides good mode

scrambling. The output Ms measured around 4.5.

By design, the cladding-pumped fibre Raman amplifieust be operated above
1640 nm, in order to provide a single-mode out@ith the pump source used, the Raman gain
peaks at ~ 1663 nm, so fulfills this condition. Hoer, because there is no readily available
conventional source at the operation wavelengtli@83 nm, a rather complex set-up of a
Raman ring laser is used as a seed source. A loigk#p tuneable fibre ring laser operating at
1547 nm, consisting of an EYDFA and a filter, purag@aman fibre ring laser. The Raman ring
laser consists of a 2 km long, highly non-lineardi (Sumitomo HNRAC-2), an output coupler
with a large feedback, to slightly broaden the spec, as shown in figure 8.3, and of a WDM
coupler to inject the pump co-directionally int@thing laser. An L-band isolator is inserted into
the feedback loop, after the output coupler ancreethe WDM coupler to ensure uni-
directionality of the lasing. Finally, a variablgtacal attenuator is placed in front of the laser,
outside the laser cavity, so that the output powasr be varied up to a maximum power of

58 mW, without modifying the spectral content aé3&m.
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The final element of the set-up is the DCRF amgijfivhich mainly consists of a long
length of fibre F71-LF11. Its output end is spliceda piece of standard single mode fibre
(SMF) (NA 0.12, core diameter8n). The splice loss between the SMF and DCRF iS éB.
for the signal travelling in the core mode. By ¢ast, also in these experiments essentially all
the pump light is lost here, since the claddingthe SMF does not guide light. In this
experiment, the core loss is 3.1 dB/km and therirsladding loss is 2.3 dB/km, both at
1550 nm.

The pulse pump and CW seed signal are free-spagglecbinto the DCRF inner-
cladding and the core respectively, via a dichmicor highly reflective at 1547 nm and highly
transmittive at 1663 nm. The pump launch efficiercg5%, of which 15% is coupled into the
DCRF core. Therefore, up to 500 mW of average pawes0 W peak power is launched into
the DCRF. By contrast, the CW seed launch effigiead0%, of which 75% or about 31 mW
of average power is in the core.

Since the Raman gain is essentially instantanendssace the pump pulse is much
shorter than the length of DCRF, the pump pulsateeeRaman gain that travels with it through
the fibre [1]. This makes the Raman gain essentiadl-directional, and even though a cw input
signal is used, the signal at the output end ofD&RF will be pulsed, temporally coincident

with the pump pulse.
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8.2.2 Results and discussion
8.2.2.1 Amplifier characteristics

The average output and launched powers, and thespmnding peak powers, are
shown in figure 8.4 for 450 m and 1100 m long DCRA&slow launched pump powers, the
average signal output power is dominated by thenphiged part of the cw seed signal, between
pump pulses. Insofar as the gain is low, the awep@myver will be equal to the peak power in
this regime. For higher pump powers, the energpénamplified pulses dominates the average

output power.

Launched Peak Power [W]

0 10 20 30 40 50 60
250 Il Il 1 Il 1

r 30

—&8— Experiment L=450m

—ll— ExperimentL=1100m
-3+ Simulation L =450 m 25
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200

150 A

100 A

Output Peak Power [W]

Average output power [mW]

50

0 100 200 300 400 500 600
Launched average pump power [mW]
Figure 8.4 Average power and output peak power of the DCRF
amplifier versus launched pump power for 450 ar@Dlrh long fibre

(input seed power: 30 mW in the core)

The measurements were taken using a calibratedrpmeter and a monochromator
with a fast detector to detect the output power #redshape and duration of the pulse at the
pump and Stokes wavelength. In figure 8.4, the &opower in the 450 m long DCRF is
growing exponentially up to 160 mW, while in theODIm long fibre, it is rolling off at the
maximum pump power, with an average output of 200.rBoth experiments agree with the
amplifier simulation based on a joint effectiveaf 184um?. The average power in the long
DCREF rolls off because some second order RamareSttk1800 nm is generated in the DCRF
core. The second Stokes line limits the power obtae from the single mode core if the fibre
length is not adjusted to the pump and signal pswEhe signal output spectrum and pulse

shape are shown in figure 8.5.
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Figure 8.5 Left: Output spectra at maximum pump power fad 46d 1100 m long
DCRFs. Right: Pulse shape of the signal outputepigisthe 1100 m long DCRF.

Additionally, the different group velocities of thump modes and the Stokes mode
slightly increases the signal pulse duration, dretdfore reduces its peak power as shown in
figure 8.6, for the maximum input signal (31 mWygmump peak power (51 W) for the 450 m
long DCRF. This was confirmed by simulations, usihg method of lines, in fig. 8.6. This
method consists as discretizing the partial difiée¢ equations (6.1) - (6.3) in the z-dimension.
Then, the semi discrete equations can be integrate@ system of ordinary differential
equations. Here, the simulations agree reasonadlywith experimental data. The difference in

the remaining pump power can be explained by th&cdaracy of the modal power
decomposition in the parameters used.
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Figure 8.6 Pulse shapes for the incident and pump througteds and for the output Stokes signal:
a) experimental, b) simulation.
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As expected, only the region of the pump pulse witfiiciently high peak power contributes to
the SRS process, whereas the wings of the pumpe mldsnot contribute. Therefore, it is
obvious that a square-shaped pulse will have ah&terage power or energy conversion than a
gaussian pulse. In addition, only the light syndised with the pump pulse benefits from the
SRS gain. Since a cw signal seed source was usad, was some signal light present between

the pulses, but this was not amplified by the pypuises.

8.2.2.2 Definitions of gain

In order to fully comprehend amplification in thealge-pumped DCRF, two types of
gain have to be considered: the peak gain andntbieyy gain. Firstly, there is what is called the

peak gain, which represents the gain of the sigeak. Therefore the peak gain is defined as:

Pout
G =10Log,, | =
peak

(8.1)

where P,f;‘;k and P" « are the output and the input peak power of th&eStoBecause the peak

pea
gain represents the gain that would be seen icdbe of square pump pulses, when dispersion
is negligible, i.e. the DCRF length is less thamwalk-off length; it is generally higher than the

energy gain.

The energy gain is the ratio between signal puldput and input energies. In this case,
when a cw input signal is used, the input signatrgy corresponds to the energy of an
“imaginary” input pulse of the same duration as fhenp pulse. The pulse energy gain is

defined as:

ou ou T-AT
sz; - F%:VJ(: -r j

in [ AT
(T
(8.2)

where PY,, P% and P2 represent the launched seed power, the continparsof the

avg

G =10Log,

Energy

Stokes and the average Stokes power at the outple ®CRFA, respectivelyT is the pulse

periode andAT is the (pump or Stokes) pulse of duration.

The average power at the output consists of theepahd a CW part, as shown in

equation (8.3).
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AT _
Pout= out 1 I S(t)dt+ F’é\l;\t/(-r TAT)

avg peak?
0

(8.3)

where P, is the peak power of the Stokes pul$ejs the period of the in-between pulse and

pea
s(t) is the Stokes pulse shape scaled to unity peakgluhe pulse durationlAT . After

inserting (8.3) into (8.2), the expression for #émergy gain becomes:

AT

J's(t) dt

out

eal eal AT
GEnergy = 10'-0910 an : OT = Gp K—-10 Logo —
-~ [ s(t)at
0 (8.4)

Equation (8.4) confirms that the pulse energy dgailower than the peak gain because of the

output signal pulse shape. Thus, the energy gaimaiémised for square-shape pump pulse, i.e.

AT
[s(t)dt=AT.
0
Another feature of interest is the power convergfiitciency (PCE) which indicates the
performance of the process. Again, two power caivarefficiencies are defined to encompass
the effect of the pulse. Firstly, the peak poweER€defined as:

signal_out __ P signal_ in

P k k
PCEpeak == Ppump_ irF:ea
peak (8.5)

where PS2ie-, P and PPt are the peak power of the output signal, the input

signal and the launched pump, respectively, withie duration of the pulse. Secondly, the

energy PCE is defined as:

signal_out __ signal_ in
PC — Eenergy Eenergy
Eenergy - E pump_in
energy (86)

where ESna_out - psional_in g pPUTR-IN gre the energy of the signal output, of the sigmaut

energy energy energy

and of the launched pump pulse, respectively.

8.2.2.3 High-gain results

Measured signal peak gain and peak power conveesfaiency (defined in equation

(8.5)) are shown in figure 8.7.
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Figure 8.7: Signal peak gain and conversion efficiency ofpkeak
power versus the amplifier signal input power f@58 m long DCRF

at the maximum pump power.

At low input seed power, the gain reaches aboulB5@n the 450 m long DCRF for a pump

peak power of 50 W. As the signal peak power ire@eathe power conversion efficiency of the
peak gain reaches 30% and stalls there. The caomezfficiency does not increase any further
because the fibre is too short for the pump peakepoStill, the small-signal gain of the pulsed
Raman amplifier is much higher than with rare-ealtiped fibres because the amplification
process only occurs when the pump pulse is presehe Raman fibre. Thus there is far less

ASE to saturate the gain available to the signal

In order to investigate further the effect of titerdé length and of the pump peak power,
the set-up is modified. The uncertainty in the aldaunch power is removed by using a direct
core splice for the injection of the seed light. dder to have the pump and signal co-
propagating together for maximum efficiency in fitee case, the signal is launched at the
opposite end of the pump injection point and thes reflected on a grating to travel alongside
the pump. In addition, the pump source is replasét the first three stages of the MOPA
described in Chapter 5. However the peak poweimidd to 100 W by SBS in the DCRF

because the pump seed is a directly modulated bimeaternal-cavity laser diode.

Figure 8.8 shows the average gain obtained foetfilge lengths: 465 m, 850 m and
1100 m and at different pump peak power. In FigtiBa) the fibre length is 465 m, which is

too short for the lowest pump power to generatefficient Raman conversion. Therefore, only
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the small fraction of the pump pulse correspondghe highest peak power is depleted and
used to create gain at the Stokes wavelength. Byeasing the pump power, Raman
amplification starts and the small-signal peak gasches 50 dB for a|lW seed power level.
Then the DCRF length is increased to 850 m, wheshilts in a higher gain, as shown in Figure
8.8.b), thanks to the longer pump-signal interactemgth. In this case the greatest small-signal
gain is achieved for a pump power of 70 W. Howew¢higher pump power, i.e., 105 W, the
Stokes beam itself is depleted to generate a speots second order Stokes beam. The
generation of second Stokes power strengthensthgtincrease in the input seed power. Thus
with high pump power, some of this is lost to tleeand Stokes with higher seed power. It is
clear that pump peak power and fibre length musadjested to reach the optimum gain.
Finally, with the longest fibre (Figure 8.8.c), tbreerall performance is the worst, except for the
small-signal gain of the lower pump power. The parance decline is due to the higher

background loss in the long fibre on the one hamtithe second Stokes generation on the other.
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The experimental energy and peak power PCE of @eMPamplifier are shown in figure 8.9.
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In figure 8.9, the seed power is set at its maxinuatue of 30 mW, while the pump
peak power is varied. The energy power conversificiency reaches 35% and rolls off in the
long fibre length. This is explained by the pulbaje, the increased background loss and the
generation of second order Stokes. The behaviauuh different in the case of the short fibre
length and more pump power should yield to an dnrgher PCE. However, in this experiment
the peak power was limited by the pump pulse tealmtability. The signal peak power PCE is
also behaving in similar fashion, but this time theaximum efficiency is around 50%. This
indicates that potentially in the long fibre lengtip to 50% of the energy could be converted
into the Stokes. Furthermore, if the background isstaken into account, the PCE is near the
guantum limit. Hence, with lower background lodsrdi and shorter fibre, higher conversion
efficiency could be expected.

The advantage of the cladding-pumped Raman lasecesds that the multi-mode pump
light is converted into a diffraction limited beahthe first Stokes wavelength. The maximum

brightness enhancement (Equation (7.1)) that caexpected with this fibre in case of a peak
power PCE of 50% is a factor of 7.3.

8.3 High-energy amplification

8.3.1 Experimental set-up

In this experiment, a diode-seeded MOPA pump soisresed, and by controlling the

initial pulse shape and the inversion of each dinption stage, high-energy rectangular shaped
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pump pulses are generated. The aim is to shownitlatappropriate pulse shaping, most of the

pump energy can be transferred into the signal.

The experimental set-up shown in figure 8.10 casmsif three sections: a DCRF
amplifier, a seed source at the Stokes wavelemgith,a high peak power, high-energy, pulsed

pump source at 1545 nm.

Pulse
Generator

Power Meter,
OSA,
Monochromator + Detector

Figure 8.1Q Experimental set-up of the double-clad Ramarefdmnplifier.

The double-clad Raman fibre used in this experingtite same as before, i.e., F71-LF11. The
pump pulse is free-space launched into the DCR&ugir a set of lenses L1 and L2 of focal
lengths 8 mm and 4.5 mm respectively. The pumpdawfficiency is typically 70%. Less than
30% of the launched pump power is into the coreandtie DCRF end face is angle cleaved to
avoid any back reflection into the pump sourcen@dree-space isolator was available. To use
the DCRF in a pulsed amplifier configuration, foaximum gain, pump and signal should be
co-propagating so that the temporal pump-signatlapeis maximized. As before, in order to
ensure a proper seeding of the core mode and &tresbttup, the seed is core launched in a
counter propagation scheme using a broadband 50igiler (OC3). The seed is then reflected
at the pump launch end by a fibre grating (FBGAZ)tten in the core of the DCRF and highly
reflective for the core mode. The grating is ideaitito that used in Chapter 7 with a reflection
of 83% at 1661 nm. Thus, following reflection, teeed signal and pump are co-propagating
along the DCREF, with the seed in the core only. paep pulse, through SRS, modulates and
amplifies the seed signal similarly to the previexperiment. This ensemble forms the double-
clad Raman fibre amplifier (DCRFA). The output b&tDCRFA through OC3 is then analysed
using a thermal power-meter (GENTEC PS-310-V3),optical spectrum analyser (ANDO
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AQ6315-E) and a monochromator, in combination witfast detector (Agilent 83440D). The

monochromator resolution is set at 2 nm.

The Raman seed laser consists of a CW Raman seg $émilar to the one described in
the high gain experiment section of this chaptdére Tain difference is that the Raman ring
laser is counter-pumped with respect to the lasintgut direction to avoid any back reflection,
from the DCRF amplifier, into EYDFA 3. Inherentlsome powers at 1545 nm and 1660 nm are
fed back into the ring laser from the DCRF fibreawéver, there are no consequences, insofar
as some of the reflected power is lost in the V@&pending on the attenuation, and an
additional 50% is lost in OC3 and again in OC2tecting the ring laser from pertubations. The

launched power, from the Raman ring laser, intdxB&F, varied from 0.016 mW to 16 mW.

The final element of the set-up is the pulsed pwogprce. It is the same cascade of
amplifiers as in Chapter 5. The final amplifier (B¥A2) consists of a 2{dm core diameter
fibre (F402-LF122) which delivers pulses with a fmepropagation factor (Ri of 4. In this
experiment, the seed for the 1545 nm MOPA is gdéedray a directly modulated tunable
external cavity diode laser, a Photonetics Tunios-Runeable laser source (TLS). The TLS is
directly modulated by an electrical pulse shapath ghat the optical signal shape compensates
the changes in the gain that occurs during theepws the pulse extracts energy from the
amplifiers. A triggered arbitrary waveform generafagilent 33120A) is used as a generator
for shaped pulses. The pulse shape from the gendsatarefully adjusted to make the MOPA
output pulses rectangularly shaped. Figure 8.1Hoavs the shape of the pump pulse launched
into the DCRF inner cladding through the gratingfgl. The multiple peaks present within the

pump pulse are caused by the shape of the pulsedrbitrary waveform generator.

This complex system forms the experimental setfiyg length of the pulse is mostly
imposed by the speed of arbitrary waveform generatws, the pump pulses launched into the
DCREF are 700 ns long. The repetition rate is fized 25 kHz which corresponds to a launched
peak power of 40 W or an energy of 28 pJ, and sepofl square shape.

Finally, The DCRF length is set at 850 m becausen fthe previous experiment (see
fig. 8.8), it presents the best performance for penp peak power settings and the fibre

background loss.

8.3.2 Output characteristics

The incident pump pulse, the output Stokes pulskthe residual pump are shown in
figure 8.11. These pulses were taken at the maxiowtput power from the single mode output
fibre.
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Figure 8.11 a) Input pump pulse shape after the fiore MOP/Stiokes pump pulse,

c¢) Residual pump pulse at the pump wavelengtherSiM fibre.

In figure 8.11.c, the residual pump in the corestiongly, but not completely, depleted. A
fraction of the pump pulse seems to not have egpeed SRS most likely because of pulse
walk-off. In addition, the output pulses are muahsrer than the input pump pulse and present
many sharp and fast peaks. At first, it was belietiat because of the narrow linewidth nature
of the pump pulse, some pump light was reflecte@®&Byp. Thus the backward light from the
double-clad fibre was monitored in order to chemklfackward SBS pulses. Virtually no pump

was reflected at the pump power level used ingRpgeriment, which indicates that no SBS was
taking place.

A more plausible explanation is that the noise migk induced by modulation
instabilities [3 - 7] because the pump and theaigine operating in the anomalous dispersion
regime of the fibre. Furthermore, similar effectshHaeen already observed by llev [8] in a
double pass Raman amplifier. Still further measamisiwould be required to precisely identify
the origin of this noise.

In the output spectrum, shown in figure 8.12, gseeted, the pump through is nearly
completely depleted, with nearly all of the pumpvpo converted to the Stoke wavelength. The
Stokes linewidth is about 1.85 nm, which is largfgan the grating transmission FWHM (~
0.4 nm). The broadening exceeds that expected 8B, which therefore seems to confirm

that the signal might experience additional broaugthrough modulation instability [3].
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Finally, figure 8.13 shows the signal energy formas input seed powers and energy.
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Figure 8.13 Stokes output energy versus seed input energysébd

input power and the Stokes peak power are alsmgive

In figure 8.13, the Stokes pulse energy reachesethed of 9.9uJ in a 620 ns pulse, at
the maximum input power (or energy). The Stokexk geaver is estimated to about 16 W. As
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the Stokes input energy is increased, more powtaisferred from the pump into the signal
until the output energy saturates. This indicates tearly all the pump power is transferred
into the single mode. Thus, even if the input Ssokaergy increases no more energy can be
extracted from the pump pulse. In fact, the ougngrgy should decreases because of the excess
loss from the background loss. For higher inputrgyethe fibre length should be shortened.
Indeed as discussed previsously the SRS gaimisgiyr depends on the Stokes seed power, and

stronger seed power “accelerate” the pump to Stekesgy transfer.

It is worth noting, that, here, no higher-order Ranstokes was detected. Obviously, if
the fibre was longer or if the pump power was higimeost likely higher order Stokes lines

would have been produced.

The energy conversion efficiency is quite low a#@6ut considering the background
loss of the fibre, this is a quite remarkable resuhich represents the first tentative and

demonstration energy pulse generation from a afgddumped Raman fibre device.

8.4 Pump induced four-wave mixing in cladding pumped Ranan
fibre

8.4.1 Introduction

As the cladding-pumped Raman fibre becomes shorténe inner-cladding becomes
larger, higher and higher pump peak powers arenejto obtain SRS amplification. However,
at higher power, in multi-mode and double-claddi®yrspontaneous SRS can take place in the
cladding and other non-linear processes startd¢orbe significant, especially four-wave mixing
(FWM). For example, in [9], FWM was observed at 800/cn’ (or 6 Wum?) in a 200 m long
fibre using 8 ns long pulses. FWM gives rise tongahich can be outside the Raman gain
bandwidth. The photons created by the FWM process e lost to the SRS. The mutual
influence of SRS and FWM in optical fibres has bdgwroughly studied in single-mode Raman
fibre lasers, e.g., [10], and amplifiers, e.g.,,[12], as well as in multi-mode fibres, e.g., [13 -
15] over the last three decades. In case of clggoimped Raman fibre, the multi-mode
structure favours four-wave mixing because of theltimde of possible phase-matched
interactions. In a Raman amplifier, FWM should,ferably, be avoided, but this is not always
the case. Therefore, it is necessary to comparegameof both processes in the case of multi-

mode fibre.
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8.4.2 Comparison between FWM and SRS

The comparison of FWM and SRS can be quite diffibélcause FWM is a phase-
matched process which can have a multitude ofdotEms (although not all these interactions
are efficient) while SRS is not phase matched aradefore only depends on the pump intensity
distribution. In order to simplify this analysigtlus consider the following scenario where a

pump light propagates in a multi-mode fibre. Letassume that the pump and Stokes modes

have a nearly identical effective area. L8t and P, be the incident pump powers of two

distinct modes. The four-wave mixing parametriaggi becomes [3]:

g= \/41/28% -(ﬁj
2 (8.7)

where y is the fibre non-linear parameter [3 - 15] ands the net phase mismatch [3 - 15]. To

simplify the expression in the case of a multi-mditee, ) is an averaged value for the

different modes considered. The non-linear parametes defined by:

— 27m2

APy (8.8)

4

where A is the pump wavelength, is the non-linear refractive index of the mediumad &,

is the mode effective area for the interaction.eBlasn the germanium concentratioy, can be

estimated [17] to about 3.15 10m?/W for the core of F71-LF11 and to 2.720n?/W for the

inner cladding. Thus in F71-LF11 assuming a B8 effective area at 1550 nny, becomes

~0.36 10° m/W.

The net phase mismateh can be expressed as:
K=DK+y(R+B) (8.9)

where Ak is the phase mismatch due to the material and guégte dispersion, while the term

y(Pl + I32) represents a non-linear contribution to the nesphmismatch.
The phase mismatcA« is defined as [18]:
Ak = "o, + " w - niw , - nSw , (8.10)

where n°" is the modal effective index an@ is the optical frequency of the anti-Stokes, the

Stokes and the pump power in the first and secoodemas indicated by subscripass, Al

and p2, respectively. Here, | consider the case of asipgmp wavelength in different modes.
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The calculated effective indices for L71-LF11 modes shown in figure 8.14 as functions of

the frequency offset from a 1550 nm pump.
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Figure 8.14 Calculated effective refractive index for variausdes of
L71-LF11 at the pump wavelength 1550 nm.

In figure 8.14 , the red shaded region, at ~500,coenotes the frequency shift
corresponding to the SRS process. The modal phasghimg is achieved when the sum of the
effective index of an anti-Stokes and Stokes corapbof identical frequency difference with
the pump (i.e., of equal distance on opposite sifidise pump frequency) is equal to the sum of
the effective indices of the two pump modes (sed&q0)). If the frequency difference is such
that it corresponds to the SRS shift then bothgsses interact. Then, the SRS process and the
FWM process start to “amplify” each other [13].

When phase matching is realised, the maximum gaefficient for the FWM process is
given by [19 - 38]:

_2m,
gFWM_max - p
p (8.11)

Assuming the previous value of, ~ 2.7 10°° m/W for the inner-cladding of F71-LF11, the

gain coefficient becomes 1.09am/W or about twice the value of the SRS gain doieffit (~
0.55 10" m/W).

The Stokes gain over a lengthfor which the process remains phase matched, engiv

by:
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Equation (8.12) can be approximated by [3]:

ff

Gewm =1exp( Z}/PpL) = exd &Ppl_— ||'( 4): eXE) gFWM_max P L- |(1 )‘H
’ A (8.13)

where P, = B + B, is the total pump powel, is the interaction length and is the fibre non-

linear parameter. For comparison, recall that tR&€ §ain in the multi-mode fibre is given by:

o el 15 m |
PO1, pump
In order to compare FWM and SRS, let us assumeudlealad fibre with similar
properties to F71-LF11, i.e. with a FWM gain coeifiint of 1.09 10° m/W and a SRS gain
coefficient of 0.55 18° m/W, supporting 15 modes equally excited by 1 kivhp power, with
a core effective area of §dn’? and an effective area of 3p@n’ for some cladding modes. The
calculated SRS gain and FWM gain (under perfecs@hmatched condition) for a core mode

and some cladding modes are shown in figure 8.15.
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Linear gain

fibre length [m]

Figure 8.15 Comparison of the Four-Wave Mixing and Raman @ain
the core and the cladding of LF71-LF11.
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Figure 8.15 shows that the SRS gain is much mopaitant than the FWM gain in the
cladding and in the core. As the fibre length iases the gain of the FWM in the core
overtakes the SRS gain in the cladding. This figllstrates the predominance of the SRS
process over FWM in the multi-mode fibre. Howeusgcause of the approximations assumed
and because it is possible and likely that for samees have a smaller effective area, and also
because of the pump power modal distribution, thatFWM gain becomes higher than the
SRS gain. Nonetheless llev remarks [8] that in rmtide fibre: “..., the influence of four-
photon mixing is also relatively small, due to tiee of the highly multi-mode optical fibre and
the fact that these parametric processes appebhinvifie framework of separate transverse
modes, while the Raman components comprise theemérmany modes.”. Furthermore, in
my experiment the SRS process is seeded whichefuitbreases the SRS gain and reduces the
effect of other the non-linear processes. Sti#, #RS process with or without any seed is more
important for low-order modes because of the bdeaneup properties. Furthermore, FWM is
more likely to occur in higher order mode, as redidy Sharma [14]. In fact, under a 1 kW
peak power pump pulse, LF71-L11 exhibits some thimdmonic of the pump (a degenerate

form of FWM) as shown in figure 8.16.

Figure 8.16 Third harmonic generation by modal phase matching
in a 20 m length of F71-LF11 with 1kW pump puls2si§ long).

In figure 8.16, a clear ring structure is visiltleat indicates that the modes, involved in
the FWM process, seem to belong to the circulayiyraetric modes of the LPfamily. Still,
even at 1 kW peak pump power, only a small fractbpump power estimated to less than 1%

is converted into the visible spectrum by the F\idgess.

However, in order to avoid any detrimental pumgsldgough FWM, several solutions

exist. Firstly, the Raman Stokes wave can be seeadldda low power signal alongside the

C. A. Codemard 182



Chapter 8: Pulsed cladding-pumped Raman fibre Emaices

pump wave to reduce the threshold for Raman soagteas demonstrated in [13]. Once the
SRS process is started, the energy of the pumpbwittansferred to the Stokes wave. The seed
power for the Stokes wave at the desired mode dhsighificantly exceed the equivalent input
power of all the other modes. Thus, the seed ipputer requirement scales with the NA and
cladding dimension of the fibre. Still it does rmtppress FWM, which can occur in the fibre
core as we have seen in Chapter 7. Secondly, trereace length can be reduced by perturbing
the effective indices of the modes over a shorgtlefil8]. Typically, the fibre cladding can be
perturbed periodically or tapered to reduce buddip the phase matching process. However, in
some cases, some of phased-matched processes,canthe first order, insensitive to the

fluctuation of the fibre diameter [15].

8.4.3 Conclusions

A study of the competition between FWM and the $R@esented. The FWM process
occurs between modes that are phase-matched WialSRS process only depends on the
intensity overlap between the pump and the Stokedes1 Consequently, the power of the
modes involved in a FWM process is much less thathe SRS process. Thus, the gain of the
FWM becomes less than that of the SRS. Furthernmorg,long multi-mode fibre, SRS is the
dominant non-linear process. It is only when higlalppower pulses are used, that FWM can
transfer some of the pump photon energy to a frezyushift larger than the SRS shift. In that
case, these photons are lost. However, solutioiss #vat mitigate the effects of FWM on the
SRS process, for example, by reducing the SRShblg®r by reducing the FWM coherence
length.

8.5 Laser diode pumped pulsed double-clad Raman fibre

In this section, semiconductor laser diodes arpagsed as laser sources to directly pump
a cladding-pumped Raman fibre transformer. Thaokihé recent progress in semiconductor
technology, laser diodes have seen a dramatic dsereof their output power and an
improvement of their output brightness [19]. Usuydhliey are used to pump rare-earth doped
fibres, which in turn can be used as pump sourges fSRS laser. The use of an intermediate
brightness transformer makes the SRS laser morg@legrmand reduces the electrical to optical
efficiency. Furthermore, the wavelength range & tlare-earth fibre laser is limited (see
Chapter 1), while the operation range of laser eod much broader. Laser diodes can easily
be operated in continuous-wave and pulsed mode, with diode stacks. In addition, the pump

power can be increased by multiplexing diodes afpatiin polarization, and spectrally. Finally,
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diodes can be controlled electrically and do ndtesdfrom pulse distortion like in the pulse
amplification process in RE fibre. Thus laser diodbould be an excellent candidate to replace
RE-doped fibre lasers as pump sources for claddimgped fibre Raman devices. Obviously,
laser diodes can be operated with a short pulsatidarin the order of of nanoseconds to a
much longer duration. Still, the short pulses gatien can be difficult due to of the large

amount of current needed to be rapidly switched.

In order to verify that laser diodes can generai@ugh intensity, so that SRS can take
place in the multi-mode fibre, the SRS gain pet length must be expressed in terms of the
fibre brightness. The SRS gain in decibels, inuhalepleted regime, in a multi-mode fibre can

be written as:

GE.=434g L > —a L
A (8.14)

where B, is the launched pump power into a fibre of lengitiwhich has an effective ared.,
and exhibits a SRS gain coefficiegt,. L, is the fibre effective length and; is the Stokes
background loss.

Using the definition of the brightness, equatiori 3 becomes:

Le
G/ L=4.34g RT“ BTNA .~ ©.15)

where B is the fibre brightness antlA,,, is the inner-cladding numerical aperture. From

equation (8.15), the SRS gain per unit length aaplbtted according to the pump brightness,
as shown in figure 8.17. Here, it is assumed thieasystem conserves the pump brightness in
the fibre. Also the pump and signal background lesset at 1 dB/km to give a more realistic

view.
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SRS Gain vs Pump Brightness
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Figure 8.17 SRS small-signal gain vs pump brightness fordilegipumped
Raman fibre with NA=0.1, 0.2, 0.3 and 0.4 respedyiv

Figure 8.17 highlights the effect of the cladding Wn the SRS performance. It has
been demonstrated recently that all-glass fibractire can be made with high NA [20].
Alternatively, an inner-cladding with a higher Né&also possible using an air-clad structure but
so far these fibres have exhibited a higher backgtdoss [21] than all-silica fibre.

In Figure 8.17, the area in-between the blue lindkates where state of the art multi-
mode laser diodes operate from cw to quasi-cw. @ lhee indicates, for comparison, the
brightness of a 100 W single mode laser. This gragitates that it should be possible to reach
a SRS gain of 0.1 dB/m in a high NA fibre pumpedseyniconductor laser diodes. To reach
this regime, the operation of the laser diodesenduasi-CW regime is recommended because
the peak power is then higher than the average pinatethe diodes can deliver. It is also worth
mentioning that lower background loss fibre wouddphin reducing the requirement on the laser
diodes. This approach to directly transform thédatlifom a multi-mode semiconductor laser

diodes source into a single mode laser outputésesting and certainly worth pursuing further.
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8.6 Summary

In conclusion, a pulsed DCRF has been studied ifghr ain amplification and for the
generation of high energy pulse has been investigah gain in excess of 50 dB has been
demonstrated experimentally in a pulsed singleestdgdding-pumped Raman fibre amplifier
using 100 ns long pulses. The peak power convessficiency was 50%. The experimental
temporal shape and output power of the Stokes Heghlight the influence of pump pulse
shape and of the fibre length. In order to obtaaximum energy transfer from the pump to the
signal, the pump pulse should be rectangular. Euribre, as expected from Chapter 6, the
fibre length must be tailored to the pump peak pewreorder to avoid any second order Stokes
generation. Then, using an 850 m long DCRF and pouges with the best achievable shape, a
Raman amplifier delivering nearly 10 pulses, 620 ns long, has been demonstrated
experimentally. Here, the output energy was limibgdthe characteristics of the pump source
(pulse shape and energy) and by the pump tempalfality at higher power. The interaction of
FWM and SRS is discussed, as both non-linear sffeah compete for pump photons and,
therefore reduce the SRS efficiency. However, is i@und that in seeded amplifiers SRS

should dominate.

Finally, thanks to recent development of pump lakede, laser diode drivers and fibre
manufacturing, | show that in theory, laser diodesald potentially be used as pulsed pump
sources. Using high-power, high-brightness, multide laser diodes sources, a SRS gain of
0.1 dB/m should be achievable in high-NA doubledcféores. The DCRF would be then a
direct brightness converter which would producgleirmode pulses. The combination of high
power laser diodes and double-clad Raman fibre dvprdvide a simple and elegant solution to

a high brightness laser source.
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Chapter 9 Summary and future work

This final chapter summarises the work and regulesented throughout this thesis on the
advancement of Raman and erbium-ytterbium dopeakdatg-pumped fibre device, and

presents possible future directions of researchrarastigations.

9.1 Cladding-pumped Raman fibre laser sources

9.1.1 Summary

Cladding-pumping is a well established approachawer-scaling of high power fibre
lasers. In this thesis, this approach generallgriesl to rare-earth doped fibre, is extended to
stimulated Raman scattering. Optical amplificatiomough stimulated Raman scattering enables
cladding-pumped high-power fibre lasers to opesatany wavelength. However, the power of
Raman lasers was until recently relatively modsgtically up to ~10 W [1], because of the
lack of high power single mode sources. Since dhagdumping allows for higher pump power
to be launched into the fibre, it seems naturaht@stigate the potential and properties of a
cladding-pumped Raman fibre, fabricated at the OR&@nan scattering in multi-mode fibres
has been the subject of early studies [2, 3], andemecently SRS beam-clean up properties

have been the subject of further investigationsgj

In this thesis, the experimental and theoreticatk&an continuous-wave cladding-
pumped Raman fibre laser sources are presentechapt€ 7. The brightness conversion
process due to the so called “beam clean-up” fram&h scattering in a multi-mode fibre is
explained considering the various fibre modes. Whgeguide brightness and the pump modal
excitation determine the efficiency of SRS procékswvever, | show that when the Stokes wave
is seeded or preferentially selected, for exampith a grating for the core mode, pump mode
mixing is not critical and that the multi-mode SRf&cess can be modelled by an equivalent
effective area that encompass the pump mode dittib An all-glass germanium doped
double-clad Raman fibre has been fabricated atQR&. The fibre is single-mode above
1640 nm and the inner-cladding is 2@ wide. The fibre Raman gain coefficient has been
evaluated to be around 0.55#@n/W due to the high germanium concentration whiile
background loss is around 2 dB/km. Using this fibexperimentally demonstrated high-power

operation of a co- and a counter-pumped Raman fisey. Both lasers were operated at around
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1660 nm and pumped by high power erbium-ytterbiwped fibre lasers fabricated in-house.
The single-mode fibre laser slope efficiency cascheup to 67% and the threshold can be as
low as 6 W. In the co-propagation scheme the ougputly single-mode and compatible with a
standard single-mode fibre. However, the perforraanfcthe counter-pumped laser is slightly
better because the signal experience a lower hesde the laser cavity with respect to the gain
distribution. Nonetheless, this is the first demoat®n of a diffraction-limited Raman laser
using a multi-mode fibre. Then the spectral charstics and temporal behaviour of the laser
are discussed. The laser suffers from a linewidtiadlening of the signal due some four-wave

mixing in the fibre core.

In Chapter 8, the amplification of single mode puis the DCRF is studied. The theory
of pulsed Raman scattering in a multi-mode fibrpressented with a detailed description of the
influence of the fibre parameters, such as the nigaleaperture and the fibre length, and also
the pump pulse temporal and peak power requirerteeramplify a signal at the Stokes
wavelength. From the theory, high gain is expectedthe pulse regime. This is then
experimentally demonstrated with gain in excesd@UB in a single-stage of DCRF. The
pulses used were 100 ns long and the peak pow@0 Wp. The peak power conversion is 50%
and is mostly limited by the background loss offthee while the energy conversion is lower at
30 - 35%. These results highlight the influenc@wip pulse shape and of the fibre length (for
the background loss and for second Stoke genejafiberefore, using a 850 m long DCRF and
pump pulses with the best achievable shape, a Ramatfifier delivering nearly 13, 620 ns
long pulses, is demonstrated experimentally, ferfttst time. This approach could be used to
generate high energy pulse. In pulsed SRS, there eénergy stored in the gain medium but the
energy is contained in the pump pulse itself. Thies interaction of FWM and SRS are
discussed. SRS is expected to dominate in an aergibnfiguration where the Stokes wave is
seeded. Nonetheless, experimentally it has not pessible to use peak powers above 200 W,
because of the pulse stability. The novel approaicleladding-pumped Raman fibre laser

sources seems very promising and definitely reqdiraire investigations.

9.1.2 Future work and directions

In my experiments, the efficiency and the powelisgaf the DCRF is mainly limited
by the current fibre design which limits the outmawer and the efficiency because of the
relatively high signal background loss and becahseinner-cladding dimension restrains the
maximum launched pump power. Furthermore, verynotitee germanium doping of silica glass
leads to an increased background loss which restfie useable fibre length and, therefore,

accentuates the requirement for high pump poweneMeless, with the recent advances in
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fibre fabrication [7], a new way could be founditgorporate more germanium into the glass
while maintaining a low background loss to imprdive device performance and to reach higher
efficiency and lower threshold in laser configusati Then, new material with a higher Raman
gain or with a different Raman gain shift like ppbate-doped silica could be interesting to use.
For example, Dianov [7] has proposed, recentlyuse multi-component glasses, including
heavy-metal oxides-doped glasses which can exhiige Raman gain bandwidth in novel

Raman fibres.

Secondly, the waveguide design could be alter@actease the numerical aperture of the
inner cladding. This will enable more pump poweb®launched and therefore, increase the
pump intensity. This can be realised either wittiuarine doped all-glass fibre [8] or with an
air-clad fibre [9]. If such fibres can be realisetth low-background loss and an optimised
inner-cladding design then it is possible to erygsasing multi-mode semiconductor lasers
source as pump sources. In Chapter 8, | show tiimaight be possible to reach a SRS gain of
0.1 dB/m in a high NA fibre pumped by a high-brigiats semiconductor source. Furthermore,
in order to increase the pump power several soumealsl be combined spectrally, spatially and
polarisation-wise. In addition, semiconductor lasan be operated in the quasi-cw regime
which nearly doubles the peak power. Thereforedihect brightness conversion in a Raman
double-clad fibre could be a unique and straightéod process to produce single-mode laser
output either cw or pulsed. Obviously the altenmtis use highly efficient multi-mode fibre
laser sources as intermediate brightness convszfere using the DCRF to obtain single-mode

output.

Finally, this work and approach could be extended developed for the SBS process
which is also known for its beam clean-up propertie a multi-mode fibre [10, 11]. For
example, SBS which has a gain about 100 timesrndhge SRS, has been used in the past for
the incoherent beam combination in a multi-modeefid2]. In that case, the output intensity
distribution is identical to that of the fundamédntede. Still, by using a double-clad fibre, the
fundamental mode can be seeded [13], very easiijewhe output is diffraction limited by the

design of the core.

9.2 High-power erbium-ytterbium doped fibre laser source.

9.2.1 Summary

In Chapter 4 and Chapter 5, the power scaling afbtsclad erbium-ytterbium co-
doped fibre in the continuous-wave and in the plissgime is experimentally demonstrated

and some of the limitations encountered are disclss
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Firstly, continuous-wave tuneable fibre lasersebasn large-core EYDF, are realised
using a tapered fibre section connected to a tdeddiye Bragg grating. The FBG tuning is
achieved by the compression-tuning technique. Timasoutput of two different lasers could be
tuned between 1533 — 1565 nm and 1550 — 1602 nmanmiarrow linewidth of around 0.2 nm.
The laser slope efficiency is 30% in both caseg ditput power is about 40 W over the tuning
range except at long wavelengths where a competitith Yb ions takes place and reduces the
laser efficiency. At 1560 nm, more than 70 W isanttd, indicating that further power scaling
is possible with higher pump power and better capbf the EYDF. Indeed the large amount of
heat generated in the erbium-ytterbium doped fibades the fibre more susceptible to optical

damage like fuse effect [14].

Secondly, the details of high peak power, high gnelarge-core EYDF MOPA are
presented. Up to 1 mJ energy and 6.6 kW peak ppulses with a 88 ns FWHM, are obtained
at 1 kHz repetition rate. This result is the highesergy reported for sub-hundred nanosecond
pulses from a rare-earth doped fibre in the 1550navelength range. Here, the main limiting
factor is thought to be ASE from the erbium andendium ions which, reduces extractable
energy and the average power. However, thanksetdatlye core neither SBS, nor any other
non-linear effects, has been observed which inglicahat even higher energies should be

possible with improved fibre design.

Finally, both examples shows the capability fothier power-scaling of cw and pulsed
EYDF based laser sources that can be used as lstaaddevices or, like in this work, as
intermediate brightness converter for the genamatib single-mode cw or pulsed SRS laser

lights in a cladding-pumped Raman fibre.

9.2.2 Future work and directions

Although, erbium-ytterbium fibres have been studiedhe past, a number of aspects
still remain to be investigated. First, the ultimgiower scaling of EYDF can be explored
theoretically with a model which includes the effe€ the ions concentrations and takes into
account the thermally induced change of the spsobic properties in the fibre [15]. There is a
limit to how much power can be obtained from a gi&YDF before the ytterbium ions starts
emitting ASE or start lasing because of reflectiohlkis work could be completed by some
experimental work using fibre fabricated in-houRecently, some of the highest powers from
an EYDF have been reported [16, 17] but the poeeellis still marginal compared to that of

ytterbium doped fibre.
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The second axis, of research is to gain insighliénenergy exchange process in erbium-
ytterbium co-doped fibre with in particular, thetaenination of the energy transfer rates
between ytterbium and erbium ions. Currently, a setwup for that purpose is being fabricated
at the ORC based on a Q-switched 920 nm fibre laserce. This work is important to
understand the behaviour of erbium-ytterbium inghksed regime with a particular attention to

energy storage.
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Appendix I: Modelling stimulated Raman
scattering in optical fibre

This appendix contains the listing of the Maflaisogramme that | wrote to model the cladding-

pumped Raman fibre. Here, the programme only sitasifdne Raman scattering in an amplifier

configuration. It can easily be modified for lassonfiguration using standard numerical

methods for boundary value problem [Al]. The ins&igm is performed using a modified

Runge-Kutta type integrator given by Lui [A2, AJ]his method requires much less points to

integrate the typical laser and amplifier diffeiahequations, than the Runge-Kutta method of

the same order and for the same precision. Thaspscially beneficial when, for example, large

number of the equations must be integrated.

In this example, a double-clad fibre with the sapsameters as L71-LF11 is modelled

considering 7 modes, a pump and several Stokessoiffige propagations equations (6.1) - (6.3)

are integrated for a 1 km long fibre. No mode cingpkffects are considered.

function [T,Y]=MM_Raman
close all ;
h=6.62618e-34; %Planck Constant

%---- variable type definition

waveguide=struct( radius' |[], ‘index' ], ‘loss'

modes=struct( 'n" ,[], 'LP" ,[]);
fiber=struct( ‘core’ [], ‘cladding' I, 'length’

ns' [, ‘'npump’' ,[], 'nsignals’ M, 'MASE' ], 'S

uency' ,[l);

disp( 'START ... )
%---- fibre data
core=waveguide;

core.radius=4.5;
core.loss=dBkm_to_m(3);

cladding=waveguide;
cladding.radius=10;
cladding.loss=dBkm_to_m(2.3);

D)

0,
.

'n_modes'
'wavelength'

0,

n_wl_bi

0,

'freq
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fiber.core=core;
fiber.cladding=cladding;
fiber.length=600;

%---- definition of the modes considered (pump, sig nal and ASE)

modes_max=7,
fiber.n_modes=modes;
fiber.n_modes.n=modes_max;
fiber.n_modes.LP=[1;2;3;4;5;6;7];

modes_name=[[0,1];[0,2];[0,3];[1,1];[1,2];[2,1];[2, 2]];
%---- initialisation of the pump/signals/ASE wavele ngths
fiber.npump=1; %number of pump wavelength

fiber.nsignal=1; %number of signal wavelength

fiber.nASE=2; %number of ASE wavelength

fiber.n_wl_bins=fiber.npump+fiber.nASE+fiber.nsigna l;

%---- initialization of the pump/signals/ASE power

% initialisation of the powers of all the modes of all the
% wavelengths to zero

fiber.s=zeros(fiber.n_modes.n,fiber.n_wl_bins);
fiber.wavelength=zeros(fiber.n_wl_bins,1);
fiber.frequency=fiber.wavelength;

% initialization of the pump data (wavelength and p ower)
fiber.wavelength(fiber.npump)=1555e-9;
fiber.frequency(fiber.npump)=LtoV(fiber.wavelength( fiber.npump));
launched_pump=300; % total launched pump power

k=[0.10.20.10.1 0.1 0.30.1]; % pump modal power distribution

for i=1:1:modes_max
fiber.s(i,fiber.npump)=launched_pump*k(i);

end

%--- initialization of the signal data (wavelength and power)
fiber.wavelength(fiber.npump+1)=1661e-9;
fiber.frequency(fiber.npump+1)=LtoV(fiber.wavelengt h(fiber.npump+1));
launched_signal=1e-3; % total launched signal power
kk=zeros(modes_max,1); % signal modal power distribution

kk(1)=0.1;

kk(2)=0.9;

for i=1:1:modes_max
fiber.s(i,fiber.npump+1)=launched_signal*kk(i);
end

%--- initialization of the ASE data (wavelength and power)
wavelength_step=20e-9;
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fiber.wavelength(fiber.npump-+fiber.nsignal+1)=1791e
fiber.wavelength(fiber.npump-+fiber.nsignal+2)=1944e
fiber.frequency=LtoV(fiber.wavelength);

% here 2 photons (polarisation) per mode for the AS

for i=1:1:modes_max
fiber.s(i,fiber.npump+fiber.nsignal+1:1:fiber.n_wl_
er.frequency(fiber.npump+fiber.nsignal+1:1:fiber.n_

avelength_step./fiber.wavelength(fiber.npump-+fiber.

iber.n_wl_bins);
end

%---- shaping and sorting of the variable prior to
P=reshape(fiber.s,fiber.n_modes.n*fiber.n_wl_bins,1

%---- Mode vector

Modes=fiber.n_modes.LP;

for i=1:1:fiber.n_wl_bins-1
Modes=[Modes;fiber.n_modes.LP];

end

%---- Frequency vector

F=ones(fiber.n_modes.n,1)*fiber.frequency(1);

for i=2:1:fiber.n_wl_bins
F=[F;ones(fiber.n_modes.n,1)*fiber.frequency(i)];

end

%---- Wavelength vector

W=ones(fiber.n_modes.n,1)*fiber.wavelength(1);

for i=2:1:fiber.n_wl_bins
W=[W;ones(fiber.n_modes.n,1)*fiber.wavelength(i)];

end

%---- Sorting of the variables according to their f

[W_sorted sorting_index]=sort(W);
F_sorted=F(sorting_index(:),1);
Modes_sorted=Modes(sorting_index(:),:);
P_sorted=P(sorting_index(:),1);

[temp_s sorting_back]=sort(sorting_index);

Y A— S

disp( 'INTEGRATION STARTING ... );
cpustart=cputime;

%---- Integration parameters

odesetRHK=struct(  'RelTol' ], 'AbsTol" [,

odesetRHK.RelTol=1e-3;

odesetRHK.AbsTol=1e-4*1:1:fiber.n_modes.n*fiber.n_w

odesetRHK.Order=5;

%---- Integration
[Z,PP]=RHK(@derivs,[0

fiber.length],P_sorted,odesetRHK,fiber.n_modes.n*fi

,F_sorted,Modes_sorted,fiber.core.loss);

bins)=2*h*fib
wl_bins).A2*w
nsignal+1:1:f

integrations

);

requencies

'‘Order' []);

ber.n_wl_bins
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disp(sprintf( 'DONE in %f second' ,Cputime-cpustart));

%---- Sorting back the powers

P_final=PP(;,sorting_back(:)); %sorting back such as Pump,signal, ASE

plot(Z,P_final(:,1));

% === END OF MAIN FUNCTION ==================—======= =—==========

%--- function which calculates the differential equ ations
function  dy=derivs(t,y,varargin)

n=varargin{1};
frequency=varargin{2};
modes=varargin{3};
loss=varargin{4};

dy=rand(n,1); %allocate memory for the output vector prior to any
%calculations

for i=1:1:n
S1=0;
S2=0;
if i~=1
for j=1:1:i-1
S1=S1+(frequency(j)~=frequency(i))*GrV(frequency(j)
frequency(i))./frequency(i).*y(j)'./AEFF(modes(j,:)
modes(i,:));
end
end

for j=i+1l:1:n

S2=S2+(frequency(j)~=frequency(i))*(GrV(frequency(i ),frequ
ency(j))./frequency(j).*y(j)'./AEFF(modes(j,:),mode s(i,2))
end '
dy(i)=(-1).*loss+frequency(i).*(S1-S2);
end
%--- function which returns the effective area of t wo modes of DCRF
function  rt=AEFF(n1,n2)
persistent A_eff;
if isempty(A_eff)
A _eff=[[64.97 233.19 171.42 93.56 208.25 223 12 175.01];
[233.19 198.15 267.47 322.35 245.04 280.51 400 .58J;
[171.42 267.47 168.01 274.51 390.4 362.14 359 .25];
[93.56 322.35 274.51 102.81 260.11 178.77 182 T
[208.25 245.04 390.4 260.11 218.43 312.33 269 .98J;
[223.12 280.51 362.14 178.77 312.33 188.63 282 .31];
[175.01 400.58 359.25 182.7 269.98 282.31 205 .86]].*1e-12;

end
rt=A_eff(n1,n2);
%--- function which converts wavelength to frequenc y and vice-

%--- versa
function  rt=LtoV(x)
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rt=2.998e8./x;

%--- function which converst frequency to wavenumbe

function

rt=VtoV(x)

rt=x./(2.998)*1e-10;

%--- function which returns the Raman gain for the
difference
%--- abs(x-y)

function

rt=GrVv(x,y)

rt=1.8180e-014.*raman(abs(VtoV(x) - VtoV(y

%--- function which returns the Raman gain for the
%--- difference (x-y)

function

rt=GrL(x,y)

rt=GrV(LtoV(x), LtoV(y));

gain for

the wavelength

%--- function which converts loss or gain from dB/k
%--- meter)

function

rt=dBkm_to_m(x)

rt=-log10(107(-x./10000));

%--- function that returns the Raman gain for silic

function

rt=raman(x)

persistent a;
persistent b;

if isempty(b)
a=[0 0.165845 0.169813 0.173848 0.177948 0.1821

0.190643 0.195004 0.199428 0.203916 0.208466 0.2130
0.222479 0.227268 0.232113 0.237015 0.241971 0.2469
0.257148 0.262306 0.267509 0.272757 0.278048 0.2833
0.294155 0.299595 0.305068 0.31057 0.316101 0.32165
0.332836 0.338455 0.34409 0.349739 0.3554 0.36107 0
0.37243 0.378114 0.383799 0.389483 0.395162 0.40083
0.412156 0.417799 0.423429 0.429043 0.43464 0.44021
0.45131 0.456821 0.462308 0.467769 0.473202 0.47860
0.489328 0.494642 0.499924 0.505174 0.51039 0.51557
0.525832 0.53091 0.535952 0.540958 0.545928 0.55086
0.560621 0.565446 0.570235 0.574988 0.579704 0.5843
0.593637 0.59821 0.602747 0.607249 0.611716 0.61614
0.624909 0.629238 0.633533 0.637794 0.642022 0.6462
0.654506 0.658601 0.662664 0.666694 0.670692 0.6746
0.682495 0.686366 0.690205 0.694013 0.69779 0.70153
0.708936 0.71259 0.716214 0.719808 0.723372 0.72690
0.733888 0.737336 0.740755 0.744145 0.747508 0.7508
0.757434 0.76069 0.76392 0.767125 0.770306 0.773462
0.779704 0.782792 0.785858 0.788904 0.791929 0.7949
0.800892 0.803846 0.806783 0.809705 0.812613 0.8155
0.821261 0.824122 0.826974 0.829818 0.832654 0.8354
0.841132 0.843951 0.846769 0.849585 0.852403 0.8552
0.860869 0.8637 0.866536 0.86938 0.872233 0.875094
0.880851 0.883747 0.886657 0.889582 0.892522 0.8954
0.901448 0.904461 0.907495 0.91055 0.913627 0.91672
0.923002 0.926176 0.929377 0.932605 0.935861 0.9391
0.945802 0.949175 0.952579 0.956014 0.959481 0.9629
0.970078 0.973677 0.977309 0.980977 0.984678 0.9884

frequence

wavelength

% Raman

m to neper (inverse

15 0.186346
77 0.217748
79 0.252039
79 0.288748
7 0.327236
.366747

5 0.406501
7 0.445774
7 0.483983
2 0.52072

2 0.55576
84 0.589028
8 0.620546
16 0.650377
59 0.678593
6 0.705252
7 0.730412
44 0.754153
0.776595
350.797923
07 0.81839
85 0.838311
22 0.858043
0.877967

8 0.898455
8 0.919852
45 0.942459
8 0.966512
15 0.992186
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0.995993 0.999835 1.00371 1.00763 1.01158 1.01556 1
1.02364 1.02774 1.03187 1.03603 1.04023 1.04447 1.0
1.0574 1.06178 1.0662 1.07065 1.07513 1.07965 1.084
1.09342 1.09807 1.10276 1.10748 1.11224 1.11702 1.1
1.13157 1.13648 1.14143 1.1464 1.1514 1.15643 1.161
1.171691.17683 1.182 1.1872 1.19242 1.19767 1.2029
1.21356 1.21891 1.22428 1.22967 1.23508 1.24052 1.2
1.25696 1.26248 1.26802 1.27358 1.27916 1.28475 1.2
1.30165 1.30731 1.313 1.3187 1.32441 1.33014 1.3358
1.34741 1.3532 1.35899 1.36481 1.37063 1.37646 1.38
1.39404 1.39991 1.4058 1.4117 1.41761 1.42352 1.429
1.44132 1.44727 1.45322 1.45918 1.46515 1.47112 1.4
1.48906 1.49505 1.50105 1.50704 1.51304 1.51904 1.5
1.53706 1.54306 1.54907 1.55507 1.56108 1.56708 1.5
1.58507 1.59106 1.59705 1.60303 1.60901 1.61498 1.6
1.63284 1.63878 1.64471 1.65063 1.65653 1.66243 1.6
1.68004 1.68588 1.69171 1.69751 1.70331 1.70908 1.7
1.72628 1.73197 1.73763 1.74328 1.74889 1.75449 1.7
1.77109 1.77656 1.78201 1.78742 1.79279 1.79813 1.8
1.81392 1.8191 1.82424 1.82934 1.83439 1.8394 1.844
1.85412 1.85892 1.86367 1.86837 1.87301 1.87759 1.8
1.89096 1.89529 1.89956 1.90375 1.90788 1.91193 1.9
1.92365 1.9274 1.93107 1.93466 1.93816 1.94158 1.94
1.95131 1.95438 1.95734 1.96021 1.96299 1.96566 1.9
1.97308 1.97534 1.97749 1.97953 1.98146 1.98328 1.9
1.98805 1.9894 1.99063 1.99173 1.99272 1.99357 1.99
1.99537 1.99571 1.99592 1.99599 1.99592 1.99572 1.9
1.99428 1.99352 1.99262 1.99157 1.99037 1.98903 1.9
1.98413 1.98219 1.98011 1.97788 1.9755 1.97297 1.97
1.96448 1.96136 1.95809 1.95468 1.95114 1.94746 1.9
1.93567 1.93152 1.92727 1.92295 1.91856 1.91412 1.9
1.90075 1.89637 1.89208 1.88792 1.88394 1.88018 1.8
1.87074 1.86841 1.86658 1.86533 1.86472 1.8648 1.86
1.86988 1.87335 1.87777 1.88318 1.88958 1.89697 1.9
1.92482 1.9358 1.94749 1.95976 1.97247 1.98548 1.99
2.02433 2.03654 2.048 2.05848 2.06776 2.07559 2.081
2.08838 2.08844 2.08615 2.0814 2.0741 2.0642 2.0517
2.01898 1.9989 1.97649 1.9519 1.9253 1.89687 1.8668
1.80284 1.76934 1.73517 1.70056 1.66573 1.63089 1.5
1.52828 1.49526 1.46307 1.43179 1.40151 1.37231 1.3
1.29145 1.26677 1.24322 1.22076 1.19936 1.17896 1.1
1.12328 1.10637 1.0902 1.0747 1.05983 1.04553 1.031
1.00564 0.993224 0.981189 0.969514 0.958175 0.94715
0.926023 0.915889 0.906033 0.896454 0.887149 0.8781
0.860888 0.852695 0.844788 0.837172 0.829853 0.8228
0.809725 0.803642 0.79788 0.792442 0.78733 0.782547
0.773971 0.770176 0.766708 0.763563 0.760737 0.7582
0.754101 0.752474 0.751121 0.75003 0.749185 0.74857
0.747961 0.747929 0.748049 0.7483 0.748657 0.749098
0.750123 0.750655 0.751164 0.751622 0.752002 0.7522
0.752386 0.752172 0.751741 0.751069 0.750129 0.7488
0.745476 0.743242 0.740636 0.737641 0.734241 0.7304
0.721507 0.716388 0.710825 0.704814 0.698356 0.6914
0.676342 0.668148 0.659542 0.650538 0.641152 0.6313
0.610873 0.60014 0.589125 0.577851 0.566342 0.55462
0.530669 0.518484 0.506196 0.493834 0.481424 0.4689
0.444164 0.431819 0.419552 0.407386 0.395343 0.3834
0.36015 0.348792 0.337648 0.326731 0.316055 0.30563
0.285578 0.275965 0.266635 0.257594 0.248845 0.2403
0.224362 0.21679 0.209509 0.202517 0.19581 0.189383
0.177348 0.171728 0.166364 0.161248 0.156374 0.1517

.01958

4874 1.05305
211.08879
2184 1.12669
49 1.16658
41.20824
4598 1.25146
9037 1.296

8 1.34164
231 1.38817
45 1.43538
771 1.48308
2505 1.53105
7308 1.57908
2094 1.62689
6831 1.67418
1483 1.72057
6005 1.76558
0343 1.80869
35 1.84926
8211 1.88657
1591 1.91982
492 1.94816
6824 1.97071
8499 1.98658
43 1.9949
9538 1.9949
8754 1.98591
029 1.96746
4365 1.93972
0966 1.90519
7669 1.87352
566 1.86733
0534 1.91464
859 2.01161
78 2.0861
2.03661
31.83541
9625 1.56199
4422 1.31726
5951 1.14097
76 1.01848

7 0.936443
19 0.869364
350.816124
0.778094

23 0.756014
0.748168
0.749595

74 0.752411
99 0.747355
26 0.726184
550.684114
99 0.621299
50.542725
91 0.456563
43 0.371706
1 0.295469
89 0.232228
0.183231

33 0.147318
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0.14312 0.13913 0.135342 0.131745 0.128333 0.125097
0.11912 0.116364 0.113752 0.111279 0.108935 0.10671
0.102624 0.100739 0.0989547 0.0972648 0.0956648 0.0
0.0927167 0.0913604 0.0900777 0.0888652 0.0877199 0
0.0856202 0.0846611 0.08376 0.0829151 0.0821251 0.0
0.0807052 0.0800737 0.0794937 0.0789651 0.0784877 0
0.077687 0.0773646 0.0770948 0.0768785 0.0767166 O.
0.0765602 0.0765682 0.0766356 0.0767638 0.0769545 0
0.0775302 0.0779188 0.0783771 0.0789069 0.0795104 0
0.080946 0.0817822 0.0827 0.0837014 0.0847884 0.085
0.0872267 0.0885817 0.0900295 0.0915717 0.09321 0.0
0.0967799 0.0987139 0.100749 0.102885 0.105123 0.10
0.112455 0.115104 0.117855 0.120708 0.123661 0.1267
0.13311 0.136451 0.139882 0.143403 0.147011 0.15070
0.158316 0.162233 0.166218 0.170265 0.174371 0.1785
0.186983 0.191267 0.19558 0.199918 0.204273 0.20863
0.217376 0.221734 0.226074 0.23039 0.234675 0.23892
0.247269 0.251356 0.255376 0.25932 0.263183 0.26695
0.274214 0.277683 0.281037 0.28427 0.287377 0.29035
0.295884 0.298432 0.300828 0.303068 0.305149 0.3070
0.310401 0.311812 0.31305 0.314112 0.314998 0.31570
0.316586 0.316758 0.316752 0.316568 0.316207 0.3156
0.314081 0.31303 0.311813 0.310431 0.308889 0.30718
0.303332 0.301183 0.298891 0.296462 0.293901 0.2912
0.28547 0.282427 0.279277 0.276025 0.272676 0.26923
0.262108 0.258429 0.254682 0.250873 0.247007 0.2430
0.235122 0.231085 0.227018 0.222927 0.218818 0.2146
0.206432 0.2023 0.198174 0.19406 0.189961 0.185882

0.1778 0.173804 0.169843 0.165922 0.162042 0.158207
0.150683 0.147 0.143371 0.139801 0.136289 0.132839

0.126127 0.122868 0.119675 0.116549 0.113491 0.1105
0.104723 0.101937 0.0992185 0.0965681 0.0939849 0.0
0.0890176 0.086632 0.0843105 0.0820523 0.079856 0.0
0.0756446 0.073627 0.0716662 0.0697608 0.0679094 0.
0.0643623 0.0626636 0.0610128 0.0594082 0.0578484 0
0.054857 0.0534223 0.0520263 0.0506677 0.049345 0.0
0.046802 0.0455792 0.0443871 0.0432248 0.0420911 0.
0.0399053 0.0388515 0.0378225 0.0368176 0.035836 0.
0.0339405 0.0330253 0.0321314 0.0312581 0.0304052 0
0.0287594 0.027966 0.0271922 0.0264377 0.0257026 0.
0.0242905 0.0236135 0.0229561 0.0223184 0.0217005 0
0.020525 0.0199679 0.0194314 0.018916 0.0184218 0.0
0.0174985 0.01707 0.016664 0.0162808 0.0159208 0.01
0.0152715 0.0149828 0.0147186 0.0144792 0.0142648 0
0.0139123 0.0137749 0.0136636 0.0135787 0.0135206 0
0.0134852 0.0135085 0.0135592 0.0136377 0.013744 0.
0.0140408 0.0142314 0.0144504 0.0146976 0.0149733 0
0.0156099 0.0159708 0.0163601 0.0167776 0.0172232 0
0.0181985 0.0187278 0.0192846 0.0198687 0.0204797 0
0.0217816 0.0224717 0.0231874 0.0239284 0.024694 0.
0.0262974 0.0271341 0.0279932 0.0288742 0.0297764 0
0.0316414 0.0326026 0.0335819 0.0345784 0.0355912 0
0.0376617 0.0387175 0.0397855 0.0408647 0.041954 0.
0.0441579 0.0452703 0.0463878 0.0475094 0.0486336 0
0.0508848 0.052009 0.0531306 0.054248 0.05536 0.056
0.0575619 0.058649 0.059725 0.0607884 0.061838 0.06
0.0638899 0.0648895 0.0658697 0.0668293 0.0677669 0
0.0695714 0.0704358 0.0712734 0.0720832 0.0728641 0
0.0743353 0.0750236 0.0756793 0.0763016 0.0768898 0
0.0779611 0.0784432 0.0788888 0.0792977 0.0796694 0
0.0803005 0.0805597 0.0807811 0.080965 0.0811112 0.

0.122028

6 0.104615
941502
.086639
813887
.0780615
0766101
.0772094
.0801894
9629
949456
7464 0.109908
14 0.129864
10.15447
29 0.182735
9 0.213009
10.243122
8 0.270637
2 0.293189
67 0.308818
6 0.316235
71 0.314962
9 0.305336
12 0.2884

7 0.265712
89 0.239126
95 0.210565
0.181827
0.15442
0.129451
0.107577
914683
777205
0661104
.0563319
480568
0409849
0348772
.0295724
0249869
.0211027
179493
55842
.0140757
.0134893
0138783
.0152774
.0176969
.0211175
0254839
.0306991
.0366193
0430521
.0497592
4651

28723
.0686813
.0736151
0774432
.0800037
0812201
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0.081292 0.0813271 0.0813258 0.0812886 0.0812161 O. 0811089
0.0809676 0.0807929 0.0805858 0.0803469 0.0800774 0 .079778
0.0794498 0.079094 0.0787115 0.0783036 0.0778714 0. 0774162
0.0769393 0.0764418 0.0759252 0.0753907 0.0748397 0 .0742737
0.0736938 0.0731016 0.0724984 0.0718856 0.0712646 0 .0706368
0.0700034 0.069366 0.0687257 0.0680839 0.067442 0.0 668011
0.0661625 0.0655274 0.064897 0.0642723 0.0636546 0. 0630448
0.0624439 0.0618529 0.0612728 0.0607043 0.0601484 0 .0596057
0.059077 0.0585631 0.0580644 0.0575815 0.057115 0.0 566653
0.0562328 0.0558179 0.0554209 0.0550419 0.0546813 0 .0543391
0.0540154 0.0537103 0.0534237 0.0531557 0.052906 O. 0526747
0.0524613 0.0522659 0.052088 0.0519274 0.0517837 0. 0516565
0.0515455 0.0514502 0.05137 0.0513046 0.0512534 0.0 512157
0.0511912 0.0511791 0.0511788 0.0511898 0.0512113 0 .0512428
0.0512835 0.0513327 0.0513899 0.0514543 0.0515252 0 .0516019
0.0516837 0.0517699 0.0518598 0.0519528 0.0520482 0 .0521452
0.0522432 0.0523415 0.0524396 0.0525367 0.0526322 0 .0527254
0.0528159 0.052903 0.0529861 0.0530647 0.0531383 0. 0532062
0.0532681 0.0533234 0.0533717 0.0534125 0.0534453 0 .0534699
0.0534858 0.0534926 0.0534899 0.0534776 0.0534552 0 .0534226
0.0533793 0.0533252 0.0532601 0.0531838 0.0530961 0 .0529968
0.0528859 0.0527631 0.0526285 0.0524818 0.0523232 0 .0521524
0.0519696 0.0517747 0.0515677 0.0513488 0.0511178 0 .0508749
0.0506202 0.0503538 0.0500758 0.0497863];
b=0;

end

if x>=1200
rt=0;

else
rt=a(ceil(x)+1);

end

Here, the implementation of thd ®rder modify Runge-kutta described by X. Liu [RE#Fid
used for the integration of the differential eqaas is listed below. The function returns an
array PP which contains the results of the integrationh# tnitial boundary vectoy0 a long

tspan . The vectoZ is the position of the integration.

function  [Z,PP]=RHK(odeFcn,tspan,y0,optionsRHK,varargin)

epsilon=optionsRHK.RelTol; %relative tolerance for the integration

if  epsilon>0.1 %check the relative tolerance
epsilson=1e-3;

end

P=y0; % initial boundary vector
n=length(y0); % size of boundary vector

%Memory pre-allocation for increased speed
MEM_MAX=1000;

PP=zeros(MEM_MAX,n); % variable array
Z=zeros(MEM_MAX,1); % position array

nstep=0; % counter for monitoring purpose

index=1; % counter of the index
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z=tspan(1); % initial position
PPP(index,:)=P; % initial position
ZZ(index)=z; % initial position

FLAG=1; % a flag is used to exit loop

switch  optionsRHK.Order
case 5 % only the 5 ™ order is considered here

% coefficients

A=[01/4 3/8 12/13 1 1/2];

B=[000000,

1/400000,

3/329/320000,

1932/2197 -7200/2197 7296/2197 00 O,

439/216 -8 3680/513 -845/4104 0 0,

-8/27 2 -3544/2565 1859/4104 -11/40 Q];

C=[(25/216) 0 (1408/2565) (2197/4104) (-1/5)]’;

D=[(16/135) 0 (6656/12825) (28561/56430) (-9/50) (2 /55)];

ZMAX=tspan(2);
dzmin=tspan(2)/1e4;
dzmax=tspan(2)/5;
dz=dzmax;

kl=feval(odeFcn,z,P,varargin{:});
f=zeros(n,6);

while FLAG==1

hA=dz*A;

f(:,1)=k1*dz;

f(:,2)=dz*feval(odeFcn,z+hA(2),P.*exp(f*B(2,:)"),va rargin{:});
f(:,3)=dz*feval(odeFcn,z+hA(3),P.*exp(f*B(3,:)"),va rargin{:});
f(:,4)=dz*feval(odeFcn,z+hA(4),P.*exp(f*B(4,:)"),va rargin{:});
f(:,5)=dz*feval(odeFcn,z+hA(5),P.*exp(f*B(5,:)"),va rargin{:});
f(:,6)=dz*feval(odeFcn,z+hA(6),P.*exp(f*B(6,:)"),va rargin{:});

P_5=P.*exp(f*[C;0]);
P_6=P.*exp(f*D);

Error=norm(P_6-P_5); % error of the integration
if Error<le-10
Error=1e-10;
end

delta=0.8*(epsilon/Error)*(1/5);
nstep=nstep+1;

if Error<=epsilon %find the appropriate value for the next
%integration step
k1=f(:,5)/dz;
%Resize the pre-allocated vector if more than 1000 integration
points are requiried
if index==MEM_MAX

P_new=zeros(MEM_MAX*2,n);
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P_new(1:1:MEM_MAX,:)=PPP;
PPP=P_new;
Z_new=zeros(MEM_MAX*2,1);
Z new(1:1:MEM_MAX,1)=7Z;
Z7=7_new;

End

P=P_5;

index=index+1;

PPP(index,:)=P;

z=z+dz;

ZZ(index,1)=z;
end

% calculate the next step size
if delta<=0.1
dz=0.5*dz;
else if delta>=10
dz=10*dz;
else
dz=delta*dz;
end
end

if dz>dzmax
dz=dzmax;
end

% check the current position and adjust the step si ze
% accordingly
if z>=ZMAX
FLAG=0;
elseif z+dz>ZMAX
dz=ZMAX-z;
elseif dz<dzmin
disp(sprintf( 'COMPUTATION TERMINATED - low step size after :
%f step’ ,index));
FLAG=0;
break ;
end

end %end while

Z=77(1l:index,1); % we copy only what as been calculated...
PP=PPP(1:index,:);

otherwise
disp( 'Unrecongnized RHK order -- calling ODE45 instead.. D)
options =
odeset( 'RelTol' ,optionsRHK.RelTol, '‘AbsTol' ,optionsRHK.AbsTol);

[Z,PP] = ode45(odeFcn,tspan,y0,options,varargin{:}) ;

end

[Al] W.H. Press, S. A. Teukolsky, W. T. Vetterlirand B. P. Planneriyumercical Recipes
in C, (2™ Ed., Cambridge Univ. Press, 1992).
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[A2] X. Liu, H. Zhang and Y. Guo, "A Novel Methoaif Raman Amplifier Propagation
Equations”, IEEE Photon. Technol. Lett5(3), 392 (2003).

[A3] X. Liu, "Effective numerical algorithm for fier amplifiers”, Opt. Engd4(3), 2220
(2005).
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